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Abstract 

 Breccia pipes represent relatively small but high-grade ore bodies that are also of interest 

because of their suspected link to an underlying porphyry copper deposit. There are more 

than one dozen breccia pipes in the Sombrero Butte area of the Copper Creek mining 

district of southern Arizona.  Breccia pipes crop out with circular to oval shaped map 

patterns, 10-20 m in diameter, which extend over 0.5 km vertically and tend to narrow at 

depth.  The rake of the pipes varies between vertical to plunging 10-20 degrees from 

vertical.  Mineralization is concentrated within the pipes, with higher grade material 

located at the outer edges just inside the highly fractured ring structures surrounding the 

pipe.  Copper grades drop significantly in the surrounding unbrecciated granodiorite. 

Breccia pipes at Sombrero Butte are dominated by angular to subangular clasts of 

granodiorite that vary between clast- and matrix-supported, with clast size varying from 

centimeters to tens of meters.  The composition of the combined matrix and cement can 

vary from chlorite + calcite + specular hematite + quartz + amethyst + K-feldspar + 

rhodochrosite, to tourmaline + biotite + chlorite, to chlorite + sericite + hematite.  The 

dominant alteration throughout the Campstool pipe is K-feldspar alteration, which 
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becomes increasingly pervasive in the granodiorite host below the breccia pipes.  The 

upper portions of many of the breccia pipes contain approximately 200 m of strong, 

earthy, hematitic leached capping, followed by a deeper more highly mineralized 175-m 

long zone of chalcocite + bornite + chalcopyrite mineralization. 

Detailed mineralogy and alteration evidence seen in a 645m-length of drill core and 

in thin sections provides support for the hypothesis that the breccia pipes are underlain by 

a porphyry copper system. The local presence of porphyry dikelets as breccia matrix, 

hypersaline fluid inclusions, K-feldspar + shreddy biotite + rutile ± andalusite alteration, 

and chalcopyrite + bornite mineralization are indications of a link to an underlying 

porphyry copper deposit.  

Breccia pipe formation is related to evolution of an underlying magma chamber.  In a 

favored model, magmatic fluids exsolve from the magma and rise and collect as one or 

more large bubbles at the roof of the chamber. As more fluid accumulates and the fluid 

bubble increases in size, the roof of the chamber eventually can no longer support the 

weight of the overlying rocks.  Collapse of the overlying rocks begins, and the breccia 

pipe propagates upward toward the surface.  This porous column of collapsed rock is a 

conduit of open spaces and fractures, through which aqueous magmatic fluids can easily 

travel accounting for high concentrations of copper mineralization.  The aqueous 

magmatic fluids are thought to be the same composition as those that produce porphyry 

copper deposits, leading to the conclusion that such a system might be present at depth 

beneath the breccia pipes. 
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Introduction 

Breccia pipes are common in porphyry systems, though classic porphyry-style 

mineralization has not yet been found in all districts where breccia pipes are known 

(Sillitoe, 1985). The abundance of breccias in porphyry systems ranges from absent to 

incidental occurrences to ubiquitous, but the controls on this variability are poorly 

understood. The descriptive types of breccias in porphyry systems vary widely, and 

genetic models for the various types have been proposed (e.g., Sillitoe, 1985; Seedorff et 

al., 2005). In terms of potential to host ore-grade mineralization, the most important type 

of breccia is open-space filling, hydrothermally cemented breccia, in which metals are 

precipitated from hydrothermal fluids of dominantly magmatic origin. The origin of this 

type of breccia remains speculative (e.g., Norton and Cathles, 1973), in part because there 

are relatively few detailed studies of breccia pipes (e.g., Perry, 1961; Zweng and Clark, 

1995; Vargas et al., 1999; Marsh, 2001). Detailed studies of breccia pipes are needed to 

improve the understanding of the relationship between breccia pipes and potentially 

underlying porphyry systems and to predict the location of porphyry systems in districts 

that have dozens of breccia pipes. 

The Sombrero Butte breccia pipe system is located at the southern end of the Copper 

Creek (Bunker Hill) mining district in the Laramide porphyry copper province of 

southwestern North America (Titley, 1982). The Copper Creek district is located 65 km 

north of Tucson, on the western side of the Galiuro Mountains in Pinal County, Arizona 

(Fig. 1). Copper Creek district is a classic breccia pipe district (Kuhn, 1941; Sillitoe, 

1985), that contains more than 500 breccia pipes (Marsh, 2001).  The breccia pipes that 
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are known to contain high grades of copper and molybdenum include the Copper Creek, 

Childs-Aldwinkle, Mammoth, and Old Reliable pipes, all of which lie north of the 

Sombrero Butte part of the district. Deep drilling in the 1960s and 1990s also delineated 

large volumes of lower grade, porphyry copper mineralization (Guthrie and Moore, 1978; 

Marsh, 2001). Currently, Red Hawk Resources is attempting to develop the Copper 

Creek portion of the district, while Bell Resources is exploring the long-dormant 

Sombrero Butte end of the district. 

The Sombrero Butte system offers strong indications that breccia pipes are 

genetically linked to larger hydrothermal systems.  Breccia pipes at Sombrero Butte 

extend to depths of 0.5 km, at which point they enter a classic porphyry copper 

environment.  These pipes are visible at the surface as circular to oval shaped outcrops 

and are nearly vertical to plunging 10-20 degrees from vertical.  Breccia pipes are 

typically surrounded by a circular set of ring fractures that have captured and directed 

fluid flow in the breccia column and ultimately allowed for deposition of high-grade 

copper mineralization.  Mineralization within the breccia pipes grades from a thick 

leached cap near the surface, to a zone of supergene mineralization containing 

chrysocolla + chalcocite, to deeper mixed supergene-hypogene mineralization with 

chalcocite + bornite + chalcopyrite, and finally into solely hypogene mineralization in the 

underlying granodiorite host rock.  Alteration is dominated by hydrothermal K-feldspar, 

which becomes increasingly pervasive at depth.  Although drilling to date is relatively 

limited in the Sombrero Butte area, evidence suggests that the breccia pipes formation, 

mineralization, and alteration are a result of a deep underlying porphyry copper system. 



 15

This paper describes the breccia pipes in the Sombrero Butte system, with a focus on 

the Campstool and Magna pipes.  Following a review of historical and geologic 

background information the breccia pipes are characterized using the results of detailed 

core logging and field mapping, thin section analysis, fluid inclusion petrography, and 

multi-element geochemistry.   The data from the Sombrero Butte system are the basis of a 

discussion of the formation of these breccia pipes, the significance of the Sombrero Butte 

system, and the genetic relationship between breccia pipes and porphyry copper deposits. 
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Mining and Exploration History 

 The Sombrero Butte area has a history dating back to 1863 (Kuhn, 1941) with 

later mining activity from 1903 to 1920, when Sunset Copper Company ran operations on 

the Audacious claim.  Arizona Mining Journal (1919) reports low-grade ore assaying 3-

5%, higher grade ore from along open cuts and tunnels assaying 20-33%, and low-grade 

dump assaying 6-8% all in carbonate ore at Magma Chief, which is now called Sombrero 

Butte.  It is clear from this historic data that there is economic grade mineralization 

present within the breccia pipes at Sombrero Butte.     

In the late 1950’s, Bear Creek, Magma, Newmont, Phelps Dodge, Siskon Mining, 

Occidental Minerals, and Humble Oil-Exxon Minerals conducted exploration for 

porphyry copper deposits in the Copper Creek district (Marsh, 2001).  During the 1970’s, 

Ranchers Exploration recovered cement copper from the Old Reliable breccia pipe, and a 

large tonnage porphyry-type copper deposit was identified on the property by Newmont 

and Humble Oil (Guthrie and Moore, 1978; Creasey et al., 1981). 

In 1995, AMT did extensive exploration in the Copper Creek area, which led to the 

discovery of 3 billion pounds of copper occurring in breccia pipes and in deeper deposits 

(Marsh, 2001).  AMT was interested in the high-grade ore in breccia pipes and the 

deeper, large tonnage deposits (Marsh, 2001).  Work was focused on eight of the main 

breccia pipes, among the more than 500 pipes that occur across the Copper Creek district 

(Marsh, 2001).  AMT had received permitting to install a conveyor decline for ore 

production, but was unable to follow thru into production. 
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The last known activity at Sombrero Butte was in 1920, so there has been virtually no 

modern exploration or mining.  Bell Resources now holds stake to the patented 

Audacious claim and controls multiple patented and unpatented claims surrounding the 

Audacious.  Drilling began in August 2006 and continues as Bell drills multiple diamond 

drill holes to test the various breccia pipes for economic mineralization and to search for 

a link between the breccia pipes and possible underlying larger scale porphyry copper 

deposit. Results to date (Table 1) are promising and provide indications that porphyry 

copper style mineralization may exist at depth beneath the breccia pipes. 
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Geologic Overview 

The Copper Creek mining district is underlain by Cretaceous sedimentary rocks 

which have been covered by a series of volcanic tuffs and flows, which were then 

intruded by a series of granitic to dioritic plutons.  The Copper Creek Granodiorite 

intruded the Cretaceous rocks and is the main host rock for the breccia pipes and related 

porphyries at Sombrero Butte.  Tertiary andesitic dikes and basaltic lava flows are 

intersected in drill core and outcrop in the field area.  

The Precambrian basement that underlies the Galiuro Mountains and the San Pedro 

basin to the west is composed of Pinal Schist.  The Pinal Schist is overlain by 

sedimentary strata of the Precambrian Apache Group, which includes the Drippings 

Springs Quartzite and Mescal Formation.  The Apache Group is overlain by folded 

Paleozoic sedimentary rocks of the Bolsa Quartzite, Martin Formation, and Escabrosa 

Limestone and Mesozoic rocks of the Pinkard Formation (Guthrie and Moore, 1978). 

The Cretaceous Glory Hole Volcanics cover the area and comprise a heterogeneous 

pile of andesite to latitic tuffs, welded tuffs, breccias, lavas, and flow breccias (Guthrie 

and Moore, 1978). TheGlory Hole Volcanics host several breccia pipes in the area. 

  The Copper Creek granodiorite is the most widespread Laramide intrusion in the 

Sombrero Butte area and serves as the dominant host rock for the breccia pipes scattered 

across the landscape. The rock has been dated by K-Ar and 40Ar/39Ar methods, yielding 

ages between ~60 and 68 Ma (Creasey and Kistler, 1962; Guthrie and Moore, 1978; 

Anderson et al., 2003). Mineralization in the breccia pipes, which sits above cogenetic 
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porphyry bodies, has been dated by K-Ar, Re-Os, and 40Ar/39Ar methods, yielding ages 

from ~57-60 Ma (McCandless and Ruiz, 1993; Anderson et al., 2003).  

The Tertiary Galiuro Volcanics are the youngest, post-mineral rocks of the area and 

form the tops of the Galiuro Mountains and the range-front knob of Sombrero Butte.  
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Structural Setting 

The Copper Creek district lies along a northwest to southeast trend of Laramide 

porphyry copper centers in Arizona.  The district lies to the east of the San Pedro trough. 

The San Pedro trough is an elongate structural depression flanked on the southwest by the 

Catalina core complex and bounded on the northeast by the faulted range fronts of the 

relatively undeformed Galiuro and Dripping Spring Mountains (Dickinson, 1991).  

The range front fault lies to the west of the Sombrero Butte system, dipping steeply to 

the west. The Copper Creek, Childs-Aldwinkle, American Eagle, and Sombrero Butte 

breccia pipes all lie within three parallel belts that trend N30W.  A strong N50W fault 

zone hosting quartz - sericite - tourmaline alteration cuts Glory Hole Volcanics along the 

southwestern edge of the district and apparently predates emplacement of the Copper 

Creek Granodiorite, which locally intrudes it (Guthrie, 1994; Marsh, 2001).  The Copper 

Creek Granodiorite and the Glory Hole Volcanics are strongly fractured along directions 

of N50- 85E and N-S to N25W (Walker, 1979).  These fracture directions are consistent 

with ENE and NNW fracture directions observed in other Laramide porphyries in the 

southwestern U.S. and most likely reflect a regional Laramide tectonic event (Rehrig and 

Heidrick, 1972; Heidrick and Titley, 1982; Walker, 1979).   

There are several oxidized siliceous outcrops that strike E-W across the Sombrero 

Butte area, with dominant joint and fracture sets striking N20W.  Marsh (2001) and 

others have done extensive work with stereographs and histograms of vein walls in the 

Copper Creek area.  Results show that there is no evidence of fault-controlled dilation or 

fracture set intersections that control formation of the deposit the main part of the district 
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(Marsh, 2001).  The data sets do show a random distribution of vein wall orientations, 

which is what might be expected in irregular open-space fillings surrounding angular 

clasts similar to those observed in the Copper Creek (Marsh, 2001) and Sombrero Butte 

areas.   

The main structures of significance are the syn-formation ring fractures that form a 

halo around the breccia pipes.  These ring fractures, which also are observed in 

association with other breccia pipes (e.g., Sillitoe, 1985), act as a trap for fluids 

circulating through the pipe and add to the localization of ore-grade mineralization. 
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Local Geology- The Audacious Area 

The Audacious claim is at the center of the Sombrero Butte area.  Twelve known 

hematitically stained breccia pipes outcrop across this area of rocky, rolling hills, and 

steeper volcanic bluffs that are surrounded by granodiorite (Fig. 2).  Of the known 

outcropping breccia pipes, at least two exhibit strong copper mineralization in drill core 

to depths of 300 m, one pipe to depths of 645 m, with another three pipes showing 

significant copper mineralization at the surface.      

At the surface, the pipes show a variety of mineralization.  Pipes dominantly exhibit 

various degrees of oxidation as hematite or goethite, but other pipes show strong 

chrysocolla or moderate bornite ± chalcopyrite at the surface.  The differences in 

mineralization at the surface appear to be a result of varying depths of the paleo-water 

table. To date, the majority of the pipes explored that were visible at the surface as 

hematitic outcrops do extend to depths of 300-645 m and contain chalcopyrite - 

chalcocite ± bornite mineralization varying from 0.58 - 2.06% Cu.  Detailed descriptions 

of the pipes will be discussed in following sections. 

Laramide volcanic rocks 

The Cretaceous Glory Hole Volcanics (Krieger, 1968) is a prominent geologic unit in 

the Copper Creek district and at Sombrero Butte.  This unit includes rhyodacites, quartz 

latites, vitric tuffs, tuffs, and breccias, which tend to be converted to hornfels adjacent to 

the Copper Creek granodiorite.  The Glory Hole Volcanics host several breccia pipes at 

Sombrero Butte, which indicates that pipe formation must have occurred after the 

extrusion of these volcanic rocks.   
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Laramide intrusive rocks 

The dominant igneous rocks at Sombrero Butte are the Copper Creek Granodiorite 

and Gray Porphyry.  The granodiorite is the main host rock for the pipes, whereas Gray 

Porphyry occurs in relatively minor quantities at Sombrero Butte but is important because 

it may be the mineralizing source.  

The granodiorite is medium gray to tan and forms many of the resistant knobs and 

hilltops of the area. Granodiorite is typically medium grained and consists of 5-15% 

orthoclase, 10-30% plagioclase, 5-15% K-feldspar, 5% biotite, 10-20% quartz, and 2-4% 

hornblende phenocrysts in a fine-grained groundmass of quartz + plagioclase ± biotite.  

The granodiorite remains relatively unaltered except within a 2 to 4-m wide zone around 

each breccia pipe that typically is associated with ring fractures.   The granodiorite at the 

margins of pipes shows varying degrees of clay alteration.  The plagioclase is usually 

altered to white clay, whereas mafic sites show a progression from hornblende to 

secondary biotite to secondary chlorite and to secondary sericite in the most extreme 

cases. 

Gray Porphyry intrudes the granodiorite and is thus younger, but it has not been 

radiometrically dated. Gray Porphyry does not crop out in the Sombrero Butte area but 

does appear as matrix between clasts within the breccia.  Gray Porphyry is light gray to 

tan and is medium grained, with plagioclase and hornblende phenocrysts up to 0.5 cm in 

size in a groundmass of K-feldspar + quartz + biotite.  Gray Porphyry has aligned or 

layered phenocrysts and also occurs as shingle breccia (Sillitoe, 1985) in places.  The 

Gray Porphyry is the unit most closely related to economic copper mineralization at 
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Copper Creek, as it occurs as matrix within many of the breccia pipes (Marsh, 2001).  

Gray Porphyry at Sombrero Butte appears in drill holes SB-02 and SB-06 in the Magna 

pipe as matrix within the breccia at a depth of 212 - 356 m and at 356 m as a 12-m dike.  

This porphyry contains chalcopyrite + bornite mineralization with a total copper content 

of 1.06% and exhibits alteration of plagioclase to K-feldspar and of hornblende and 

biotite to secondary hydrothermal biotite to varying degrees.  Fresh biotite and 

plagioclase can be present along with hydrothermal biotite and K-feldspar-altered 

plagioclase phenocrysts.  When first observed in a drill hole, Gray Porphyry initially 

appears as matrix between clasts, then further down hole it appears as an intrusion.   The 

importance of this porphyry will be discussed further below. 

Tertiary volcanic rocks 

The Copper Creek district is overlain by the Tertiary Galiuro Volcanics (Krieger, 

1968; Dickinson, 1991).  This unit consists of andesites, basalts, and tuffaceous flows.  

The andesite and basalt occur as small outcrops in the field area.  The andesite is also 

observed as a post-mineral dike cutting breccia in drill core. Although the volcanic rocks 

crop out only locally at Sombrero Butte, elsewhere in the Galiuro Mountains they form a 

thick sequence of post-ore cover rocks that may conceal mineralization hosted by older 

rocks. 
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Methods and Approach 

This study is based on field mapping, logging of drill core, petrography of polished 

thin sections and fluid inclusions, electron microprobe analysis, and geochemical analysis 

of drill core.  

Field mapping and core logging 

The Sombrero Butte area, covering an area of 1 km x 1 km, was mapped at 1:2,500 

scale.  The Anaconda method of mapping was utilized in the field and included a 

topographic and satellite image base map with three separate overlays for geology, 

alteration, and mineralization.  The geology layer was used to record lithology, structure, 

fracture patterns, mine workings, and survey monuments.  The alteration layer consisted 

of information about hydrothermal alteration and alteration assemblages, while the 

mineralization layer included occurrences of oxides, sulfides, and veins,  The survey 

information was collected using a Trimble Geo XH handheld instrument with <0.5m 

accuracy.  The Geo XH was also equipped with the satellite image and displayed features 

as they were mapped. 

Geologic logging was conducted on the Campstool and Magna breccia pipes within 

the Sombrero Butte system.  This study was based on 1,425 m of detailed geologic core 

logging from drill holes SB-02, SB-03, and SB-06.  The detailed core logging included 

observations of lithology, alteration, mineralization, veins, fractures, structure, magnetic 

susceptibility and XRF scans.  The Niton XRF analyzer was used on the core at 0.5 m 

intervals to collect initial geochemical data.  The XRF recorded data for a suite of 
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elements that included Mo, Zr, Y, Sr, U, Rb, Th, Pb, Se, As, Tl, Hg, Zn, Cu, Ni, Co, Fe, 

Mn, and Cr.   

Core samples were also processed by inductively coupled plasma (ICP) mass 

spectrometry for a suite of elements that included Au, Ag, Cd, Cu, Mn, Mo, Ni, Pd, Zn, 

S, As, Ba, Hg, Sb, and W.  The ICP data were used for analysis for economic 

mineralization as well as for defining geochemical signatures within the system.   

Petrographic analysis 

Polished thin sections from 32 drill core samples from two breccia pipes have been 

described petrographically.   One of the main objectives of thin section study was to 

understand the composition of the matrix within the breccia pipes, which might provide 

evidence for the type of fluids that were present in the breccia at the time of hydrothermal 

alteration.   

Rock slabs were collected from three different drill holes in two different breccia 

pipes and underlying porphyry at Sombrero Butte.  Petrographic observations were 

recorded regarding rock composition, alteration, and mineralization for samples from 

various lateral and vertical positions in the breccia pipes and into the underlying 

porphyry.  Specific features of interest were marked for later analysis with the electron 

microprobe.  

In the course of routine petrographic analysis, the location and character of fluid 

inclusions also were noted. Based on their characteristics (e.g., liquid/vapor ratios, 

presence and identity of daughter minerals), they were assigned to the types observed by 

Walker (1979), who studied fluid inclusions from breccia pipes in the Copper Creek 
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district >2 km north of Sombrero Butte. This study draws on analogies with the results of 

Walker (1979), as heating and freezing studies were not conducted on samples from 

Sombrero Butte. 

Electron microprobe analysis 

The electron microprobe at the University of Arizona was used to generate X-ray 

distribution maps and to obtain quantitative analyses of selected minerals in the breccia 

pipe and underlying granodiorite.  X-ray distribution maps were acquired for samples 

from various locations throughout the Campstool breccia pipe into the underlying 

granodiorite and from the Gray porphyry matrix from the Magna breccia pipe. The X-ray 

maps were generated for analyses of a suite of elements that included Si, F, S, Fe, Mg, 

Cl, Al, and Ti.  Data from the maps were used to determine which elements are closely 

associated with sulfides and which ones are present in the igneous rock carrying these 

sulfides. Quantitative analyses were obtained for biotite, chlorite, feldspar, tourmaline, 

and rutile (Appendix II). Microprobe results were normalized to weight percent oxides as 

discussed by Perkins (2001).  

Geochemical analysis of drill core 

General geochemistry and trace elements were analyzed for throughout the drill core 

that has been used for this study.  Trace-element abundances were measured by 

inductively coupled plasma (ICP) mass spectrometry at Actlabs, Inc., in British 

Columbia, Canada (see www.actlabs.com/gg_rock_trace_can.htm for analytical 

procedures).  The ICP was used to analyze for Au, Ag, Cd, Cu, Mn, Mo, Ni, Pd, Zn, S, 
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As, Ba, Hg, Sb, and W.   Information on the analytical procedures and detection limits is 

located in Appendix I.  
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Breccia Pipes 

There are numerous breccia pipes in the district.  This section will focus on details of 

the Campstool and Magna breccia pipes at Sombrero Butte.  An introduction to the 

abundance, geometry, and dimensions of the pipes is followed by sections detailing the 

weathering profile, fabric of breccias, petrographic and microprobe analyses, hypogene 

alteration, and grade distribution.   

Abundance, geometry, and dimensions of breccia pipes 

 There are more than 500 breccia pipes throughout the Copper Creek district 

ranging in width from 1 to 250 m (Marsh, 2001).  At Sombrero Butte there are 12 breccia 

pipes that crop out at the surface (Fig. 3).  The surface expression of the pipes is quite 

variable, ranging in diameter from <5m to 20m.  At the surface several pipes crop out in 

conspicuous oxidized knobs, whereas other pipes are merely 1-m sized rocky veneers on 

the surface.  The diameter of the breccia pipes tends to mimic the surface expression 

within the upper 100 m but then begins to narrow at depths of 200-300 m.  In other cases, 

pipes can show signs of a bulge or thickening at depths of 140 m.  Due to the limited 

drilling at Sombrero Butte, this aspect is only a preliminary observation, but in general 

pipes elsewhere in the Copper Creek district tend to narrow with depth.  In the majority 

of cases, the pipes are vertical, with fairly consistent cylindrical shapes and vary in 

plunge to 80-90° from vertical (Fig 4 and 5).   

This study focuses on the Campstool and Magna pipes located in the center of the 

Audacious claim (Fig. 2).  The other known pipes in the Sombrero Butte area are the 
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Audacious, Sunset, Rattler, Maverick, Victors, and Saguaro, along with four other 

unexplored pipes. 

Weathering profile 

The sulfide and oxide mineralogy is consistent between several different pipes at 

Sombrero Butte.  The majority of pipes have an upper leached cap that extends to a depth 

of approximately 270 m, depending on the pipe.  Exposures in drill hole SB-03 through 

the Campstool breccia pipe contain a leached cap that is composed of strong earthy, red 

hematite, purple to red specularite, and trace amounts of glassy cuprite.  The relative 

amounts of these minerals vary between pipes. In most cases, there is only minor copper 

mineralization within the leached zone, occurring as sooty chalcocite and trace native 

copper.  The extensive leached interval indicates that there has been strong weathering of 

the breccia and that supergene copper is likely to occur deeper in the breccia pipe.  The 

granodiorite clasts within the leached cap show continued evidence of weathering in the 

plagioclase sites altering to white clays.  Weathering of plagioclase sites is very common 

in the pipes, but is most prevalent in the leached zone.  

Below the leached cap from 270- 330 m there is a transition from weak hematite to 

hematite intermixed with moderately disseminated chalcocite.  This zone is followed by a 

90-m interval from 330- 420 m of varying, minor amounts of bornite + chalcocite + 

chrysocolla ± cuprite.  A 70-m interval of moderate chalcocite occurs from 420- 490 m 

downhole with a 22-m thick interval of 1.31% total copper.  Below 490 m, the breccia 

has bornite – chalcopyrite – chalcocite mineralization that continues down into the 
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granodiorite and does not taper off in grade until 610 m.  More details on grade 

distributions will be discussed below. 

Fabric of breccias 

The breccia pipes are composed of three major parts, the clasts, matrix, and cement.  

The clasts are the individual fragments from the surrounding or vertically transported 

wall rock that occur as rounded to angular slabs.  The clasts are accompanied by either 

matrix or cement.  The matrix is a fine grained, clastic material derived from wall rock 

that encloses or fills the interstices between the larger clasts, whereas the cement 

precipitated in the interstices of the clasts and matrix and is commonly fine grained, but 

coarse grained crystal occasionally line large, open-space cavities.  The occurrence of 

clast- versus matrix-supported breccia is quite variable and does not appear to have any 

consistent pattern within the pipes, although current data shows that clast-supported 

breccia is more abundant.  Figure 6 shows several examples of breccia fabrics at 

Sombrero Butte. 

Clasts 

Clasts: Clast composition in the pipes at Copper Creek can be heterogeneous, with 

clasts of both Copper Creek granodiorite and Glory Hole Volcanics (Marsh, 2001).  At 

Sombrero Butte, clasts are dominantly composed of granodiorite.   Clasts range in size 

from 2 cm to 20 m and can be rounded to angular in shape.  In the core of the pipes, the 

clasts typically are rounded and show slight rotation, whereas the angular, slab-like clasts 

tend to occur at the margins of the pipes.  It is also common to find 1-2 cm diameter 

clasts in the matrix surrounding larger, 10-cm dimater clasts.  The margins of clasts can 
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be sharp to ragged and either have K- feldspar or calcite rims.  Clasts themselves can be 

fractured but overall do not show evidence for major structural effects.  Clasts also 

contain veins that appear to be original to the rock in its previous state, because the veins 

are truncated at the margins of the clasts.  In other cases, clasts are crosscut by veins of 

calcite or quartz that have developed within the breccia pipe environment. 

Matrix-supported breccia 

Matrix-supported breccia: Matrix-supported breccia is typical in the upper portions 

of the pipes.  In the upper parts of pipes, the clast size is usually much smaller, 1-5 cm, 

with angular shapes and commonly exhibiting shingling.  The clasts in matrix-supported 

breccia also tend to show clearer evidence of the effects of brecciation, pealing away the 

wall rock and piling up, hence creating the fabrics commonly referred to as shingle 

breccia (Sillitoe, 1985).  Shingle and matrix-supported breccias are observed in other 

parts of the pipes but cannot be correlated between pipes in the area.   

On average there tends to be 2-10 volume percent matrix.  In the matrix-supported 

breccia, the common assemblage is dominantly chlorite + calcite + specular hematite + 

quartz ± K- feldspar ± tourmaline ± amethyst.  Observation of drill core samples, as in 

Figures 7 and 8 and the photomicrographs in Figure 9, show a medium to dark green 

matrix, reflecting a large amount of chlorite in the sample.  The calcite + specular 

hematite + amethyst are cement that precipitated at a later stage within the breccia. 

Unfilled open-space between clasts is also common but typically is observed at deeper 

levels within the pipe.  Open-spaces most often contain calcite lining vugs between 

clasts.  Amethyst and rhodochrosite are also more common in open spaces at depths of 
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240- 410 m.  The presence of tourmaline has also been observed in several  pipes 

occurring as matrix mixed with silica in non-mineralized pipes, as cement with bornite + 

chalcopyrite, as hairline veinlets, and blebs.  Detailed microprobe data will be provided in 

following sections to further illustrate the nature of alteration within the breccia pipes. 

Clast-supported breccia 

Clast-supported breccia: Clast-supported breccia is common throughout all the pipes 

at Sombrero Butte, but generally occurs below the upper 40-80-m thick interval of 

matrix-supported breccia.  Clast-supported breccia contains clasts that are subrounded to 

angular and have a variety of sizes ranging from 2 cm to 20 m.  In clast-supported breccia 

it appears that clasts were rotated, which accounts for their subrounded nature.  There is 

only minimal evidence for splaying of wallrock, which occurs as narrow zones of shingle 

breccia within the main body of clast-supported breccia.  The clasts are commonly 

crowded with little matrix between or occur with narrow mm-sized, calcite-lined cavities 

as cement. 

Petrographic and microprobe analysis 

Analyses from drill hole SB-03 in the Campstool pipe indicate a strong tendency for 

the presence of chlorite and tourmaline from the surface to depths of 410 m (Fig. 7A-C).  

At depths of 247 m, the matrix composition transitions from chlorite - biotite to chlorite - 

calcite - specular hematite - quartz with weak amethyst and K-feldspar (Fig. 8).  Chlorite 

is fairly consistent throughout the pipe.   At 288 m, there is increased biotite with the 

introduction of rhodochrosite.  The deepest portion of this pipe has a matrix of K-feldspar 

– sericite – quartz with trace chlorite and tourmaline.  The deeper portion of the pipe is 
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exhibits intense K-feldspar alteration in both the breccia and granodiorite.  The consistent 

distribution of the K-feldspar alteration from the breccia pipe into the underlying 

granodiorite provides evidence that this may be one continuous system.   

The X-ray distribution maps (Appendix IV) acquired by the electron microprobe for 

breccia in the Campstool pipe shows the presence of chlorine, titanium, sulfur, iron, 

magnesium, and aluminum.   The distribution maps of breccia at 231.43 m show a 

distinct association of chlorine to calcite within the sample.  This may indicate that 

chlorine was present within fluid inclusions in the calcite filled open spaces within the 

breccia, suggesting the presence of chlorine-bearing, hydrothermal fluids.  This sample 

also shows titanium as rutile distinctly occurring in the granodiorite clasts, probably a 

result of potassic alteration.    

Maps of a breccia sample at 475.2 m show moderate sulfur and iron clearly 

associated with disseminated sulfides.  These maps also show weak to moderate chlorine 

and titanium disseminated throughout the breccia.  The chlorine appears to be associated 

with more felsic areas of the clasts in the breccia where sericitic and K-feldspar alteration 

was observed.  Titanium tends to be more evenly distributed throughout the rock, with 

closer association to sericitic and chloritic alteration within the matrix of the breccia.  

Fluorine distribution is sparse within this sample. 

Distribution maps taken at 490.86m show sulfur and iron closely associated with 

chalcopyrite and a fairly even distribution of rutile.  There do not appear to be any 

distinct enrichment in chlorine or fluorine at this depth, although these elements are 

present in minor amounts.   
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Results from a granodiorite sample at 598 m shows typical amounts of aluminum and 

magnesium associated with sericitic alteration.  Chlorine also appears to be associated 

with the sericitic alteration, whereas titanium is more evenly dispersed, as what was 

observed at 475.2 m.   

More detailed X-ray scans were taken for a breccia sample at 457 m.  These scans 

were specifically designed to search for andalusite, which was observed earlier in thin 

section. These maps revealed little evidence to suggest the presence of andalusite.   

Drill hole SB-02 resembles SB-03, with the majority of the breccia containing 

chloritic matrix.  SB-02 does not show the variability in matrix composition that is 

observed in SB-03.  Drill holes SB-02 and SB-06 in the Magna pipe both show Gray 

Porphyry as matrix in the breccia (Fig. 8), again suggesting a possible mineralizing 

source for the breccia pipes.   

X-ray distribution maps were taken for a sample of Gray Porphyry matrix in the 

Magna breccia pipe at 358.9 m.  These maps show sulfur and iron clearly associated with 

disseminated bornite and chalcopyrite.  Aluminum is present in feldspars, and 

magnesium is more closely associated with biotite in the groundmass.  Chlorine 

distribution occurs along with sulfides and also appears to be finely disseminated within 

the porphyry matrix.  Again titanium is observed to be finely disseminated throughout the 

sample with more specific association to mafic sites surrounding the bornite and 

chalcopyrite.   

The distribution maps for Gray Porphyry at 272.5 m in the Magna breccia show 

similar results to those from the Magna breccia at 358.9 m.  This section of the Gray 
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porphyry is sulfide poor but does show weakly distributed fluorine, chlorine, and sulfur.  

More moderately distributed amounts of iron, and titanium are present.  Again, aluminum 

is associated with feldspar grains and magnesium with more mafic sites within the 

porphyry.   

Several samples were observed petrographically for fluid inclusions in order to 

understand fluid compositions.  In samples from drill hole SB-03, hypersaline and vapor-

rich fluid inclusions have been observed at 457 m, 475.2 m, and 598 m (Fig. 10).  These 

are primary fluid inclusions that have cubic salt daughter crystals presumed to be halite or 

sylvite, and they are typically accompanied by a vapor bubble.  These samples have also 

been mapped using the electron microprobe.  In comparing this data with the distribution 

maps, chlorine may be associated with fluid inclusions in this area.  The implications for 

this will be discussed in an interpretive section further in this paper.  

Hypogene alteration of clasts and wall rocks 

The granodiorite wallrock shows consistent alteration with depth surrounding the 

breccia pipes.  Granodiorite has plagioclase phenocrysts and groundmass that are K-

feldspar altered to varying degrees.  The mafic sites in the grandiorite show the most 

obvious alteration with hornblende phenocrysts altered to biotite and biotite phenocrysts 

altered to chlorite.  In more extreme cases sericite alteration occurs along the edges of 

chlorite and biotite.  The granodiorite host also shows a strong magnetic signature.   The 

granodiorite does show increased alteration within 2 - 10 m of a breccia pipe.  

Granodiorite becomes increasingly altered, with biotite and chlorite altered to sericite, 

and the magnetic signature diminishes.  This appears to be consistent with depth along 
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the breccia pipes.  Figure 11 shows an example from drill hole SB-02 where granodiorite 

wallrock is altered in contact with the Magna breccia. 

Alteration is mostly associated with the clasts and causes plagioclase to alter to K-

feldspar and commonly sericite.  Granodiorite clasts throughout the pipes have 0.2-0.5- 

cm thick alteration rims, where plagioclase has been replaced by K- feldspar (Fig.7C).  

These clasts are also strongly stained by hematite in their core, which grades outward to 

the altered rim.  Rarely are granodiorite clasts unaltered.  In the cases with the least 

alteration biotite is slightly altered to hydrothermal biotite or to chlorite.  Clasts can 

exhibit complete destruction of their shape by sericitic alteration with only faint ghosts of 

the clast remaining.   

The magnetite that is typically present in the surrounding granodiorite host rock is 

completely destroyed in clasts within the pipes.  Observations of drill core have revealed 

a characteristic magnetic signature in the system.  The granodiorite surrounding pipes 

typically has a magnetic susceptibility of 20-40 SI, whereas breccia pipes show virtually 

no susceptibility.  Leaching of the breccia pipes during weathering has altered the 

majority of the original magnetite within the granodiorite clasts.  Magnetic susceptibility 

remains very high in the granodiorite host and begins to drop off significantly in altered 

granodiorite 1-2 m outside of the margin of a pipe.  Within the breccia pipe the 

susceptibility is below 10 SI and typically undetectable. 

Another important characteristic of breccia pipes is their associated tungsten halo.  

Drill hole SB-03 shows <4-10 ppm tungsten in granodiorite, but at 224 m there is an 

increase to 62 ppm tungsten which is associated with changing rock type and approach to 



 38

a breccia pipe.  Tungsten levels within the breccia pipe average 19 ppm, with a range of 

10-62 ppm.  At 492 m a decrease to <10 ppm in tungsten is observed and the drill hole 

enters the granodiorite host rock.  The source of tungsten is presumed to be scheelite, but 

has not been identified. 

Microprobe analysis was used to confirm alteration patterns within samples taken 

from the Magna and Campstool pipes, Appendix II.  The matrix present in the Magna 

pipe from drill holes SB-02 and SB-06 was analyzed and shows fresh biotite along with 

hydrothermal biotite with increased magnesium, aluminum, and iron content.  The 

secondary biotite is located at depths of 272-359 m within the Gray Porphyry matrix that 

occurs in the breccia.  The Magna pipe also shows albite occurring within the matrix 

which would indicate increased sodium content.  This increase in sodium, iron, 

magnesium, aluminum indicates that hydrothermal fluids have affected these rocks and 

may be associated with the sulfide-bearing fluids.  

The alteration rims associated with clasts from the Magna pipe were also analyzed.  

The 4-mm thick alteration rims are K-feldspar with a 1 mm-thick chlorite alteration rim 

just inside.  This granodiorite clast also contains chlorite-altered biotite with rutile.   

Microprobe analyses for the Campstool pipe also confirmed hydrothermal alteration.  

At 231.43m chlorite-rich matrix with minor rutile was confirmed.  Deeper portions of the 

breccia at 457 m showed an increase in biotite content within matrix.  By 475.2 m, clast 

alteration is dominated by K-feldspar with some fresh igneous biotite, with minor biotite 

altered to chlorite.  Tourmaline was also found in the matrix at these depths indicating the 

presence of boron.  The alteration shows slight variations downward, with various 
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amounts of chlorite + biotite + K-feldspar + albite ± sericite ± tourmaline, with an 

increase in abundance of chalcopyrite.   At depths of 598.8 m in the granodiorite, the K-

feldspar is dominant alteration mineral, with the abundancey of chlorite + biotite 

diminished (Fig. 7E).  Microprobe results also confirm an increase in aluminum at these 

depths which is associated with aluminosilicates.  The increased aluminum content along 

with observations of greenish kaolinite ± chalcopyrite ± pyrite suggest the possible 

presence of intermediate argillic alteration.   

Grade distribution 

The copper grade within breccia pipes is variable vertically and horizontally.  The 

pipes at Sombrero Butte show high concentrations of copper in the form of bornite, 

chalcocite, chalcopyrite, chrysocolla, and conichalcite.   Pipes mineralized with 

chrysocolla and conichalcite typically occur near the surface and extend to depths of 80m 

and are contained within the oxidized portion of the supergene environment (e.g., 

Anderson, 1982).  Disseminated chalcocite is present at greater depths in the supergene 

sulfide environment, but commonly in association with hypogene sulfides. Although the 

grades are locally enriched in chalcocite-bearing rocks, the lateral and vertical extent of 

enrichment is more more limited than in  most porphyry copper settings (e.g., Anderson, 

1982; Sillitoe, 2005).  From 272- 294 m, grades of 0.58% Cu occur as a mixture of 

chalcocite + bornite + chrysocolla ± cuprite.  From the oxidized portion of the supergene 

zone, the mineralization proceeds downward into zone where supergene chalcocite 

occurs with hypogene minerals as bornite + chalcopyrite + chalcocite + pyrite.  The 

highest grade mineralization in the Campstool pipe occurs at 470- 492 m as 1.31% Cu in 
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the form of bornite + chalcopyrite in clast-supported breccia.  This interval also contains 

a smaller high grade interval from 480- 492 m of 2.06% Cu as bornite + chalcopyrite. In 

this 22 m-wide zone, the majority of the bornite + chalcopyrite occurs disseminated in the 

cement between clasts, but also occurs within the clasts themselves to a limited extent.   

There is limited data concerning the lateral distribution of mineralization due to the 

predominance of exposure by steep to vertical drill holes.  From observations of outcrops, 

it is clear that mineralization along the edges of the pipes tends to be higher grade than 

within the core of the pipe.  It appears in some cases, where ring fractures are exposed, 

that mineralization is strongly concentrated along these vertical fractures parallel to the 

pipes, as observed in several pipes at Sombrero Butte, including the Victors pipe, where 

the ring fractures contain tourmaline + bornite + chalcopyrite (Fig. 12). Mineralization 

within the breccia pipes dominantly occurs as cement in the interstices between the clasts.  

In extreme cases, the combined matrix + cement can be entirely composed of sulfides ± 

quartz or calcite.  There is minor mineralization observed in the clasts themselves 

although it is not uncommon to find sulfide veins crosscutting clasts, but disseminated 

sulfides are not typical within the clasts.  This observation suggests that mineralization is 

closely associated with the cement that precipitated between the clasts.  Figure 13 is a 

generalized mineralogic column for drill hole SB-03 in the Campstool pipe showing the 

progression of mineralization with depth. 

The deepest drilled zone of mineralization, from 492- 645 m, is composed of strong 

to moderate amounts of chalcopyrite with associated weak bornite.  This deep zone of 

mineralization crosses from the breccia into the underlying granodiorite.   
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The underlying granodiorite continues to show consistent mineralization in the form 

of chalcopyrite as observed in the breccia.  At depths of 500 m the granodiorite has 

stockwork style veins of quartz – K-feldspar – chalcopyrite, which extends to a depth of 

610 m.  From 610-645 m quartz – K-feldspar veins continue as thin, hairline veinlets with 

minor chalcopyrite.  The veins present throughout the granodiorite are associated with 

pervasive K-feldspar flooding.   

Microprobe analysis were focused on at several areas within the breccia that showed 

transitions between different sulfide minerals.  Transitions from chalcopyrite to bornite 

and from bornite to chalcocite suggests that multiple episodes of sulfide deposition 

occurred.  Chalcopyrite precipitated first, bornite replaced chalcopyrite.  Figure 14 shows 

the transitions from bornite to chalcopyrite and from bornite to chalcocite in drill hole 

SB-03 at 490.8 m.  

Geochemical comparison between breccias 

A geochemical comparison was performed for breccia intervals in five pipes at 

Sombrero Butte.  Data acquired by inductively coupled plasma mass spectrometry was 

compiled for each breccia intercept within each drill hole.  The average was taken for 

each interval for the elements listed (Table 2).   

The Campstool pipe overall has a relatively low arsenic, slightly elevated nickel, 

weak gold, and strong copper contents.  The arsenic content is 13 - 85 ppm for the 

Campstool pipe within bornite- chalcopyrite- chalcocite ± chrysocolla.  Elevated arsenic 

levels are observed in the Sunset pipe, which contains 220-528 ppm As associated with 

strong chalcocite, with ~4.5% total Cu.  The Sunset pipe also shows the highest silver 
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concentration at 2.64 ppm, which overall is quite low but does indicate that silver may be 

concentrated with chalcocite in this perched blanket.   

As discussed in previous sections, tungsten concentrations are significant within the 

pipes.  The concentration for the Campstool pipe varies from 47-67 ppm, which is quite 

small.  Enrichment in tungsten is characteristic of many breccia pipes in the district and 

worldwide (e.g., Sillitoe, 1985), and is an indication of proximity to pipes. 
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Porphyry Environment 

Porphyry deposits of the southwest U.S. have similar characteristics that allow them 

to be grouped as porphyry copper deposits.  Several significant features of porphyry 

copper deposits as outlined by Creasey (1966) are:  (1) their close relation to stocks, 

dikes, and sills of porphyries  with a composition that ranges from granodioritic to quartz 

monzonitic,  (2) a geologic age of Late Cretaceous to early Tertiary (55-70 Ma),  (3) they 

contain characteristic sulfide minerals such as chalcopyrite, pyrite, and molybdenite, (4) 

hydrothermal alteration has affected the ore zone and surrounding rocks for large extents 

(hundreds to thousands of meters),  (5) large volumes of the porphyry and wall rocks 

have been uniformly altered.  Although these are general features of many of the deposits 

in the southwest, they are also apparent at Sombrero Butte.  The host rock is granodiorite 

dated at 60 – 68 Ma with breccia pipes containing chalcopyrite-chalcocite-bornite 

mineralization having moderate to strong potassic K-feldspar alteration of breccia and 

host rock that extend to 645 m (2110 ft) depth.  These general characteristics qualify 

Sombrero Butte as a porphyry copper system.  These aspects along with the detailed 

descriptions suggest that the breccia pipes may be linked to an underlying porphyry 

deposit.   

Several other characteristics exist such as specific vein types, alteration assemblages, 

sulfide content, and a defined fluid trap provides evidence for Sombrero Butte to be 

associated with a porphyry copper deposit. 
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Vein types 

The breccia pipes at Sombrero Butte show several types of veins that extend through 

the pipes into the underlying granodiorite.  In the upper leached portion of the pipes veins 

are dominantly replaced by hematite and are relatively narrow, <0.5 cm thick.  In the 

Campstool breccia significant veins are not present until 450 m, at which point an 

increase in density of quartz veins is observed.  The quartz veins are typically 2- 8 cm 

wide and are mostly barren until 466 m where sulfides begin to appear.  The majority of 

mineralization in the breccia pipes occurs as blebs and cement between clasts, in rock 

that overall has < 1 % veins.  At 491.5 m upon entering the granodiorite the abundance of 

veins increases to 2% (Fig 15).  Veins in the granodiorite are dominantly K- feldspar + 

quartz + sericite ± chalcopyrite ± bornite.  From 491.5 - 610 m stockwork style veins are 

dominant and typically occur with K- feldspar flooded envelopes; and in some cases, 

veins have quartz + sericite envelopes.   By 610 m, the vein density decreases to 1% 

veins, which are K-feldspar + quartz + sericite ± chalcopyrite.  In the deeper portions of 

the system copper grades decrease whereas stockwork K- feldspar + quartz ± sericite 

veins remain present.   

Alteration  

Alteration within the breccia pipes is dominantly of the potassic type.  K-feldspar 

replaces plagioclase on vein envelopes as discussed above, but also as alteration rims on 

granodiorite clasts.   Quartz – sericite alteration is also present in the Sombrero Butte 

pipes.   
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The most pervasive quartz – sericite alteration occurs towards the upper portions of 

certain pipes, is spatially associated with subsequent development of intense supergene 

chalcocite mineralization.  The extent of this zone of alteration has not been fully 

explored, but appears to be a perched chalcocite blanket.     

Sombrero Butte samples have also shown the beginnings of an intermediate argillic 

alteration.  At 598 m in the Campstool pipe, K- feldspar occurs with the onset of greenish 

kaolinite alteration in plagioclase sites (Fig. 7E).  The kaolinite does occur in an 

environment where sulfides are stable, indicating that this is a hypogene feature, not a 

supergene phenomenon.     

The above observations indicate that the pipes at Sombrero Butte do show potassic, 

sericitic, and local intermediate argillic alteration, as observed in many porphyry copper 

systems, as at San Manuel-Kalamazoo (Lowell and Guilbert, 1970). The alteration zoning 

observed in the breccia pipes has similarities to the porphyry copper zoning, but the 

alteration is largely restricted to the narrow pipe, extending only a short distance into the 

surrounding granodiorite. Similar relationships have been observed at breccia pipes in the 

Cananea district, Mexico (Perry, 1961), and at Rio Blanco-Los Bronces, Chile (Vargas et 

al., 1999). 

Breccia pipes and porphyry copper deposits 

The deep seated porphyry copper environment, that is of interest at Sombrero Butte 

exhibits strong similarities to other porphyry deposits in southwestern Arizona.  The 

granodiorite that has been observed beyond the extent of breccia shows pervasive K-

feldspar alteration associated with stockwork style quartz – chalcopyrite – pyrite veins.  
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The intense K-feldspar alteration continues downward from the breccia pipe into the 

porphyry environment indicating that the same fluids may have traveled through both 

rock types.  

At the San Manuel- Kalamazoo deposit located 8 km to the south of Sombrero Butte, 

Lowell and Gilbert (1970) give detailed accounts of the potassic alteration in the 

porphyry environment.   In Copper Creek to the north of Sombrero Butte, Marsh (2001) 

also refers to stockwork style mineralization in deeper portions of the system.   In looking 

at mineralized breccia pipes at Copper Basin, Arizona, located 250 km to the northwest, 

Johnston and Lowell (1961) state that ‘overall mineralization is remarkably similar to the 

porphyry copper type in the southwest.’  Their observations of sulfides deposited in 

cracks and voids within quartz and as disseminations are typical characteristics of a 

porphyry deposit.  This is similar to what has been observed at Sombrero Butte and gives 

credence to the pipes relation to porphyry deposits.    

 Fluid sources for mineralization 

Observations from drill logging, X-ray distribution maps, and petrography of 

hydrothermal minerals and fluid inclusions, discussed in prior sections, provide 

information about the compositions of the hydrothermal fluids within the breccia pipes.  

Tourmaline, chlorite, biotite, and sericite formed as alteration products of matrix and as 

cements in the breccia indicate that Fe, Mg, K, Al, Si, B, S, and water were contained in 

the fluids passing through these rocks. These are the same elements contained in fluids 

that formed porphyry copper deposits nearby, with the possible exception of B 

(considering the general absence of tourmaline in those porphyry deposits). A change in 
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conditions, such as a decrease in pressure or temperature, may have decreased the 

solubility of metals, causing their eventual precipitation.  
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Interpretation of Sombrero Butte  

Geochemistry 

The results from analyses previously discussed support the hypothesis that the breccia 

pipes at Sombrero Butte are genetically linked to an underlying porphyry deposit.   Data 

from the X-ray distribution maps and fluid inclusion observations allows for initial 

conclusions to be drawn on the type of fluids that were present in this system.  Sulfur, 

copper, and iron which are necessary for the formation of ore minerals, are clearly 

present in breccia, as well as in the Gray Porphyry matrix thought to be the mineralizing 

source for the pipes.  Weak to moderate amounts of chlorine are also observed in the 

Gray porphyry matrix.  The presence of chlorine would promote chloride complexing of 

metals.  Because chlorine is observed in what is believed to be the mineralizing matrix, it 

is interpreted that the fluids associated with this porphyry matrix contained chlorine, 

which allowed for deposition of ore minerals.  

Destruction of magnetite in the majority of pipes in this area is interpreted to reflect 

sulfidation of magnetite, converting iron in magnetite to iron in copper-iron and iron 

sulfides (bornite, chalcopyrite, and pyrite).  In the surrounding granodiorite magnetite is 

still present, indicating that fluids may not have migrated far laterally into the adjacent 

wall rocks, which is consistent with  strong copper mineralization localized within pipes 

versus in wall rocks.   

Initial observations of fluid inclusions were made in the Magna breccia and in the 

Campstool breccia.  Several samples showed the presence of primary salt and vapor 

inclusions within quartz (Fig. 10).  The presence of salt daughter crystals indicates high 
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NaCl contents (>24 wt %) of fluids that affected these breccias.  Walker (1979) 

homogenized similar fluid inclusions in Copper Creek and found that hypersaline 

inclusions indicated high to moderate temperatures, indicative of proximity to magmatic 

activity.   

Tourmaline has been observed petrographically and in the field in Sombrero Butte 

breccia pipes.  Tourmaline tends to occur in two situations, either mixed with silica as 

matrix in non- mineralized pipes or as cement with bornite + chalcopyrite in breccia.  

Tourmaline is present in some porphyry copper systems (e.g., Seedorff et al., 2005) but 

none of those nearby. Tourmaline is common in mineralized breccia pipes (e.g., Sillitoe, 

1985), but the role of boron in the mineralizing process is not clear.   

Andalusite was initially observed in thin section but was not confirmed through 

microprobe analysis. Its presence would indicate an environment of high temperature 

(roughly >360°) combined with lower aK+/aH+, i.e., more acidic, conditions (Hemley et 

al., 1980). The shift from potassic to sericitic conditions indicates a subsequent decrease 

in temperature and/or increase in acidity. 

Mineralizing source 

 The strongest evidence for linking the origin of breccia pipes to magmatism is the 

observation of Gray Porphyry in the matrix composition of the Campstool and Magna 

pipes.  Analyses of the Gray Porphyry association with potassic alteration and sulfides, 

suggests that the Gray Porphyry is a likely source of mineralization for these breccia 

pipes. The continuation of potassic alteration of the breccia pipe downward into 

unbrecciated Gray Porphyry is suggestive of a genetic link to porphyry systems, which is 
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consistent with the similarity in fluid inclusion compositions (e.g., Walker, 1979; 

Wodzicki, 2001).   
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Discussion  

This discussion will address how breccia pipes are formed, how breccia pipes occur, 

what types of environments they may be associated with, the types of fluids that were 

associated with them, what the source of the fluid may have been, and the nature of 

copper-bearing breccia pipes.   These theories will provide background to support the 

presence of a genetic link between breccia pipes and hydrothermal systems. 

Mechanism of breccia pipe formation  

Breccia pipes contain a considerable amount of open space, especially prior to 

precipitation of the hydrothermal minerals that are the cement. A fundamental problem in 

the formation of breccia pipes is the origin of this void space, and the mechanism of 

breccia then follows from generation of the void space. Hypotheses for generating void 

space include (1) withdrawal of magma from beneath the site of the breccia pipe (Perry, 

1961), (2) dissolution of roof rocks by a corrosive hydrothermal fluid released from an 

underlying magma chamber (Sillitoe and Sawkins, 1971), (3) doming of roof rocks 

during fluid release (Burnham, 1985), and (4) exsolution of magmatic fluids from a deep-

seated magma body, first  rising as dispersed bubbles and then collected in a large cavity 

near the roof of a  magma chamber underlying the site of the breccia pipe (Norton and 

Cathles, 1973). Each model makes predictions that, in principle, can be tested by 

observations regarding, for instance, shape of the breccia pipe, directions of clast 

transport, relationship to porphyry mineralization, or fluid composition and properties. 

Figure 16 shows the fourth model, where the roof of the cavity at some point could no 



 52

longer withstand the weight of the overlying rocks, leading to collapse of the overlying 

rocks and associated brecciation, which propagated upward toward the surface. 

In earlier studies of breccias in the Copper Creek district, Guthrie and Moore (1978) 

suggest that breccia pipes are formed by forceful injection of porphyry into brittle rock, 

whereas Kuhn (1941) proposes that faulting as the cause of brecciation.  Both 

interpretations lack an explanation for how void space was created for these circular- to 

oval-shaped bodies, 10-20 m in diameter, as faulting does not necessarily generate open-

space, and magma withdrawal must follow forceful injection in order to generate a void. 

Among the hypotheses that do generate open space, (1) withdrawal of magma can be 

substantiated only if a lateral migration of the withdrawn magma can be demonstrated. 

One of the few compelling historical examples of lateral magma withdrawal was at the 

Valley of Ten Thousand Smokes, Alaska, in 1912 led, which produced crater (small 

caldera) collapse at Mt. Katmai during a 60-hr pyroclastic eruption at Novarupta 10 km 

to the east (Hildreth and Fierstein, 2000), with no obvious relationship to mineralized 

breccia pipe formation. Hence, this first mechanism is, at best, an ad hoc explanation for 

Copper Creek. (2) Certain hydrothermal fluids are indeed corrosive, the mineralogic 

characteristics of Sombrero Butte show no evidence for massive dissolution, for instance, 

of quartz, and indeed, the fluids that produced the breccia pipe appear similar to those 

that produce porphyry copper deposits with or without breccia formation. The final two 

mechanisms both involve localized separation of an aqueous phase, leading to (3) doming 

of the roof or (4) formation of a giant bubble. Although the geologic constraints are poor 

at the few pipes studied to date at Sombrero Butte, no evidence has been reported of 
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doming of the roof at any of the hundreds of breccia pipes at Copper Creek; furthermore, 

mechanism (3) does not distinguish between formation of hydrothermally cemented 

breccia pipes such as the ones at Copper Creek and porphyry deposits without associated 

breccias. Thus mechanism (3) is rejected as a valid explanation, leaving mechanism (4)--

or some other mechanism—as the most viable explanation (Fig. 16). Mechanism (4), 

however, also requires a means of distinguishing between porphyry systems and breccia 

pipes, as explored further below. 

Separation and collection of an aqueous phase 

Formation of ore deposits requires a mechanism for concentrating the ore elements, 

and formation of an aqueous phase provides for the opportunity to fractionate metals 

preferentially into a separate aqueous phase, for ultimate precipitation in a hydrothermal 

ore deposit (e.g., Candela and Piccoli, 2005). 

The suite of magmatic-hydrothermal ore deposits, including porphyry systems, 

greisen deposits, and certain epithermal deposits, are ancient examples of formation of a 

separate aqueous phase of magmatic derivation, preferential fractionation of certain 

metals into the aqueous phase depending on the composition of the magma, and 

precipitation of metals as the hydrothermal fluid evolves in time, space, temperature, etc. 

(Rose and Burt, 1979; Barton, 1996; Seedorff et al., 2005).  A present-day example of 

separation and collection of a separate, sulfur-rich vapor occurred in the pre-eruptive 

activity at Mount Pinatubo, Philippines, which was betrayed by the “excess sulfur” of the 

eruption, i.e., more sulfur in the eruptive cloud than can be accounted for by exsolution 

from an equivalent volume of magma (Hattori, 1993; Gerlach et al., 1996; Keppler, 
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1999). As noted by Hattori and Keith (2001), this accumulation of an aqueous phase is a 

forerunner of the formation of a porphyry system or other magmatic-hydrothermal 

deposit such as a breccia pipe. Furthermore, Mt. Pinatubo is a compositionally 

appropriate modern analogue of a porphyry copper or copper breccia pipe. 

The nature of the distribution of the aqueous phase could determine whether or not 

the system leads to the formation of a breccia pipe, rather than a porphyry system. 

Conditions leading to preferential formation of breccia pipes 

The distribution of the separate aqueous phase could exert a strong influence on the 

mechanical behavior of the two-phase mixture of magma and vapor. In the first case, the 

separate aqueous phase could be localized at the roof of the magma chamber but be 

dispersed at relatively low concentrations, forming a sponge-like distribution of bubbles. 

The bulk density and mechanical behavior of this mixture could be similar to magma 

prior to water saturation. This material would be likely to support the weight of overlying 

rocks, preventing eruption of the magmatic-hydrothermal system or formation of a 

breccia pipe but causing hydrofracturing of the surrounding rocks and formation of a 

porphyry system (Burnham, 1979). In a second case, the aqueous phase could be highly 

concentrated in the two-phase mixture at the roof of the magma chamber, forming a 

foam-like cap or consist of one or more large bubbles. The density and mechanical 

behavior of the second mixture may approximate that of the pure aqueous phase and be 

unable to support the weight of overlying rocks, leading to formation of an upward-

propagating breccia pipe (Norton and Cathles, 1973). 
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The above hypothesis calls for an explanation for why the two types of systems might 

occur in nature. Perhaps a subtle magmatic compositional control favors formation of 

breccia pipes, rather than only porphyry systems. For example, an enriched concentration 

in a volatile, perhaps boron, could promote the aggregation of the aqueous phase into 

large bubbles, thus favoring formation of breccia pipes. Speculatively, the virtually 

ubiquitous presence of tourmaline, a boron-bearing mineral, in breccia pipes might be 

evidence for such a compositional control. On the other hand, may be there is no 

magmatic compositional control, and other factors, such as depth of emplacement or 

tectonic regime, could catalyze breccia pipe formation.  

A viable explanation for formation of breccia pipes must account for the similarity in 

fracturing characteristics in breccia pipes with those of porphyry systems, as well as the 

fact that some districts contain both breccia pipes and porphyry systems, as at Copper 

Creek (Marsh, 2001) and Cananea (Wodzicki, 2001). In addition, a mechanism must 

predict the occurrence of tens to hundreds of pipes, commonly in trends and clusters, in 

the classic breccia pipe districts, such as Copper Creek (Marsh, 2001), Copper Basin 

(Johnston and Lowell, 1961), and Cumobabi (Scherkenbach et al., 1985). In any case, it 

remains unclear why some porphyry copper deposits have closely associated breccia 

pipes and other deposits in the same porphyry province do not have breccia occurrences.   

Significance of breccia pipes to exploration for porphyry systems 

Breccia pipes represent relatively small but high-grade deposits that can be highly 

attractive exploration targets in their own right. Empirically, many breccia pipes do show 

a spatial, if not genetic, relationship to underlying porphyry mineralization (Bryner, 1961; 
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Sillitoe, 1985). If there is a close genetic relationship between breccia pipes and porphyry 

systems, then mineralized breccia pipes potentially represent a valuable clue to the 

location of porphyry mineralization at depth. If a genetic link is weak or absent, however, 

then the breccia pipes have little or no relevance to exploration for deep porphyry copper 

deposits, as Sillitoe and Sawkins (1971) concluded for many of the breccia pipes in 

central and northern Chile. 

 As documented above, the present understanding of the geology of the Sombrero 

Butte pipes suggest a genetic link between the pipes and an underlying porphyry system 

as shown in Figure 17, but further work is required to evaluate the strength of this 

relationship.  
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Conclusions 

There are more than one dozen breccia pipes in the Sombrero Butte area of the 

Copper Creek district that crop out with circular- to oval-shaped map patterns, 10-20 m in 

diameter, which extend over 0.5 km vertically and tend to narrow with depth. 

Mineralization is concentrated within the pipes, with the highest grades located at the 

outer edges just inside the highly fractured ring structures surrounding the pipe.  The 

breccia pipes are dominated by angular to subangular clasts of granodiorite that vary 

between clast- and matrix-supported. The combined matrix and cement varies from 

chlorite + calcite + specular hematite + quartz + amethyst + K-feldspar + rhodochrosite, 

to tourmaline + biotite + chlorite, to chlorite + sericite + hematite.  The dominant 

alteration throughout the Campstool pipe is K-feldspar alteration, which becomes 

increasingly pervasive in the granodiorite host below the breccia pipes.   

Gray Porphyry occurs in the matrix composition of the Campstool and Magna pipes, 

providing additional evidence for linking the origin of breccia pipes to magmatism.  The 

continuation of potassic alteration of the breccia pipe downward into unbrecciated Gray 

Porphyry and granodiorite is suggestive of a genetic link to porphyry systems, which is 

consistent with the similarity in fluid inclusion compositions in porphyry deposits and 

breccia pipes. 

In a favored model for formation of mineralized breccia pipes, magmatic fluids 

exsolve from the magma and rise and collect as one or more large bubbles at the roof of 

the chamber. As more fluid accumulates and the fluid bubble increases in size, the roof of 

the chamber eventually can no longer support the weight of the overlying rocks.  The roof 
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collapses, and the breccia pipe propagates upward, terminating before reaching the 

surface.  The porous column of collapsed rock is a conduit of open spaces and fractures, 

and the highest copper grades form in the areas of highest permeability.   
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Figure Captions 

FIG. 1. General location map of the Sombrero Butte project, Pinal County, Arizona. 

 

FIG. 2.  Simplified plan map for Sombrero Butte  

 

FIG. 3. A. Oxidized breccia outcrop at Sombrero Butte.  B. Ring fractures associated with 

a breccia pipe at Sombrero Butte.  C. and D. Breccia outcrops at Sombrero Butte. 

 

FIG. 4. Generalized geologic cross section of Sombrero Butte, looking northwest.  

Center column represents lithology, left column represents matrix composition,  

and right column represents alteration.  Horizontal colored lines outline  

Interpretation of alteration zones and yellow line shows interpretation of pipe. 

 

FIG. 5. Generalized geologic cross section of Sombrero Butte, looking northeast. 

Center column represents lithology, left column represents matrix composition,  

and right column represents alteration.  Thicker blue and brown lines outline 

interpretation of alteration zones within the Magna pipe, while yellow line shows 

interpretation of the breccia pipe. 

 

FIG. 6. Breccia fabrics.  A.  SB-11  324m, open- space with calcite + chrysocolla.  

B. SB-09  151.8m shingle breccia in leached zone. C. SB-11  327m shingle breccia 
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with chlorite – sericite – calcite matrix.  D. SB-03  475.1m Matrix- supported breccia 

with chloritic matrix. 

 

FIG. 7. Photographs from drill hole SB-03.  A. 231.4m alteration of breccia  B. 

457m breccia with chloritic matrix  C. 475.2m  D.  490.8m K-Feldspar 

alteration in breccia with calcite and chalcopyrite in matrix  E. 598.8m 

Pervasive K-Feldspar alteration in granodiorite  F.  621.8m Chlorite altered 

biotite in granodiorite. 

 

FIG. 8.  A.  Drill hole SB-02 320.9m chalcocite mineralization in breccia  B.  

SB-02 359m Grey porphyry matrix in breccia pipe  C.  Drill hole SB-06 187.5m 

Granodiorite clasts in a breccia pipe with 1cm thick K-feldspar and 2mm thick 

chlorite alteration rims  D. SB-06 205m Crowded matrix- supported breccia 

with biotite-chlorite matrix and K-feldspar altered granodiorite clasts  E.  SB-06 

272.5m Grey porphyry matrix in breccia pipe  F.  SB-06 318.4m Grey porphyry 

matrix with bornite in breccia pipe. 

 

FIG. 9. Photomicrographs from various drill hole samples at Sombrero Butte. 

A-D. Drill hole SB-03, Campstool breccia, sericite – biotite – chlorite - tourmaline.  

E. Drill hole SB-06, Magna breccia, secondary biotite.  F. Drill hole SB-02, Magna 

breccia, Gray porphyry matrix. 
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FIG. 10. Fluid Inclusions from breccia pipes at Sombrero Butte.  A. SB-02  17.47m 

B. SB-02  359.8m  C. SB-02  359.8m  D. SB-03  457m  E. SB-03  475.2m   

 

FIG. 11.  Core photos from Sombrero Butte, drill hole SB-02, Magna breccia,  

showing transition from granodiorite into the breccia pipe. 

 

FIG. 12.  Photograph of Victors breccia showing tourmaline + chalcopyrite + 

bornite cement. 

 

FIG. 13. Generalized mineralogic column from the Campstool breccia pipe, 

Sombrero Butte. 

 

FIG. 14. Photomicrograph of sulfides in drill hole SB-03. A. 490.8 m. 

 

FIG. 15.  Core photos from Sombrero Butte, drill hole SB-03, Campstool breccia  

at 491.5m showing vein density. 

 

FIG. 16.  Figure modified from Norton and Cathles, 1973, showing the formation of a 

breccia pipe.  A. Magmatic water exsolves from the rising magma body and is trapped 

beneath the cooler rind of the magma.  B. The bubble collects and increases in size while 

the overlying rocks cannot withstand and fractures occur allowing the bubble to break 

through.  C. The drop in pressure causes collapse into the cavity by fracturing and block 
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stope caving.  D. The pipe continues to propagate upwards while rock continues to 

collapse forming the porous column of breccia. 

 

FIG. 17. Schematic Model of the Sombrero Butte breccia pipe and underlying porphyry 

copper system. 
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Eichenlaub et al., Figure 1, Location map of Sombrero Butte. 
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Eichenlaub et al., Figure 2, Simplified plan map of Sombrero Butte. 
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Eichenlaub et al., Figure 3, Outcrop  photographs at Sombrero Butte.   
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Eichenlaub et al., Figure 4, Generalized geologic cross section of Sombrero Butte, 

looking northwest.  
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Eichenlaub et al., Figure 5, Generalized geologic cross section of Sombrero Butte, 

looking northeast.  
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Eichenlaub et al., Figure 6, Fabrics of breccia. 
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Eichenlaub et al., Figure 7, Photographs from drill hole SB-03 from the Campstool 

breccia pipe.  
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Eichenlaub et al., Figure 8, Photographs from drill hole SB-02 and SB-06 from the 

Magna breccia pipe.  
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Eichenlaub et al., Figure 9, Photomicrographs from various drill hole samples at 

Sombrero Butte.  
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Eichenlaub et al., Figure 10, Fluid inclusions from breccia pipes at Sombrero Butte. 
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FIG. 11.  Core photos from Sombrero Butte, drill hole SB-02, Magna breccia, showing 

transition from granodiorite into the breccia pipe. 

 
 
 
 
 
 
FIG. 12.  Photograph of Victors breccia showing tourmaline + chalcopyrite + 

bornite cement between clasts. 
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Eichenlaub et al., Figure 13, Generalized mineralogic column from the Campstool 

breccia pipe, Sombrero Butte. 
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Eichenlaub et al., Figure 14, Photomicrographs of sulfides in drill hole SB-03 

Campstool breccia pipe Sombrero Butte. 

 

 

Cc 

Bn 

Chl 

Bn 

Cpy 

100 um 

20 um 

A 

B 



 84

 

Eichenlaub et al., Figure 15, Core photos from Sombrero Butte, drill hole SB-03 

Campstool breccia showing vein density. 
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Eichenlaub et al., Figure 16, Breccia pipe formation diagram modified from Norton and 

Cathles. 
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Eichenlaub et al., Figure 17, Schematic model of the Sombrero Butte breccia pipes and 

underlying porphyry copper system. 
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 TABLE 1.   Copper grades at Sombrero Butte, Pinal County, Arizona 

Breccia Target Drill Hole Inclination From To  Meters % Cu 

Magna SB-02 82° 286m 334m 48m 1.06% 

 included  318m 328m 10m 2.04% 

Campstool SB-03 80° 272m 294m 22m 0.58% 

 SB-03  470m 492m 22m 1.31% 

 Included  480m 492m 12m 2.06% 

Magna  SB-06 75° 330m 342m 12m 1.34% 
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TABLE 2. Breccia pipe geochemistry comparison 
Analyte Symbol Depth 

(m) 
Au Ag Cd Cu Mn Mo Ni Pb Zn S As Ba Hg W % 

Unit Symbol  ppb ppm ppm ppm ppm ppm ppm ppm ppm % ppm ppm pp
m 

pp
m 

Cu 

Detection Limit  5 0.2 0.5 1 3 2 1 2 1 0.00
1 

2 50 0.2 4  

SB-01 Magna 8-34 1.0 0.97 0.22 327 1735 3.46 21.9 13.4 68.5 0.01 54 1492 16 47  
SB-01 Sunset 114-

136 
8.5 0.05 0.72 195 366 1.08 21.1 18.5 91.5 0.01 221 855 26 23  

SB-02 Magna 64-356 10.0 0.18 0.19 1821 576 44.45 24.6 14.4 60.3 0.05 88 1177 9 22 0.20 
SB-03 Campst

ool 
222-
492 

34.6 1.23 0.03 1893 638 32.72 36.6 10.2 67.8 0.10 14 970 4 19 0.24 

SB-04 Magna 28-124 8.6 0.25 0.27 336 496 1.88 21.0 11.0 52.3 0.01 42 1262 9 24  
SB-05 Sunset 0-142 4.5 2.64 1.42 3396 436 27.25 17.9 37.1 149 0.30 528 886 30 67 0.95 
SB-06 Magna 130-

342 
4.4 0.24 0.01 1246 471 13.54 21.6 12.3 58.4 0.02 86 1017 7 18  
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APPENDICIES 

APPENDIX  I 

Activation Laboratories Inc. 

Geochemistry Procedures (obtained from Actlabs website  www.actlabs.com) 

 

Trace Element Analysis  

Trace element analysis is used to detect and quantify low-levels of inorganic compounds 

contained within a sample. This type of analysis is effective in measuring elements which 

fall within the low ppm to ppb range. 

Atomic Absorption Spectroscopy (AA) 

AA is an instrumental method of determining element concentration by introducing an 

element in solution in its atomic form to a light beam of appropriate wavelength causing 

the atom to absorb light – atomic absorption. The reduction in the intensity of the light 

beam directly correlates with the concentration of the elemental atomic species. 

The technology is well suited to the measurement of gold, gold pathfinders and base 

metals and there are relatively few matrix and other interference effects. However, Fe can 

interfere with the determination of gold and the platinum group elements. It is also 

important to ensure that the concentration of the element being measured is within the 

calibration range of the instrument. Although AA can only measure one element at a 
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time, sample throughput is high as each measurement can take only seconds. The 

technique is applicable over a wide range of concentrations for most elements. 

Occasionally interferences from other elements (e.g., Li, K, Na, Rb and Cs) or chemical 

species can reduce atomization and depress absorbance, thereby reducing sensitivity. 

 

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) 

ICP is a multi-element technique, capable of measuring 40 to 70+ elements to very low 

detection limits (ppm to sub-ppb) in just about any material or substance (waters, 

biological materials, inorganic materials of all sorts, environmental samples, geological 

samples, etc.) in solution. Most of the periodic table can be measured using ICP-OES. 

The major rock forming elements and some important trace elements can be determined 

simultaneously to sensitivities better than X-ray fluorescence. ICP can provide very low 

cost multi-element packages on partial acid digests. 

The ICP technique relies on placing the sample material into solution using specific 

partial leaches, single acids, mixed acids or fusion techniques using fluxes. The sample 

solution is then introduced into a radio frequency excited plasma (~8000°K). Atoms 

within the samples are excited to the point that they emit wavelength-specific photons or 

light which is characteristic of a particular element. The number of photons produced is 

directly related to the concentration of that element in the sample. 
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Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

ICP-MS is a versatile, rapid and precise analytical technique which provides high quality 

multi-element and isotopic analyses for samples in solution. It is capable of determining 

the concentrations of 70+ elements in a single analytical run. The detection limit for most 

elements in solution is in the sub-ppb range. For some elements it may lie in the sub-ppt 

range. 

The ICP-MS instrument employs an argon plasma as the ionization source and a 

quadruple mass spectrometer to detect the ions produced. During analysis, the sample 

solution is nebulized into flowing argon gas and passed into an inductively coupled 

plasma. The gas and nearly everything in it is atomized and ionized, forming a plasma. 

The plasma is a source of both excited and ionized atoms. The positive ions in the plasma 

are then focused down a quadrupole mass spectrometer where they are separated 

according to mass, detected, multiplied and counted. 

The versatility of the ICP-MS technique makes it a multi-disciplinary analytical tool. It is 

widely used in many industries including geological, environmental, biological, 

agriculture, clinical, chemical, semiconductor, nuclear and research laboratories, as a key 

analytical tool for the determination of trace level elements. This technique is most 

suitable for water and selective leach solutions where best detection limits are required. 
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High Resolution Inductively Coupled Plasma Mass Spectrometry (HR ICP-MS) 

This method of detection is similar to the ICP-MS technique previously described with a 

few exceptions. The mass spectrometer used for detection is a magnetic sector instead of 

quadruple. The main advantages are that most interferences can be resolved providing 

essentially interference-free analysis. Detection limits achievable are also 1 to 2 orders of 

magnitude lower with ppq (parts-per-quadrillion) to ppt readily achievable. Isotope ratios 

are also preformed with a much higher degree of precision (± 0.1%) than with a 

quadruple ICP-MS. 

 

Multi-Collector High Resolution Inductively Coupled Plasma Mass Spectrometry (MC 

HR ICP-MS) 

This system incorporates the unique features of the multi-collector TIMS (Thermal 

Ionization Mass Spectroscopy) analyzer and the plasma interface. Highest accuracy 

requires high resolution because polyatomic spectral interferences, arising from 

combinations of plasma-components and the sample matrix itself, can limit the accuracy 

of the isotope ratio measurements. The most reliable and straightforward way of 

eliminating interferences is to use high resolution to mass-separate the interference from 

the isotope to be measured. Multi-collector high resolution ICP-MS adds a new 

dimension to high accuracy isotope ratio determinations. 
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Instrumental Neutron Activation Analysis (INAA) 

INAA is a non-destructive trace element technique, capable of measuring up to 35 

elements at the ppb to percent level in most materials. INAA is dependent on measuring 

primary gamma radiation which is emitted by the radioactive isotopes produced by 

irradiating samples in a nuclear reactor. Each element which is activated will emit a 

“fingerprint” of gamma radiation which can be measured and quantified. 

INAA is one of the lowest cost multi-element techniques. As it requires no chemistry, 

there is little worry of contamination or whether the elements in question are in solution. 

The additional worry of whether there are abnormal amounts of a particular element 

which will cause chemical or instrumental interferences is also generally avoided with 

INAA. 

INAA is exceptionally sensitive to a number of trace elements like gold, arsenic, 

antimony, tantalum, uranium, thorium, etc. Many of these elements are very difficult and 

expensive to determine by conventional chemical procedures. In addition, trace elements 

in organic material such as humus or vegetation are easily determined directly with 

exceptionally low detection limits. The INAA technique does not require the expensive 

and slow ashing procedure of other chemical methods. This lack of ashing prevents 

potential loss of certain elements and improves the reliability of data due to lesser sample 

handling and potential human error. 
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Reference: Hoffman, E.L., 1992. Instrumental Neutron Activation in Geoanalysis. 

Journal of Geochemical Exploration, volume 44, pp. 297-319.  

 

X-Ray Fluorescence Spectroscopy (XRF) 

X-ray Fluorescence is a non-destructive technique that can be used to quantify elemental 

constituents of solid and liquid samples. Elemental analysis using the XRF technique 

relies on bombarding the samples with x-rays and measuring the x-ray emission lines 

(radiation) generated. As this technique is element sensitive, it provides information 

about the elemental composition of the sample. Capable of bulk elemental analysis, XRF 

is also capable of detecting elements of atomic number 11 (sodium) through atomic 

number 92 (uranium) at concentrations ranging from ppm to 100%. XRF yields highly 

reproducible results in short measuring times.  

The main applications are for trace element determinations for elements such as Rb, Y, 

Nb and Zr and for major element analysis. XRF is useful for the qualitative and 

quantitative elemental analysis of organic and inorganic compounds and materials such 

as ores, minerals, soils, pharmaceutical, biomaterials, environmental contaminants, 

metals and alloys. XRF is also used in forensic and medical studies.  

 

X-Ray Diffraction (XRD) 
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XRD provides information about the mineralogical makeup of solid samples as well 

potentially the crystallographic structure of its phases. The atomic planes of a crystal 

cause an incident beam of X-rays (if wavelength is approximately the magnitude of the 

interatomic distance) to interfere with one another as they leave the crystal. 

XRD is effective for the qualitative phase analysis of organic and inorganic compounds 

and materials such as ores, minerals, construction materials, soils, pharmaceuticals, 

plastics, corrosion products, environmental contaminants, metals and alloys. XRD is also 

used to determine structural properties (crystal size, distribution, orientation and 

deformations. Generally XRD will only provide an estimate of phases present and usually 

2-5% of that phase must be present to be detectable. Clay speciation can be performed by 

XRD however this is a very complex and costly technology 

 

Combustion Infrared (LECO) 

LECO (after one type of instrument manufacturer) is used for the measurement of carbon, 

sulphur, nitrogen and oxygen. Most commonly, various forms of carbon (inorganic 

[CO2], organic and graphitic) and sulphur (sulphide and sulphate) are determined. 

Samples are combusted in an induction furnace and the evolved gases are measured by 

infrared detection at specific wavelengths. Chemical and temperature pretreatment  

 

Digestions  



 96

Many laboratories provide a multitude of digestions along with subtle variations on these 

digestions. Suffice to say, such subtle distinctions create problems with comparison of 

results between laboratories and confusion with the geologist or geochemist. In reality, 

there are three main digestions: Aqua regia, “Total” or four acid digestion, and fusion. 

Sample preparation is also very important for amount of material dissolved. With a finer 

grind, more of the sample will be dissolved. Materials sieved at -80 mesh will not provide 

the same results as material ground to -150 mesh. Certain elements in high concentrations 

suffer from solubility problems and re-precipitate erratically. Some of these elements and 

concentration levels include: Ag (> 100 ppm) and Pb (> 5000 ppm). INAA and XRF are 

purely instrumental methods which do not require chemistry and always provide total 

metal. 

1. Aqua Region Digestion – This leach uses a combination of concentrated 

hydrochloric (HCl) and nitric (HNO3) acids to leach sulphides, some oxides and 

some silicates. Mineral phases which are hardly (if at all) attacked include barite, 

zircon, monazite, sphene, chromite, gahnite, garnet, ilmenite, rutile and 

cassiterite. The balance of silicates and oxides are only slightly to moderately 

attacked, depending on the degree of alteration. Generally, but not always, most 

base metals and gold are usually dissolved if the sample is ground finely enough.  

2. “Total” or 4-Acid Digestion – This acid attack is the most vigorous used in 

geochemistry and is capable of decomposing metal salts, carbonates, sulphides, 

silicates and some sulphates and oxides. It will employ hydrochloric (HCl), nitric 
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(HNO3), perchloric (HClO4) and hydrofluoric acids (HF). Even with this 

digestion, certain minerals (barite, gahnite, chromite and cassiterite) may not go 

into solution. Other minerals including zircon, sphene, and magnetite may not be 

totally dissolved. Most other silicates will be dissolved, however some elements 

will be erratically volatilized, including Si, As, Sb, Cr and Au. Total digestions 

cannot be used for accurate determination of REE, Ta, Nb, Zr, As, Sn, Hf, Cr, Au 

and Si.  

3. Fusion Technique – The most aggressive fusion technique employs a lithium 

metaborate/tetraborate fusion. The resulting molten bead is rapidly digested in a 

weak nitric acid solution. The fusion ensures that the entire sample is dissolved. It 

is only with this attack that major oxides including SiO2, REE and other high 

field strength elements are put into solution. High sulphide-bearing rocks may 

require different treatment, but can still be adequately analyzed. For whole rock 

XRF analysis, the molten bead is poured into platinum molds to form a glass disk. 

4. Instrumental (INAA & XRF) – A non-destructive analytical technique capable of 

detecting multiple elements without the need of putting the sample into solution. 

Code 1EPI – The “Au + 14” group of elements provides a high quality, low cost package 

for epithermal gold exploration (by INAA [Au, As, Sb, Ba, Hg and W), aqua regia ICP 

[base metals and sulphur] and option cold vapour FIMS [Hg]).  A sample of ~ 30 g is 

used for Au analysis.  An enhanced package (Code 1EPI) with better detection limits for 

Au (2 ppb) and As (0.5 ppm) is also available for an additional $2.00 per sample (35 g 
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required).  Sulphur (+) from barite will not be reported.  Is total S is required, see Code 

4F-S.  See Code 1E for notes on base metals. 

Code 1EPI – Au + 14 

A 30 g sample is analyzed by INAA and with an aqua regia digestion followed by ICP 

analysis.  Elements determined by INAA are: Au, As, Sb, Ba, Hg and W.  Elements 

determined by aqua regia ICP are: Cd, Cu, Mn, Mo, Ni, Pb, Zn and S. 

Code 1EPI (Au + 14) Elements and Detection Limits (ppm)  

Element Detection Limit Upper Limit 

Au 5 ppb 30,000 ppb 

Ag† 0.2 10,000 

Cu 1 10,000 

Cd 0.5 5,000 

Mn 2 20,000 

Mo 2 10,000 

Pb* 2 5,000 

Ni* 1 10,000 

Zn* 1 10,000 

S 0.01% 20% 

Hg 1   
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As 2   

Ba 50   

Sb 0.2 10,000 

W 4 10,000 

Notes:   

  * Element may only be partially extracted. 

   † Element reported by multiple techniques if one or more technique                                   

may not be total. 

     Assays are recommended for values which exceed the upper limits. 
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APPENDIX II 

Electron Microprobe Data 

 Electron microprobe data for sample SB-02 358.9m, Sombrero Butte 
 

Drill hole Depth SB-02  SB-02  SB-02  SB-02  SB-02  SB-02  SB-02  SB-02  
Sample 358.9m #6 #7 #8 #9 #10 #11 #12 #13 
 Na2O    0.0202 0.01995 0.2615 0 0.035 0.0202 0 0.0526 
 F  0 0.2709 0.1928 0.099 0 0.996 0.165 0 
 K2O      0.0361 7.0516 8.9838 0.0602 0.006 0.1024 0 0.2 
SiO2  28.444 23.868 37.1829 28.8526 0.0406 29.2419 0.1861 28.0182
MgO  22.0971 9.7213 14.8364 21.9645 0 21.4057 0 21.7423
Al2O3  19.3553 8.6706 14.0195 18.0554 0.0113 18.095 0.1077 19.7974
CaO  0.0294 0 0.021 0.0182 0.0504 0.0308 0.014 0.0993 
MnO  0.2221 0.1136 0..1252 0.2505 0.0336 0.2001 0.0013 0.1395 
Cl  0 0.1704 0.1704 0.0108 0.0015 0.0132 0.0054 0.0287 
FeO  16.2727 13.1272 15.0003 16.9777 0.431 16.9661 87.9707 16.8027
Cr2O3  0.0044 0.0292 0.0248 0 0.1082 0.0672 0.0351 0 
TiO2  0.0367 3.9065 4.2851 0.0767 98.3062 0.1635 0.1851 0.1701 
          
Total  86.518 67.1288 95.1037 86.3656 99.0238 86.4057 88.6704 87.0508
*given in weight % oxide         
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 Electron microprobe data for sample SB-03 231.4m, Sombrero Butte 

 
Drill hole Depth SB-03 SB-03   
Sample 231.4m #15 #17   
 Na2O    0.337 0.0162   
 F  0 0   
 K2O      0.0638 0.0903   
SiO2  27.9904 30.6774   
MgO  19.3215 19.7559   
Al2O3  19.7464 18.2896   
CaO  0.077 0.319   
MnO  0.8638 0.439   
Cl  0.0194 0.0101   
FeO  18.5793 16.1736   
Cr2O3  0.0307 0   
TiO2  0.0217 0.025   
      
Total  86.7477 85.7961   
*given in weight % oxide     
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 Electron microprobe data for sample SB-03 457.6m, Sombrero Butte 

 
     

Drill hole Depth SB-03 SB-03 SB-03 SB-03 SB-03 SB-03 SB-03 SB-03 SB-03 SB-03 
Sample 457.6m #1 #2 #3 #4 #5 #1-4 #2-4 #3-4 #5-6 #6-6 
 Na2O    0.1213 0 0.0243 0.0472 0.0216 0.1092 0.8263 0.0795 0.0553 0.0404 
 F  0.1957 0.1876 0.4678 0.4197 0.235 0 0 0.2258 0 0.5969 
 K2O      9.78 0.2421 2.3357 9.5728 3.1464 0.1771 15.2982 8.9139 0.165 9.4825 
SiO2  37.9937 0.4 36.6353 36.462 24.5419 1.8804 63.0597 38.9971 0.1604 39.3757 
MgO  16.332 0.068 16.1131 16.904 15.0387 0.0265 0.0033 18.1874 0.005 17.0168 
Al2O3  17.2996 0.085 17.1598 13.6398 12.355 1.5871 19.0341 16.6081 0 14.0025 
CaO  0.0112 0.0574 0.1987 0 0.1469 0.0895 0.0098 0.0112 0.0014 0 
MnO  0.0284 0.031 0.2027 0.0568 0.204 0.0142 0 0.0852 0 0.0452 
Cl  0.1603 0 0.0782 0.2083 0.134 0.0341 0.0015 0.1525 0.0132 0.1905 
FeO  11.3236 0.8684 15.2615 11.5719 13.4128 82.9316 0.0206 11.5127 1.1385 12.183 
Cr2O3  0.0234 0 0.0234 0.0015 0.0716 0.0263 0.0073 0.1315 0.1052 0.0015 
TiO2  2.2168 98.1378 0.5855 3.7897 15.9279 0.0183 0 1.5513 97.8609 4.0316 
            
Total  95.486 100.0773 89.086 92.6737 85.2358 86.8943 98.2608 96.4562 99.5049 96.9666 
*given in weight % oxide          
 
 
 
 
 
 
 
 



 103

 
 
 
 Electron microprobe data for sample SB-03 475.2m, Sombrero Butte 

 
     

Drill 
hole 

Depth SB-03 SB-03 SB-03 SB-03 SB-03 SB-03 SB-03 SB-03 SB-03 SB-03 SB-03 

Sample 475.2
m 

#1 #2 #3 #4 #5 #6 #7 #8 #9 #18 #19 

 Na2O    1.596 0.0458 0.431 0.0148 0.9624 0.213 0.0917 0.74 0.1159 2.2659 0.585 
 F  0.0666 0.1604 0.0469 0.1337 0.0307 0.1476 0.3694 0 0.1488 0.1656 0 
 K2O      14.462 0.3023 0.1325 0.324 15.392 0.3276 2.1128 15.142 0.5927 0.0325 15.917 
SiO2  63.173 30.979 1.3841 28.192 64.694 29.914 34.124 65.216 29.490 36.244 62.993 
MgO  0.0017 18.163 0.3996 17.700 0 16.073 18.723 0.0066 15.491 8.3981 0.0133 
Al2O3  19.495 18.01 0.5914 19.803 19.406 18.021 18.089 19.393 16.888 29.452 19.009 
CaO  0.0224 0.077 0.0434 0.0392 0.014 0.1133 0.2029 0.0014 0.1035 0.8969 0 
MnO  0.0194 0.235 0 0.4158 0 0.2776 0.2905 0.0387 0.3422 0.0103 0 
Cl  0 0.017 0.0139 0.0023 0.1587 0.0256 0.0697 0.0666 0.0596 0.0023 0.0101 
FeO  0.036 21.721 0.6908 21.321 0.3975 23.719 17.015 0.2959 20.252 8.1781 0.0206 
Cr2O3  0 0 0 0.0117 0 0 0.0234 0 0.0205 0.0146 0 
TiO2  0.0317 0.0334 98.338 0.0651 0 0.0734 0.3586 0.035 0.03 0.7172 0.035 
             
Total  98.877 89.743 101.68 88.022 101.056 88.905 91.470 100.94 83.534 86.378 98.584 
*given in weight % oxide           
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 Electron microprobe data for sample SB-03 490.86m, Sombrero Butte 

 
    

Drill hole Depth SB-03 SB-03 SB-03 SB-03 SB-03 SB-03 SB-03 SB-03 SB-03 SB-03 
Sample 490.86

m 
#10 #11 #12 #13 #14 #16 #17 #18 #19 #20 

 Na2O    0.1186 0.1051 0.0809 0.5971 0.3626 0.0472 0.1388 0.1793 1.3237 0.0971 
 F  0.257 0 0.1685 0.2605 0.1442 0.0064 0.2941 0.2953 0 0.0562 
 K2O      9.010 9.0584 1.99 7.6684 0.4541 0.1361 8.7898 9.533 14.614 9.0175 
SiO2  37.592 37.339 32.310 49.644 30.769 0.4685 36.338 38.813 65.244 37.998 
MgO  15.410 16.029 16.944 1.8289 15.404 0.0298 16.143 17.690 0 15.772 
Al2O3  14.144 14.156 19.756 26.798 16.602 0.1776 14.199 14.927 19.423 14.477 
CaO  0.0364 0 0.1735 0.354 0.4981 59.317 0.0252 0.028 0.0168 0.0224 
MnO  0.0801 0.1291 0.226 0.0129 0.5268 2.4365 0.164 0.0749 0 0.0581 
Cl  0.2114 0.2184 0.0163 0.4213 0.0952 0.0015 0.199 0.2974 0.008 0.2114 
FeO  13.662 14.272 19.866 2.7955 22.448 0.5429 13.458 12.097 0.0991 14.007 
Cr2O3  0.0209 0.0015 0 0 0.0731 0.0088 0.0468 0.1462 0.0073 0.0146 
TiO2  4.567 4.3135 0.0484 0.0417 0 0 4.4102 2.7789 0 4.6237 
            
Total  95.117 95.622 91.579 90.422 87.377 63.172 94.206 96.859 100.73 96.355 
*given in weight % oxide          
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 Electron microprobe data for sample SB-03 598m, Sombrero Butte 

 
     

Drill 
hole 

Depth SB-03 SB-03 SB-03 SB-03 SB-03 SB-03 SB-03 SB-03 SB-03 SB-03 SB-03 SB-03 

Sample 598m #7 #8 #9 #11 #12 #13 #14 #15 #16 #17 #18 #19 
 Na2O    0 0.1105 11.075 0.1119 0.1415 0.035 0.0917 0.0202 10.528 0.0256 0.1159 1.7968 
 F  0.0961 0.1436 0.0915 0.2831 0.2473 0.2397 0.2142 0.0573 0.0608 0 0.0926 0.0324 
 K2O      0.0313 9.0946 0.165 8.1345 0.1988 0.065 0.5421 0 0.1168 0.2277 0.1337 13.900 
SiO2  0 39.286 68.895 36.655 48.519 0.2139 45.8 0.4835 70.586 49.266 45.980 63.522 
MgO  0 16.695 0.0017 16.974 1.2419 0.0514 0.9766 0 0.0464 0.5041 0.5472 0.0116 
Al2O3  0.0132 13.336 21.757 14.352 37.103 0.1247 40.001 102.03 22.584 42.319 40.579 18.787 
CaO  0.0126 0 0.7472 0.042 1.3894 0.0364 1.1529 0.0252 0.7514 0.9584 1.1403 0.0154 
MnO  0.0103 0.0516 0 0.0801 0 0.0039 0.0077 0 0.0155 0.0336 0.0039 0.022 
Cl  0.0031 0.2091 0 0.2277 0.0434 0.0008 0.041 0 0.0093 0.0163 0.0201 0 
FeO  0.6432 12.988 0.0553 13.494 0.9301 0.4618 1.8551 0.1544 0.1531 0.7384 0.97 0.0515 
Cr2O3  0.0702 0.0015 0.0205 0.0614 0.0424 0.1023 0.0892 0.0073 0 0.0117 0.0117 0 
TiO2  100.69 5.2359 0 4.8606 0 99.310 0.0467 0.015 0 0.0234 0 0 
              
Total  101.57 97.152 102.81 95.276 89.856 100.65 90.818 102.79 104.85 94.124 89.594 98.138 
*given in weight % oxide           
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 Electron microprobe data for sample SB-06 187.5m, Sombrero Butte 

 
   

Drill hole Depth SB-06 
 

SB-06 
 

SB-06 
 

SB-06 
 

SB-06 
 

SB-06 
 

SB-06 
 

SB-06 
 

Sample 187.5m #29 #30 #31 #32 #33 #34 #35 #36 
 Na2O    0.0701 0.1618 0.062 0.705 0.243 0.066 0 0.0526 
 F  0.1557 0.0625 0.0255 0 0 0 0.0145 0.0313 
 K2O      0.4879 9.9233 0.0241 15.328 0.0205 0.0855 0.0193 7.0227 
SiO2  30.772 48.857 29.413 66.025 29.554 1.3691 0.4343 54.862 
MgO  19.530 1.2286 21.291 0.0066 25.201 0.0348 0.0033 2.6396 
Al2O3  19.425 36.653 19.108 20.054 20.187 0.2815 0.0775 29.632 
CaO  0.1105 0.042 0.2253 0 0.0168 0.1847 0.0364 1.1207 
MnO  0.8148 0.0039 0.4184 0.022 0.0426 0.0323 0.0245 0 
Cl  0.0062 0 0.0294 0 0 0 0 0.0325 
FeO  15.788 2.0326 15.723 0.0566 12.896 0.8452 88.373 2.82 
Cr2O3  0.0132 0 0.0132 0 0 0 0.1754 0 
TiO2  0.0217 0.0534 0.0517 0 0 97.904 0.7206 0.0584 
          
Total  87.195 99.018 86.385 102.197 87.942 100.80 89.879 98.272 
*given in weight % oxide       
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 Electron microprobe data for sample SB-06 272m, Sombrero Butte 

 
    

Drill hole Depth SB-06 SB-06 SB-06 SB-06 SB-06 SB-06 SB-06 SB-06 SB-06 
Sample 272m #20 #21 #22 #23 #24 #25 #26 #27 #28 
 Na2O    0.0809 0.0148 0.0809 0.2561 0.6025 0.089 0.1308 0.1011 0.1442 
 F  0 0.2391 0.5998 0 0 0.22 0.3462 0.2246 0 
 K2O      4.6762 0.0193 4.0221 7.8936 15.867 3.5981 5.1255 5.3495 8.7621 
SiO2  38.1691 0.0556 37.870 37.217 65.062 35.872 44.326 35.626 36.924 
MgO  17.103 0 19.310 15.947 0.0116 19.272 9.9318 13.901 13.984 
Al2O3  17.927 0.0038 14.9 14.103 19.554 17.385 20.185 14.112 13.404 
CaO  0.3708 0.0126 0.2379 0.0546 0 0.333 0.5611 0.2253 0.0168 
MnO  0.2466 0 0.1511 0.1911 0.0077 0.3577 0.1588 0.142 0.1098 
Cl  0.1433 0.007 0.1673 0.1316 0.0186 0.1084 0.0426 0.2486 0.2129 
FeO  13.282 0.8684 12.011 13.594 0.0733 13.228 8.8703 10.377 15.904 
Cr2O3  0.1125 0.0585 0.0219 0 0 0.0468 0 0.0453 0 
TiO2  1.5362 100.58 1.1943 5.1108 0 2.5437 0.5571 1.3264 5.2876 
           
Total  93.647 101.86 90.565 94.499 101.20 93.052 90.235 81.678 94.749 
*given in weight % oxide        
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 Electron microprobe data for sample SB-06 318.4m, Sombrero Butte 

 
 

Drill hole Depth SB-06 SB-06 SB-06 SB-06 SB-06 SB-06 SB-06 
Sample 318.4m #21 #22 #23 #24 #25 #26 #27 
 Na2O    0.0108 0.0418 0.0229 0.0687 0.2116 11.548 11.467 
 F  0 0.0347 0 0 0.154 0 0.1494 
 K2O      0 0.0012 0.0879 0.0181 9.1476 0.1084 0.0542 
SiO2  0.1669 0.1391 28.347 0.0406 36.575 70.081 67.608 
MgO  0.0282 0.0149 22.432 0.0083 14.570 0 0 
Al2O3  0.0567 0.0624 19.678 0 13.777 22.256 22.029 
CaO  0.0252 0 0.0238 0.0504 0 0.2421 0.7318 
MnO  0.111 0.0878 0.3964 0.009 0.1614 0.0284 0 
Cl  0.0062 0.0031 0 0.0046 0.2563 0.024 0.0008 
FeO  92.045 89.009 15.852 0.6342 15.857 0.0373 0.0142 
Cr2O3  0.2105 0.2207 0.019 0.228 0.0058 0 0.0029 
TiO2  0.0334 0.03 0.0851 101.07 4.8156 0.05 0 
         
Total  92.6939 89.645 86.945 102.13 95.532 104.38 102.06 
given in weight % oxide      
 
 

 

 

 



 109

APPENDIX III 

Sombrero Butte Drill hole summary logs 

Page 1 of 1

North: 3621135.4 Azimuth: 138° Dip: -82°

TD: 408.2m Logged By: RLE Date Started: 8/27/06
Litho      Alt  Mineral Fault Total Discription

1 2 1 2 Zone %Cu   Lithology   Alteration    Mineralization

400

0 to 64.5m - Granodiorite

Corse to med grained.

340

360

380

280

240

granodiorite. Mtx supported.

300

320

180

200

220

260

0

20

40

60

160

B
re

cc
ia

C
uO

x
N

aC
u

80

100

120

140

69.6 to 149.5 -  Breccia.

Biotite and plag phenos

Quartz and k-spar mtx.

Some Hornblend phenos.M
ag

ne
tic

64.5 to 69.6 - Shingle Breccia.

149.5 to 163.3m - Granodiorite

Angular and rounded clasts of

212m to 356m - Gray porph 

matrix.

310.5 to 339 - Shingle Breccia.

368 to 408.2m - Granodiorite

K
 A

lt

339 to 356 - Breccia.

Open sp, clast supported.

Some Hornblend phenos.

Quartz and k-spar mtx

0 to 64.5m - K and Bio alt.

K alt groundmass and plag.
Bio alt mafics.

Biotite and plag phenos

64.5 to 149.5m - Ser-chlor Alt.

Ser alt mtx and plag phenos.

Chlor alt mtx.

149.5 to 163.3m - K & Bio alt.

163.3 to 376m - Chlor Alt.

Ser alt mtx and plag phenos.

163.3 to 372m - Ser Alt.

Chlor alt mtx.

150 to 163.3 - Dis nat Cu.

372 to 408.2m - K alt.
376 to 408.2m - Chlor alt.

0 - 17m - Tr ten, mal fx.

0 to 64.5m - Wk magnetic.

49 to 50m - Tr dis nat Cu.

61.5 to 64m - Dis nat Cu.

260 to 264m - CC & Chry fx.

281 to 352m - Chalcocite. 

268 to 271m - Diss nat Cu.

286 to 294.5m - Chrysocolla.
CC & Chry within bx mtx, 

 filling vuggs and along fx.

303 to 338m - Chrysacolla.

within bx mtx, 

 filling vuggs and along fx.

345 to 372m - Chalcopyrite

disseminated and along fx.

344 to 354m - Bor in bx & fx.

372 to 408.2m - mod magnetic.

Hole ID: SB-02 East: 548841.1

Collar El. 1299.3m

BELL RESOURCES - SOMBRERO BUTTE

G
ra

no
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ite

 
G

 P
G
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B
io
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e

K
 A

lt

C
hl
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iti

c

S
er

 A
lt

K
 A

lt
S

er
 A

lt

356 to 368m - Gray Porphery

G
ra

no
B

re
cc

ia

163.3 to 177 - Shingle Breccia.

177 to 310.5 -  Breccia.

Angular and rounded clasts of

granodiorite. 
Mtx and clast supported.

Some open spaces.

M
ag

ne
tic

C
ha

lc
op

y

C
ha

lc
oc

ite

C
uO

x

Bor
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Page 1 of 2

North: 3621140.0 Azimuth: 60˚ Dip: -80°

TD: 645.7m Logged By: RLE Date Started: 9/15/06
Litho      Alt  Mineral Fault Total Description

1 2 1 2 Zone %Cu   Lithology   Alteration    Mineralization

Page 2 of 2

Litho      Alt  Mineral Fault Total Description
1 2 1 2 Zone %Cu   Lithology   Alteration    Mineralization

388 to 464.5m - K and bio alt.

Mag

Mag

524 to 528 m - K-qtz-ser vn.

Corse to med gr. Bio, plag, K-ser alt groundmass & plag.

548 to 553m - K-qtz-ser vn.

CC

M
ag

ne
tit
e

M
ag

ne
tit
e

Mag

Mag
Cu

CuCC

C
ha

lc
oc

ite

CC

CC

CC

Cpy

C
uO

x

C
hl
or

ite
B
io
tit
e

S
er

 A
lt

K
 A

lt

C
hl
or

ite

491.5 to 553m - Wk/mod chl.
540 to 544.5m - K-qtz-ser vn.

B
io
tit
e

B
io
tit
e

400

380

200

220

260

120

140

A
nd

360

0 to 223.3 m - Granodiorite

Corse to med grained.

340

K
 A

lt

B
io
tit
e

C
uO

x

100

Biotite and plag phenos

280

G
ra

no
di
or

ite
 

80

300

320

180

160

240

0

20

40

60

BELL RESOURCES - SOMBRERO BUTTE

Hole ID: SB-03 East: 548843.9

Collar El. 1299.5m

Quartz and k-spar mtx.

Some Hornblend phenos.

223.3 to 238m - Breccia

238 to 247m - Andesite dike.

Post Minerilization.

247 to 288m - Mtx supported
Breccia. Clasts of granodiorite.

Mtx  of chl, cal, spec hem, qtz,

amethyst, kspar.

288 to 410m - Clast supported
Breccia. Clasts of granodiorite.

Mtx of bio, spec hem, rhodo, 

chl, qtz, cal, amethyst, kspar.

0 to 136m - K and bio alt.

K alt groundmass and plag.
Bio alt mafics .

K alt groundmass and plag.

132 to 190m - K and Chl alt.

Bio alt mafics. Mod to str rep

190 to 214m - K and bio alt.

by chlor. 

K alt groundmass and plag.

Bio alt mafics .

214 to 238m - K and chl alt.

238 to 247m - Ser and chl alt.

247 to 288m - K and Chl alt.
K alt groundmass and plag.

Bio alt mafics. Mod to str rep

by chlor. Chlor mtx.

288 to 388m - K and chl alt.
K alt groundmass and plag.

Bio alt mafics. Mod to str rep

by chlor. Chlor-k-bio mtx.

6 to 27m - Tr mal, az fx.

0 to 189.5m - Wk to mod mag.

151 to 152.5m - Tr Nat Cu diss.

137 to 139m - Tr Nat Cu diss.

108 to 109 - Tr CC, Nat Cu fx.

177.5 to 179m - Tr Nat Cu fx.

206 to 208.5m - Tr Nat Cu fx.

211 to 221m - Tr CC fx.
214 to 214.5m - Tr Chry fx.

216 to 218m - Tr Nat Cu fx.

204 to 223m - Wk to mag.

221 to 228m - Tr Nat Cu fx.

228 to 247m - Wk to mag.
247 to 250m - Str CC diss.

247 to 250m - Mod Nat Cu diss

269 to 317m - Wk CC diss.

268 to 271.5m - Tr Chry diss.

272 to 274m - Tr Nat Cu diss

309 to 313m - Tr Bor diss

309 to 336m - Tr Cpy diss

324 to 326m - Tr CC diss.

324 to 335m - Tr CC diss.
333 to 350m - Tr Cup fx.

392 to 394m - Tr Chry diss.

344 to 350m - Tr Chry fx.

344 to 350m - Tr CC Dis.

361.5 to 362.5m - Tr CC Dis.

361.5 to 362.5m - Tr Chry vug.

400

B
re

cc
ia

BELL RESOURCES - SOMBRERO BUTTE

Hole ID: SB-03

Bor

420 to 455m - Wk mag.

388 to 464.5m - K and bio alt. 400 to 406.5m - Tr CC Dis.

410 to464m  - Clast supported K alt groundmass and plag. 400 to 406.5m - Tr Chry diss.

456 to 460m - Wk Cpy diss

420
Breccia. Clasts of granodiorite. Bio alt mafics. Wk rep 420 to 422m - Tr Cpy diss

K
 A

lt

B
re

cc
ia Mag Mtx of bio, chl, qtz, cal, kspar. by chlor. Bio-k-chl mtx.

440 430 to 490m - Tr to mod CC.

442 to 444m - Tr Bor Dis.

460

480

464 to 491.5m  - Clast sup 464.8 to 464.5m - K-qtz-ser alt.

Cpy

C
ha

lc
oc

ite

Mag

S
er

 A
lt

Mtx of kspar, ser, qtz, tr chl  alt. kspar-ser-qtx- chl alt mtx 480 to 491.5m - wk to str Cpy.

Breccia. Clasts of granodiorite. Clasts - K & ser alt. Tr chl-bio 477 to 483m - wk Nat Cu diss
Cu

480 to 491.5 m - wk to mod Bor
500

491.5 to 524m - K-bio-ser alt. 491.5 to 645.7m - Wk/mod mag

G
ra

no
di
or

ite
 

B
io
tit
e

Bio alt mafics . 517 to 521.5 m - Tr Bor.

523.5 to 527.5m - Str Cpy.

Tr tourmalene.
491.5 to 645.7m - Granodiorite

491.5 to 645.7m - Tr/wk Cpy.Cpy
Mag

540

520 Tr Horn phenos. Qtz-K mtx.

Cpy
550 to 554m - Str/mod Cpy.

560 491.5 to 645.7m - Tr to mod 

G
ra

no
di
or

ite
 

K-qtz-bio-ser stringers. 562.5 to 565m - Tr Bor/wk Cpy

568 to 579m - wkBor/wk Cpy
580 Cpy

B
io
tit
e

600
CpyK-Q 

598 to 609.5m - K-qtz-ser 600 to 609m - Mod Cpy.

stockwork.
620

MagCpy

G
ra

no
di
or

ite
 

B
io
tit
e

639 to 640.5m - Mod Cpy.

640
Cpy
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Page 1 of 1

North: 3621062.77 Azimuth: 0˚ Dip: -75°

TD: 371.34m Logged By: ABE Date Started: 12/1/06
Litho      Alt  Mineral Fault Total Description

1 2 1 2 Zone %Cu   Lithology   Alteration    Mineralization

 

 

 

 

 

 

 
 

 

 
 

 

K
 A

lt

C
uO

x

K
 A

lt

C
hl

or
ite

Bor

Cpy

Str mt.

341.5-371.34m - Granodiorite 341.5-371.34m - wk bio>chl

400

380

341.5-371.34m - wk dissem 

360 Med gr, Plag, Bio, Chl, tr ser. mod-str kspar alt assoc w/ vn py +/- cpy, str mt.
PyG

D

340
cc.

phenos, clasts within porph. +cpy +stringers, 318m-bn clots

331-341m - Str chrys, mod-str

315-331m - Porphyry intrus? space, mod cc. clots

320 fn gr. Qtz-plag mx, bio + plag 315-319m - wk-mod dissem ccPorph

300
300-315m - Chrys filling open 

280 274-288m - wk dissem cc

C
hl

or
ite

260

228-241m - Bxa- clast support

240

220
 G

D

phenos. K-spar stringers.

209-223m - GD boulder Tr qtz-ser vns.

181 to 212.8m - K alt mtx. Chl-

200 bio alt mafics. Ser alt fx & plag

180
177 to 181 - K-ser-qtz alt.

B
re

cc
ia

141-315m - Breccia 142 to 177m - K alt mtx. Chl-

160 155-170m - Bxa-mtx support bio alt mafics. Ser alt fx & plag

K
 A

lt

C
hl

or
ite 170-178m - GD clast phenos.

140 Cu

127m - tr conichalcite

C
hl

or
ite tr native Cu

107m - tr conichalcite on fx

120

100

B
io

tit
e Bio-chl alt mafics.

60
ser-k altered plag phenos.

80

40 to 142m - Ser-bio-chl-k alt

mtx. Ser-bio alt groundmass.

40

0-141.5m - Mod-str hem

Med-coarse gr. K-bio-ser-chl alt phenos.

0

B
io

tit
e 0-141.5m - Granodiorite 0 to 141.5m - K-ser alt mtx.

20

G
ra

no
di

or
ite

 

M
ag

ne
tic

BELL RESOURCES - SOMBRERO BUTTE

Hole ID: SB-06 East: 548903.26

Collar El. 1318.6m
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APPENDIX IV 

Electron Microprobe X-ray Distribution Maps 

X-ray maps acquired by the electron microprobe for sample SB-03 at 231.43 m.  A. 

Distribution of Si.  B. Distribution of F.  C. Ditribution of S.  D. Distribution of Fe.  E. 

Distribution of Mg.  F. Distribution of Al.  G. Distribution of Cl.   

H. Distribution of Ti.    
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X-ray distribution scans for SB-03  475.2 m  (partial results  Si, F, S, Fe, Mg,  

Cl, Ti)  
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X-ray maps acquired by the electron microprobe for sample SB-03 at 490.86 m.  A. Distribution 

of Si.  B. Distribution of F.  C. Ditribution of S.  D. Distribution of Fe.  E. Distribution of Mg.  F. 

Distribution of Al.  G. Distribution of Cl.  H. Distribution of Ti.   
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X-ray maps acquired by the electron microprobe for sample SB-03 at 598 m. A. 

Distribution of Si.  B. Distribution of F.  C. Ditribution of S.  D. Distribution of Fe.  E. 

Distribution of Mg.  F. Distribution of Al.  G. Distribution of Cl.   

H. Distribution of Ti.     
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Quick scans for andalusite in sample SB-03 457m. 
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X-ray maps acquired by the electron microprobe for sample SB-02 at 358.9 m.  A. 

Distribution of Si.  B. Distribution of F.  C. Ditribution of S.  D. Distribution of Fe.  E. 

Distribution of Mg.  F. Distribution of Al.  G. Distribution of Cl.   

H. Distribution of Ti.  

.     

    

    

    

A B 

C D 

E 
500 um 

F

H G 5000 um 

5000 um 

5000 um 

5000 um 5000 um 

5000 um 

5000 um 

5000 um 



 118

 X-ray maps acquired by the electron microprobe for sample SB-06 at 272.5 m.  A. 

Distribution of Si.  B. Distribution of F.  C. Ditribution of S.  D. Distribution of Fe.  E. 

Distribution of Mg.  F. Distribution of Al.  G. Distribution of Cl.   

H. Distribution of Ti.  
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