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ABSTRACT

The Kennecott copper deposits represent some of the richest copper occurrences 

known.  During 27 years of operation, the mine produced some 4.6 million tons of ore averag-

ing 13% copper and 65 g/t silver from high grade stopes locally containing up to 72% copper 

in the form of massive, hypogene chalcocite-djurleite.  The orebodies are stratabound veins 

that occur within 100 m of a basalt-limestone contact and have been described as “overturned 

canoes with exaggerated keels”.  The major orebodies, along with lesser other veins, are con-

trolled by high-angle, NE-striking, sinistral-normal faults and by bedding-parallel flat-faults, 

both of which exhibit high-angle shortening and low-angle NW-SE extension strain axes.  

Wallrock replacement by sulfides along these two fault sets causes the archetypal triangular 

shape of the major veins.

Copper was mobilized from the underlying Nikolai Greenstone by a warm (~200oC), 

oxic fluid produced by dehydration reactions during prehnite-pumpellyite grade metamor-

phism that also carried SO2 with a magmatic sulfur signature (δ34S ~0‰).  These copper-laden 

fluids from the greenstone mixed with anoxic, basinal, sulfide-bearing fluids originating from 

the Chitistone Limestone.  Thus, mineralization at Kennecott was fundamentally controlled by 

oxidation state.  Mixing of the two fluids occurred in the lowest 100 m of the Chitistone Lime-

stone in favorable structural traps.  A localized circulation cell was established between the 

limestone and greenstone which, upon reacting with original sedimentary pyrite, precipitated 

extremely depleted copper sulfides (δ34S as low as -36.7‰) in the uppermost Nikolai Green-

stone. 

Mineralization began at <200oC with the precipitation of chalcopyrite-bornite and cul-

minated at ~90oC with the precipitation of massive orthorhombic chalcocite-djurleite.  Later 

supergene oxidation formed dominantly malachite and azurite. 
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Alteration around the major orebodies includes replacive (hydrothermal) dolomi-

tization and somewhat later dedolomitization.  Both of these types of alteration are related 

to the mineralization event where replacive dolomitization is latest-premineralization and 

dedolomitization is synmineralization.  Replacive dolomitization is both stratigraphically and 

structurally controlled whereas dedolomitization is exclusively structurally controlled.  The 

replacive dolomitizing fluids had the capacity to dissolve sedimentary pyrite, the constituents 

of which were incorporated into the mineralizing fluid.  

Structural conditioning--including faulting and brecciation--occurred during the late 

Jurassic to Cretaceous orogeny coincident with the accretion of the Wrangellia terrane.  In 

particular, the mineralized structures and the bulk of the low-temperature mineralization 

took place during the waning stages of the orogeny (~110 Ma) after there had been substantial 

structural imbrication and after temperatures had cooled enough to precipitate the very low 

temperature ore minerals.
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CHAPTER 1 

INTRODUCTION

1.1  History

The copper deposits at Kennecott, Alaska are among the richest copper occurrences 

known.  They are located in the Wrangell Mountains, approximately 380 km east of Anchor-

age, Alaska, in what is now Wrangell-St. Elias National Park and Preserve (Fig. 1).  This district 

was “discovered” during the Klondike gold rush of the late 1890’s when word of rich copper 

shows was divulged by natives to prospectors passing through the area.  During 1900, two 

prospectors, Clarence Warner and Jack Smith sighted a substantial outcropping of massive 

copper ore east of what is now known as the Kennicott glacier (Kennicott when referring to 

the town, river, and glacier; Kennecott when referring to the mines and mining company).  It is 

reported that, at first, they believed this green patch high on the hillside to be a place to graze 

their horses.  When they went up 

on the ridge to examine it more 

closely, the grassy patch turned 

out to be a malachite-encrusted 

cross-section through a massive 

pipe of chalcocite that came to 

be known as the Bonanza lode.  

By 1907, enough capital interest 

had been garnered to begin the 

construction of a 316km railroad 

spur from Cordova, on the coast, 

to Kennicott, and in 1911, the first 

Fairbanks

Anchorage
Kennecott

Juneau

Kilometers
0 200 400

Fig. 1.1--Location map of the Kennecott Mines.
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hopper of high-grade ore was shipped. Between 1911-1938, these orebodies yielded 4.626 mil-

lion tons of ore with average grades of 13% copper and 2.1 opt silver.  However, the average 

grade belies the richness of these deposits.  For instance,  the main Jumbo vein was approxi-

mately 110m high by 1 to 18m wide by 450m long of pure, hypogene “chalcocite” making these 

perhaps the largest high-grade copper veins in the world (Bateman and McLaughlin, 1920).  All 

told, the mine produced 591,753 tons of copper and almost 9,000,000 ounces of silver (original 

mine records; Douglass, 1964).  Given current metal prices, this amount of copper and silver 

would be worth almost $1B!

1.2  Previous Work

A significant amount of previous work has been done on the Kennecott copper 

deposits.  The work can be divided into four episodes based on the age of the work, type of 

work, and, to some extent, the ideas concerning the genesis of the deposits.  Two of these 

episodes represent much field and laboratory work done by multiple researchers, including 

three decades of Kennecott mine geologists (from ~1910-1940) and two decades of USGS 

geologists (from ~1965-1985).  The other two episodes were only tangentially related to the 

main Kennecott deposits.  One of these was an isotopic study of massive sulfide ores in which 

Kennecott was one of a dozen deposits analyzed.  The other involved multiple studies on the 

Nikolai Greenstone and on “Kennecott-type” deposits by a few collaborating researchers affili-

ated with Northeastern University during the 1980’s.  These periods of research are described 

in chronological order. 

The first episode involved the Kennecott mine geologists and engineers:  Alan Bateman, 

D.H. McLaughlin, W.E. Dunkle, and Samuel G. Lasky.  The most important single publication 

to come out of this group was Bateman and McLaughlin (1920) which, in addition to specific 

interpretations, included the broad geologic framework in which the Kennecott deposits are 

set.  In it they discuss every aspect of the geology--from the topography to the lithologic units 
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to the mineralogy to the controls on the orebodies to a proposed genetic model.  To summa-

rize, the genetic model of Bateman and McLaughlin (1920) invoked the following:

1.  The Nikolai Greenstone is the source of the copper.

2.  An unidentified deep magmatic source provided the heated, metal-transporting fluids.

3. “Cross folding” produced by structural warpage formed the high-angle ore-hosting fis-

sures.  

About a decade later, Bateman (1932) described a small ore deposit roughly 25km ESE 

of Kennecott near Glacier Creek (now called the Nelson prospect on the USGS McCarthy B-4 

geologic map) that, except for its size, contained the same features as the major Kennecott 

deposits.  The discovery of this deposit was important in that it revealed that Kennecott-type 

metallization occurs across a large district and is not a localized feature restricted to the imme-

diate vicinity of the Bonanza-Motherlode-Jumbo workings.  The final publication to come out 

of this group some thirty years after the mine began operating admitted that, despite having 

done much work both underground and in the laboratory, the source of the copper solutions 

was still uncertain (Bateman, 1942).  Thus, the mystery of the formation of these orebodies 

remained. 

The second episode was one in which M.L. Jensen (1959) conducted sulfur isotope 

analyses on ore samples from many of the major sulfide deposits known at the time, including 

Butte, Montana; Sudbury, Ontario; Cerro de Pasco, Peru; La Prieta, Mexico; Duluth, Min-

nesota; and Kennecott, Alaska.  From Kennecott, he analyzed 10 samples of chalcocite and 

covellite ore from both the Jumbo and Bonanza-Motherlode mines and discovered nearly a 

50‰ range in δ34S values for these samples.  In fact, the Kennecott ore returned the most dis-

parate permil values of any of the ore deposits in the study.  To confound these findings even 

more, there was a 43.7‰ difference between covellite and digenite grains across the space of 

about 1cm!  In his discussion, Jensen (1959) stated the obvious:  there must have been multiple 

sulfur sources available during the precipitation of ore at Kennecott.  However, he did not pos-

tulate specifics about what those sources might be, only that they were more likely the product 

of metamorphism than magmatism.
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The third episode involved collective studies by H.D. Markazi, F.A. Megiris, M.K. Sood, 

and R.J. Wagner, all affiliated with Northeastern University.  The most important paper that 

came from these studies was Sood et al. (1986) which focused on six stratabound “Kennecott-

type” deposits in the vicinity of Glacier Creek (about 30km ESE of Bonanza mine).  These 

included three Nikolai Greenstone-hosted deposits (Mountain Grill, Radovan Greenstone, 

and Clear-Porcupine) and three Chitistone Limestone-hosted deposits (Binocular, Peavine, 

and Nelson).  Although the deposit morphology varied somewhat, Sood et al. (1986) proposed 

the same genetic model for all six of these deposits:

1.  The Nikolai Greenstone is the source of the copper.

2.  Early hydration-dehydration reactions associated with low-grade metamorphism of the 

Nikolai Greenstone formed small, local bodies of native copper.

3.  Later deformation allowed meteoric water access to the greenstone to dissolve native 

copper while an unidentified Tertiary “thermal charge” was responsible for metal trans-

portation up into the overlying limestone wherein copper sulfides were precipitated.   

It was suspected that the substantial copper mineralization occurred during Late 

Cretaceous to Tertiary time, and Sood et al. (1986) favored some type of large mineralization 

center to explain this ~60 km long belt of copper that contained a few world class deposits.

The fourth and final episode involved USGS geologists and their colleagues who began 

research in the mid-1960’s and undertook various studies for approximately two decades.  

These workers included A.K. Armstrong, C.L. Connor, D.L. Jones, E.M. MacKevett Jr., A. 

Mathews, A. Nissenbaum, R.W. Potter II, A.S. Radtke, D.H. Richter, and N.J. Silberling, and 

M.L. Silberman.  All told, their work profited from a combination of detailed field studies and 

sophisticated laboratory analyses, the latter of which were unavailable to the previous gen-

eration of Kennecott mine geologists.  From this period came a detailed regional stratigraphic 

correlation of the lower portion of the Chitistone Limestone (i.e., Kennecott host rocks), an 

isotopic analysis of the carbonates associated with the mineralization, and a K/Ar age date for 

the introduction of potassium-bearing phases in the Nikolai Greenstone (interpreted as being 

correlative with the accretion of the Wrangellia terrane).  These studies, along with many years 
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combined experience field mapping the McCarthy Quadrangles, culminated in a second major 

paper concerning Kennecott-type deposits:  MacKevett et al. (1997).  It synthesized data from 

numerous earlier studies including Armstrong et al., 1969; Armstrong and MacKevett, 1977; 

Silberman et al., 1979; Silberman et al., 1980; and Armstrong and MacKevett, 1982.  To sum-

marize, the genetic model of MacKevett et al. (1997) invoked the following:

1.  The Nikolai Greestone is the source for the copper.

2.  Metal transporting basinal brines and/or formation waters were heated during accretion 

of the Wrangellia terrane.

3.  Ore-hosting fissures are the product of syndiagenetic karst collapse.

4. Mineralization did not take place until some 100 Ma after karst collapse.

Despite much talk about ore-controlling dissolution processes (i.e., karstification) and 

only a brief mention of the relation between mineralization and structural deformation, Mac-

Kevett et al. (1997, p.88) end their paper with the dissatisfying statement:

The important thing that we have learned about sediment-hosted copper 
deposits in general,  from our study of these historic fissure-controlled depos-
its, is the importance of structure and its influence on the hydrology of the fluid 
mixing event [italics mine].

Given the fact that MacKevett et al. (1997) omit any detailed discussion of structure, their con-

cluding statement is in disaccord with their genetic model.

Thus, models of ore formation at Kennecott remain controversial. 

1.3  Purpose and Scope of Study

The purpose of this study is to collect and present stratigraphic, structural, and altera-

tion data from the field and isotopic data from the laboratory in order to test previous models 

proposed for the genesis of the Kennecott deposits.  Particular emphasis has been placed on 

the outcrops at Bonanza mine because of their relative ease of access, in terms of both estab-

lishing a usable field camp and in being able to physically cover the steep, exposed ground 
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around the mineralization.

1.4  Methods

Half of the data collected for this study--lithologic descriptions, structural measure-

ments and collection of samples--required spending time in the field.  Along with one field 

assistant, two summer field seasons (2001, 2002) totaling 12 weeks were spent in the Kennecott 

district.  Of this time, the following amount was allotted to each location:  approximately 40 

days to Bonanza mine, four days to Jumbo mine, two days to Erie mine, one day to Motherlode 

mine, one day to Regal mine, one day to Nelson mine, and one day to Radovan Greenstone 

mine.  The unfortunate remainder (~34 days) were rain days in which the steep, broken topog-

raphy was too unforgiving to risk climbing upon.

Detailed field mapping was the main focus in the field.  To this end, geologic units 

(bedding and obvious sequence boundaries), structures (folds, faults, veins, and breccias), 

alteration, and mineralization were mapped.  Structural data were collected including attitudes 

of beds, faults, and veins as well as rake and slip sense from mineral lineations on faults.  In 

addition, numerous hand specimens were collected for laboratory analysis.  

Three approaches were used to further elucidate the structural geology at Kennecott.  

The first was to plot structural measurements on stereonets.  This was achieved by putting 

strike and dip data of beds into the shareware package Stereonet 6.3.0X--developed by Rick 

Allmendinger at Cornell University—in order to determine trends and plunges of folds and 

whether bedding formed a consistent cluster.  Fault data were analyzed in FaultKin4.3X--a 

second shareware package developed by Rick Allmendinger—which models ideal P and T axes 

for a given set of faults.  P and T axes represent the infinitesimal shortening and extension 

axes, respectively.  Because strain at Kennecott is predominantly manifest as brittle deforma-

tion, the P and T axes are used as a proxy for the principal stress axes σ1 and σ3.  The purpose 

for these analyses was to model the orientation of the strain field for the immediate vicinity of 
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Bonanza mine.  

The second approach was to analyze the regional structural geology based on USGS 

1:63,360 McCarthy Quadrangle geologic maps (B-4, B-5, C-5, C-6).  Attitudes of bedding in 

major regional folds were measured from the maps and then analyzed on stereonets in order 

to determine the trends and plunges of these folds.  In addition, the timing of regional faults 

was established via cross-cutting relations.  These analyses established a particular strain field 

for the entire Kennecott district which could then be compared with the structural features 

seen at Bonanza mine.

The third approach was to construct a 3-D model of the Bonanza orebody by using 

three underground mine plan maps (1:480 scale) and the surface geology map (from this 

study).  The Bonanza orebody and its related structures were correlated in order to determine 

which structures, if any, most closely controlled mineralization.  The model was built using 3-

DMove software developed by Midland Valley Exploration.

In addition to the aforementioned structural analyses, additional techniques were uti-

lized in order to better constrain the geochemistry of these ore deposits.  

The fundamental approach used transmitted and reflected light microscopy to char-

acterize the timing relationships for various sulfide phases in the ore.  In turn, some of these 

phases could be used to determine mineralization temperatures (c.f., Potter, 1977).  

A second approach was an unsuccessful attempt to measure fluid inclusions in epi-

dote-quartz veins found in the Nikolai Greenstone and in dedolomitized, ore-bearing calcite 

veins in the Chitistone Limestone.

A third approach was to run isotopic analyses on sulfides, carbonates, and silicates.  

Approximately 200 samples of ore from around the Kennecott district—chalcocite-djurleite, 

covellite, bornite, and chalcopyrite--were analyzed at the USGS in Denver by bulk 34S analysis 

in order to determine the sources of sulfur in the ore deposits.  In addition, 18O and 13C values 

were measured at the USGS in Denver on carbonates at Bonanza mine, including calcite in the 

epidote+quartz veins in the Nikolai Greenstone, as well as calcite veins, dedolomitized haloes, 

calcite slickenfibers, limestone wallrock, calcite breccia matrices, dolomite breccia clasts, 
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coarse-grained dolomite veins, and two types of dolomite wallrock, in order to illuminate vari-

ations in fluid sources utilized by these various carbonate components. 

1.5  Notes on Terminology Used Hereafter

1.  All stratigraphic positions in either the Chitistone Limestone or the Nikolai Greenstone 

are referenced from the contact between the two formations. The abbreviation mstrat 

is used to denote stratigraphic position.  Thus, 20 mstrat means 20 stratigraphic meters 

above the Nikolai Greenstone-Chitistone Limestone contact, and -20 mstrat means 20 

stratigraphic meters below the Nikolai Greenstone-Chitistone Limestone contact.

2.  In figures and on maps, the abbreviations NG and CL refer to “Nikolai Greenstone” and 

“Chitistone Limestone”, respectively.

3. For captions of photomicrographs, “PPL image” means plane-polarized photomicro-

graph; “XPL image” means cross-polarized photomicrograph; “RL image” means 

reflected-light photomicrograph; “BSE image” means backscatter electron photomicro-

graph aquired from a scanning electron microscope.

4.  All stereonets are lower hemisphere, equal area projections.

5.  The informal term “Kennecott district” is used to mean the area covered by the five 

McCarthy 1:63,360 Quadrangle geologic maps B-4, B-5, B-6, C-5, C-6.  The area of the 

district is approximately 2850km2 and contains some 70 identified copper occurrences 

of various size.  The informal term “Bonanza cirque” is used to mean the obvious bowl-

shaped drainage east of Bonanza mine that forms the headwaters of Bonanza Creek.

6.  The ruler scale shown with all hand samples is in cm’s.
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CHAPTER 2

REGIONAL GEOLOGY of the KENNECOTT DISTRICT

2.1  Tectonic Setting

The Kennecott orebodies are located in one of the northern-most sections of the 

Wrangellia terrane, which together with the Alexander and Peninsular terranes comprise the 

Wrangellia Composite terrane (herein referred to as WCT, e.g., Winkler et al. (1999); else-

where referred to as the Southern Alaska Superterrane, c.f., Panuska (1985)) (Fig. 2.1).  This 

exotic terrane extends from the Oregon/Idaho border north along the Canadian coast—espe-

cially Vancouver Island, Queen Charlotte Islands, Chicagof Island--to the Mount Hayes and 

Healy Quadrangles of the eastern-central Alaska Range (approximately 280 km northwest of 

Kennecott).  It is believed to have originated sometime during the Paleozoic at ~10oN lati-

tude in the proto-Pacific ocean (Panthalassa) and to have rafted northward during the early 

to middle Mesozoic at a rate of about 6 cm/yr (Hillhouse, 1977; Jones et al., 1977; Stone et al., 

1982; Hillhouse and Gromme, 1984; McClelland et al., 1992; Stamatakos et al., 2001).  The 

informally designated Barnard Glacier alkali-granite pluton intrudes both the Alexander and 

Wrangellia members of the WCT and has been dated at 309 ± 5 Ma conclusively demonstrat-

ing that the Alexander and Wrangellia terranes were joined together early in their history and 

then rafted northward as a single unit (Gardner et al., 1988).  Continent-scale paleontologic 

correlations suggest that the Wrangellia-Alexander agglomeration moved past 30˚N during 

the early Permian (~280 Ma) (Belasky et al., 2002).  Wrangellia-Alexander then joined together 

with the Peninsular member of the WCT by the Late Triassic (~210 Ma) (Winkler et al., 2000).  

The docking of WCT occurred during a protracted period of translation, rotation, 

and imbrication over 10’s to possibly 100 million years, and the actual age of the accretion is 

still uncertain (McClelland et al., 1992).  One suggestion is that accretion took place during 
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Fig. 2.1--Map of northwestern North America showing the location of Kennecott and emphasizing the extent of 
the Wrangellia Composite Terrane (modified after McClelland et al., 1992; Winkler et al., 2000).
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the Middle Jurassic to Middle Cretaceous (~175-100 Ma) in a three step process involving:  1. 

accretion with dextral transpression along the Canadian Cordillera overriding the Stikine and 

Yukon-Tanana terranes, 2. northward, dextral translation of the WCT along the Cordilleran 

margin, followed by 3. structural imbrication of the WCT as it docked against the Alaskan 

margin (McClelland et al., 1992).  Others (e.g., Silberman et al., 1979; Hillhouse and Gromme, 

1984; Winkler et al., 1999) believe that final accretion of at least the Alaskan portion of the 

WCT occurred during the middle to late Cretaceous (~110-80 Ma) based on field relationships 

and supported by K-Ar ages of metasomatic assemblages in the Nikolai Greenstone (Silber-

man et al., 1979; Winkler et al., 2000).  Paleomagnetic evidence suggests that, for at least the 

northern part of Wrangellia, there has been little translation in the last 50 Ma (Hillhouse and 

Gromme, 1984).

Field relationships (from MacKevett, 1970, 1971; and the McCarthy Geologic Maps C-

5, B-4, and I-1032), suggest that the following sequence took place for Wrangellia development 

and subsequent accretion near Kennecott:  

1.  Up to 3000 m of Nikolai Greenstone dominantly subaerial basalts were extruded upon 

Paleozoic back-arc lithologies during the Ladinian-Carnian (~230-225 Ma).  

2.  Platform subsidence coupled with marine inundation deposited ~2000 m of a deepen-

ing succession of sedimentary rocks—shallow water limestone overlain by deeper water 

limestone overlain by shale from the Carnian up through the Hettangian (~225-200 

Ma).  

3.  A brief period of shallowing, as evidenced by the deposition of coquinas and spiculites 

during the Hettangian (~185 Ma), was followed by moderately deep water deposition 

from the Bathonian to Kimmeridgian (~168-150 Ma).  

4.  Albian rocks (~110 Ma) were deposited superjacent to the sequence with a sharp angu-

lar unconformity (up to a 55˚ discordance).  The sequence contact is also marked by 

a 30 m-thick basal conglomerate mostly containing clasts of Nikolai Greenstone (Trop 

and Ridgway, 1998).  The tilting of Kimmeridgian strata coupled with the exhumation of 

the Carnian Nikolai Greenstone mark an orogeny—most likely the initial accretion of 
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Wrangellia onto the North American craton.  

5.  Continued deposition of up to 3000 m of submarine carbonate and siliciclastic rocks 

in the Wrangell Mountain forearc basin from the Albian to Campanian (~110-78 Ma) 

along with the fact that dips in bedding shallow upsection in the youngest Cretaceous 

strata suggest that although Wrangellia was actively being accreted onto North Amer-

ica during this time, the terrane had not yet been translated and uplifted to its present 

arrangement.  

6.   Broad folds and thrust faults in the Upper Cretaceous strata overlain by Miocene (<23 

Ma) terrestrial rocks suggest that final translation of Wrangellia to its present uplifted 

position did not finish until the Upper Tertiary, after the deposition of the Miocene 

rocks associated with the development of Miocene to Present volcanism.

 In addition to the field relationships, recent paleomagnetic work done about 30km 

south of Kennecott on the MacColl Ridge Formation pegs the location of the Kennecott 

vicinity at 53º ± 8º during the Upper Cretaceous (~78 Ma) deposition of the MacColl Ridge 

Formation (Stamatakos et al., 2001).  Considering that the present-day latitude for MacColl 

Ridge is 61°10’, it is likely that, given the error bar of Stamatakos et al. (2001), the Kennecott 

portion of Wrangellia was nearing the end of its accretion by 75 Ma.  

Thus, interpretation of the stratigraphic and paleomagnetic data suggest that the accre-

tion of the Kennecott portion of Wrangellia occurred via a process similar to that described by 

McClelland et al. (1992) that was initiated sometime between the Kimmeridgian and Albian 

(~150-110 Ma) when Wrangellia first encountered North America with final translation of the 

terrane not finishing until possibly the late Cretaceous (75-65 Ma) but certainly by the Early 

Tertiary (~50 Ma).  Even so, final uplift of the region must not have finished until the Upper 

Tertiary (sometime after 23 Ma) as evidenced by the deposition of ~800 m of terringenous 

sediments.  This was likely the product of the same renewed tectonism that was responsible 

for the formation of the Wrangell lavas.
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2.2  Stratigraphy

The stratigraphic units near Kennecott represent the thickest, best exposed, and most 

complete section of representative Wrangellia stratigraphy (MacKevett et al., 1997; Winkler et 

al., 1999) (Fig. 2.2).  From the basement Skolai Group to the distinct Albian angular unconfor-

mity, the combined stratigraphic section of the Wrangellia terrane proper near Kennecott is 

approximately 8.8 km thick (calculated from MacKevett, 1971).  However, the Late Triassic to 

Late Jurassic units (Chitistone Limestone to Root Glacier Formation) thin in every direction 

away from Kennecott, and the complete Jurassic section is not found outside of the McCarthy 

Quadrangle (Winkler et al., 2000).  This suggests that the Triassic Kennecott host rocks were 

formed in the depocenter of an early to middle Mesozoic basin.  

Above the Albian angular unconformity, an additional 3000 m of upper Cretaceous 

submarine carbonate and clastic rocks was deposited in the Wrangell Mountain basin and 

then another 2000 m of Tertiary terrestrial siliciclastics and volcanics.  All told, the combined 

thickness of the undeformed stratigraphic section at Kennecott from the Late Paleozoic to 

Recent is ~13.8 km thick.  

The following is a brief description of the various stratigraphic units, from oldest to 

youngest, found near Kennecott.  Given the considerable influence of the Nikolai Greenstone 

and Chitistone Limestone upon mineralization at Kennecott, expanded descriptions and addi-

tional data are presented for these two lithologies.

2.2.1.  Skolai Group

The basement of Wrangellia is composed of the Pennsylvanian-Permian (>308-

260 Ma) Skolai Group which is believed to represent an upper Paleozoic volcanic island arc 

dominantly formed upon oceanic crust (Silberman et al., 1980).  The late Paleozoic to middle 

Triassic units (specifically, the Skolai Group and the Nikolai Greenstone) form the backbone 

of northern Wrangellia, stretching across the north and south flanks of the Wrangell Moun-

tains, the south flank of the eastern Alaska Range, and as far east as the Kluane Lake region in 
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Fig. 2.2--Paleozoic-Present Stratigraphy of the Kennecott 
District.  Compiled from MacKevett 1970, 1971, 1978; MacK-
evett et al., 1997.
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Canada (with correlative units stretching at least as far west as the Alaskan Peninsula and and 

at least as far east as the Chilkat Peninsula, near Haines).  The Skolai Group is divided into two 

formations:  the lower Station Creek Formation:  a 1275 m thick member of submarine pillow 

basalt and basaltic andesite flows capped by a 800 m thick member of subaerial volcaniclastic 

rocks; and the upper Hasen Creek Formation:  a 275 m thick heterogeneous mixture of thin-

bedded chert, black shale, sandstone, conglomerate, and carbonaceous bioclastic limestone.  

The Hasen Creek has a gradational, conformable contact with the underlying Station Creek 

Formation and an unconformable contact showing slight angular discordance with the overly-

ing Nikolai Greenstone (Smith and MacKevett, 1970). 

2.2.2.  Nikolai Greenstone

The Middle to Upper Triassic Nikolai Greenstone along with its correlative unit on 

Vancouver Island and Queen Charlotte Islands, the Karmutsen Formation, represents a huge 

tholeiitic flood basalt province.  In the McCarthy quadrangles, the Nikolai Greenstone is some 

3000 m thick and, together with the Karmutsen, represents some 950,000 km3 of erupted 

material making the Nikolai/Karmutsen the fifth largest flood basalt province in the world 

(Panuska, 1990; Winkler et al., 1999).  Paleomagnetic evidence reveals that this volume of 

magma was erupted in less than 5 Ma during the Ladinian-Carnian age (~230 Ma) (Panuska, 

1990), and Richards et al. (1991) credit a mantle plume for such a quick delivery of magma.  It 

should be noted that the Nikolai/Karmutsen province appears to be mostly submarine in the 

south—i.e., the Karmutsen pillow lavas on Vancouver Island—and almost entirely subaerial in 

the north—i.e., Nikolai Greenstone in the McCarthy quadrangle (Jones et al., 1977).

Apparently misnamed by Rohn (1900) (c.f., Sood and Wagner, 1981; MacKevett et 

al., 1997), the Nikolai “Greenstone” retains most of its original basaltic texture despite having 

experienced low grade metamorphism to prehnite-pumpellyite facies.  

Outcrops (Fig. 2.3) are composed of interlayered pahoehoe and aa flows commonly 

2-5 m thick, though some flows reach 10 m in thickness.  Outcrops are generally craggy 

(as around Bonanza mine) to cliffy (as at Radovan Gulch).  On a fresh surface, the Nikolai 
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Fig. 2.3--Nikolai Greenstone.  A) Outcrop view below the Bonanza mine.  Cliffy rock band on skyline is approximate-
ly 10 m high.  B)  Close-up view of outcrop of Nikolai showing amygdaloidal horizons that mark flow-tops.  Amyg-
dules are commonly filled with calcite and prehnite.  Photo credit:  Murray Hitzman.  C) Hand sample of Nikolai 
Greenstone collected within a few meters of the contact with the Chitistone Limestone, about 1 km west of Bonanza 
mine.  This veisculated texture is common in the Nikolai.  D) Sawn and wetted surface from the left edge of photo 
C, again showing vesiculated texture.  Thin-section observations show that these particular vesicles are filled with 
chlorite, prehnite, calcite, and epidote.  Small reddish-brown areas in the photo are altered glass.  Small, light-colored 
grains with jagged margins are albite.
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Greenstone is greenish to grayish, and on a weathered surface, it is generally reddish-brown 

from the weathering of primary Fe-Ti oxides.  The Nikolai Greenstone contains a significant 

amount of evenly-distributed amygdules 0.2-1 cm in diameter (not necessarily demarcating 

flow-tops) that are generally filled with chlorite, calcite, or prehnite but may contain zeolite or 

native copper.  Zones of rubbly, flow-top breccia have been described but they do not appear 

to be uniformly distributed throughout the column and were not recognized in the vicinity of 

Bonanza mine.  Epidote veins (+ quartz ± calcite ± prenite ± native copper ± copper sulfides) 

are reported throughout the formation (c.f., MacKevett, 1971) but appear to be particularly 

well developed just below the Nikolai Greenstone-Chitistone Limestone contact at Bonanza 

mine.  These veins will be further discussed in Chapter 5.  

  The Nikolai Greenstone is a fine-grained porphyritic basalt with plagioclase (chiefly 

labradorite) phenocrysts up to 2 mm in length by ~0.5 mm in width in a variable intergranu-

lar, intersertal, and/or subophitic groundmass consisting of elongate plagioclase (80-400 μm 

in length by 10-50 μm in width), subhedral to anhedral augite (40-100 μm across), and altered 

glass (zones up to 5 mm across).  Other primary minerals include relict olivine, orthopyroxene, 

titanomagnetite, sphene, and apatite.  Secondary minerals include chlorite, iron oxides, epidote, 

clay minerals, calcite, prehnite, pumpellyite, quartz, and rare zeolites (MacKevett, 1971).  Of the 

secondary minerals, chlorite, epidote, and iron oxides most commonly replace the basaltic ground-

mass and plagioclase phenocrysts.   In this study, chlorite, epidote, quartz, calcite, prehnite, and 

pumpellyite were observed in veins; and chlorite, epidote, quartz, calcite, and prehnite were found 

in amygdules (Fig. 2.4).  Whole rock analysis shows that the Nikolai Greenstone is dominantly 

a quartz-normative tholeiite, though some samples register as olivine-normative (Table 2.1; 

MacKevett and Richter, 1974).  

In terms of metal content, the Nikolai Greenstone has an intrinsically high copper 

content—average of 155 ppm copper versus the 72 ppm world average for basalts (MacKev-

ett et al., 1997).  Native copper is believed to be disseminated throughout the formation with 

no zones of copper depletion yet identified.  Further description of metal occurrences in the 

Nikolai Greenstone will be taken up in Chapter 5.     
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Fig. 2.4--Representative Nikolai Greenstone.  A) PPL image of porphyritic texture in which a labradorite (lab) phe-
nocryst (now partly altered) sits in an intergranular to intersertal matrix of labradorite (elongate laths), augite (an-
hedral rounds), and altered glass (dark interstitial filling between plagioclase laths).  B) XPL of A.  C) PPL image of a 
vein margin showing basaltic wallrock (BAS=labradorite+augite) cut by pumpellyite (pp) and prehnite (pr).   D) XPL 
of C.  E) XPL image of a vug in the basalt (BAS) rimmed with chlorite (ch) and filled with sparry calcite (cal).  F) RL 
image of titanomagnetite “vertebral” grains commonly occurring in the interstices between plagioclase grains.  The 
titanomagnetite does not cross-cut the plagioclase and is interpreted to be related to early crystallization of the basalt 
rather than related to the later copper-mobilizing event.
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C D

E F

lab lab
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pp
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Table 2.1--Average chemical composition and CIPW 
norms for 39 samples of Nikolai Greenstone collected 
from the McCarthy Quadrangle.  Data from Silberman 
et al. (1980).

Weight % CIPW norms

SiO2 47.9 Qtz 0.91
Al2O3 14.5 Or 2.84
Fe2O3 5.2 Ab 26.25

FeO 6.4 An 24.25
MgO 6.9 Wo 7.5
CaO 9.4 En 17.2

Na2O 3.1 Fs 5.48
K2O 0.48 Mt 7.55

H2O+/- 3.76 Il 2.66
TiO2 1.4 Ap 0.38
P2O5 0.16 Cc 1.23
MnO 0.18
CO2 0.54

SUM 99.92 SUM 96.25

Table 2.2--Oxygen isotopic whole-rock composition for 
Nikolai Greenstone collected in the McCarthy quadrangles.  
Data from Silberman et al. (1980).

N1
18A

8
9A
11C

Nikolai Creek
Bonanza Ridge
Bonanza Mine
Bonanza Mine
Bonanza Mine

�18O average �18O

+10.7
+9.6
+8.1
+9.1
+10.1

Sample 
No.

Location

9.5 +/- 0.4
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Whole rock oxygen isotope data (Table 2.2) from typical Nikolai Greenstone samples 

correlates with values reported from the tops of ophiolite suites that experienced metasoma-

tism via the action of seawater heated to between 50˚ and 350˚C (Spooner et al., 1974). 

2.2.3.  Chitistone Limestone

The Chitistone Limestone, host rock for the Kennecott copper deposits, disconform-

ably overlies the Nikolai Greenstone (Fig. 2.5).  The upper Triassic (Carnian stage, ~225 Ma) 

Chitistone Limestone occupies an approximately 115 km long zone along the southwestern 

flank of the Wrangell Mountains (Fig. 2.6).  Across the McCarthy B-4 and C-5 quadrangles, 

the Chitistone Limestone varies in thickness from 150 m to 650 m suggesting that the Nikolai 

platform was highly variable in elevation during Chitistone time and may have been locally 

emergent (suggested by the tie lines in Fig. 2.7; MacKevett, 1970, 1971).  It is reported that 

its thickest exposures are found closest to the Kennecott mines, and in every direction away 

from the mines the unit thins suggesting that the major ore deposits lie near the depocen-

ter of a Triassic carbonate basin (Winkler et al., 2000; E.M. MacKevett, pers. comm., 2001).  

An isopach map of the Chitistone Limestone was made via calculations from six McCarthy 

quadrangle 1:63360 geologic maps (Fig. 2.7).  The coverage of the Chitistone in these maps 

represents about 50% of the reported areal extent of the formation.  For isopach calculations, 

an attempt was made to measure undeformed section but, given both the fact that nearly all 

of the Triassic section has been deformed and that the area was mapped at such small-scale, 

it is uncertain how accurate these thickness calculations are, and thus, these calculated values 

should be regarded as approximations only.  The isopach map shows that the Chitistone Lime-

stone forms an east-west trending depocenter with a thickness of nearly 600 m stretching from 

the Kennicott Glacier eastward to Chitistone Canyon.  The unit appears to thin dramatically 

to the south towards Kennicott and McCarthy.  The northern boundary of the basin is uncon-

strained. 

The lower Chitistone Limestone consists of intertidal to shallow-subtidal platform car-

bonates, the bottom 100 m of which contain three shallowing-upward parasequences (at ~30, 
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Fig. 2.5--Image showing obvious contact between the Nikolai Greenstone and the Chitistone Limestone.  All of the 
Kennecott-type deposits in this district are found in the Chitistone Limestone within 100 m of this contact.  Image 
taken from Donoho Peak looking southeast towards Erie mine.  Bunkhouse (arrow) is approximately 30 m long for 
scale.

ERIE MINE

CHITISTONE
LIMESTONE

NIKOLAI
GREENSTONE

Fig. 2.6--Location map showing approximate areal extent of Chitistone and Nizina Limestones.  Modified after Arm-
strong and MacKevett, 1982.
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47, and 100 mstrat) (Fig. 2.8).  Each of these parasequences exhibits a shallow-subtidal limestone 

that grades upward into intertidal to possibly supratidal stromatolitic zones.  The uppermost 

(reported) intertidal zone contains features that suggest deposition in a sabkha environment, 

including pisolitic caliche, non-tectonic breccias, algal mats, and calcite pseudomorphs after 

gypsum.  This lower section of shallow subtidal to intertidal rocks is buried by approximately 

500 m of deeper water, platform carbonates of the upper Chitistone Limestone (Armstrong 

and MacKevett, 1982).  

Of note, all of the sulfate from the within the Chitistone sabkha must have been dis-

solved either through mineralization or by being flushed out the system after uplift because 

present day sulfate values measured along Bonanza Ridge are a very low ~10 ppm (Eppinger et 

al., 1999).  

Field mapping, primarily at Bonanza mine, coupled with the work of Armstrong and 

MacKevett (1982) suggests the following subdivisions for the lower portion of the Chitistone 

Limestone:  

Unit 1 (where present, 0-1 mstrat) is a red to greenish basal mudstone up to 2 m thick 

(but highly variable in thickness) with individual beds 0.4 to 0.8 cm thick.  It was not observed 

to crop out at Bonanza or Jumbo mines (though it is indicated on underground maps), but 

was seen to be about 1 m thick in an outcrop north along strike from Erie mine.  This unit 

is responsible for forming the small, soil-rich benches that allow passage along the otherwise 

impassable cliffs formed by the Nikolai Greenstone and Chitistone Limestone. 

Unit 2 (1-13 mstrat) is a combined 12 m thick layer of two distinctive subunits:  a) a 2 m 

thick thin-bedded, planar, micritic limestone, the top layers of which often contain small (1-5 

mm) euhedral cubes of pyrite that grades conformably into b) a 10 m thick, highly-distinc-

tive wavy, argillaceous, burrowed limestone unit that has been previously described as “rough 

with cylindrical, fossil-like grains” (Bateman and McLaughlin, 1920) and “crinkly…formed by 

anastomosing tracks, trails, burrows” (Armstrong and MacKevett, 1982) (Fig.2.9).  In outcrop, 

grains of cubic pyrite (some as large as 1 cm across), as well as hematite pseudomorphs after 

pyrite, are fairly abundant in void spaces in the lower 4 m of these burrowed beds.  Compared 
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to overlying units, Unit 2 is relatively free of megascopic fractures/veins.  Unit 2 was seen at 

Regal mine on the west flank of Donoho Peak, at Bonanza mine, and is reported at Nelson 

mine (Sood et al., 1986).  Thus, although somewhat variable in thickness, this distinctive sub-

unit is contiguous over a large area (at least 20 km along strike) and therefore is useful as a 

regional marker horizon. 

In thin-section, the rocks comprising Unit 2 are argillaceous carbonate mudstones 

with grains that are 7-15 μm across.  Within the mudstone, there are occasional allochems of 

bivalves up to 0.7 mm across and recrystallized agglomerations of lime mud that are 50-75 μm 

across.  Along with the megascopic cubic pyrite, there are grains of framboidal pyrite from 

about 5-100 μm across that are generally disseminated but maybe located preferentially along 

clay-rich, anastomozing partings.  In addition, in at least one occurrence, the framboidal pyrite 

replaces a brachiopod fragment.  While the framboidal pyrite grains appear to have no effect 

on the sediment surrounding them, around the cubic pyrite grains it is common for once-pla-

nar anastomozing clay partings to form circular zones around the pyrite cubes.  This texture is 

indicative of a recrystallized origin for the cubic pyrite.

Unit 3 (13-20 mstrat) is a 7 m thick layer of dark grey to black micritic limestone with 

medium (10-50 cm thick) beds.  Its upper and lower contacts are gradational with both the 

underlying burrowed beds and the overlying thicker lime-mudstone beds.  This unit is dis-

tinguished based on its tendency to be deformed rather than on its megascopic lithologic 

properties.  This unit hosts the only obvious fold that outcrops at Bonanza mine as well as a 

series of small internal thrust slices that stay confined within it.  Even so, lithologically it is 

distinct from Unit 2 because it contains fewer fossils and less framboidal pyrite (Fig. 2.10).  

Unit 4 (20-33 mstrat) is a 13 m thick layer, the bottom 2 m of which consist of grey 

limestone beds slightly lighter in color than those in Unit 3.  Above this, Unit 4 is proges-

sively dolomitized.  Bedding ranges from about 0.8-1.5 m in thickness.  In thin-section, this 

unit is a lime mudstone to wackestone that, in places, has been partially recrystallized (Fig. 

2.11).  Although seemingly arbitrarily drawn, the upper boundary for Unit 4 was placed where 

Armstrong and MacKevett (1982) identified a 1 m thick limestone bed east of Bonanza mine.  
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Fig. 2.9--Images of Unit 2 (“burrowed unit”).  A) Close-up field image showing rough, anastomozing texture with 
minor calcite veins.  B) Hand sample image showing same rough texture as in A.  C) Close-up image of sawn hand 
sample in B showing large cubic pyrite grains; remaining moisture from wetting the surface highlights some of the 
anastomozing clay partings.  D) PPL image showing mudstone matrix containing larger recrystallized amorphous 
grains interpreted to be lime mud.  E) XPL image of bivalve fragment and framboidal pyrite.  Inset box is a superim-
posed RL image to show the texture of the pyrite.  F) BSE image showing framboidal pyrite preferentiallly crystalliz-
ing along clayey partings.
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Correlating this limestone ‘marker’ bed with regional stratigraphy places the top of Unit 4 at 

the first algal mat horizon (AM1 in Fig.2.8). 

Unit 5 (33-52 mstrat)—This unit is ~19 m thick and begins at the first algal mat (AM1) 

identified by Armstrong and MacKevett (1982) and ends at the approximate position of the 

regionally-correlated second algal mat (AM2 in Fig. 2.8).  In outcrop at Bonanza mine, this 

unit is intensely dolomitized, and primary depositional textures are not preserved.  This unit is 

commonly tectonically brecciated.  From the original underground maps, it appears that most 

of the massive ore was hosted by this unit.

Unit 6 (52-103 mstrat)—This 51 m thick unit begins above the second algal mat and 

ends at the regionally-correlated sabkha horizon at 103 m as identified by Armstrong and 

MacKevett (1982).  From ~52 to ~69 mstrat, this unit at the Bonanza mine is completely 

altered to pinkish-brown dolomite such that no original depositional textures remain.  From 

~69-103mstrat, there is again evidence for shelly hash on weathered surfaces.  The character 

of the dolomite in this interval is lighter grey and is distinct from the pinkish-brown dolomite 

observed near the mineralized rock.  At about 100 mstrat, some wavy laminae were observed in 

outcrop which are similar to those interpreted to be stomatolites by Armstrong and MacKev-

ett (1982).  This unit ends at an abrupt color change in outcrop from a light grey dolomite to a 

dark grey dolomite (Fig.2.12).

Unit 7 (103+ mstrat)—This is the informal upper portion of the Chitistone Limestone.  

It begins with a distinct color change that marks the boundary between Units 6 and 7 and 

includes all of the rocks in the section up to the Nizina Limestone.  At about 110 mstrat, chert 

nodules appear suggesting a transition to a deep water depositional environment (c.f., Arm-

strong and MacKevett, 1982).

2.2.4.  Nizina Limestone

The Nizina Limestone conformably overlies the Chitistone Limestone.  It is a thin-bed-

ded, deeper water sequence up to 380 m thick that consists of chert-bearing micropelletoidal 

to bioclastic grainstone, mudstone, and wackestone.  This formation is interpreted as form-
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Fig. 2.10--Unit 3.  A) Outcrop view of Unit 3.  B)  PPL image of remnant pelecypod (pel) and single pyrite grain (py) 
in a carbonate mud matrix.  X-shaped bands are recrystallized strain features common in this unit.  C) PPL image 
of other microscopic features including: clusters of pyrite grains (py), squiggly insoluble margin similar to stylolitic 
margin (but lacking well developed teeth), and a sizable sparry calcite vein (cal) with grains that exhibit excellent 
strain twinning.

UNIT 2

cal
py

UNIT 4

A

py

pel

B C

UNIT 3
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Fig. 2.11--Unit 4.  A) Field image showing ~1 m thick beds of grey limestone.  B) PPL image showing recrystallized 
brachiopod (br) sitting in a carbonate mud matrix.  The larger grains are interpreted to be agglomerations of lime 
mud (a) that have been recrystallized but still show original grain outlines.  Incipient microveins (m) are also pres-
ent.  C) PPL image of calcite veins (cal) cross-cutting mud matrix.  These veins, both in terms of size and density, are 
common in Unit 4.  Lone pyrite grain (py) visible in lower portion of image.  This sample contains the same recrys-
tallized agglomerations as in B.  D) PPl image showing the complete recrystallization of original carbonate constitu-
ents (mud, allochems) to coarse, sparry calcite crystals that exhibit irregular grain margins and strain twinning.  E) 
XPL of D.  
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ing on a shallowly-sloping basinal apron of the Chitistone platform.  Pelecypods in the Nizina 

place its deposition during the late Carnian to early Norian (~222 Ma) (MacKevett, 1971).  

There are no known ore deposits in this limestone unit.

2.2.5.  McCarthy Formation

The McCarthy Formation conformably overlies the Nizina Limestone.  Together, the 

lower and upper members of this formation are close to 950 m thick and are composed of 

conformable carbonaceous shales, impure limestones, and cherty layers.  The upper member 

is more siliceous than the lower and contains chalcedonic spicules and siliceous radiolaria.  

Fossils in the lowest lower member are Norian in age (~220Ma) and in the upper member are 

Pliensbachian in age (~193 Ma) which shows that this formation straddles the Triassic-Jurassic 

boundary (MacKevett, 1971).

2.2.6.  Lubbe Creek Formation

Fig. 2.12--At approximately 103mstrat, there is a distinct bed-conformable color change from light grey to dark grey 
dolomite.  This height correlates with the sabkha horizon identified by Armstrong and MacKevett (1982).  Line added 
for emphasis. 
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The final conformable member in this sequence is the lower Jurassic Lubbe Creek For-

mation.  It is a distinctive 90 m thick marker horizon composed of impure spiculite with lesser 

coquina and is Toarcian in age (~185 Ma) (MacKevett, 1971).

2.2.7.  Nizina Mountain Formation

A disconformity separates the middle Jurassic Nizina Mountain from the underlying 

Lubbe Creek Formation.  The Nizina Formation is composed of ~300 m of marine greywackes.  

Microfauna in the greywackes suggest an age of Bathonian-Callovian (~165 Ma) (MacKevett, 

1971).

2.2.8.  Root Glacier Formation

A disconformity separates the Upper Jurassic Root Glacier Formation from the under-

lying Nizina Mountain Formation.  The Root Glacier Formation is comprised of ~1000 m of 

marine mudstones, siltstones, and thin-bedded limestones.  Microfauna suggest an age of 

Oxfordian-Kimmeridgian (~155 Ma) for this formation (MacKevett, 1971).

2.2.9.  Cretaceous Rocks

There are nearly 3500 m of Cretaceous rocks represented in the McCarthy quadran-

gle.  They are all submarine in origin and are believed to have been deposited in the Wrangell 

Mountain forearc basin after the accretion of Wrangellia but prior to uplift to its present day 

position.  The lowermost formation, the Middle Cretaceous Kennicott Formation, is Albian 

(~110 Ma) in age.  It is separated from the Triassic-Jurassic section by a substantial angular 

unconformity (maximum discordance of 55˚) and contains a well-developed basal conglomer-

ate up to 25 m thick that dominantly contains clasts of Nikolai Greenstone.  This assemblage 

indicates that between the deposition of the Root Glacier Formation (~155 Ma) and the 

Kennicott Formation (~110 Ma) there was a substantial orogeny that exhumed the Nikolai 

Greenstone (MacKevett, 1971; Trop and Ridgway, 1998). 

A 230 m thick section of interfingered marine shales, siltstones, and sandstones known 

as the Schulze and Moonshine Creek Formations disconformably overlies the Kennicott 



32

Formation.  These formations interfinger across the McCarthy quadrangle indicating simulta-

neous deposition.  Their microfaunal age is Cenomanian (~96 Ma) (MacKevett, 1971).

The upper Cretaceous Chititu Formation disconformably overlies the Schulze and 

Moonshine Creek Formations.  The Chititu Formation is a 2000 m thick section of marine 

shale with some interbedded thin limestones.  Its microfaunal age is Campanian (~82 Ma) 

(MacKevett, 1971).

The upper Cretaceous MacColl Ridge Formation conformably overlies the Chititu For-

mation.  It is composed of 800 m of siliciclastic conglomerate, sandstone, and siltstone.  It is 

interpreted to be a submarine fan system and the last of the rocks deposited in the submarine 

Wrangell Mountain forearc basin.  40Ar/39Ar ages of interbedded tuffs indicate a middle to late 

Campanian age (79-77 Ma) (Stamatakos, 2001). 

2.2.10.  Tertiary Rocks

Overlying the Cretaceous rocks with a slight angular unconformity is the Miocene 

Frederika Formation.  This formation is comprised of ~800 m of terrestrial sandstone, silt-

stone, and shale.  The upper beds of the Frederika Formation are interfingered with the lowest 

beds of Wrangell Lava showing that these two lithologies are conformable.  The Frederika rep-

resents the first subaerial deposition since Nikolai Greenstone time.

2.2.11.  Tertiary Intrusives

In addition to the thick sedimentary sequence, there are a number of moderate-sized 

igneous stocks as well as dikes and sills in the vicinity of Kennecott.  In particular, felsic to 

intermediate hypabyssal stocks are conspicuous in the Kennecott district, including a dacitic 

pluton approximately 10 km long by 3 km wide known as Porphyry Mountain (Fig. 2.13).  The 

northern margin of this stock is ~2 km south of Bonanza Mine.  The age of these stocks vary 

from 7-14 Ma.  At Erie mine, a dike believed to be related to this igneous event cross-cuts the 

main ore vein.  Thus, these igneous bodies are believed to post-date the mineralization event 

at Kennecott (MacKevett, 1970).  
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2.2.12.  Wrangell Lava

The rocks highest in the stratigraphic column are the Wrangell Lavas.  The lowest lava 

flows are interfingered with the upper strata of the Frederika Formation.  The Wrangell Lavas 

are ~1500 m thick and consist of dominantly basalt and andesitic basalt.  These lavas underlie 

all of the major Wrangell volcanoes.  The nearest volcano to Kennecott, Mt. Blackburn, has 

been dated at 3-4.5 Ma, and its neighbor, Mt. Wrangell, has been active this century (Fig.2.14; 

Richter et al., 1995).

Fig.2.13--Porphyry Mountain, the most prominent example of a felsic hypabyssal stock near Kennecott.  The left 
(north) edge of Porphyry Mountain is ~2 km from the nearest of the Kennecott Mines (Bonanza-Motherlode, left of 
photo just out of view).  Photo looking southeast from across the Root Glacier.
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Fig. 2.14--Mt. Blackburn, 4996 m (16,390’), the most spectacular example of Wrangell Lava near Kennecott.  The 
summit of this mountain lies about 35 km from the nearest of the Kennecott mines (Erie).  Photo looking north from 
Donoho Peak.
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CHAPTER 3

STRUCTURAL GEOLOGY

3.1.  Regional Structure

The rocks near Kennecott were accreted during the middle to late Mesozoic as part of 

the Wrangellia terrane and then uplifted to their present position sometime during the Ceno-

zoic.  As a result, they have been deformed multiple times.  A tectonic map was generated from 

the USGS 1:63,360 McCarthy quadrangle maps B-4, B-5, C-5, C-6 (Plate 1).  With this map 

and accompanying map descriptions (MacKevett, 1970, 1971), two distinct structural episodes 

can be seen:  a) orogeny during the late Jurassic-early Cretaceous interpreted to be related to 

the accretion of Wrangellia onto the North American craton and b) ongoing Tertiary-Recent 

translation and uplift which has likely involved multiple periods of displacement and fault 

reactivation owing to the continued relative northward movement of the Pacific Plate.  

 
3.1.1. Late Jurassic-Early Cretaceous Orogeny

The stratigraphic section affected by the late Jurassic-early Cretaceous deformation is 

the approximately 8500 m thick representative type section of the Wrangellia terrane--from 

the late Paleozoic Skolai Group at the base to the upper Jurassic Root Glacier Formation at the 

top (refer to Fig. 2.2).  The top of the Root Glacier Formation is marked by a distinct angular 

unconformity with a discordance up to 55o (MacKevett, 1971).  This discordance, along with  

thrust faults and folds restricted to Mesozoic rocks, constrain the age for orogeny to some-

time between 155 and 110 Ma.  This earlier period of deformation is interpreted as being the 

result of the accretion of Wrangellia onto the North American plate which has been tentatively 

dated at 112 Ma by the K-Ar method for the Kennecott portion of Wrangellia (Silberman et 

al., 1981).
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The orogeny is characterized by thin-skinned tectonics as seen in the formation of 

thrust faults with overturned folds.  On the McCarthy geologic maps, one NE-verging thrust 

fault strikes at least 40 km southeast across the C-5, B-5, and B-4 quadrangles, beginning north 

of Kennecott and terminating southeast beyond the Nelson mine (Fig. 3.1).  Other discontin-

uous thrust faults with overturned folds are seen northwest of Kennecott on Donoho Peak 

(Fig. 3.2) and in the vicinity of Hidden Creek Lake, west of the Kennicott Glacier.  Numerous 

regional folds, some of which are overturned, are related to this shortening.  Pi analyses of 14 

of these major folds show consistent, shallowly plunging, NW-SE trending fold axes with an 

average regional fold plunge and trend of 03, 127 (Fig.3.3). 

In addition to the thrust faults and thrust-related folds, there is a series of NE- and 

NW-striking high-angle faults present within the McCarthy quadrangles.  MacKevett (1970) 

reports that many of these NE- and NW-striking faults are dominantly dip-slip.  From the 

Fig. 3.1--Photo of northeast-verging thrust fault with accompanying overturned fold near the southern terminus of a 
40 km (strike length) thrust fault.  Chitistone Limestone (CL) above; Nikolai Greenstone (NG) below.  Dashed black 
line added to emphasize bedding.  Apparent normal separation in hinge is an illusion created by topography.  Land-
scape shown in photo is approximately 4 km wide.  Photo taken from Glacier Creek landing strip facing northwest.

CL

NG



37

Fig. 3.2--Spectacular recumbent anticline-syncline pair on the east side of Donoho Peak, visible from Kennecott.  
Light grey is Chitistone Limestone (CL); darker grey is Nikolai Greenstone (NG).  Thick, dotted line is to emphasize 
bedding.  Thin dotted line is to emphasize the curved nature of the axial plane in this fold.  The area marked ‘wedge’ 
is to point out the wedge-shaped internal thrust slice that has separated conformable beds in the lower Chitistone 
Limestone from the Nikolai Greenstone.  Notice the  tapering sliver of Chitistone that is has been cut out by over-
thrusted Nikolai and the hanging wall cut-off shown by Chitistone beds within the ‘wedge’ thrust slice.  Photo credit:  
Eric Nelson.

CL

NG
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geologic maps, it is apparent that they cross-cut the 

thrust faults with slight displacement (as near the 

Westover mine and south of Hidden Creek Lake) 

and are therefore later structures.  However, because 

of very limited map data, kinematic interpretation 

of these faults is inconclusive, and it is uncertain 

whether these NE- and NW-striking faults represent 

progressive deformation related to the NE-verging 

thrust faults or some distinct, later deformational 

event.  

Cross-sections drawn through the McCarthy 

geologic maps (Plate 2) in the vicinity of the Ken-

necott mines show the contractional deformation 

that these rocks have experienced.  The A-A’ cross-

section was generated by the USGS and crosses near Bonanza mine.  The B-B’ cross-section 

was generated for this study and crosses near Jumbo mine.  Additional (dashed) interpretation 

of the rocks are shown in B-B’ relative to A-A’ because observations in the field along the west 

flank of Amazon Gulch (first major drainage northwest of Jumbo mine) show that, near Jumbo 

mine, the Nizina Limestone forms a recumbent syncline (Fig. 3.4) which is not shown on the 

USGS map.  Due to erosion, it is unclear whether the Chitistone Limestone was involved in 

this syncline, or if a fault at the Chitistone/Nizina contact isolated the folding in the Nizina 

Limestone.  However, given the substantial folding seen in the Chitistone Limestone elsewhere 

in the McCarthy quadrangle (as in Figs. 3.2 and 3.3), it probable that the Chitistone was also 

involved in this folding.  If so, the host rocks at Jumbo mine (and probably Bonanza mine) are 

on the lower limb of an overturned syncline, the upper limb of which has been eroded away.  

Regardless, bedding in the Chitistone near all the Kennecott mines consistently strikes NW 

and dips NE.   In particular, bedding at Bonanza mine has a consistent attitude of ~300, 23 (+/- 

5 degrees for both strike and dip).  MacKevett et al. (1997) report that the Kennecott mines 

����
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Fig. 3.3--Pi analysis summary for 14 re-
gional folds in the Kennecott district, 
measured from 1:63,360 McCarthy geo-
logical quadrangle maps.  Circles show 
orientations of regional fold axes.  Poles 
were averaged using conical best fit meth-
od (cone shown in red).
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Fig. 3.4--Overturned syncline in Nizina Limestone exposed on northwest flank of Amazon Gulch.  It is uncertain 
where the Chitistone-Nizina contact is in this photo, and whether the Chitistone is involved in the syncline.  Photo 
credit:  Knox Frank.  
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are located on the SW limb of a NW-trending syncline.  While true, given what is observed in 

Amazon Gulch, this statement is probably a simplistic underrepresentation of the true struc-

tural setting for Kennecott.

 3.1.2. Post Orogenic Translation

The earlier contractional structures are cross-cut by a series of high angle, N-striking, 

dextral strike-slip faults that exhibit displacements on the order of 1-3 km (MacKevett, 1971).  

McCarthy Creek, east of Bonanza-Motherlode mine, drains along one of these faults.  At the 

north end of McCarthy Creek, a high-angle, E-striking, sinistral fault cuts the prominent N-

striking fault that McCarthy Creek follows.  Because there are very few E-striking faults in this 

area, it is believed that this fault is related to the N-striking faults and does not represent a 

distinct, later structural fabric (Fig.3.5).  

Although most prominent in the older Mesozoic rocks, N-striking faults also offset 

later Cenozoic units.  In addition, some broad WNW-trending folds are recorded in the upper-

most Mesozoic section (i.e., west of McCarthy in the upper Cretaceous Chititu Formation). 

These high-angle, N-striking, dextral strike-slip faults coupled with occasional E-trending 

sinistral strike-slip faults and broad folds occur in lithologies above the distinct Albian angu-

lar unconformity which divides Wrangellia proper from its later cover.  This suggests that the 

N-striking structural grain is unrelated to the accretion of Wrangellia but is more likely the 

product of later dextral transpression caused by the Pacific Plate moving past North America.  

In addition, the fact that the latest sedimentary unit (Miocene Frederika Formation) is cut by 

N-striking faults suggests that this dextral transpression was ongoing from the middle Creta-

ceous at least through the middle Tertiary and may have been operating in recent times given 

the fact that the Totschunda fault, which is exposed some 60 km northeast of Kennecott, is a 

modern, active splay off the major, transcurrent Denali fault system (Winkler et al., 2000).

3.2.  Local Structure at Bonanza Mine
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Fig. 3.5--Expanded area from Plate 1 to show dextral strike-slip faults that have offset a major thrust fault. McCarthy 
Creek follows the weakness established by one of these faults.  Notice the single E-striking sinistral fault that offsets 
a few of the N-striking faults.  Although clearly later than the N-striking faults, it is interpreted to be formed from 
the same overall  regional stress field during the late Cenozoic to Tertiary.  A schematic fault plane solution for the 
implied regional strain axes is shown below the map.  Map modified from USGS McCarthy quadrangle maps.  Ab-
breviations used here explained on Plate 1. 
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It is important to understand the local structural geology at Bonanza mine in order to 

determine what, if any, controls it had on mineralization.  From both underground maps and 

in outcrop, it is clear that the rocks at Kennecott have been strained through tectonic activ-

ity, yet none of the previous workers have adequately characterized the relationship between 

structure and mineralization.

A structural contour map of the Nikolai Greenstone shows that none of the major 

mine workings (i.e., Jumbo, Bonanza-Motherlode, Erie (Erie not shown on this map)), follow 

faults that displace the upper contact of the Nikolai Greenstone (Plate 3).  The map shows that 

only small amounts of mineralized rock occurred along such main structures—i.e., the 1506 

fault and the Flurry fault.  In striking contrast, the largest ore deposits formed in the middle 

of upthrown and downthrown blocks that, collectively, resemble horst and graben structures 

(Plate 4).  

The Faultkin program (copyright R. Allmendinger, 2001) was used to model the P and 

T axes associated with the formation of these faults.  P and T axes represent the principal 

infinitesimal strain axes and are assumed to be a proxy for principal stress axes in brittle strain 

regimes.  Thus, P axis approximately represents σ1, and T axis approximately represents σ3.  

Kinematic data, especially rakes of lineations, for these faults were hard to obtain and 

had to be extrapolated from the heaves and throws of faults reported in various Kennecott 

mine documents.  In the end, there were only four faults that yielded enough kinematic data 

with which to calculate ideal P and T strain axes (Fig. 3.6).  Two of the faults are NE-striking 

dextral faults; a third is a NW-striking sinistral fault; a fourth is a NE-striking normal fault.  

Ideal P-T analysis suggests that the maximum principal stress (σ1) affecting Bonanza Ridge 

when these faults formed was relatively high-angle and almost due west (59, 262).  Given the 

fact that two of these faults are unequivocally mineralized (as shown on Kennecott under-

ground maps), this generally high-angle, west-directed stress field was established before or 

during the mineralization period. 

Since the Nikolai Greenstone and the different stratigraphic subunits of the Chitistone 

Limestone deformed differently, localized strain features within each are described separately 



43

1

2
3

P-axis scatter plot (n =   4):
T-axis scatter plot (n =   4):

LINKED BINGHAM AXES
     Eigenvalue   Eigenvector (T&P)
     1.   0.3701     356.2°   3.1°
     2.   0.0429      88.1°  31.1°
     3.   -.4130     261.0°  58.7°

Fig. 3.6--Stereonets for four, large, regional faults shown on the structural contour map of the Nikolai Greenstone 
(Plate 3) and its accompanying cross-section (Plate 4).  The Kennecott mine geologists named these faults the 1506, 
Flurry, Azure, and Station faults.  Arrows on left stereonet are fault slickenlines that show movement of the hanging-
wall.  Principal strain axes on right stereonet are labeled 1 (maximum), 2 (intermediate), and 3 (minimum). 

according to stratigraphic position.  First, deformation in the Nikolai Greenstone will be 

described.  Next, deformation within the basal limestone portion of the Chitistone Limestone 

will be addressed.  Lastly, deformation within the dolomitized section of the Chitistone Lime-

stone will be described.  Consult Plates 5 and  6 for geologic maps of Bonanza mine.

3.2.1.  Deformation in Nikolai Greenstone

Structural deformation in the Nikolai Greenstone was observed in multiple forms at 

Bonanza mine, including the presence of epidote veins, mesoscopic faults, and joints.

   
 3.2.1.1.  Epidote Veins

Epidote veins are common in the Nikolai Greenstone, and their formation is not 

restricted to mineralized areas.  However, the number and thicknesses of veins exposed imme-

diately below the Bonanza mine workings are greater compared to nonmineralized areas.  

Thickness of epidote veins near the mine averages about 8 cm, but the thickest vein observed 

was about 40 cm wide.  Vein traces near Bonanza mine are generally 10-30 m long, but the 

longest observed trace was approximately 300 m long.  In comparison, the few other epidote 

veins observed away from the major mine workings were on the order of 2-3 cm wide with no 
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Fig. 3.7--Stereonet plots for epidote veins in the Nikolai Greenstone below Bonanza mine.  A) Stereonet plot showing 
poles for all epidote veins measured near Bonanza mine.  Average pole is ~ 07, 354 which corresponds to an epidote 
vein of 084, 83.  Thus, nearly all of these veins strike between N75-85E (See Plates 5, 6).  B)  Faults and striae for 11 of 
the 40 epidote veins shown in A that had unambiguous slickenlines.  C) P-T stereonet showing ideal strain axes for 
the epidote veins plotted in B.  Notice that the ideal shortening axes are scattered between low-angle NW-oriented, 
low-angle NE-oriented, and high-angle.  These three shortening axes are similar in orientation to those calculated for 
the conjugate faults in Unit 2 (Fig. 3.9), the majority of the chalcocite veins (Fig. 3.25), and flat-faults in Unit 4 (Fig. 
3.21), respectively.   

A B C
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A B

Fig. 3.8--Plots for faults and joints in the Nikolai Greenstone near Bonanza mine.  A) Rose diagram showing domi-
nant strikes at N70-80E, N30-40E, and N60-70W.  B) Poles to the joints and faults shown in A to emphasize the fact 
that nearly all of these faults and joints are high-angle.  
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vein trace longer than 1.5 m.

Many of the epidote veins exhibit strike-slip slickenfibers.  Thus, these veins are not 

the product of pure extension.  Instead, they nearly all show some component of shear.  Unfor-

tunately, given the nature of the outer epidote vein envelope, slickenfibers, although extremely 

well-developed, did not form obvious steps and were often ambiguous in terms of slip sense.  

Thus, a complete kinematic reconstruction of these veins was not possible.  Even so, attitude 

and available kinematic data are plotted for the veins (Fig. 3.7).  

Principal shortening axes vary between low-angle NW-directed, low-angle NE-

directed, and high-angle NE-directed.  These same principal shortening axes are seen for other 

structures at Bonanza mine in which the two low-angle shortening axes are contemporane-

ous and predate the high-angle shortening axes.  As the epidote veins exhibit strain axes that 

correlate with both the earlier and later deformation observed in the Chitistone Limestone, it 

is believed that they were formed during both periods of structural activity in the limestone.  

Since the high-angle shortening is correlated with the mineralization event (see section 3.3.), 

the formation of some of the epidote veins appears to be coeval with the mineralization event.

 3.2.1.2.  Faults and Joints

In addition to epidote veins, there are a significant number of lesser joint and fault 

planes in the Nikolai Greenstone.  Small faults were generally evident based on epidotized 

and/or manganized slickensides.  However, as for most of the epidote veins, slickensides were 

ambiguous in terms of slip direction.  In addition, these faults were not observed to cut the 

Nikolai-Chitistone contact nor to appreciably offset layering.  Thus, these mesoscopic faults 

have been grouped with prominent joint planes that lack obvious slickensides.  The dominant 

strikes for these faults and joints are N30-40E, N70-80E, and N60-70W (Fig. 3.8).  These ori-

entations correspond with the strikes of the Bonanza orebody, the epidote veins, and dextral 

faults in Unit 2 of the Chitistone Limestone, respectively.

3.2.2.  Deformation in the lower limestone section of the Chitistone Limestone
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Fig. 3.10--Fault splay off of bedding.  The splay is interpreted to be a small, internal thrust fault that has been tilted by 
later broad folding responsible for the dipping beds.  This thrust fault shows little displacement.

P-axis scatter plot (n =  36):
T-axis scatter plot (n =  36):����
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Fig. 3.9--Stereonet plots for faults in Unit 2.  Together these faults represent every strike and dip quadrant and have 
a variety of rakes.  In addition, P axes, though dominantly NW-directed, are scattered from nearly 0ο to close to 90ο.  
However, no cross-cutting relations were observed, and thus, these faults appear to be approximatlely coeval.  Linea-
tion arrows represent hanging wall movements.
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In the field it was observed that different lithologic subunits of the Chitistone Lime-

stone manifest stress differently.  In other words, strain features (faults, folds, veins, stylolites) 

were often restricted to a particular subunit within the Chitistone.  These various strain fea-

tures are described according to the subunit in which they were observed.

 3.2.2.1. Unit 1, Basal Mudstone  

Referring to the basal mudstone, Bateman and McLaughlin (1920, p.8) report:  “Where 

it is exposed in the mines, it is slickensided and crumpled and often locally thinned or thick-

ened, giving evidence of movement along it”.  Given the fact that the Nikolai Greenstone and 

Chitistone Limestone are both thick, competent units, this 1m thick shale layer likely focussed  

differential stress during the late Jurassic orogeny.  Because of its thinness and lack of exposure 

at Bonanza mine, it was included with the overlying Unit 2 on the geologic maps of Bonanza 

mine (Plates 5, 6).  

 3.2.2.2.  Unit 2, Burrowed Limestone:  

The most prominent strain features of this subunit are numerous meter-scale high-

angle strike-slip faults with well-developed calcite slickenfibers.  In general, high-angle 

sinistral faults strike N15W-N30W, and high-angle dextral faults strike N75W-N85W.  A few 

high-angle, sinistral slip planes strike N05E.  No cross-cutting relations were observed, and 

these faults are interpreted to represent a conjugate set that formed simultaneously (Fig. 3.9).  

These faults do not appear to penetrate into Unit 3 which suggests that localized shearing was 

restricted to this burrowed unit.  This localization may be due to a difference in competency 

between the argillaceous character of Unit 2 versus the purer limestone of Unit 3.  

In addition to high-angle faults, at least one subhorizontal fault was observed to splay 

off of the NE-dipping bedding (Fig. 3.10).  The fault shows little displacement and is believed to 

represent a tilted, fault-ramp geometry dominated by propagation over slip (cf., Erslev, 1991).  

The fact that the ramp is tilted to subhorizontal suggests that some thrust faults developed 

prior to the broad folding responsible for tilting the Chitistone Limestone.  

Other strain features include sets of en echelon calcite veins that form in vertical, deci-
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Fig. 3.11--En echelon calcite veins in Unit 2.  A) Decimeter-scale vertical shear zone evidenced by the development 
of en echelon calcite veins.  North ”block” is up.  Attitude of enveloping shear zone is approximately 074, 85.  Photo 
looking west.  B) Close-up of en echelon veins developed very close to those in photo A.  Approximately vertical syt-
lolites truncate en echelon calcite veins.  This timing suggests that early brittle-ductile shear was superseded by later 
intergranular dissolution as strain continued.  
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meter-scale shear zones (Fig. 3.11A).  Some of these veins have been truncated by later, vertical 

(i.e., tectonic) stylolites (Fig. 3.11B).  

Calcite veins, aside from these in small scale en echelon vein arrays, are not well devel-

oped in this unit compared to overlying units.  Only minor chalcocite mineralization was 

observed in Unit 2 either in the form of high-angle NE- and NW-striking veinlets or occasion-

ally as small pods along either bedding or tilted thrust faults.  In addition, a powdery malachite 

coating can be found on some fracture surfaces.  This coating, however, appears to be super-

gene in nature and therefore unrelated to the original fracture generation.

 3.2.2.3. Unit 3, Thin-bedded, “Hard Grey” Limestone:  

The single most obvious strain feature in Unit 3 is the broad, meter-scale anticline 

exposed on a cliff face below the mine workings (Fig. 3.12).   Limited outcrop exposure (the 

strata directly above this fold have been mined-out) suggests that only a few 0.3 m thick lime-

stone beds in Unit 3 were folded and that the folding was not manifest further up section.  The 

plunge and trend of this fold is 10, 022.  The contractional strain produced by this fold appears 

to have been accomodated by a dominantly sinistral fault (10o slickenline rake) in Unit 2 just 

below the fold (right-most stereonet in Fig. 3.12).  This fault has approximately 1.8 m of throw 

along it.  Given the fact that the accomodating fault is dominantly a strike-slip fault, this fold 

cannot be a pure fault-propagation fold.  Instead, this fold appears to have formed under a 

mixture of compression and counterclockwise rotation.  Interestingly, the fold is restricted to 

Unit 3 and the accomodating fault is restricted to Unit 2.  This observation supports the fact 

that structures in the Chitistone Limestone (at least at Bonanza mine) have a tendency to be 

confined to a particular subunit even though they may form in a common, regional stress field.  

Unit 3 also contains a series of small thrust faults that verge northeast.  Two of these 

thrusts are associated with small ramp anticlines (Fig. 3.13) and the third with a small  duplex-

like structure within a single limestone bed (Fig. 3.14).  The fault ramps in the duplex are 

spaced approximately 0.3 m apart, in a bed with a total cumulative thickness of about 1.2 m.  

There appears to have been little displacement within the duplex because of the lack of defor-
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Fig. 3.12--Folded Block.  
This is the only moderate-
ly sized fold at Bonanza 
Mine.  Folded and offset 
beds are traced for empha-
sis.  Stereonet A is the pi-
diagram corresponding to 
the fold labeled A.  Notice 
the NE-trend and shallow 
plunge.  Stereonet B corre-
sponds with the gentle flex-
ure labeled B.  Notice that 
its trend and plunge are 
orthogonal to that of the 
‘A’ fold.  However, this fold 
conforms to the regional 
fold pattern shown in Fig. 
3.3.  Thus, the ‘A’ fold has 
formed in a localized NW-
directed compressional 
field.  This is supported by 
the fact that the antithetic 
fault that accomodates the 
‘A’ fold (labeled ‘C’) has a 
P axis (filled circle on net) 
with a NW-trend and shal-
low plunge.  Displacement 
along this fault is ~1.8 m 
in a left-lateral sense.  This 
photo emphasizes the fact 
that structures here have a  
tendency to be localized to 
a certain subunit:  the fold 
only affects Unit 3, and the 
antithetic fault attenuates 
at the top of Unit 2, even 
though they apparently 
formed in concert with 
each other.
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Fig. 3.13--Thrust slices in Unit 3.  Both of these features are small, 
SW-verging ramp anticlines that are situated within small inter-
vals of Unit 3 (not the same interval).  Neither of these faults ap-
pear to affect more than 1-2 m of stratigraphy.  Even so, they are 
significant in that they exhibit the internal structural shuffling 
that has occurred within the Chitistone Limestone.  In addition, 
they show that at least some limestone beds have been pushed 
back to the southwest.  Stereonet A corresponds with photo A. 
Stereonet B corresponds with photo B.  Black dots represent poles 
to bedding; girdles with black squares represent fold axes.  Ham-
mer (circled) for scale in A; telegraph pole in B ~4 m tall.

A B

π: 07, 340π: 43, 311� �
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Fig. 3.14--Series of sub-horizontal, northeast-verging faut-ramps developed within one limestone bed in Unit 3.  
These ramps are stacked like horses in a duplex structure.  However, given the lack of deformation in the overlying, 
confining bed as well as the absence of ramp-related folding within the horses, it appears that these ramps are domi-
nated by fault propagation rather than fault slip (c.f. Erslev, 1991), and therefore these horses have not traveled far, if 
at all.  Thus, the amount of shortening within this duplex is believed to be less than 10% (not specifically measured 
in the field).  Notice also the antithetic floor for the horses and the small shear zone in the Unit 2 that accomodated 
strain in the overlying beds.  The fact that these ramp-faults are now approximately horizontal suggests that thrust 
faulting was an early deformation feature that was tilted by later folding.  Author on rappel (circled in left photo) for 
scale.
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mation in either the overlying bed or within the small horses (similar to the subhorizontal 

thrust shown in Fig. 3.10).  

Unit 3 also contains NE-striking normal faults, the best exposed of which forms a 10 

m cliff on the north side of the Glory Hole workings, just below the ore horizon.  It is unclear 

what the relationship is between the extensional normal faults and the prominent contrac-

tional folds and faults since neither was observed to cross-cut the other.  

In addition to these deformation features, an increased number of calcite veins were 

observed in this subunit compared to the burrowed unit.  The cross-hatched zone on Plate 6  

represents an area of substantial fracture and stylolite development and contains a dispropor-

tionate amount of calcite veins.  Chalcocite veins are as rare in Unit 3 as in Unit 2.  In light of 

this fact, it is suprising that there was an economic mass of replacement chalcocite mined from 

this unit (dubbed the “Little Bonanza” lode by the miners).  Some of the remaining mineraliza-

tion next to this lode is present in the footwall of a small, NE-striking, low-angle, dip-slip fault.

 3.2.2.4. Unit 4, Thick-bedded, “Hard Grey” Limestone:  

The most important strain feature in this subunit is the “flat” fault that forms the bot-

tom of the massive mineralization (Figs. 3.15, 3.16).  It was christened “flat” by the Kennecott 

mine geologists because the fault is approximately bedding conformable (~300, 22).  However,  

at the surface, this fault is neither flat in terms of having a uniformly planar surface nor in 

terms of having zero dip, so when referred to herein, it will be hyphenated:  flat-fault.  At the 

surface, the flat-fault is gently arcuate with local variations in dip between ~10o-25oNE with 

splays that are approximately subhorizontal.  When plotted on a π diagram, the arcuate sur-

face has a fold axis orientation of 07, 011.  Fault gouge, under both the gently dipping main 

flat-fault and the subhorizontal splay, was observed to be up to 18 cm thick and to consist of 

crushed, recrystallized, and rounded carbonate fragments up to 3 cm across.   A subhorizontal 

chalcocite seam with an average thickness of ~6 cm (maximum thickness in one pod is 17 cm) 

is present on top of the fault surface with some of this mineralization comprising the matrix of 

the fault breccia.  Where present, slickenfibers suggest hangingwall transport to the east.  No 
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Fig. 3.15--Main flat-fault in Unit 4.  A)  Photo showing gently-
dipping, curviplanar, azurite-stained fault surface that is approxi-
mately bedding conformable.  The small bench that Knox is seated 
upon is a subhorizontal vein of chalcocite that has formed on top 
of a surface of fault gouge of variable thickness (emphasized with 
brackets in this photo, partially shown in Fig. 3.16).  B) Closer im-
age of a fault splay interpreted to be part of the main flat fault.  
The 10 cm layer (marked X) is a layer of fault breccia comprised of 
clasts up to 3 cm across that are in a variable matrix of recrystallized, fine-grained calcite and, in places, chalcocite.  
This image taken about 2 m to the left of Knox as seated in photo A.  C) Close-up of gouge along flat fault.  Below the 
pencil tip is a pocket of fault gouge in a matrix of chalcocite.  Above the pencil tip (marked ‘cc’) is a small 0.5 cm thick 
horizontal vein of chalcocite.  D) Pi diagram of low-angle fault surfaces in Unit 4, including that shown in image A.  
Trend and plunge of the Bonanza orebody is also shown for comparison.  This photo attests to the report:  “[the ore 
solutions] lacked the vigor to penetrate far into massive limestone . . . and were terminated abruptly by insignificant 
slips and bedding planes” (p. 22, Bateman and McLaughlin, 1920).
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Fig. 3.16--Subhorizontal splay off the main flat-fault as shown in Fig. 3.15, image facing southwest.  Flat chalcocite 
veins are present above a curved, slickensided surface interpreted to be a flexural-slip surface from the folding of the 
competent “hard grey” limestone.  Circled area is a high-angle normal fault that exhibits the archetypal look for faults 
near Bonanza mine:  limited in extent and colorful with copper-carbonate and calcite mineralization.  This fault most 
likely formed in reponse to the folding of the underlying limestone bed.

evidence was found to determine the amount of displacement along the flat-fault.

Given the fact that the flat-fault occurs at the horizon where limestone below gives 

way to dolomite above (~25 mstrat), its location appears to have been controlled by a rheologi-

cal contrast between the limestone and dolomite. 

An examination of the limestone footwall underneath the flat-fault shows that, in gen-

eral, bedding has been obscured by a series of small arcuate fault planes (Fig. 3.17).  These 

steep, arcuate faults are interpreted to be back thrusts with very little displacement and appear 

to be compensatory faults for the main flat-fault.  Since there is very little displacement on 

these back thrusts, it is suspected that the main flat-fault has also experienced only a small 

amount of displacement.  

Another low-angle fault that has been mineralized by chalcocite is present northwest 

across the Glory Hole from the main flat-fault (Fig. 3.18).  This fault is located about 3.5 m 

below the main flat-fault, but given the attitude of this second fault (236, 24), it could easily 

intersect the main flat-fault where the mine workings are.  This fault exhibits a well devel-
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Fig. 3.17--Footwall deformation below major subhorizontal fault that intersects the arcuate “flat” fault shown in Fig. 
3.15.  Solid lines indicate slip planes; dotted lines indicate fractures.  Large arrows show major transport direction 
of faults; small arrows indicate minor backthrust accomodation of strain developed during movement of the larger 
faults shown.  Back thrusts all strike northwest, perpendicular to direction of implied transport of the hanging wall.  
Red indicates primary chalcocite mineralization.
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Fig. 3.18--Northern extension of main flat fault exposed on the norhtwestern edge of the Glory Hole.  Although shal-
low in dip (24oNW), the inclination is more than enough to account for the slight difference in stratigraphic height 
between this fault and the main flat fault.  A) Outcrop view.  The flat fault is present at the break in slope between 
the lower talus zone and the upper steep outcrop.  Hammer (circled) for scale.  B) Close-up of the fault fill material.  
Rounded block on left is a clast of carbonate fault breccia.  Clayey material is to the right of the pencil.  No mineral-
ization is seen in this photo.  Thickenss of fault zone ~12 cm.    
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Fig. 3.19--Antiformal, slickensided fault surface in Unit 4 (“humphrey”) interpreted to be a mullion.  White patches 
on its flank are calcite; reddish are goethite; blue are azurite.  Trend and plunge of the hinge of this hump is consis-
tent with the large mesoscopic fold in Unit 3 (i.e., Fig. 3.12) and curviplanar fault surfaces (i.e., Fig. 3.15) at Bonanza 
mine.

oped rubble zone along its length, including fault breccia up to 10 cm across and clayey fault 

gouge up 8 cm.  The clayey gouge appears to have acted as a barrier against mineralizing flu-

ids.  Where the fault-conformable mineralization is thickest, there is no clay gouge; conversely, 

where the clay gouge is thickest, there is no mineralization.  Given the interpretation that this 

low-angle fault is actually a continuation of the main flat-fault, it is important to recognize that 

this flat-fault surface is  actually antiformal with a shallowly NE-plunging axis.

A few fault surfaces in Unit 4 are exposed well enough to see that, in the third dimen-

sion, they are roughly cylindrical forms.  One such surface (nicknamed “humphrey”) is 

antiformal in shape with dimensions of about 2 m across by 1 m high (Fig. 3.19).  It is present 

just below the main flat-fault stratigraphically (but not in map patten; it is about 10 m to the 

south of the exposed flat-fault).  The hinge of this feature plunges 18, 020 which closely cor-

responds to both the gentle flex of the flat-fault (Fig. 3.15) and the somewhat tighter fold in 

the folded block of Unit 3 (Fig 3.12).  It does not appear to be formed by the intersection of 

low-angle faults planes and is interpreted to be a single mullion.  This fold-like form is not 
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P-axis scatter plot (n = 3):
T-axis scatter plot (n = 3):

LINKED BINGHAM AXES
  Eigenvalue  Eigenvector (T&P)
  1.   0.4027     233.3°  23.7°
  2.   0.0410     325.4°   4.9°
  3.   -.4438      66.3°  65.8°
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3
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Fig. 3.20--Synformal, cylindrical, slickensided fault surface.  This curved fault plane may be a mullion, though it has 
a longer longitudinal axis than the one shown in Fig. 3.19.  The plunge of this curviplanar surface (shown in upper 
stereonet) is similar to those in Fig. 3.12 and 3.15, but the trend is about 60o further east.  Kinematic analysis (lower 
stereonet) shows that this fault has a high-angle, NE-plunging principal shortening axis (3 on net).

dolomitized and may have formed in response to a competency contrast between the lime-

stone section (ductile) below and the partially-dolomitized (slightly more brittle) section above 

(Ramsay and Huber, 1987).  This surface has only scant, dip-conformable azurite and goethite 

mineralization on its flanks.  

A second curved surface was observed in Unit 4.  It is synformal in shape and has 

dimensions of about 4 m long by 2 m wide by 0.5 m high (Fig. 3.20).  It is present ~6 m below 

the flat-fault (both in terms of map pattern and in stratigraphy), near the contact with Unit 

3.  One “limb” of this curved surface can be traced along the vertical mine workings for about 

15 m suggesting that at least one of these limbs is actually a low-angle fault surface.  Given 

the vertical outcrop, it cannot be distinguished for the other limb whether it is the product of 

an intersection with another fault, the continuation of the first fault, or simply a local strain 

feature.

In a similar fashion, along the eastern edge of the Glory Hole workings there are 

numerous, low-angle, curviplanar surfaces that neither conform to bedding nor appreciably 
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Fig. 3.21--Large-scale map (~1:300) of low-angle slip planes in Unit 4.  Most of these slip planes are stratigraphically 
just below the main ore-controlling flat fault.  The irregular fault trace near the map key is the most substantial bed-
ding-conformable fault at the mine and is believed to have been the base of the Bonanza orebody.  Low-angle fault 
data were subdivided out of the full flat-fault data set according to spatial location.  Two of the fault sets are color-
coded because they are lower stratigraphically than the other faults.  The sea-green fault plane solution belongs to 
bedding parallel faults at the top of Unit 3.  The blue fault plane solution belongs to flat faults in Unit 4 below the main 
flat fault (exposed in the “Little Bonanza” workings).

displace bedding.  Many of them have calcite slickenfibers on their surfaces.  Thus, they are 

interpreted to be small, undulating faults.  A large-scale map of these faults (Fig. 3.21) shows 

where low-angle faults intersect the surface (traces) and shows the attitude of the fault surfaces 

with carefully placed strike and dip symbols.  In several cases, a single fault plane will have 

multiple strike/dip symbols.  These have all been shown in order to emphasize the undulating 

nature of these fault planes.  Five linked Bingham axes plots are shown according to the spatial 

distribution of low-angle faults that yielded kinematic data.  They were subdivided in order to 

determine if there were any differences in the ideal principal strain axes between them, espe-

cially with regard to stratigraphic height (i.e. top of Unit 3, bottom of Unit 4, and middle of 

Unit 4).  A summary π diagram (Fig. 3.22) shows that these fault plane mullions or undulations 

all plunge shallowly toward the northeast (17, 024).  The trend is about 30o from the trend of 

the Bonanza orebody; however, their plunges are very close.  In addition, the π analysis shows 

a non-cylindrical fit to the data.    

Given the size of the pit at the Glory Hole, it is probable that, originally, Unit 4 was at 

least well-mineralized, if not the best mineralized.  If the flat-fault in Fig. 3.15 was indeed the 

base of the orebody, then the most massive, highest-grade ore sat on top of it.  Thus, per unit 

volume, the upper half of Unit 4 probably hosted some of the richest copper ore at Bonanza 

mine.  However, at present the bulk of the mineralization left after mining is restricted to the 

subhorizontal splay off the flat-fault (as shown in Figs. 3.15 and 3.16) and in minor high-angle 

veinlets (<1 cm wide), most of which occur in the block just above the subhorizontal splay 

(upon which the geologist is seated in Fig. 3.17).
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Fig. 3.22--Π-analysis for the curved fault surfaces mapped in Fig. 3.21.  The plunge of undulations on the faults and 
the orebody are very similar, and both are approximately bedding-conformable.  However, there is a difference of 30o 
between the π trends for the ‘average’ flat fault and the Bonanza orebody.
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3.2.3.  Deformation in the dolomitized section of the Chitistone Limestone

Unit 5 and the lowest third of Unit 6 (approximately 30-66 mstrat--lies on top of the 

first algal mat) contain the rest of the mineralized horizon which was hosted in a large N50E-

striking fissure (now mined-out).  Because of the extensive open-pit style mining at the surface 

and the subsequent collapse and/or closure of the mine workings, no definitive evidence was 

found for the host fissure whether projected up-dip into overlying strata or along strike into 

Bonanza cirque, east of the mine.  One fault trace was found in the very back of the Glory Hole 

in the ceiling of a 10 m high stope-cave.  The estimated attitude for the fault was 235, 75, and it 

displayed a few centimeters of left separation.  Given the overhanging nature of the stope and 

the fact that the workings directly below it were flooded, there was no good way to get to the 

fault to measure a slickenline rake.  Mineralization along this fault was no longer perceptible.  

Thus, it is certain that this fault/vein was being mined, but it is unclear whether this fault was 

part of the main fissure reported by Bateman and McLaughlin (1920).

Despite uncertainty about the primary host fissure, other structures within these units 

are worthy of description and kinematic analysis.  These are primarily high-angle faults and 

mineralized veins.  Importantly, no bedding parallel faults were observed in the dolomitized 

section above the main flat fault near the top of Unit 4.
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The prominent morphological features on the northwestern side of the Glory Hole 

(and also the northeastern ridge above Bonanza cirque) are a series of jagged spires of intensely 

fractured dolomite described by Bateman and McLaughlin (1920) as hoodoos (Fig. 3.23A).  

These hoodoos are bound by a prominent high-angle fracture set oriented N15W (Fig. 3.23B).  

Most of these fracture planes show no evidence for slip either because there was no movement 

along them, there were no slickenfibers formed during movement, or because slickenlines 

were obscured by a later overprinting of limonite stain.  Even so, two of these planes did yield 

reliable slickenline data which suggests that the hoodoos are fault-bound.  Fault kinematic 

analysis yielded a low-angle, NW-oriented principal shortening direction during formation 

(Fig. 3.23C).  The attitudes of, and modeled strain for, these two faults coincide with a set of 

high-angle sinistral faults in Unit 2 (olive green in Fig. 3.9).

Both in the Glory Hole and eastward into Bonanza cirque there are a series of high-

angle NE-striking faults that, with only a few exceptions, dip to the southeast (refer to Plate 5; 

Fig. 3.24A).  Although these faults all propagated farther than the small slip planes described in 

lower units nearest the mine, none of these faults cut all the way down to the contact with the 

Nikolai Greenstone.  In addition, none of these faults show much displacement, as evidenced 

by the lack of either distinctly offset beds and/or drag folds next to the faults.  

Based on cross-sections through the geologic surface map and the Bonanza under-

ground mine maps, one of these faults that daylights about 200 m east of the Glory Hole aligns 

with the Birch vein workings.  The attitude for this fault is 043, 51. Slickenlines suggest normal 

movement along it.  The amount of displacement could not be determined.  This fault had 

trace azurite and hematite slickenlines.  Importantly, this fault has a halo of dedolomitiza-

tion around it which indicates that mineralizing fluids flowed along the fault (more on this in 

Chapter 4).  Thus, this fault appears to have formed prior to the mineralization event such that 

dedolomitizing and copper-bearing fluids could penetrate it, and its last movement appears 

to be sometime after the deposition of the hematite.  Underground mine maps show that the 

Birch vein strikes more northerly than the main Bonanza orebody and that the two intersect 

near the 400 level.  In addition, the structural contour map for the Nikolai Greenstone (refer to 
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Fig. 3.23--A) Overview photo looking SW showing the form of the hoodoos on the edge of the Glory Hole at Bonanza 
mine.  Although scale is variable in this perspective, these hoodoos vary in height between ~6 m (the nearest one) to 
~16 m (the farthest one).  B) Stereonet of attitudes for the fractures bounding 10 different hoodoos (some of which 
are unseen below the foreground from this vantage point).  C) Stereonet of a subset of fault data isolated from that 
shown in B.  One of the faults in this plot is circled on the lower right in photo A.  Arrows symbolize hanging-wall 
movements.  P-axes are solid circles; T-axes are hollow squares; linked Bingham Axes are solid diamonds showing, 
on average, NW shortening and SW extension.  These faults are consistent with the ~N15W sinsitral faults in the 
lower burrowed unit.  
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Fig. 3.24--A) Stereonet for high-angle faults in Bonanza cirque, east of the Glory Hole.  Eight faults strike NE and 
mostly dip SE.  Two of these faults yielded kinematic information (arrows show hanging-wall movement).  The ide-
al shortening axes for these two faults are nearly vertical, while the ideal extension axis is almost horizontal to the 
southeast.  These ideal strain axes fit the model for extension of a NE-striking fault fissure as reported for the Bo-
nanza orebody.   B) Attitude for veins near the major orebodies mined by Kennecott (data taken from MacKevett et 
al. (1997)).  In addition, approximate trend and plunge for the four largest orebodies shown by stars.  Notice the simi-
larity of the attitudes of these veins with the faults shown in A.
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Plate 3) shows that the Birch Vein is nearly parallel to the Motherlode orebody (~N32E).  Thus, 

this fault curves with depth (shown in the 3D model in Chapter 5).  

MacKevett et al. (1997) report that, excluding the four major orebodies (Bonanza, 

Jumbo, Motherlode, Erie), at least 16 other NE-striking veins were mined near Bonanza-

Motherlode.  Additional NE-striking veins (the number is not reported) were worked near 

both Jumbo and Erie. Importantly, the major orebodies trend in the same direction that these 

16-plus high-angle veins strike.   Comparing the high-angle faults in Bonanza cirque with the 

high-angle veins and major orebodies shows just how closely the main ore zones parallel high-

angle faults (Fig. 3.24).

3.2.4. Reactivated faults in the Chitistone Limestone

A number of faults at Bonanza mine were observed to have two slickenline orienta-

tions.  These orientations were interpreted to represent two periods of faulting--an earlier 

period and a later, reactivated period.  No direct field observations link these two periods of 

faulting to the mineralization event.  However, by inferring timing from strain axes orienta-

tions, there is a clear association between the reactivated movement of earlier faults (Fig. 3.25) 
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Fig. 3.25--Multiple motions along faults in the Chitistone Limestone at Bonanza mine deduced from two different 
slickenline orientations along those faults.  A) Plot for 8 faults with slickenlines.  In general, the earlier movements 
(black arrows) were dextral, while the later movements (grey arrows) were normal.  These faults are distributed 
throughout the first 100 mstrat at Bonanza mine and therefore were not restricted to either limestone or dolomite.  B) 
Plot of strain axes for these 2 generations of faults.  Notice that the primary shortening axis (3) shifts from low-angle 
ENE-trending (29.3, 077.3--black diamond) to high-angle, ENE-trending (77.8, 087--grey diamond).  Thus, the trend 
of the principal shortening axis changed little, but the plunge steepened by ~60o.  Notice also that the principal ex-
tension axis (1) shifts from almost due S (175--black diamond) for the earlier motion to NW (322--grey diamond) for 
the later motion.  The extension axis for this later fault motion is perpendicular to the Bonanza and Jumbo orebodies 
(both ~053)--exactly what should be expected if these orebodies are extensional veins. 

A B
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and the mineralized faults (Fig. 3.24) in terms of their fault and strain axis orientations and 

slip-senses.    

Although determining the relative timing of these slickenlines was not always straight-

forward, the following criteria were used to distinguish between them:  If one slickenline 

orientation dominated over the other one in terms of being better developed and more exten-

sive, it was considered younger on the assumption that younger slickenlines overprint, and 

thereby obscure, older ones.  If one slickenline could be found on the footwall versus another 

one being developed on a vein formed along the footwall, the footwall slickenline was deemed 

older than the vein slickenline on the assumption that, over time, the vein grows from the foot-

wall outward.  

The data (Fig. 3.25) show that strain exhibited by movement of the earlier faults had 

both low-angle shortening (29, 077) and low-angle extensional (14, 175) axes.  Strain axes 

produced by later, reactivated fault movement shifted to high-angle shortening (78, 087) 

but stayed low-angle extensional (07, 322), although the extension orientation rotated 33o 

counterclockwise.  Importantly, the extension axis for the later normal movement is exactly 

perpendicular to the orientation of the Bonanza and Jumbo orebodies (both striking ~053).  

This should be expected if the orebodies are extensional veins.  The orientation of the later 

extensional strain axis also suggests that the major orebodies formed during later, dominantly 

normal, fault movement  rather than the earlier, dominantly sinistral shear, movement.

3.2.5. Mesoscopic veins in the Chitistone Limestone

Multiple sets of cm-scale veins, both chalcocite and calcite, were observed at Bonanza 

mine.  Chalcocite vein orientations (Fig. 3.26A) are particularly useful in determining struc-

tural controls on mineralization because hypogene chalcocite filled available extension 

fractures, and thus their orientation gives the fractured state of the host rock prior to or, at 

latest, coincident with the mineralization event.  Thus, they can be used to model stress ori-

entation before and during the mineralization event.  The dominant strikes for high-angle 

chalcocite veins are N60-80E, N40-50E, N10-30W, and N80-90W.   Respectively, these vein 
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Fig. 3.26--Rose diagrams and stereonet plots for mesoscopic chalcocite and calcite veins at Bonanza mine.  A) Rose 
diagram and stereonet to show orientations for chalcocite veins.  The rose diagram shows a dominantly N70E/S70W 
strike.  Secondary vein orientations include N50E (parallel to main Bonanza orebody), N20W (parallel to sinistral 
faults in Units 2 and 5) and N80W (parallel to dominant attitude of epidote veins in underlying Nikolai Greenstone).  
The stereonet shows that a substantial fraction of the veins are low-angle, approximately bedding conformable.
B) Rose diagram and stereonet to show orientations for calcite veins.  The rose diagram shows a dominantly N70E 
attitude  with lesser attitudes at N50E (parallel to main Bonanza orebody) and S50E (approximately equivalent to the 
“cross-shear” reported in Bateman and McLaughlin, 1920).
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orientations correspond to a strong, mineralized and dedolomitized joint set at the edge of the 

Glory Hole (shown on Plate 6), the main Bonanza orebody, sinistral faults in Units 2 and 5, and 

roughly the epidote veins in the Nikolai Greenstone.

Chalcocite veins at Bonanza mine are restricted to a limited stratigraphic range.  The 

lowest veins were found at about 8 mstrat and the uppermost veins were found near 80 mstrat.  

The replacement body at ~16 mstrat, “Little Bonanza”, is amorphous in shape and has no veins 

leading into or out of it.  Therefore, it is not included in this assessment of mineralized veins.  

The majority of the mineralized veins and fractures occur above the flat-fault (>26 mstrat).  Most 

of the veins between 13-26 mstrat are cm-scale stringers in both length and width that are con-

trolled by approximately vertical fractures.  A few of the veins near the 70-80 mstrat level are 10’s 

of cm wide by several meters long.  These veins occupy extension fractures but, in some cases, 

have slickenlines developed on their margins suggesting syn- to post-mineral movement along 

them.  In a few places, most notably around the interval near the flat-fault, there are horizontal 

to subhorizontal chalcocite veins, some of which contain pods of mineralization.

The immediate vicinity of Bonanza mine is rife with calcite veins.  In fact, this is one 

of the distinguishing features of the narrow zone of rock affected by mineralization at Bonanza 

mine compared with the broad expanse of surrounding unmineralized limestone country rock.  

When traversing along strike from the Glory Hole, within 200 m either direction, the number 

of calcite veins and calcite slickenfibers drops off to almost nil.  

Like the chalcocite veins, the calcite veins have multiple orientations.  The dominant 

planes form two orthogonal sets oriented N40-50E and S50-60E, and one set oriented N70-

80E that divides the orthogonal set (Fig. 3.26B).  Subhorizontal calcite veins were rare, but at 

least one low-angle, normal, fault jog with 2-3 cm displacement was filled by calcite (Fig. 3.27).

3.3.  Interpretation of Stress and Strain at Bonanza Mine 

At Kennecott, the regional compressional axis (σ1) is consistently low-angle and NE-
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Fig. 3.27--Low-angle, normal fault jog filled with calcite.  This is in Unit 4 at Bonanza mine. 

trending as interpreted from the fairly uniform π axes for major regional folds (both late 

Jurassic to early Cretaceous recumbent folds and late Cretaceous broad folds--e.g. Fig. 3.3).  

Local field evidences at Bonanza mine for this NE-trending σ1 include:

1. Gentle NW-trending synclinal warping of the lower contact of Unit 2 (Fig. 3.12) and the 

Nikolai Greenstone-Chitistone Limestone contact (W. Grant, pers. comm., 2002). 

2.  NE-verging thrust faults found within confined stratigraphic intervals in Unit 3 (Figs. 

3.13, 3.14).

3.  The major mineralized Bonanza “fissure” trending ~N50E along with the NE strikes of  

~45% of measured mesoscopic chalcocite extension veins (Fig. 3.26).

4.  A series of sub-parallel, high-angle, NE-striking faults (all apparently normal), including 

the Birch vein fault observed in Bonanza cirque (Fig. 3.24).

5.  Both earlier dextral and later normal movements on the same faults near Bonanza mine 

(Fig. 3.25)

5.  Sinistral shear and normal extension of some ENE-striking epidote veins in the Nikolai 
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Greenstone (Fig. 3.7).

However, a number of other structural features at Bonanza mine could not have 

formed by a purely NE-trending σ1.  These required a localized NW-trending σ1.  The follow-

ing structures are compelling evidence that a localized, NW-directed, compressional stress 

must have existed prior to the mineralization event:

1.  The meter-scale anticline affecting only a few beds within Unit 3 as well as its accomo-

dating fault below in Unit 2 (Fig. 3.12).

2.  Numerous meter-scale, NW-striking, high-angle, sinistral and dextral faults that appear 

to be conjugate and mostly confined to Unit 2 (Fig. 3.9).

3.  Unusual, singular, NE-trending curviplanar fault surfaces that are interpreted to be mul-

lions (Figs. 3.19, 3.20).

4.  ~N50W “cross-faults” reported from underground by Bateman and McLaughlin (1920) 

and shown on the Bonanza underground plan maps. 

5.  NW strike of ~25% of measured chalcocite extension veins (Fig. 3.26).

6.  Dextral shear exhibited by some epidote veins in the Nikolai Greenstone (Fig. 3.7).

Based on field observations, cross-cutting relationships between the products of NW 

compression and those of NE compression are uncertain.  The underground maps do not 

clearly show the main mineralized fissure cross-cutting the cross-faults, even though bedding 

has been clearly offset by 0.5-1 m along the Bonanza orebody (exhibited in the 3D model in 

Chapter 5).  Neither do the cross-faults offset the Bonanza orebody.  In addition, the meso-

scopic anticline in Unit 3 and the mullions in Unit 4 were not oberserved to be cross-cut by 

NE-striking structures.  Thus, it is more plausible that these structures formed at approxi-

mately the same time under the same regional, NE-trending σ1.  If so, this would necessitate, 

at least locally and probably only temporarily, the existence of a 3-Dimensional (non-plane) 

strain field to account for simultaneously formed NW- and NE-shortening structures (Reches, 

1983; Reches and Dieterich, 1983; Krantz, 1988).  

A summary stereonet shows the approximate orientations of shortening axes for these 

various structures (Fig. 3.28).  Of these, the high-angle shortening axes are associated with the 



72

major structural controls on the Bonanza orebody:  flat-faults (shortening axis:  69, 060) bound 

the bottom of the orebody, and the high-angle, normal faults  (shortening axis: 78, 282) control 

the strike orientations of the major orebodies and veins mined by Kennecott.   

Thus, the following model is proposed for the formation of structures at Bonanza 

mine:  

1.  A low-angle, NE- to ENE-trending σ1 drives all structural deformation through the end 

of the Mesozoic during the accretion of Wrangellia.  This is evidenced by the uniform 

NW/SE-trending, shallowly-plunging fold axes for all folds developed in the Kennecott 

district (including folded late Cretaceous strata which sit above the distinct regional 

angular unconformity marking the orogeny).  

2.  Low-angle NE-trending shortening formed early NE-striking, high-angle, dextral faults 

at Bonanza mine.  NW-trending shortening formed NW-striking conjugate strike-slip 

faults and NE-trending mesoscopic folds.  All available evidence suggests that these 

structures formed coevally in an areally-limited 3-dimensional strain field.  It is unclear 

what local mechanism established the coeval NW-shortening.

3.  As the structural imbrication and folding progressed (as observed at Donoho Peak, Ama-
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Fig. 3.28--Summary stereonet of approximate orientations for shortening strain axes for observed structural features 
at Bonanza mine.  
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zon Gulch, and Glacier Creek), shortening axes became increasingly high-angle along 

the upright Nikolai-Chitistone contact on Bonanza Ridge.  A fold similar to that shown 

in the B-B’ cross-section (Plate 2) would yield an additional 1.5 km of overburden which 

would represent an additional 50 MPa (0.5 kbar) of high angle compressional stress on 

the rocks below.  New structures developed while others were reactivated resulting in 

high-angle, NE-striking normal faults and low-angle flat-faults.  These structures were 

then mineralized.  Given the fact that the Kennecott deposits were formed by very low 

temperature mineralizing fluids (see Chapter 5), it is strongly suggested that the domi-

nant structural controls formed along with subsequent mineralization during the waning 

stages of Wrangellia accretion (during the middle Cretaceous, ~110-100 Ma).

In summary, the orebodies at Kennecott formed as the result of largely brittle strain 

in the lower Chitistone Limestone during the waning stages of the late Jurassic-middle Cre-

taceous orogeny.  Mineralizing fluids took advantage of high-angle, dominantly normal faults 

and were bound below by low-angle, approximately bed-parallel faults.  Structures formed 

by NW-trending compression structures appear to be coeval with those formed by low-angle 

NE-trending compression, both of which slightly predate mineralized structures formed by 

high-angle, NE-trending compression, which in places, reactivated earlier structures.  

It is speculated that the largest orebodies were developed along the best structures in 

the middle of a stratigraphic basin (as described in Chapter 2) for the very reason that thicker, 

basin-centralized rocks, when structurally stacked, will provide a thicker and, therefore, 

greater high-angle stress than basin-marginal rocks thereby forming more favorable structures 

for mineralizing fluids to utilize. 

3.4.  Structural Geology of the Kennecott District--A GIS Approach

3.4.1.  Introduction and Conceptual Model

As a final project for a GIS course, structural data from the tectonic map of the Ken-

necott district (Plate 1) were analyzed in terms of its proximity to mineralization in order to 
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model the spatial relationships between fault orientations and regional copper mineraliza-

tion.  The goal of the project was to determine which structures, if any, were most proximal to 

mineralization.  The conceptual model for the project was:  the Kennecott orebodies are struc-

turally controlled.  The WMC Capture Efficiency/Contrast Model was used to model which, 

if any, structural features are related to copper occurrences in the Kennecott district.  For the 

purposes of this model, two assumptions had to be made that are not necessarily valid in the 

field:

1.  Spatial proximity of a structural set to a copper occurrence is directly proportional to the 

degree of structural control of a particular structure set on a particular copper occur-

rence. 

2.  All copper occurrences in the Kennecott region, irrespective of mineralogy, size, or host 

lithology, can be modeled equally to achieve the same conclusions about structural con-

trols on mineralization.

3.4.2.  Data Sources and Processing Methods

In order to create the evidential themes necessary for this project, the following data 
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������������������Fig. 3.29--Objects modeled from the digitized 1:63360 Mc-
Carthy quadrangle geologic maps.  Eight evidential themes are 
buffered to a given radius.  Modeled parameters are then cap-
tured by these buffers.  The efficacy of capture is evaluated by 
the Capture Efficiency and Contrast terms.
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were acquired:

1.  USGS McCarthy geologic quadrangle maps (B-4, B-5, B-6, C-5, C-6),1:63,360 scale. 

2.  Digital elevation models (DEMs) from the USGS website:  McCarthy Central and 

McCarthy East, 1:250,000 scale.

3.  A .shp (“shape”) file of the Mineral Resources Data System (MRDS) database established 

by the USGS for all ore deposits in the United States.

 The above data were managed in the following ways:

     1.  McCarthy quadrangle maps were scanned, registered, and rectified in order to digi-

tize and attribute coverages in ArcInfo.  Specifically three coverages were generated:  

faults and axial traces, Nikolai-Chitistone contact, and copper prospects, the first two of 

which were arc coverages, while the third was a label coverage.

     2.  In ArcView, the digitized data was reclassified to generate 8 evidential themes (Fig. 

3.29) .

The MRDS.shp file was used to attribute the copper prospects by mineralogy.  All cop-

per occurrences included all 70 copper prospects shown on the 5 McCarthy Quadrangle sheets, 

including copper oxides and copper sulfides in both the Nikolai Greenstone and the Chitistone 

Limestone.  Known Copper Sulfides (45 occurrences) separated out the unknown and non-sul-

fide copper occurrences from recognized copper sulfides hosted by both units.  Linear Copper 

Sulfide Trend (22 occurrences) was determined by a particularly interesting NW-SE linear map 

pattern of copper sulfide prospects/mines hosted in both units.  Payable Lodes (6 occurrences) 

were the rich deposits hosted only in the Chitistone Limestone that the Kennecott Corpora-

tion mined for a profit.

Due to the lack of dip and kinematic data, the faults were reclassified according to 

strike only.  Thrust faults were lumped together into one class regardless of their strike direc-

tion.  For folds, only the trends of the axial traces were used because of the lack of plunge data 

for the folds.  However, orientation data acquired after the modeling reveals that the regional 

folds are all shallowly-plunging (i.e., Fig. 3.3), so it is of no consequence that this parameter 

was left out of the model.
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The Nikolai Greenstone/Chitistone Limestone contact was digitized as an arc and was 

inferred where it crossed glaciers and Quaternary units in order to make one continuous con-

tact that could be modeled.

Two digital elevation models (DEM) were downloaded from the USGS website and 

were combined in ArcInfo to form a grid.  Using this grid, a hillshade was generated to simu-

late topography, which was simply a visual aid for the presentation and had no bearing on the 

project results.

Lastly, a study area (i.e., targeting) theme was generated.  This area was bound by a 

rectangle that was only slightly larger than the generated fault coverage (approximately 

1800km2).  Using this study area theme and the 8 evidential themes, modeling was ready to 

begin.

3.4.3.  Modeling

In ArcView 3.2, the WMC Capture Efficiency Tool (developed by Western Mining Cor-

poration to simplify Bayesian Weights of Evidence Modeling) was used to determine Capture 

Efficiency (CE) and Contrast of a particular fault/axial trace set in relation to a particular cop-

per subset.  For this model, CE is defined as the ratio of the proportion of points captured to 

the proportion of area selected.  Thus, a greater CE is achieved when a larger number of points 

(i.e. copper prospects) are captured within a smaller area (i.e. the narrowest buffer around a 

particular fault set).  A CE > 1 is considered statistically meaningful.  Contrast is defined as 

the ratio of capture efficiency to exclusion efficiency—in other words, the proportion of points 

captured within a buffered area divided by the proportion of points not captured outside of 

the buffered area.  Because these two terms are ratios, they yield unitless results.  For this par-

ticular study, Contrast was determined to yield the most desirable values in terms of modeling 

because it could distinguish between equal CE’s.  Therefore only Contrast values were graphed 

to show which fault orientation  most closely correlated to orebodies.  

Each of the fault subsets were buffered at a given distance, and then a particular subset 

of copper prospects was captured to measure CE and Contrast.  A ‘test’ fault set (NE-striking) 
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was used to determine the minimum buffering distance necessary to yield meaningful Contrast 

results. Buffers were chosen at 200 m, 100 m, 50 m, 25 m, 10 m, and 3 m.  NE-faults yielded 

significant Contrast values with as narrow as a 10 m buffer.  For any other structural features 

to be meaningful in the model, they would have to show a meaningful Contrast value using a 

10 m buffer or narrower.  Thus, buffer distances used around structural subsets were 100 m, 

10 m, and 3 m.  Each of these buffers were used on each of the evidential themes encompassed 

within each of the four copper subsets--a total of 96 iterations. 

3.4.4.  Observations and Conclusions from the GIS Model

The results of the Contrast test were consistent but unexpected (Fig. 3.30).  The 

Kennecott underground mine level plan maps document that the orebodies themselves are 

NE-trending, approximately linear fissures.  Thus, one would expect there to be high contrast 

values associated with NE-striking structures in the region.  However, it was repeatedly shown 

that the highest Contrast values, with ratios as high as 6.2 (where >1 is meaningful), were 

generated by the contact between the Nikolai Greenstone and Chitistone Limestone.  This sug-

gests that, on a regional scale, copper occurrences are more stratigraphically-controlled than 

structurally-controlled and depend heavily (if not exclusively) on the contact between these 

two lithologies for formation.  

Consistently second to the Nikolai-Chitistone contact were the NW-striking faults 

with contrast values as high as 5.6.  This result was unexpected because the association 

between mineralization and NW-striking faults has not been well documented in the litera-

ture.  More importantly, field evidence from Bonanza mine shows that in general NW-striking 

faults (i.e. cross-faults) are, at best, scantly mineralized.  

Surprisingly, the NE-striking faults ranked third with Contrast values of 2.0-3.5.

Although hosted in a thrust-faulted terrain, none of the ‘Known Copper Sulfide’ pros-

pects were captured by a buffered thrust fault (even at 100 m).  The one exception to this was 

for thrust faults capturing ‘All Copper Occurrences’, which showed a Contrast of ~3.5.  It is 

suspected that this anomalous value was generated by a single copper occurrence in the Niko-
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lai Greenstone. 

Except for one location, neither of the axial trace sets was successful in capturing any 

of the copper prospects.  The one exception was opposite of what was expected because it was 

a NE-SW-trending axial trace that was the capturer.  It is reported that the major Kennecott 

orebodies lie on the west limb of a shallowly-plunging, NW-trending syncline (MacKevett et 

al., 1997).  Thus, it was expected that the NW-SE-trending axial traces would be more capture-

efficient than they proved to be.  These data suggest that copper occurrences in the Kennecott 

district are hosted either in the limbs of folds or in altogether unfolded strata but never near 

the hinges of folds.

Conclusions from the GIS modeling alone suggest that, regionally, copper deposits in 

the Kennecott district are in fact stratigraphically-controlled by the presence of a brittle, favor-

able host limestone sitting on top of a copper-laden greenstone.  Contrast modeling predicts 

that both NW- and NE-striking, high angle faults are associated with mineralization.  Of these, 

the NW-striking faults consistently yield higher Contrast values.  

3.4.5.  Further Work in GIS

To improve the exploration model for Kennecott-type deposits using a GIS approach, 

more data on several fronts are necessary:

1.  Detailed structural data, such as attitudes of regional faults, would provide more distinct 

fault subsets that could be used to tie specific structural trends to mineralization.  Better 

still would be slip sense along the faults and age relationships of the various structural 

features that would allow Kennecott to be placed into a regional strain field.

2.  Detailed stratigraphic columns and maps that show key stratigraphic units and any asso-

ciated alteration features.  

3.  A geochemical map, especially of trace elements, of the area would be useful to generate 

a forward exploration model for these copper deposits.  However, because the underly-

ing Nikolai Greenstone is so intrinsically copper rich, testing for anomalous copper in 

the Kennecott District would probably prove futile; in fact, the entire district is anoma-
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lous with respect to copper.  However, other trace elements such as Ag, As, and Zn (e.g. 

Megiris and Sood, 1986) and Hg (e.g. Eppinger et al, 1999) could be useful in finger-

printing other rich Chitistone-hosting copper deposits.  

4.  Detailed gravity and conductivity surveys in the Kennecott area would contribute to the 

model by identifying mineralization trends and structural associations in the region.  

However, given the National Park status of this area, it is unlikely that any geochemical 

exploration will be forthcoming.
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CHAPTER 4

ALTERATION and BRECCIATION

4.1.  Alteration

Bateman and McLaughlin (1920) used the term ‘remarkable’ to describe the fact 

that there was no gangue mineralization or silicification of the wallrock at Kennecott.  They 

described limited zones of recrystallized carbonates that appeared to be related to mineraliza-

tion, but they stated that recrystallization products can be found away from the orebodies and 

that, in some places, there has been no recrystallization adjacent to the ore.  In other words, 

there appeared to be no spatial correlation between carbonate recrystallization and mineral-

ization, and therefore, recrystallization could not be named a definitive alteration product.  In 

addition to recrystallization, Bateman and McLaughlin (1920) noted widespread dolomitiza-

tion that they believed predated chalcocite mineralization.

MacKevett and Radtke (1966) were the first to describe the alteration at Kennecott as 

being hydrothermal in nature.  They describe an early, pervasive dolomitic phase followed by a 

later, restricted potassic (jarosite-illite-potassium feldspar) phase.  The dolomitic phase affects 

a broad area which included the major orebodies.  The potassic phase is restricted to nar-

row, approximately stratiform zones at the top of the Nikolai Greenstone.  They reported that 

manifestations of this potassic phase (namely jarosite and kaolinite) could be found coating 

carbonate grains within the Chitistone Limestone near some of the main mines (e.g., Jumbo 

and Motherlode).

Armstrong and MacKevett (1982) describe two phases of dolomite in a topical study 

concerning the lower portion of the Chitistone Limestone:  an early-diagenetic, bedding-local-

ized dolomite developed near algal mats and a late-diagenetic,  more extensive dolomite that 

may have been hydrothermal in origin.  This late-diagenetic dolomite is named “transgressive” 
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Table 4.1--Summary Table of dolomite types at Kennecott based on field, hand sample, and thin-sec-
tion observations.  For detailed descriptions, see text.
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in MacKevett et al. (1997) and is linked to burial and collapse.  Curiously, the topic of potassic 

alteration was not mentioned in MacKevett et al. (1997).

In this study, alteration, including dolomitization, dedolomitization, and limonitiza-

tion, were mapped near Bonanza mine (Plate 7).  

4.1.1. Dolomitization

Dolomitization in the vicinity of the Kennecott mines is widespread, and at Bonanza 

Mine in particular, it has affected all but the bottom 22 mstrat of the exposed Chitistone 

Limestone section.  Based on interpretation of the literature as well as field and laboratory 

observations, dolomite in the Kennecott district is subdivided into three categories--Algal, 

Diagenetic, and Hydrothermal--to be described in detail in the following subsections.  Table 

4.1. is a summary of the three categories.

 4.1.1.1.  Category I--Algal Dolostone

The first and earliest type of dolomite in the Kennecott District is an early-diage-

netic dolostone formed during the time of carbonate deposition in a sabkha environment 

(Armstrong and MacKevett, 1982; MacKevett et al., 1997).  These dolostones formed only in 

amenable limestone layers on either side of three distinct algal mat horizons and are relatively 

thin (1-5 m thick).  The regional stratigraphic correlation done for this study is hung from the 

top algal mat/sabkha horizon which corresponds to one of these thin dolostone layers (SF1 in 

Fig. 2.8).  However, because of the extensive, later dolomitization of the section at Bonanza 

Mine, a distinctive early dolomitic facies was not recognized there by either Armstrong and 

MacKevett (1982) or by this investigator. 

 4.1.1.2.  Category II--Diagenetic Dolomite

This type of dolomite is found only distal to mineralization (in terms of stratigraphy 

or distance along strike) in the vicinity of Bonanza mine.  In outcrop, it can be catgorized as 

a fine-grained dolomitic wackestone to packstone with discernible fossil hash of crinoids and 

bivalves up to 3-4 mm across evident on weathered surfaces.  In general, this type of wallrock 
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weathers dark, slightly-brownish grey, and it is this appearance (dark grey + fossil hash) that 

can be seen in the vicinity of the Kennecott mines--e.g. high up in Bonanza cirque, on the 

ridge to Bonanza Peak, on the south-facing slopes between Jumbo and Bonanza mines (Fig. 

4.1).  From limited regional investigation as well as from the descriptions in Armstrong and 

MacKevett (1982), this type of wallrock is a regional dolomite and is most likely the phase 

termed “transgressive” in Armstrong and MacKevett (1982).  The lightly-shaded area on the 

regional stratigraphic map represents this type of dolomitization (refer to Fig. 2.8).   

Diagenetic dolomite was originally a crinoid-brachiopod-coral lime wackestone that is 

now a homogeneous dolostone due to regional dolomitization  (Fig. 4.2).  In thin-section, this 

dolostone is composed of brownish dolomite crystals that are subrounded to oblong and range 

in size from 20 μm to 250 μm but average about 100 μm.  The smallest of the dolomite crys-
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Fig. 4.1--Images of dolomite.  A) View of Bonanza Mine, facing 
north.  The contact between limestone and pinkish-brown-grey to 
light grey dolomite is gradational and does not follow any particular 
bed or structure.  It is probable that the distinctive color change be-
tween light grey and dark grey dolomite at ~100 mstrat corresponds 
to the sabkha facies identified by Armstrong and MacKevett (1982).  
Scale bar for this photo is approximate.  B) Close-up of the contact 
between the light grey and dark grey dolomite in A.  The contact is 
sharp and appears to be bedding conformable.  Note the coarse, yel-
low, baroque dolomite fracture fill that cuts across the contact be-
tween the differently-colored dolomites (boxed).  Advisor (circled) 
for approximate scale.  C) Sawn hand sample of diagenetic dolomite from about 300 m east of the Glory Hole 
(at ~120 mstrat).  At this distance from the orebody, lightly dolomitized rocks exhibit secondary porosity (larg-
est pores circled) and fossil hash on weathered surfaces (not shown in this photo).
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tals are found in association with bivalve fragments and are believed to have originally been 

geopetal mud filling some of these shells.  The largest of the dolomite crystals have grown to 

partially occlude secondary porosity.  This dolomite exhibits two textures: most of the grains 

are xenotopic and have nonplanar grain boundaries between anhedral crystals; a smaller per-

centage of grains are idiotopic and have planar-e boundaries in which euhedral crystals have 

formed along the edge of void spaces (following the nomenclature of Friedman, 1965; Sibley 

and Gregg, 1987).  Under both the microscope and the cathodoluminoscope (CL), these euhe-

dral crystals have the common “cloudy core-clear rim” morphology associated with diagenetic 

dolomites (J. Humphrey, pers. comm., 2003).  Secondary porosity is well developed in this type 

of dolomite and averages about 15% of any given sample.

During diagenetic dolomitization, dolomite crystals replaced calcite/aragonite allo-

chems nonmimically (i.e. fabric-retentive), and as a result ghosts and partial molds of the 

allochems are common features, with the estimated proportion of ghosts to molds being about 

2:1.  The calcite that remains in the molds appears to be neomorphic spar rather than any kind 

of later sparite cement.  Ghosts and molds of allochems range in size from 0.8 mm to 2.25 

mm.

 4.1.1.3.  Category III--Hydrothermal Dolomite 

This dolomite type generally occurs in the immediate vicinty of the Glory Hole, but it 

can also be found in various zones in the cirque east of Bonanza mine (Plate 7).  This category 

of dolomite includes both replacive (i.e. affecting the wallrock) and fracture-filling (i.e. forming 

veins).  Replacive dolomite may be pink, brown, or grey; fracture-filling dolomite is usually 

yellow but can be white (sometimes called ‘saddle’).  In general, yellow fracture-filling dolo-

mite occurs with pink-brown replacive dolomite and white fracture-filling dolomite occurs 

with grey replacive dolomite.  Both replacive and fracture-filling dolomites display baroque 

textures: namely, well-formed, curving crystal faces that display a characteristic undulose 

extinction in thin-section (Tucker and Wright, 1990).  

In the field, the replacive dolomite is finely-crystalline (nomenclature following Folk, 
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Fig. 4.2--Textures of diagenetic dolomite near Bonanza Mine (these images from a thin-section of the hand sample 
shown in Fig. 4.1C).  A) PPL image of planar-e (idiotopic) dolomite developing along porosity boundaries.  Notice 
the cloudy cores and clear rims that have developed as a result of diagenesis.  B) CL image of A. Clear rims luminesce 
a slightly darker color than cloudy cores.   C) PPL image of ghost brachiopod and pelecypod shells (arrows) that are 
now completely replaced by dolomite.  D) CL image of C which shows that the ghost grains are no longer evident 
because of the relatively homogeneous dolomitic replacement.  E) PPL image of pelecypod mold formed by dolomite 
during diagenesis.  The cast is composed of later neomorphic calcite.  F) CL image of E.
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1962) with sparkling crystals (~0.25 mm average size) when examined on a fresh surface.  Near 

the orebody (+/- 50 m either side of the Glory Hole), replacive dolomite weathers a distinctive 

cream to tan-brown and exhibits no primary sedimentary textures (Fig. 4.3A-C); farther away, 

as on the slopes of Bonanza cirque, it weathers more grey and shows obvious fossil hash (i.e 

some primary textural retention) (Fig. 4.3D).  Thus, field observations suggest that the intensity 

of replacement dolomitization can be gauged according to color and proximity to the orebody:  

pinkish-brown represents intense dolomitization resulting in total destruction of primary 

sedimentary texture and occurs in the immediate vicinity of mineralized rock; grey repre-

sents moderate dolomitization resulting in partial retention of primary sedimentary texture 

(i.e., fossil hash) and occurs distal to mineralized rock.  An annotated cross-section through 

the Kennecott underground mine maps shows a distinct replacive dolomite halo around the 

Jumbo orebody (Fig. 4.4).

Near the bottom of the dolomitized section at the west edge of the Glory Hole (at 

about 26 mstrat) an interval was found in which a single, brown, replacive dolomite bed was 

sandwiched between two grey limestone beds (Fig. 4.3A).  This bed shows that the fluids 

responsible for dolomitization could move laterally and could be confined to a single bed.  

Interestingly, there is a thin horizontal vein of chalcocite that lies along the contact between 

the upper limestone bed and the dolomite bed.   

Under the microscope, replacive baroque dolomite is a uniform, massive dolostone  

(Fig. 4.5).  Dolomite crystals are subrounded to oblong and range in size from 80 μm to 360 

μm but average about 200 μm.  These anhedral crystals exhibit nonplanar grain boundaries.  

This type of dolomite is relatively impermeable.  Previous porosity (whether primary or sec-

ondary) has been occluded by coarse dolomite and, in places, later sparry calcite.  Rarely, a 

hint of original limestone depositional texture can be discerned in the form of small S-shaped 

blebs of worm-like sparite that are probably the recrystallization products of neomorphic cal-

cite allochems.   

Fracture-filling baroque dolomite crystals are so large (up to 2 mm across) and distinct 

that, even in hand sample, euhedral terminations can be seen with the naked eye.  This dolo-
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Fig. 4.3--Replacive baroque dolomite near the Glory Hole.  A) A single, preferentially dolomitized bed sandwiched 
between two limestone beds suggests that dolomitization spreads laterally and replaces favorable horizons.  Note 
the small chalcocite vein (cc) that has precipitated along the contact between the dolomite and limestone bed.  B) 
Fractures cutting across pinkish-brown baroque wallrock (dol) are filled with coarse, yellow baroque spar (bs) with 
remaining void spaces filled by later sparry, white calcite (c).  Image taken ~80m east of the Glory Hole.  C) Hand 
sample (float collected below Bonanza mine tram station) cut by orthogonal chalcocite veins.  Notice the pinkish 
color of the replacive dolomite in this mineralized rock.  D) Hand sample of brownish-grey dolomite that represents 
the majority of the rock east of the Glory Hole in Bonanza cirque.  Notice the fossil hash that is still evident on its 
weathered surface (circled).  The brecciation in this sample will be described further in Section 4.2.
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Fig. 4.4--NW-SE alteration cross-section through the Jumbo orebody.  Geologic features in quotes are taken directly 
from the original Kennecott 400-level underground plan map.  These were observations made by the mine geolo-
gists, and no genetic interpretations have been added by the author.  Their observations corroborate what has been 
observed on the surface at Bonanza mine; namely, that there is a distinct spatial assocation between replacive dolo-
mite and the orebodies.  Interestingly, Bonanza and Jumbo are nearly identical in that both replacive dolomite haloes 
are wider on the eastern flanks of the orebodies.  Adapted from MacKevett et al. (1997) and original Kennecott mine 
maps.
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Fig. 4.5--Photomicrographs of baroque dolomite. A) XPL image of a sample collected about 120 m east of the Glory 
Hole which shows a similar contact as in A.  B) CL image showing growth banding in baroque spar (spar) suggesting 
that there have been multiple periods of growth for this coarse dolomite.  These two images (B&C) correspond with 
the vein handsample in Fig. 4.6B.  C) PPL image of zebra dolomite collected in the cirque 300 m east of the Glory Hole 
showing growth outlines in euhedral fracture-filling dolomite (spar).  D) CL image which demonstrates the same 
growth relationship as that shown in C suggesting that mulitple stages of growth took place for the fracture-filling 
dolomite spar irrespective of its association with a particular morphology (i.e. breccia, zebra bed, etc.).  The dolomite 
has been cut by a later calcite vein (cal).  These two images (D&E) correspond with the handsample in Fig. 4.6C.    
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mite weathers either yellow or white.  In the field, the white fracture-filling sparry dolomite 

can be observed in patches around the Glory Hole, in Bonanza cirque and one ridge north-

west of Bonanza mine (next to the “goalpost” telegraph tower).  Near Bonanza mine, the white 

baroque spar forms breccia matrices and fills small veins that cut these breccias (as in Fig. 

4.3D; also 4.14A,B).  In Bonanza cirque, it commonly occurs as small, lacey, void-filling crys-

tals with a wide areal distribution.  

Although weathering yellow-brown, the yellow fracture-filling spar can be either yellow 

or white on a fresh surface.  The field distribution for yellow fracture-filling spar is generally in 

the vicinity of the most intense mineralization, although it can also be found east of the mine 

in Bonanza cirque.  This yellow fracture-filling variety was much more distinctive than the 

white variety in terms of its color, more limited areal distribution, and direct spatial assocation 

with mineralization (especially in the Glory Hole, less so in Bonanza cirque based on the pres-

ently known extent of mineralization).  Thus, it was mapped in the vicinity of Bonanza mine 

(Plate 7).  Subhorizontal and subvertical map patterns suggest that yellow, fracture-filling dolo-

mite is both stratigraphically and, in places, structurally controlled.  Almost without exception, 

yellow, fracture-filling spar forms breccia matrices, high- or low-angle veins, or sub-horizontal 

partings in zebra beds (Fig. 4.6).  

Neither the white nor yellow fracture-filling dolomite spar was observed to cross-cut 

the other, and thus, they appear to have precipitated synchronously.  

Microscopically, both white and yellow fracture-filling baroque crystals are sub-

rounded to bladed and range in size from 0.7-2.5 mm long by 0.5-1.2 mm wide.  The crystals 

are mostly subhedral with planar-s grain boundaries but, where filling fractures, they nearly 

always terminate in curved dolomite rhombs.  CL observations show that there is distinctive 

banding within baroque crystals, evidence that there have been multiple generations of dolo-

mite growth (Fig. 4.5B,D).  

Despite attempts to characterize the difference between the white and yellow frac-

ture-filling baroque dolomites in the laboratory, no fundamental differences were observed.  

Methods to distinguish between them included observation under plane light and CL, map-
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Fig. 4.6--Handsamples showing common occurrences of coarse, yellow, fracture-filling, baroque dolomite at Bo-
nanza Mine.  A) Breccia in which dark baroque wallrock clasts are cemented in a matrix of yellow baroque spar 
plus later white sparry calcite.  Notice the uneven clast margins and their coincidence with a ring of yellow baroque 
spar.  This suggests that the yellow, fractue-filling spar is a partial recrystallization product of the replacive dolomite 
wallrock.  B) Yellow baroque  sparry veins cutting baroque wallrock.  Notice the sharp margin between the vein and 
the wallrock.  This suggests that this baroque dolomite traveled from elsewhere to fill an extension fracture; it does 
not appear to be the immediate recrystallization product of the replacive dolomite wallrock.  C) Zebra dolomite in 
which yellow baroque spar is sandwiched between layers of grey replacive dolomite.  Notice that in several places 
this yellow, sparry dolomite cuts up section through the dark, replacive dolomite bands suggesting that the baroque 
spar took advantage of weaknesses in the wallrock that were produced through tectonic, rather than depositional, 
means. 
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ping semi-quantitative EDS spectra using an SEM, and the staining method described by 

Hitzman (1999).  It is postulated that the difference lies in trace element content between the 

dolomites at a concentration level too low to be detected by semi-quantitative EDS.  Further 

analysis using some kind of microbeam technique is necessary to truly characterize the differ-

ence between them.

4.1.2.  Calcitization/Dedolomitization

Outcrops in the immediate vicinity of Bonanza mine contain a striking number 

of calcite-bearing features, including slickensides, veins, and final filling of breccia matrices 

following the precipitation of both yellow and white sparry dolomites.  Commonly, these 

calcite-bearing features are surrounded by haloes of dedolomitized wallrock.  In outcrop, 

dedolomitized haloes are darker grey than adjacent replacive dolomite wallrock.  

It is believed that calcitization, specifically characterized by the formation of calcite 

veins, slickenfibers, and breccia matrix fill without haloes, progressed into dedolomitization, 

specifically characterized by calcite veins, breccia matrix fill, and faults with dedolomitized 

haloes.  This occurred in one protracted period that began sometime prior to ore formation 

and lasted well into the mineralization event.    

Early in the calcitization process, sparry white calcite precipitated in veins, as fault 

slickenfibers (especially in the lower limestone beds nearest the Glory Hole), and as matrix 

infill in Types I and IV breccias (described in section 4.2).  Both field and thin-section obser-

vations show that the beginning of calcitization occurred after dolomitization but prior to 

mineralization:

1.  The fact that calcite always fills in the last void space in Type I breccias (section 4.2.a.) 

such that the repeatedly observed pattern from inner clast to final matrix is always:  

fine-grained, replacive dolomite wallrock (either pink or grey), coarse, sparry, fracture-

filling dolomite (either yellow or white), and finally, sparry, white calcite (as shown in 

Figs. 4.3D, 4.6A).  

2.  The calcite-precipitating fluids cause small-scale brittle fracturing of yellow, fracture-
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filling baroque dolomite suggesting that these fluids were introduced after enough time 

had passed for the dolomite to completely crystallize and under enough hydraulic pres-

sure to dislocate aggregates (not just single grains) of dolomite (Fig. 4.7). 

3.  Coarse, sparry calcite veins are cut by chalcocite veins (Fig. 4.8).

4.  CL observation shows a distinct change in the calcite luminescence before and during 

the deposition of chalcocite (Fig. 4.9).

Over time, the calcitizing fluids did more than just fill in the remaining cavities in 

the dolomite.  They began to actively remove Mg2+ from the wall rock causing the dolomite 

to recrystallize into calcite--the process of dedolomitization.  CL observation shows that 

the boundary between dolomite and dedolomite is not a sharp contact but rather a diffuse 

reaction zone in which Mg2+ is removed via dissolution and Ca2+ is added via precipitation (J. 

Humphrey, pers. comm., 2004) (Fig. 4.10). 

In the field, dedolomitization is best seen in outcrops that are in the immediate vicin-

ity of mineralization where mineralized veins leave dedolomitized haloes in the dolomite 

wallrock and where apparently non-mineralized calcitizing fluids dissolved Type I breccias.  

Importantly, dedolomitized haloes up to 30 cm wide are also found 100’s of meters east of min-

eralization surrounding high-angle faults that cut through dolomitized wallrock in Bonanza 

cirque.  In addition, minor dedolomitized haloes are found at least 150 m above the Bonanza 

orebody (Plate 7).

Field and thin-section observations conclusively demonstrate that dedolomitization 

is the product of mineralizing fluids because dedolomitization is observed to occur in direct 

contact with both chalcocite and chalcocite-bearing calcite (Figs. 4.9-4.11).  

4.1.3.  Potassic Alteration

MacKevett and Radtke (1966) were the first to report potassic alteration in the vicin-

ity of the Kennecott mines.  Specifically, they identified a phase of jarosite-illite-potassium 

feldspar that crops out in light brown zones in the uppermost section of Nikolai Greenstone, 

especially between the Jumbo and Erie mines.  In addition, they link this potassic phase to  pre-
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Fig. 4.7--Later sparry calcite dislocating baroque spar.  A) Millimeter-scale chunks of baroque spar broken off in later 
sparry calcite vein fill.  This photo taken east of the Glory Hole in Bonanza cirque.  B) XPL image of calcite vein off-
setting a crystal of large fracture-filling baroque spar.  Notice that neither of these photos show any dedolomitization 
features. 
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Fig. 4.8--Image showing chalcocite (cc) veins cross-cutting sparry calcite (cal) which shows that calcitization process 
occurred before mineralization.  This photo from ~250 m northwest of Jumbo mine.
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Fig. 4.9--Composite CL image showing the boundary between 
premineral and synmineral calcite precipitation.  Premineral 
calcite is the leftmost portion that poorly luminesces (labeled 
early cal).  Synmineral calcite is the brightly luminescing cal-
cite that shows multiple growth bands (labeled min cal).  Chal-
cocite mineralization (cc) is only found on the brightly-lumi-
nescing side of the calcite boundary.  The CL-bright calcite  
indicates the presence of anoxic fluids while the CL-dull cal-
cite is indicative of oxic fluids (Tucker and Wright, 1990).  This 
image comes from the boxed area shown on the hand speci-
men in Fig. 4.11B.  
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viously unidentified alteration in the Chitistone Limestone found near some of the main mines 

(particularly Jumbo and Motherlode).  In the limestone it takes the form of jarosite, orpiment 

+/- kaolinite, quartz coating carbonate grains.  According to MacKevett and Radtke (1966), 

potassic alteration is not restricted to the area immediately surrounding the major Kennecott 

orebodies, but it is best developed there.

Attempts to define such a zone of potassic alteration in the vicinity of Bonanza mine 

were unsuccessful, and unfortunately, no time was spent on the slopes between Jumbo and Erie 

to field check the alteration described there.  Even so, the following observations are offered 

concerning samples of Nikolai Greenstone collected from within 30 mstrat of the contact just 

below Bonanza mine, the Bonanza Creek drainage approximately 1.5 km south of Bonanza 

mine, and below the “goal post” ridge some 1.5 km northwest of Bonanza mine:

1.  No potassium feldspar was observed in any of 15 thin sections.

2.  No potassium feldspar was observed after staining 30 chips with sodium cobaltinitrite.  

All feldspar aggregates turned a chalky white during the staining signifying plagioclase.

� �

�����

�����

���

���

���������������

��
��

���
��

��
��

Fig. 4.10--Dedolomite reaction zones.  A) CL image showing an ~0.8 mm diffuse reaction zone in which Mg2+ is be-
ing removed from the dolomitized wallrock (dol) and Ca2+ is being substituted in order to advance the dedolomitized 
halo (dedol).  This image is from the edge of the dedolomitized margin shown in Fig. 4.11B.  B) Similar reaction zone 
as in A except that the reaction zone is slightly narrower (~0.5mm) and the dedolomitized halo is narrow enough to 
be able to see the chalcocite mineralization (cc) in the same field of view.  The brighter color of the dedolomite halo 
is characteristic of the mineralizing fluids (as shown in Fig. 4.9).  This image is what would be seen if the specimen 
Fig. 4.11D,E were examined under CL. 
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Fig. 4.11--Dedolomitization at Bonanza mine.  A) Dedolomitized haloes (dedol) surrounding chalcocite-bearing 
calcite veins that cut replacive wallrock (dol) on the eastern margin of the Glory Hole, near its northwest end.   As a 
result of this process, what was once brown replacive dolomite is now grey limestone.  Broad grey patches are longi-
tudinal sections through the calcite veins. B) Sawn hand specimen of one of the veins taken from within 1 m of those 
shown in A.  Chalcocite (cc) + calcite (cal) vein cuts brown dolomitized wallrock (dol) and forms a grey dedolomi-
tized halo (dedol) in the process.  C) Hand sample showing a partially dedolomitized breccia from the Glory Hole.  In 
this unusual case, the final calcite-precipitating fluids were potent enough to dedolomitize both coarse baroque spar 
and fine-grained replacive wallrock clasts.  The circled area highlights an alteration front in which calcite penetrated 
the baroque spar (now white calcite) and then attacked the interior dolomite clast (now grey limestone).  D)  Small 
handsample showing the critical relationship that chalcocite-precipitating fluids had the potential to dedolomitize 
replacive dolomite wallrock.  No calcite is seen in this sample.  E)  The flip side of D.  It could be suggested that, since 
chalcocite has been observed to replace calcite, perhaps this chalcocite is merely replacing a space once occupied by 
dedolomitizing calcite.  This would undermine the case for mineralization and dedolomitization being contempora-
neous.  In response to this, consider the small bleb of chalcocite lodged in the dedolomite halo (arrow).  The position 
of this bleb within the dedolomite halo suggests that there was no earlier calcite to be replaced.  Rather, the bleb was 
precipitated along with the main vein during the course of dedolomitization. 
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3.  A potassium phase was discovered in one thin section using the semi-quantitative 

EDS spectra attached to an SEM.   Unfortunately, grain resolution was such that it was 

unclear what the source of the potassium was.  Because this thin section and rock chip 

were also analyzed by methods 1 and 2 above, it is believed that the potassium occurred 

as a component of an illitic clay (the exact structure of which remains undetermined) 

rather than of a potassium feldspar.

In addition, clayey material from the lower 50 mstrat  of the Chitistone Limestone were 

cursorily analyzed by x-ray diffraction.  The following observations were made:

1.  No jarosite was found in any of 5 yellowish clay samples.  Although inconclusively deter-

mined, it appears from best peak matches that the analyzed clays were either a mixture 

of calcite and kaolinite or calcite and mixed-layer illite-montmorillonite.

2.  Orpiment was neither observed in the field nor in the samples that were x-rayed.

Thus, the potassic alteration first described by MacKevett and Radtke (1966) remains 

poorly defined.  It appears that, at least for the Bonanza mine area, illite is the most commonly 

occurring potassic alteration phase and can be found in very minor, localized amounts in both 

the Nikolai Greenstone and Chitistone Limestone.  No relationship was observed between ore 

minerals and potassic alteration phases.  Therefore, its relation to the mineralization event 

remains indeterminate.  

4.1.4.  Limonitization

The limonite is a common feature within and immediately around the Glory Hole.   

Limonite coats early NE- and NW-striking faults and fractures.  Limonite has also stained 

some of the breccias in the Glory Hole giving them a dull yellow cast.  In addition, at least one 

small chalcocite veinlet was enveloped by a limonite halo.  Thus, the limonitization is clearly 

a product of the mineralization event.  It was not observed to infiltrate the wallrock except in 

crushed or highly-fractured zones.  Limonitization is reported sporadically on the Kennecott 

underground maps, but it was not observed on the surface at either Jumbo or Erie mines.  

Thus, it appears that limonitization is a localized feature largely restricted to the very immedi-
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ate vicinty of the mineralization.

4.1.5.  Pyritization

Pyrite is found throughout the lowest limestone stratigraphy at Bonanza mine.  It is 

most obvious in Unit 2 where megascopic grains of cubic pyrite occupy small voids in the 

limestone wallrock.  In addition to these obvious cubes, thin-section observations reveal the 

presence of small (25-75 μm across) rounded pyrite grains that are disseminated throughout 

the limestone wallrock.  These grains are interpreted to be framboidal pyrite.  While the cubic 

pryite is completely restricted to the bottom 13 mstrat of the Chitistone Limestone, the framboi-

dal pyrite has been found in thin-sections as high as ~50 mstrat .  At the uppermost stratigraphic 

levels, framboidal pyrite grains are found only in partially dolomitized breccia clasts in which 

some of the original micritic limestone is still preserved.  The fact that framboidal pyrite is 

only found in these relict limestones but not in neighboring dolomitized rocks at ~50 mstrat 

suggests two things: 

1.  Pyritization occurred prior to dolomitization.

2.  The process that replacively dolomitized wallrock near the mine was also capable of 

obliterating the framboidal pyrite that must have been common in the original lime-

stone host rocks.  This implies that replacively-dolomitizing fluids were somehow able 

to remobilize or otherwise remove the original pyrite from the limestone.

It is envisaged that, at one time, pyrite was present throughout much of the lowermost 

100 mstrat  of the Chitistone Limestone.  Thus, this pyrite is interpreted to be sedimentary in 

origin (i.e. the product of diagenesis) and unrelated to mineralization.

4.2.  Brecciation

Breccias are common in the vicinity of the Kennecott mines.  Even so, it has been an 

underrepresented topic of discussion in previous reports.  Indeed, the earliest workers (Bate-

man and McLaughlin, 1920; Lasky, 1928; Bateman, 1942) barely mention the term, instead 
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focusing on fractures and ‘zones of crushed rock’.  However, the term ‘breccia’ is shown on 

some of the old Kennecott mine maps, evidence that it was recognized by these mine geolo-

gists even though it was never formally described or classified.  Sedimentary breccias are 

described, and “other” breccias are mentioned in Armstrong and MacKevett (1982).  However, 

it was not until MacKevett et al. (1997) that any details were given concerning the nature or 

distribution of such breccias.  They report the breccias as being coextensive with ‘transgressive’ 

(interpreted by this study to mean replacive)  dolomite and as being localized to the immediate 

area around the Kennecott mines.  In other words, they are not found regularly throughout 

the entire Chitistone Limestone.  In terms of texture, they report that one type has thin, sheet-

like, sub-vertical clasts aligned in a northeastly direction.  A second type has decimeter-sized 

clasts and is clast supported.  A third type is called “crackle breccia” and contains large blocks 

of dolomite more than 3 m in size.   

From field observations, four types of breccias were recognized.  For the purposes of 

this study, the working definition of “breccia” is a rock comprised of angular to subangular 

clasts in a mineral matrix.  Matrix is the operative word, and extensively fractured wallrock 

alone (i.e. angular clasts without any kind of mineral matrix) does not qualify as breccia.  In 

general, breccia clasts are either limestone or dolomite, and breccia matrices are either dolo-

mite, calcite,  or chalcocite.  The four breccia types defined in this study are subdivided based 

on the angularity of the clasts and the composition of the clast and matrix, described further 

below.  For the spatial distribution of each breccia type around Bonanza mine, see Plate 8.

4.2.1. Type I

This breccia is uncommon and was only found in one outcrop at Bonanza mine and 

was not seen anywhere else in the entire Kennecott district.  The outcrop is found at the edge 

of the Glory Hole at the break in slope at ~32 mstrat.  The breccia zone is a tabular, subvertical 

body approximately 5 m wide x 4 m high x 3 m thick that strikes roughly N10W.  It is bound 

on its southwest side by an early sinistral fault and on its northeast side by a thick, coarse non-

mineralized calcite vein that, given its coarseness and lack of mineralization, has a different 
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character from other calcite veins around the mine (corroborated by a distinctly depleted δ18O 

signature as shown in Fig. 4.24).  Although the breccia zone is approximately tabular, it was not 

able to be traced either downhill to the southeast or across the Glory Hole to the northwest.  

The texture of Type I breccia is distinctive.  It is composed of vari-colored cream to 

grey limestone clasts that are subangular to subrounded and commonly 0.4 cm to 1 cm across.  

Some of these clasts are partially recrystallized into coarse, sparry calcite.  In addition, there 

are clasts of coarse, grey to white calcite crystals 0.2-1 cm across that are interpreted to be 

original limestone clasts that have been completely recrystallized.  All of these clasts are 

cemented in a grey recrystallized calcite matrix that resembles grey limestone with a sugary, 

almost marbleized, texture (Fig. 4.12).  Despite the abundant recrystallization and the similar 

mineralogy between clasts and matrix, clast-matrix boundaries are sharp and distinct, and, 

unlike Type II breccias, there appears to have been no replacement across clast-matrix bound-

aries.  Lastly, there is a notable amount of angular void spaces in this breccia (~15% porosity).  

These voids appear to be molds of lithic clasts that formed via dissolution.  In places these 

voids have been filled with sparry calcite.

Importantly, there has been absolutely no dolomite observed in this breccia type, 

whether as clasts, matrix, or later crystalline porosity fill.  

In outcrop, there is a feature that resembles some kind of clastic dike given its vertical 

orientation and fractured margins.  This vertical feature is up to 25 cm wide and contains inter-

nal blocks that show sub-millimeter-scale laminae (Fig. 4.12D).  Because the laminae within 

the “dike” are subhorizontal (although deformed in places) and are the product of in situ crys-

tallization (i.e. no evidence for grain transport), one plausible explanation for their existence is 

that they are some of the remaining evidence at Bonanza mine for the first algal mat horizon 

as regionally identified in the Chitistone Limestone by Armstrong and MacKevett (1982).  The 

first algal mat occurs at ~34 mstrat at Bonanza mine based on correlated regional stratigraphy 

(review Fig. 2.8).  Measuring section at Bonanza mine places the Type II breccia outcrop at 

~32 mstrat.  Thus, the laminated texture and correlated stratigraphy suggest that these laminae 

are a primary depositional feature.  The fact that a narrow, vertical, slightly deformed, primary 
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Fig. 4.12--Type I breccia.  A) Photo of the only out-
crop of this breccia type.  Note the laminated verti-
cal “clastic dike” running up the middle of the out-
crop (traced in black).  Boxed area represents area in 
B.  B) Close-up image of laminae within the vertical 
zone.  Boxed area in this photo has been interpret-
ed in the line drawing below.  C) Typical texture for 
this breccia type showing yellowish brown to grey 
lithic fragments in a sugary, grey limestone matrix.  
D) Sawn handsample that shows the sub-millimeter 
scale laminae interpreted to be the last remaining 
evidence at Bonanza mine for the first algal mat ho-
rizon (AM1 in Fig. 2.8) identified by Armstrong and 
MacKevett (1982). 
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depositional feature is standing alone in the middle of wider, recrystallized, fault-bound brec-

cia zone suggests that this breccia has formed horizontally from crushing rather than vertically 

from karst collapse.

Observations from CL show that there is no appreciable difference in chemistry  

between the various lithic clasts and the limestone matrix.  However, there is a distinct CL dif-

ference between the sugary limestone matrix and the later sparry calcite void fill which is fed 

by calcite veins (Fig. 4.13).  The bright, banded luminance of these veins and void fill is similar 

to that for mineral stage calcite (i.e. Fig. 4.9), and in fact, the only metallic mineralization in 

this breccia type are small blebs of gossan plus copper carbonate that occur in these voids.

4.2.2.  Type II

Field and thin-section observations reveal variable characteristics for this breccia type.  

As a result, two subtypes, IIa and IIb, have been identified.   In general, Type II breccias are 

well exposed in the pit walls along the east side and northeast end of the Glory Hole, though it 

does outcrop in other places (i.e. “goal post ridge”, northwest of the Glacier workings, as well 

as east of the mine in Bonanza cirque).   

The typical Type II breccia is mapped as Type IIa on Plate 8.  It is matrix- to clast-

supported with angular, centimeter to decimeter-scale clasts of brown, fine-grained, replacive 

dolomite held in a matrix of yellow baroque spar with remaining void space (ranging in 

size from ~0.5-6 cm across) occluded with sparry white calcite.  Type IIa breccia was easily 

observed at ground level in the Glory Hole (especially the E wall and NE end).  Thus, it occurs 

from ~40-70 mstrat which is at and slightly above the stratigraphic level of the Bonanza orebody.  

However, a clear stratigraphic boundary was not observed to control the distribution of this 

breccia zone; rather it appeared to be more of a circular pocket of breccia almost as wide as it 

was high localized near the orebody (Figs. 4.14, 4.15). 

Type IIb breccia is essentially the same mineralogically as Type IIa breccia; however, 

it has a slightly different texture.  It is matrix- to clast-supported with sub-angular to sub-

rounded clasts held in a white baroque spar matrix with remaining porosity occluded  by white 
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Fig. 4.13--Thin sections of Type I breccia.  A) XPL image of void space at the edge of a lithic fragment that shows 
very fine-grained calcite brecciating the grains along the edge of the breccia clast.  At first, this fine-grained calcite 
appears to be the product of some type of sedimentary deposition.  B) CL image of A which highlights the breccia 
clast (darker), the fine-grained calcite (brighter, middle) and the final void filling coarse calcite (bright, mulit-gen-
erational growth on right).  C) XPL image showing the same relationship as in A except that the source of the fine-
grained calcite is pinpointed as being from a calcite vein.  Thus, this local brecciation is hydrothermal in nature, not 
sedimentary.  D) CL image of C that shows the different generations of calcite: vein-fed void fill on left (CL banded), 
fine-grained calcite in middle (CL uniformly bright), calcite vein (same as fine-grained calcite), and breccia clast on 
right (somewhat CL dark).
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Fig. 4.14--Type II breccia.  A) Vertical mine workings at the edge of the Glory Hole, Bonanza mine.  This is typical 
Type IIa breccia in which grey to brown baroque dolomite clasts sit in a matrix of coarse, yellow baroque spar.  Final 
void space is filled with sparry white calcite.  Clasts are usually matrix-supported.  There is no mineralization shown 
in this photo.  B) This photo is similar to A except for the large rounded clast up and right from the knife.  Notice 
the embayed margins on the clast suggesting partial replacement along the clast boundary.  Color and texture of this 
breccia is typical in the Glory Hole.  C) Decimeter-scale clasts of dolomite with lesser yellow fracture-filling matrix.  
This picture from the “goal post ridge”, which is the next ridge to the northwest from Bonanza mine.  D) Sawn surface 
of Type IIa handsample in which fine-grained baroque dolomite (dol) sits in a matrix of coarse baroque dolomite spar 
(bs) with final void space filled by calcite.  D’) Sketch underneath represents the interpreted outlines of clasts prior 
to the development of the yellow baroque spar, traced from the photo in D. E) Type IIa handsample from Bonanza 
cirque.  In this case, white saddle dolomite (sd) forms the matrix for grey-brown baroque clasts.  As with the yellow 
varieties in A through D, calcite fills the final void space. 
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Fig. 4.15--Microscopy of Type IIa breccia.  A) Composite XPL image showing the relationship between fine-grained 
replacive dolomite clasts (dol) and coarse-grained baroque spar (bs) for the breccia handsample in Fig. 4.12D.  The 
difference in grain size suggests growth of the dolomitizing fluids outward into a cavity (in this case a breccia matrix).  
Although no CL was used on this sample (covered thin-section), the multiple growth zones for baroque dolomite 
(shown in Fig. 4.5) likely apply to this sample as well.  B) XPL image of a saddle dolomite vein in Fig. 4.12E showing 
terminated saddle dolomite (sd) infilled with calcite (cal).  The euhedral quartz grain (Q) has not been mechanically 
transported and suggests that hydrothermal fluids are responsible for the precipitation of both calcite and quartz.  
This is the only sample from the Chitistone Limestone observed in this study to contain any quartz.  C) CL image of 
B.  D) XPL image of the same sample as in B.  Again, coeval quartz and calcite have precipitated in a vein that cross-
cuts baroque dolomite wallrock.  E) CL image of D.   
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calcite spar.  The clasts are usually brownish-grey replacive dolomite, but, in certain limited 

zones along the outer margin of mineralization (i.e. at the back of the Glory Hole), they were 

composed of micritic limestone containing framboidal pyrite that had been partially replaced 

by brownish-grey replacive dolomite (Fig. 4.16).  In general, Type IIb breccias were found 

slightly higher in the stratigraphic section (~65-90 mstrat ) and, therefore, farther from mineral-

ization than Type IIa breccias.  

In the Glory Hole there is substantial overlap between Types IIa and IIb breccias, and 

no clear boundary divides them.  Overall, though, the dominant breccia observed at Bonanza 

mine is Type IIa, and Type IIb represents only a small proportion of breccia distribution.  

Importantly, there is not a strong correlation between alteration and brecciation.  The differ-

ent dolomite types (i.e., pink-brown replacive + yellow fracture-filling versus grey replacive + 

white fracture-filling) do not necessarily correlate with any particular breccia.

Both the clasts and matrices of Type II breccias can be affected by dedolomitization 

(Fig. 4.11C).  In addition, this breccia occasionally hosts minor copper mineralization (Fig. 

4.16B).

An important observation concerning Type II breccias is that wavy, often rounded, 

grain margins exist along the edge of fine-grained replacive dolomite clasts.  It is more the 

rule than the exception that clasts will have margins that could be described as lobate/cus-

pate, embayed, rounded, indented or otherwise in the midst of replacement.  Thus, the coarse 

baroque spar appears to have variably replaced the replacive clasts, as though the outer 

baroque matrix is being fed by the inner fine-grained replacive dolomite clasts. 

Although not mapped because they were not observed to outcrop, there are Type 

II breccias that have been found along the aerial tramway at Bonanza that show spectacular 

breccia textures in which clasts of dolomite sit in a mineralized matrix of chalcocite (Fig. 4.17).  

Presumably due to mining, these breccias were not observed in outcrop, and thus, they are 

difficult to put into their proper place spatially.  However, they do lend a clue as to the timing 

of their formation--a mineralized breccia contains clasts of partially dedolomitized wallrock.  

Given the observations shown in Fig. 4.10, for a breccia to contain clasts that are partially 
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Fig. 4.16--Type IIb breccia at Bonanza mine.  A) Variably replaced breccia in which dark framboidal pyrite-bearing 
limestone (ls) has been partially replaced by light brown replacive dolomite (dol).  These partially-replaced clasts are 
cut by coarse, white baroque dolomite (bd) including a distinct baroque dolomite vein (dv) on the left side of the 
handsample.  Lastly, a calcite vein (cv) cuts the entire breccia as seen in the upper part of the handsample.  B) Another 
version of Type Ib breccia in which dark grey, rounded replacive clasts are enveloped in stylolitized sparry baroque 
dolomite (bd).  Stylolites (circled) contain calcite and copper sulfides.  Other small calcite veins (cal) in this sample 
contain minor amounts of copper sulfides (not visible in this image).  C) PPL composite image across the important 
boundaries in  the handsample shown in A.  Pyrite-bearing (py) limestone (ls) has a stylolitized margin with and is 
being partially replaced by fine-grained baroque dolomite (dol).  This in turn, is being overgrown by the coarse white 
baroque dolomite (bd) and finally filled in with sparry calcite (cal).  D) CL composite image of C.  Note the multiple 
growth bands in the baroque dolomite.    
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Fig. 4.17--Mineralized breccia float from Bonanza mine.  A) Clast of white baroque dolomite (bd) replacing replacive 
dolomite.  The clast is cross-cut by chalcocite veinlets which shows that the formation of baroque dolomite preceed-
ed mineralization.  B) Clasts in this breccia have pink centers and grey margins indicative of thin dedolomitized rims 
replacing a dolomite core.

dedolomitized, it must be synmineralization.  

The major distinction between Type II breccia and the previously described Type I 

breccias is the lack of dolomite in Type I compared to Type II.  In addition, there are several 

differences in texture (perhaps because of the difference in dolomite versus limestone), includ-

ing the size, shape, and color of clasts, the sharpness of the clast-matrix boundaries, and the 

clast-derived porosity.

4.2.3. Type III

Type III breccias are fault breccias and are subdivided into two categories.  The first 

category (Type IIIa) is the dominant occurrence and is composed of angular clasts of lime-

stone in a recrystallized calcite matrix that formed along obvious fault surfaces (Fig. 4.18A).  

They are best exposed on a weathered surface where the jagged limestone clasts jut out with 

obvious, rough relief.  On a fresh surface, the breccia clasts are difficult to define owing to 
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their extensive recrystallization.  These breccias are restricted to only a few high angle faults 

and are not very extensive even though much of the limestone at Bonanza mine is faulted and 

fractured (evidenced by slickenfibers rather than fault breccias).  Type IIIa breccias were found 

primarily along post-mineral N-striking faults.

The second subtype (IIIb) is much more scarce in terms of distribution at Bonanza 

mine.  These breccias are present on bedding parallel faults that may be mineralized, as in the 

case of the main ore-controlling flat-fault.  Whereas IIIa breccias have large angular clasts, IIIb 

breccias have small clasts of ground up carbonate and recrystallized calcite gouge cemented 

in either a calcite or chalcocite matrix (depending on the proximity to mineralization) (Fig. 

4.18B).  

4.2.4.  Type IV—This clast-supported breccia is areally limited and is best exposed in 

the west wall of the Glory Hole.  Generally, the clasts are large (up to 3 m across), sub-angular 

to sub-rounded, and composed of hard grey limestone.  They commonly have zones of highly 

� �

Fig. 4.18--Type III fault breccias at Bonanza mine.  A) Type IIIa breccia.  Recrystallized, angular limestone fragments 
are cemented together by recrystallized calcite.  This is a typical rubbly fault breccia that, surprisingly, is limited in 
extent despite the intensively fractured country rock in this area.  B) Type IIIb breccia.  Also a fault breccia but differ-
ent from that shown in A in that clasts are now calcite due to complete recrystallization, while the cementing matrix 
is chalcocite.  IIIb breccias are even less common than IIIa breccias and were only found along two low-angle faults 
at the base of mineralization.
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angular breccia along their margins, that, in places, looks like fragments that have spalled off 

a large rounded clast.  Incorporated into this spalled zone are clasts of angular limestone as 

well as clasts of brown, rounded dolomite (without any spar).  The brown dolomite appears 

to be replacive dolomite.  This relationship suggests that initial replacive dolomitization took 

place prior to the formation of this breccia type.  Since there is no baroque spar associated 

with either the large limestone or small dolomite clasts, it appears that this breccia type was 

unaffected by the same dolomite recrystallization and/or mobilization that affected rocks only 

15 m away from these.  All of these clasts are cemented in a thin, intermittent matrix of sparry 

calcite.  Because the matrix is so thin, this breccia type is somewhat subtle and is easily over-

looked.  Even so, what little was observed in the vertical Glory Hole workings is mapped on 

Plate 8.  No mineralization was observed to be associated with this breccia type (Fig. 4.19).

This breccia may be the “crackle” breccia of MacKevett et al. (1997).  However, whereas 

MacKevett et al. (1997) interpret this to be a collapse breccia, this study interprets this breccia 

type to be tectonic in origin.  The evidence is:

1. Given the distinctive brown color of the dolomite clasts, the dolomite is interpreted to be 

replacive baroque dolomite (similar in color to the bed in Fig. 4.3A).  As has been shown 

(Figs. 4.1-4.5), this replacive dolomite is a later generation that occurs closer (both 

spatially and temporally) to the mineralization than what is believed to be diagenetic 

Fig. 4.19--Type IV breccia exposed in the Glory Hole at Bonanza mine.  A) Overview picture which shows the size 
and shape of clasts--often <1 m but can be up to 3 m across. Dark grey clasts are limestone; brown clasts are dolo-
mite (believed to be replacive dolomite without the sparry phase).  Intermittent veins filled with sparry calcite.  It is 
obvious from the photo that there are a mixture of clasts in this breccia type in terms of limestone versus dolomite.  
In addition, classifying the calcite veins as matrix is, in some places, dubious; for the smaller clasts, the calcite acts 
like a cementing matrix, but for the larger clasts, the calcites are simply extensional veins.  The circled veins are ap-
proximately bedding parallel.  Thus, the breccia appears to be the product of strain rather than collapse.  Large box 
in photo expanded in B.  Smaller box (lower portion of photo) is expanded in D.  B) Calcite-filled breccia margin be-
tween a dolomite clast and a limestone clast.  Inset square is for the photo shown in C.  Comparing B and C suggests 
that the dolomite was already formed before the calcite veins/matrix.  Thus, the calcite was not a permeability barrier 
that restricted the formation of the dolomite (i.e. this is not a “front”).  It appears, instead, that the more competent 
dolomite has rammed the less competent limestone thereby spalling off some of the exterior of the limestone (and a 
lesser amount of the dolomite).  C) Expanded box in B that shows a polymictic breccia zone in which slightly larger, 
subangular clasts of dolomite and smaller, subangular clasts of limestone sit in a matrix of sparry calcite.  Clearly, the 
dolomite formed before this breccia.  D) Expanded lower box in A.  Shows spalled-off angular limestone clasts sitting 
in a calcite matrix.  Coloration on the top right side of photo is trace copper carbonate staining. 
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dolomite.  If this interpretation is correct, then the breccia must have formed after the 

beginning of replacive dolomitization but prior to the introduction of coarse fracture-

filling spar.

2.  Given the fact that the sparry calcite “matrix” does not surround large clasts and, in fact, 

is limited as extensional veins within some of the large clasts (some of which are bedding 

parallel) suggests that these large clasts have been fractured by an external (e.g. tectonic) 

force as opposed to collapse from overburden pressure.

4.3.  Stable Isotope Geochemistry of Carbonates

In order to better understand the wallrock alteration and thereby the mineraliza-

tion event, stable isotope analyses were conducted on carbonates found around the Bonanza 

orebody.  Specifically, δ18O and δ13C were measured for calcite and dolomite.  Calcite phases 

included limestone wallrock, slickenfibers, breccia matrices, veins, and dedolomitized haloes.  

Dolomite phases included diagenetically dolomitized wallrock, replacively dolomitized wall-

rock, and fracture-filling baroque spar. 

All carbonate samples were analyzed at the stable isotope lab at the United States 

Geological Survey in Lakewood, Colorado.  Calcite samples were run by reaction with 100% 

phosphoric acid at 90°C using a MultiPrep device attached to a Micromass Optima mass spec-

trometer (McCrea, 1950).  Sample analyses were standardized using NBS 18, NBS 19, and NBS 

20 and have a precision of 0.08‰ for δ13C and 0.15‰ for δ18O.  Reproducibility statistics are 

one-sigma values for multiple analyses of NBS 19 made over multiple-week periods by the 

Multiprep device.  Dolomite samples were run similarly to calcite except that the initial reac-

tion was done off-line by adding 10 mg of dolomite to 100% H3PO4 in vials attached to vacuum 

lines and allowing the reaction to proceed for 2 days at 25oC.  Liberated CO2 from this reaction 

was then analyzed using the same mass spectrometer and standards as those used for calcite.  

All calcite and dolomite values for  δ18O and δ13C are expressed relative to VSMOW and PDB, 
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respectively (C. Johnson, pers. comm., 2004). 

Wallrock δ18O and δ13C values and their stratigraphic heights are reported in MacKev-

ett et al. (1997) for four locations  across a 30 km transect of the Chitistone Limestone.  These 

data were plotted against stratigraphic height and hung from the main sabkha facies (Fig. 

4.20).  The very limited data show the following:  the pure limestone wallrock (>80% calcite) 

at the most mineralized area, Bonanza mine, exhibits the single most depleted δ18O (17.1‰) 

and single most enriched δ13C (4.2‰) values, whereas the wallrock for the least mineralized 

area, Nizina River section, exhibits the opposite--the single most enriched δ18O (20.7‰) and 

single most depleted δ13C (1.5%).   The mixed calcite-dolomite wallrock at Regal mine and 

Green Butte mine show very similar isotopic values even though they are at different strati-

graphic heights.  The pure dolomite phases (>80% dolomite) are less predictable and show a 

range of isotopic values.  However, the upwardly-enriched curve from the Nizina River sec-

tion should be noted because it is the one most likely to represent ‘background’ isotopic values 

for unaltered Chitistone Limestone since it is reportedly only locally dolomitized and entirely 

unmineralized (Armstrong and MacKevett, 1982).

Isotope data has been plotted for the wallrock at Bonanza mine according to strati-

graphic position (Fig. 4.21) in order to compare to the values published by USGS workers for 

the wallrock at Bonanza mine (e.g., Fig. 4.20, second column).  Three carbonate phases from 

this study are represented:  limestone wallrock in the lowest 23 mstrat; replacive dolomite from 

38 to 65 mstrat; diagenetic dolomite at 130 mstrat.  All of these samples were collected along a NE 

traverse very near the Glory Hole.  Data from the USGS include greenstone, limestone, and 

dolomite.  No indication is given as to whether any of these phases have been altered.  Based 

on an annotated field photo in Armstrong and MacKevett (1982), it is estimated that all of 

these samples were collected ~250-300 m east of the Glory Hole.

A few trends are apparent in the data.  The first is that the limestone wallrock becomes 

more depleted with respect to both δ18O and δ13C moving up-section near the orebody.  The 

second is that δ18O for replacive dolomite is variably depleted and enriched (+17 to +22‰) 

irrespective of stratigraphic position, while δ13C remains relatively homogeneous (+3 to +4‰) 
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Fig. 4.21--δ18O and δ13C vs. stratigraphic position for greenstone, limestone, 
and dolomite wallrock at Bonanza mine and correlated ‘background’ curve 
from Nizina River section.  Thinner curves denote data acquired by USGS 
workers--limestone/dolomite data from MacKevett et al. (1997), and green-
stone data (average of 5 whole rock samples) from Silberman et al., (1980).  
Thicker curves are data collected in this study.  Approximate orebody outline 
shown in accompanying statigraphic column.  AM1, AM2, SF means 1st algal 
mat, 2nd algal mat, and sabkha facies, respectively.
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within this same stratigraphic interval.  It should be noted that the three lightest δ18O samples 

were all collected from within 5 cm of dedolomitized (i.e. mineral stage) calcite veins.  The 

third is that the diagenetic dolomite most closely fits the dolomite data submitted by USGS 

workers.

It is interpreted that depleted δ18O found in replacive dolomite is the result of tem-

perature and possibly solute effects given the proximity of mineralizing fluids to this dolomite.    

The uniformity of the δ13C curve for all dolomite phases suggests strong wallrock control on 

the constituent CO2 in dolomite regardless of distance from the orebody.  

The dolomite data plotted versus stratigraphic height in Fig. 4.21 are plotted again in 

Fig. 4.22 to include fracture-filling, baroque spar.  The data exhibit a narrow range of δ13C but 

wide range of δ18O values.  This plot suggests that the control on δ13C composition varied little 

between replacive and fracture-filling dolomite.  The plot also shows that there is a significant 

difference (up to 6.9‰) in oxygen composition between the replacive and diagenetic dolomite 

phases.  The single, heaviest δ18O sample was collected farthest from the mineralization and is 

interpreted to be diagenetic dolomite.  The rest of the wallrock samples were collected along 

the edge of the Glory Hole and are interpreted to be hydrothermal dolomite.  

Although the data for fracture-filling dolomite are somewhat limited (3 points), they 

suggest that there has been little isotopic fractionation relative to breccia clasts during the 

growth of this phase.  Thus, these coarse crystals grew from a homogeneous fluid that expe-

rienced little fluctuation in chemical and/or physical parameters during their crystallization.  

This fluid must have been strongly controlled by the dolomite clasts and could have potentially 

originated directly from those dolomite clasts as a product of recrystallization (Fig. 4.23).

In addition to the wallrock compositions, the δ18O and δ13C of numerous calcite species 

were analyzed in order to determine any isotopic anomalies that might be related to mineral-

ization (Fig. 4.24).  Altogether, eight calcite phases were analyzed, including four subsets of 

calcite veins:

1.  calcite veins with dedolomitized haloes (blue, solid diamond)

2.  calcite veins that directly contain copper mineralization but have no dedolomitized halo 
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Fig. 4.23--Type II breccia hand sam-
ple with annotated isotopic compo-
sitions.  The similarity of isotopic ra-
tios between the replacive baroque 
wallrock (dol) and the coarse ba-
roque spar (bs) suggests that they 
are closely related genetically.  In 
addition, notice the embayed or lo-
bate/cuspate-like fabric that sug-
gests dissolution of the breccia clast 
and subsequent reprecipitation of 
baroque spar (arrows pointing to 
cusps).  The sample names KEN-
7A and KEN-7B are divided along 
the obvious crack running across 
the bottom third of the handsam-
ple.  Isotopic values are listed here 
in permil for δ18O and δ13C, respec-
tively.  Calcite data (cal) shown in 
this photo are plotted in Fig. 4.22 as 
breccia matrices.
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Fig. 4.22--Stable isotopes for dolomite at Bonanza mine. For all dolomite phases, the range of δ18O values is broad 
whereas δ13C remains relatively homogeneous.  Notice the tight cluster of points for fracture-filling baroque spar 
compared to the spread for replacive dolomite wallrock, which suggest reasonably uniform conditions (temperature, 
pH, fO2, salinity) during the growth of the baroque spar.  The sample most enriched in δ18O was diagenetic dolomite 
collected farthest from mineralization.  All other samples were collected near the mineralization and are hydrother-
mal dolomite.  Small numbers beside points are stratigraphic elevation as shown in Fig. 4.21.  
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(orange cross)

3.  “other” calcite which includes any sparry white calcite vein that was neither dedolomi-

tized nor mineralized (black X)

4.  calcite precipitated in epidote+quartz veins in the Nikolai Greestone (green, hollow dia-

mond)

5.  dedolomitized haloes (pink, solid square) 

6.  calcite slickenfibers from fault planes (red, hollow triangle)

7.  calcite breccia matrices (purple asterisk) 

8.  limestone wallrock (brown circle)

There are a two distinct clusters of data in Fig. 4.24.  The first is a group of data from 

the Nikolai Greenstone with relatively homogeneous δ18O values but a wide range of δ13C 

values.  The second is the remaining group of data for calcite phases in the Chitistone Lime-

stone in which δ13C is mostly homogeneous but δ18O is variable.  In addition to these two main 

groups, there are two outlier groups of data that will be addressed.

The first group in Fig. 4.24 is comprised of vein calcite taken from the Nikolai Green-

stone just below its contact at Bonanza mine.  These data consistenly fall between +13.5 and 

+15.0‰ δ18O, which is only somewhat depleted relative to calcite phases in the limestone.  

However, the δ13C values are substantially depleted, are highly variable, and are in the range 

of -10.6 to -2.8‰.  The fairly uniform δ18O values are likely the product of calcite precipitation 

from a fluid that was slightly hotter than the fluids precipitating calcite in the limestone.  The 

range in δ13C is interpreted to be the mixed product of organic matter input (to account for the 

most depleted samples) and normal CO2-calcite fractionation of deep-seated/crustal-sourced 

C (average δ13C value approximately -7‰) at low-temperature metamorphic conditions (Faure, 

1986; Ohmoto, 1972; J. Humphrey, pers. comm., 2004).  It does not require mixing with fluids 

from a carbonate lithology (e.g., Chitistone Limestone), except maybe to buffer the pH of the 

greenstone fluids.        

The second distinctive group in Fig. 4.24 is comprised of calcite phases in the Chitis-

tone Limestone that are mostly homogeneous in δ13C but variably depleted in δ18O.  The most 
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Fig. 4.24--δ18O vs. δ13C plots for calcitic species at Bonanza mine.  A) General plot of all calcite species (N=67).  No-
tice the distinctive fields in the plot:  a relatively depleted (in terms of both δ18O and δ13C) greenstone field, a relatively 
enriched limestone field containing slickenfibers, some wallrock, and some sparry white calcite veins, and a middle 
“shifted” field which shows some of the depleted characteristics of the Nikolai Greenstone.  B)  Fields outlined and 
color-coded for the scattered data in A.  
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δ18O-enriched phases are the calcite slickenfibers, limestone wallrock, and some of the “other” 

sparry calcite veins.   The most depleted δ18O values in this group are for sulfide-bearing and/

or dedolomitized calcite veins, dedolomitized haloes, and some Type II breccia matrices.  All 

of these calcite phases contain fairly uniform δ13C values (between +2 and +5‰) that can be 

attributed to strong wallrock control of normal marine limestone on these calcite phases.  

The variablity in δ18O for these samples, however, suggests calcite precipitation from 

a source that has been modified by either temperature or solute effects.  These most depleted 

δ18O values are associated with mineral-stage phases and are, therefore, representative of the 

mineralizing fluids.   This can be seen in a representative, mineralized hand sample (Fig. 4.25) 

with annotated isotope values.  There are three populations of data from the handsample.  The 

largest data population exhibits the most depleted δ18O and relatively depleted δ13C and is 

associated with the mineralizing fluids (as in Fig. 4.9).  The second population with relatively 

enriched δ18O and δ13C values is probably premineral calcite with δ13C strongly controlled by 

the original wallrock.  However, the third population with enriched δ18O but the most depleted 

δ13C suggests some mixing with calcitic fluids from the greenstone.

In addition to these two major fields of calcite phases, there are a few anomalous outli-

ers that were not included in any particular calcite field.  Three of these were sparry calcite 

veins not directly associated with mineralization that had something uniquely odd about 

each of therm: one moderately thick (10 cm) vein was filled with black calcite (the most δ13C 

depleted); another thick (20 cm) vein was filled with extremely coarse calcite (the most δ18O 

enriched); a third was a cavernous vein about 5 cm wide that was rimmed but not filled with 

white calcite (the most δ18O depleted).  The first two seem to be earlier than mineralization; the 

last one seems to be late and may be the product of late meteoric influx into the system.  The 

Type I breccia sparry, void-fill is vein-fed and brightly-luminesces (refer to Fig. 4.17), similar to 

mineral-stage calcite (as in Fig. 4.9).  However, it is clearly not the same generation as the Type 

2 breccia matrices, and therefore, it is considered to be an outlier.  Lastly, there was one set of 

calcite slickenfibers right beside the cavernous vein that shares the same δ18O-depleted signa-

ture with the vein.  Althought the structure appears to be earlier than the mineralization, there 



123

���

���

���

���

���

���

���� ���� ���� ���� ���� ����

��
� �

���
�

��������

�������������������������������������

���������������

��������������������

�������������������
��������

�����������������
���������������

�����������

����������

�����������

�����������

�����������

�����������

�����������

�����������

���

�����

������

��������

���

Fig. 4.25--Dedolomitized calcite vein from Bonanza mine.  Drilled holes (circled) are the sample locations with the 
corresponding isotopic values reported next to the hole (δ18O first, δ13C second) and plotted on the graph.  The one 
exception is the black dot for dolomite wallrock, the actual drill location of which is out of this view around the cor-
ner.  DOL is replacive dolomite wallrock; DEDOL is the dedolomitized (i.e., now calcite) halo; CC+CAL is the cloudy 
grey, synmineral calcite; CAL is sparry calcite that appears to be slightly eariler than synmineral calcite.  Isotope val-
ues vary widely between samples of the the white sparry calcite and samples of the mineral-bearing calcite, and the 
sparry zone next to the dedolomitized halo corresponds more closely with synmineral calcites than the two other 
sparry calcite samples.  Furthermore, the most depleted δ13C value is found in sparry calcite that is not necessarily 
mineral-hosting.  Thus, there appears to be a certain amount of mixing taking place within these veins.  In addition, 
it is important to recognize the fact that the visual cues of white spar versus cloudy grey spar are not sufficient to 
distinguish between synmineral calcite and either pre- or post-mineral calcite.  Using the term ‘synmineral’ calcite is 
not unsupported; the composite CL image in Fig. 4.9 was taken from this sample, and it clearly documents that the 
cloudy grey calcite is the CL-bright host for mineralization.  Thus, it is certain that the calcite sampled in Ken-4-2, 
Ken-4-3, and Ken-4-4 (the line of holes across the cloudy mineralized calcite band) is representative of the bulk iso-
topic character of the fluids responsible for mineralization.
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appears to have been some isotopic reequilibration of the slickenfibers with the same (probably 

meteoric) fluids that produced the cavernous vein.  In the case of the black vein especially, and 

to a lesser extent the coarse calcite vein and the Type I breccia void-fill, there is a clear isotopic 

association (i.e., depleted δ13C) with the greenstone fluids resposible for the greenstone calcite.  

However, for the other cases, there appears to be no association with greenstone fluids.  In all 

cases, these outlier calcite phases appear to be unrelated to the mineralization event.

In addition to plotting the calcite phases in δ18O vs. δ13C space, particular and, in some 

cases average, samples of carbonates were chosen to estimate the isotopic composition of the 

carbonate-precipitating waters based on δ18O fractionation versus temperature.  For calcite, 

the fractionation equation from Friedman and O’Neil (1977) was used:

1000lnα = (2.78x106)(T-2)-2.89

[Note: Although commonly cited in the literature, this is not the same fractionation factor as 

that published by O’Neil et al. (1969)].  For dolomite, the fractionation factor from Land (1985) 

was used:

1000lnα = (2.78x106)(T-2)+0.91

Based on sulfide mineralogy (see Chapter 5), a range of temperatures from 50-200oC was 

chosen to calculate the fractionation factor and thereby constrain the original fluid isotopic 

composition.  Isotopic composition of original waters was calculated for the following repre-

sentative carbonate phases: 

1. two dolomite wallrocks, diagenetic (most enriched δ18O) and hydrothermal (most 

depleted δ18O)

2. average baroque dolomite spar

3. average greenstone calcite

4. a single mineral-stage calcite phase within a dedolomitized vein 

5. a single dedolomite halo

6. a single sparry calcite vein without mineralization

7. average sparry calcite breccia matrix
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8. two calcite sickenfibers, averages from both the enriched and depleted sub-populations

All of these carbonate phases, including both calcite and dolomite, were plotted together in the 

same δ18O vs. temperature space in order to pick out similarities between the original waters 

that precipitated these phases (Fig. 4.26). 

The plot shows that the there are two different groups of paleowater curves that closely 

align.  At the δ18O-depleted end of the graph are the curves for the most δ18O-depleted dolo-

mite wallrock, average greenstone calcite, the main mineral-stage calcite (sample Ken-4-2 in 

Fig. 4.25), a representative dedolomite halo (sample Ken-4-DD in Fig. 4.24), average baroque 

spar, and average sparry calcite breccia matrix.  The second group of curves consists of the 

remaining carbonate members, including δ18O-enriched diagenetic dolomite, a representative 

sparry white calcite vein (Ken-4-5 in Fig. 4.25) and both the average δ18O-depleted and average 

δ18O-enriched calcite slickenfibers (which are part of a continuum).  The shaded portion of the 

plot represents the temperature at which main-stage mineralization must have occurred based 

on the stability fields of orthorhombic chalcocite and djurleite.  Given this mineralogical tem-

perature constraint, the δ18O composition of the fluids during the main-stage mineralization 

must have had values of approximately +1.2‰ at 130oC, -1.4‰ at 103oC, and -3.4‰ at 85oC.  

This is only slightly enriched relative to the calcitic fluids in the greenstone but significantly 

depleted relative to the limestone wallrock.  

Thus, the isotopic fields (Fig. 4.25B) and the paleowater curves (Fig. 4.26) show that 

there was an interplay between the Nikolai Greenstone and the Chitistone Limestone to pro-

duce the observed isotopic compositions.

For δ13C, the dominant control on all carbonate phases in the limestone was the 

original limestone wallrock itself.  This is true for both dolomites, most sparry calcites, 

and, importantly, the mineral-stage calcite.  It appears that any depleted δ13C that may have 

originally entered the limestone with the mineralizing fluids (i.e., along with the copper, to 

be discussed in Chapter 5) was immediately equilibrated with the seemingly infinite δ13C-

enriched wallrock.  The only exceptions to this appear to be for two early, abnormal calcite 

veins and the void-fill in Type I breccias.  Of these three, only the void-fill may have any ties to 
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Fig. 4.26--δ18O vs. Temperature plot for carbonate-precipitating waters at Bonanza mine.  The most depleted values 
are associated with replacive dolomite wallrock, calcite in the greenstone, and mineral stage calcite from the edge of 
the Glory Hole.  The most enriched values are associated with calcite slickenfibers and diagenetic dolomite.  Dedo-
lomitized halos fall between the enriched dolomite wallrock and mineral-stage calcite, but plot closer to the calcite.  
Shaded zone represents the approximate temperature window for the main-stage ore fluids.  The top dashed line 
within the main-stage ore field marks the critical inversion of hexagonal chalcocite (hex-cc) to orthorhombic chal-
cocite (orth-cc) which occurs at ~103oC.  
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mineralization (based on CL-luminescence).  

Despite relative proximity to limestone wallrock, the strikingly δ13C-depleted green-

stone calcite equilibrated independently of the limestone.  Given their range of values in  δ13C 

and their relative depletion (as low as -10.7‰), it appears that the initial C input for these 

calcites was a relict of organic C entrained in the flood basalts after eruption.  Subsequent 

fractionation of this relict organic C accounts for the more enriched calcites.  In addition, it 

is possible that the most δ13C-enriched calcites may have been pH-buffered by and partially 

isotopically equilibrated with HCO from the limestone.   If so, this must have been a highly-

localized effect because all of the greenstone calcites were collected within 100 m areally and 

30 m stratigraphically of each other.   However, most of the calcites are too depleted to have 

any genetic ties with the limestone.   

For δ18O, the dominant control is the effect of temperature on isotopic equilibration.   

Relatively cool pore waters formed such phases as the diagenetic dolomite and the calcite slick-

enfibers, and a few of the sparry calcite veins.  It is important to state that field relationships 

show clearly that calcite veins and slickenfibers are unrelated to diagenesis even though they 

share similarly-enriched isotopic characters.  It is hypothesized that these veins and slickenfi-

bers are related to the release of stored, isotopically-equilibrated porewaters during the main 

stage of orogeny.  In this regard, these most enriched fluids closely resemble the original isoto-

pic compostion of the limestone wallrock (the two most enriched points in Fig. 4.24).

Warmer fluids are responsible for the most δ18O-depleted phases, including green-

stone calcites, mineralized/dedolomitized calcite veins and dedolomitized haloes.  Given the 

fact that some of these phases show a range in δ18O values from relatively depleted to rela-

tively enriched (i.e., dedolomitized calcite veins vary from +14 to +20‰), it is likely that some 

amount of fluid mixing occurred between anoxic basinal fluids in the Chitstone Limestone 

and oxic metamorphic fluids from the Nikolai Greenstone.  This likelihood is supported by 

the variety of δ18O values shown within Ken-4 in Fig. 4.24 (and by sulfur isotopes, see Ch. 

5).  This hand sample is a single, large dedolomitized vein that shows nearly a 4‰ difference 

between calcite phases within it.  Thus, it is clear that within these localized, mineralized fea-
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tures, multiple generations of calcite must have formed from fluids that variably equilibrate 

δ18O.  In particular, it is hypothesized that earlier δ18O-enriched calcite phases are the product 

of relatively cool basinal fluids found in the Chitistone Limestone, while later δ18O-depleted 

phases are the result of heating those waters with input from the Nikolai Greenstone during 

low-grade metamorphism.
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CHAPTER 5

METALLIZATION at KENNECOTT

5.1.  Copper Deposits in the Kennecott District, Morphology

There are some 70 copper occurrences that are hosted in either the Nikolai Greenstone 

or the Chitistone Limestone in the Kennecott district (based on USGS map localities).  Earli-

est descriptions of the mineralization in the vicinty of Kennecott are given in Moffit (1917).  

Building on Moffit’s (1917) description, Bateman and McLaughlin (1920) described the 

morphologies and mineralogy of generalized deposit types in the district hosted in both the 

greenstone and the limestone, especially near Kennecott.  Even in this early paper, Bateman 

and McLaughlin (1920) recognized genetic ties between the Nikolai Greenstone and Chitis-

tone Limestone based on their similarities in mineralization.  In addition, Sood et al. (1986) 

describe copper occurrences about 30 km east of Kennecott.  MacKevett et al. (1997) give a 

useful summary of important Chitistone-hosted deposits in the Kennecott district as well as 

some general characteristics of the Nikolai-hosted copper occurrences there.

5.1.1.  Nikolai Greenstone-hosted Occurrences

Although the Nikolai Greenstone contains elevated copper values (average of 155 

ppm even in unmineralized areas, MacKevett et al., 1997), it hosts few economic deposits 

and, therefore, has seen very little production.  Copper deposits in the Nikolai occur as veins, 

dessiminated replacements, and amygdule fillings.  MacKevett et al. (1997) groups them as fol-

lows:

1.  Native copper, in places associated with tenorite and cuprite, found in brecciated flow 

tops, amygdules, or disseminations.

2.  Chalcocite-rich veins with calcite gangue.
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3.  Veins that contain chalcopyrite+bornite+lesser other copper minerals as well as pyrite/

pyrrhotite associated with an epidote-quartz or calcite gangue. 

Of these three types of occurrences, veins generally present the best opportunity for min-

ing, even though they are often short and narrow and end abruptly at flow folations or joints 

(Bateman and McLaughlin, 1920).   Notable deposits hosted in the Nikolai Greenstone nearest 

Kennecott include the Radovan Greenstone chalcocite-digenite vein prospect above Glacier 

Creek ~30 km ESE of Bonanza mine (Fig. 5.1), the Nikolai chalcopyrite-bornite vein prospect 

~10 km SE of Bonanza mine, and an unnamed copper sulfide vein prospect near Regal mine 

~10 km NW of Bonanza mine (MacKevett et al., 1997) (Plate 1 for locations).

5.1.2. Chitistone Limestone-hosted Deposits

The most important orebodies are hosted in the Chitistone Limestone, especially 

those mined at Kennecott--Bonanza, Motherlode, Jumbo, and Erie.  In addition to these major 

Fig. 5.1--Entrance to Radovan Greenstone mine, on the 
eastern margin of Radovan Gulch, near Glacier Creek, 
about 30 km ESE of Bonanza mine.  Notice the obvious 
high-angle strike-slip structures that host massive chal-
cocite and digenite veins. 
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orebodies, the Chitistone hosts lesser copper mines and prospects in the Kennecott district, 

including (from west to east):  Mayflower, Regal, Tjosevig, Green Butte, Schultze, Westover, 

Peavine, Nelson, and Binocular plus others unnamed.  All of these prospects are situated very 

near the contact with the Nikolai Greenstone.  Of these, only Green Butte and Nelson have 

produced any considerable amount of ore, but even these are inconsequential in comparison 

to the Kennecott orebodies (see Plate 1 for the locations of these other deposits; Mayflower, 

Tjosevig, Schultze, Peavine, and Binocular are unlabeled triangles) (MacKevett et al., 1997).

The general ore occurrences at Kennecott were classified by Bateman and McLaugh-

lin (1920) as a combination of fissure veins, irregular massive replacements, and stockworks.  

The first two are actually end members in a series that contains many gradations between a 

true fissure vein and a true massive replacement.  The third, stockworks, consist of many small 

veinlets filling small fractures and joints that are generally only a few 10’s of cm in length and, 

for any individual veinlet, not greater than about 1cm in thickness.  

According to the classification of Bateman and McLaughlin (1920), the most important 

orebodies, especially Bonanza, Motherlode, and Jumbo, are a hybrid between what is a narrow 

fissure vein and what is a massive replacement and, as such, have long perplexed geologists 

concerning their genesis.  These orebodies have been described as “overturned canoes with 

exaggerated keels” (R. Retherford, pers. comm., 2001), in which their bases are wide, massive 

replacement-style, but upwards, they taper into thin, high-angle, fissure-style veins.  These 

“overturned canoes”  trend between N30E and N52E with fat bottoms that are nearly bedding-

conformable and therefore plunge about 23o almost directly down dip.  In addition, the “keels” 

generally dip steeply southeast.  Bateman and McLaughlin (1920, p. 26-27) described them as 

follows:  

...[T]he Kennecott fissures extend from the bottom upward. . . [T]hey start usu-
ally from one of the inclined bedding planes parallel to the greenstone contact 
and at variable distances above it, and gradually diminish or die out, or pass 
upward from a clearly defined fissure to a slightly sheared zone of relatively 
insignificant fracturing. . .  The fissures may thus be pictured as tabular bod-
ies whose bottoms are terminated abruptly and pitch downward at 23 degrees 
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parallel with the bedding; whose tops die out in a frayed outline which also 
pitches downward approximately parallel to bedding. . .

The maximum length for any of these hybrid replacment-veins is 1000m for the Moth-

erlode orebody.  However, the most massive single occurrence of ore was the Jumbo high 

grade stope, a huge (relatively speaking) replacment zone that tapered upward into veins.  

The dimensions of the replacment body alone were 13 m high by 13 m wide by 110 m long 

of pure chalcocite from which 70,000 tons of 70% copper was shipped (Douglass, 1964).  The 

dimensions of the entire Jumbo orebody, including its high-angle “keel” were 110 m high by 

a maximum of 18 m wide by 450 m long.  Although it contained smaller massive replacment 

intervals relative to Jumbo, the Bonanza orebody extended approximately 580 m, was up to 15 

m wide at its base, and was up to 60 m high (Bateman and McLaughlin, 1920).  A cross-sec-

tion through the Bonanza-Motherlode orebodies shows the ‘abruptly terminated bottoms and 

frayed tops’ as described by Bateman and McLaughlin (1920) (Fig. 5.2).  In addition, a trans-

verse cross-section through the Jumbo orebody is included to demonstrate the ‘overturned 

canoe with exaggerated keel’ (Fig. 5.3).

 In addition to the enlarged basal portion of the veins, it is commonplace for the veins 

to pinch and swell along their length.  In a number of places as shown on the Kennecott under-

ground maps, there are several large veins (i.e. 10’s of cm thick) of solid chalcocite separated by 

limestone in one place but joined together in another place via replacement of the intervening 

limestone wallrock which gives the mineralized zone a braided appearance.  These zones may 

pinch down to mere centimeters across in one location and expand again to multiple meters 

across in another.  Surrounding the massive mineralization and within zones of ‘braided’ veins, 

disseminated sulfides can be found throughout the wallrock.  

Above all, Bateman and McLaughlin (1920) point out the fact that, only rarely, does 

ore passively fill pre-existing cavities.  Instead, nearly all of the massive mineralization was 

formed where fissures acted as conduits for the mineralizing fluids to subsequently replace the 

carbonate wallrock.

In addition to what might be considered “normal” in situ ore occurrences at Ken-
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Fig. 5.3.--Transverse cross-section through the Jumbo orebody.  This section emphasizes the “overturned canoe with 
exaggerated keel” morphology of the massive lodes at Kennecott.  Note, however, the presence of many high angle 
veins that do not share this atypical, replacement-style, triangular morphology.  These veins approximately parallel  
high-angle faults shown here.  Modified after MacKevett et al. (1997).
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necott, there were also two unusual orebodies, both talus deposits, that were mined and which 

yielded a substantial amount of ore (Fig. 5.4).  The Bonanza orebody “daylighted” at least dur-

ing the last glacial age, if not before, and as a result, large amounts of the ore were shed off of 

the Bonanza mine ridge (called “Kennecott Spur” by the miners) into the cirques either side 

of the ridge.  This debris was chemically eroded very little and, thus, the talus fields below the 

orebody were of high enough grade to be mined.  

The first, off the southeast side of Kennecott Spur, was called the “Slide orebody”.  It 

lay at the angle of repose and was mined by surface scrapers.  It was irregular in outline, 1-2 

m thick, 10’s of m wide, and 100’s of m long.  More than 90,000 tons of milling ore was mined 

from this deposit.  The second, located off the northwest side of Kennecott Spur was called 

the “Glacier deposit”.  In this case, ore that eroded down the northwest slopes was incorpo-

rated into a glacier of admixed rock and ice.  This orebody was explored via three tunnels with 

numerous cross-cuts.  All told, 220,000 tons of copper ore were pulled from the ice. The fol-

lowing passage from Bateman and McLaughlin (1920, p. 24) is a testament to the unseemly 

character of the Glacier deposit:
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Fig. 5.4--Schematic cross-section of Bonanza mine to illustrate the relative positions of the Glacier and Slide depos-
its.  Scale is approximate.  Modified after Bateman and McLaughlin (1920).
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This ore consists of ice, limestone, and chalcocite, with a minor amount of car-
bonate; the country rock is ice with considerable admixed rock debris.  The ore 
debris is of the same character as that described for the talus ore, except that 
larger pieces are more common.  Perhaps 30 to 60% of the material within the 
orebody is accumulated debris, the remainder being ice.  The ore body is quite 
compact, requiring blasting, and the workings required only moderate timber-
ing.  The passage from ore to waste is a gradual one.

5.2.  3-Dimensional Model of the Bonanza Orebody

5.2.1.  Purpose and Methods

In order to better characterize the morphologies of these enigmatic massive orebod-

ies and to determine which structures, if any, controlled the mineralization, a 3-Dimensional 

model of the Bonanza orebody was constructed using the 3DMove (Midland Valley) software 

package.

The model was constructed in the following steps:

1.  The three original Kennecott underground mine plan maps (1:480 scale) that were avail-

able for Bonanza mine (the 150, 200, and 300 levels) were scanned on a large drum 

scanner. 

2.  Using AutoCAD 2000, the geology from these maps was digitized onscreen.  In addition, 

geologic features mapped on the surface by this study were digitized onto a 3-Dimen-

sional topographic model provided by the National Park Serice (in the form of a .dwg file 

of topograpic lines with the z (elevation) coordinates preserved).  The digitized features 

from this study included faults, veins, the outline of massive replacments, the outlines of 

disseminated replacements, the contact between the Nikolai Greenstone and Chitistone 

Limestone, select bedding, and the contact between dolomite and limestone.  Due to the 

pinching irregularity of replacement veins, thin extensions were added between veins 

so that a single ore surface could be constructed once imported into 3DMove. This pro-

cedure added very little to the orebody in terms of surface area and volume but greatly 
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facilitates visualizing the ore as one body.  The same thing was done for the disseminated 

sulfide outline so that a single 3-D disseminated body could be constructed.  Altogether, 

these four geologic files (three underground, one surface) were rendered as .dxf files.

3.  The .dxf ’s were imported into 3DMove where they were stacked in alignment with a sin-

gle, registered underground coordinate.  Small errors from the original hand-drafting of 

the maps became evident at this stage.  However, the error between the overlays is esti-

mated to be less than 3%, so these errors have a negligible effect on the key components 

of the model, namely the reconstruction of faults and the visualization of the orebody.

4.  Once the files were in the 3-D space, traces of veins, faults, bedding, the greenstone-

limestone contact, and the dolomite-limestone horizon were able to be connected 

forming 2-D surfaces.  In addition, the outlines of the massive replacement ore and dis-

seminated ore were connected to make 3-D solids.  All of these objects can be rotated 

in 3-D space to aid in visualizing the orebody.  Due to the paucity of kinematic and dis-

placement data, no attempt was made to restore lithologies to their pre-deformed state. 

5.2.2.  Observations and Results

The 3-D model is revealing in several ways.  The first is that while the major orebodies 

have been described as elongate triangles or canoes, in fact, the Bonanza vein actually curves 

down plunge (Fig. 5.5A).  Thus, it is more accurate to portray the Bonanza vein as a warped 

triangle or canoe with a variable trend/plunge according to mine-level rather than as a straight 

pipe with constant trend/plunge.  The same is true for its disseminated outline.  In addition, 

minor disseminations can be found along bedding (Fig. 5.5B).  

The second is that there is  a clear connection between faults (especially sinistral-nor-

mal) mapped on the surface by this study and the major “fractures” the mineralizing fluids 

followed to precipitate the orebodies (Fig. 5.6).  

The third is that one particular bed from the underground maps shows appreciable 

offset (normal-separation) across the Bonanza vein (Fig. 5.7).  This clearly documents the fact 

that the Bonanza vein is fault-controlled.  
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Fig. 5.5.--3-Dimensional views of the Bonanza and Birch veins.  A) View from underground (at approximately the 
150-level) facing SW.  Notice the curvature of the Bonanza vein which shallows somewhat with depth.  The Bonanza 
and Birch veins nearly intersect at the 600-level, at which point they attenuate while the Motherlode vein (not shown) 
begins further north.  Red represents massive chalcocite-djurleite.  B) Same view as A but now showing the outline 
for disseminated ore.  Notice that disseminations do no penetrate very far into the wallrock and that some of the dis-
seminations are approximately bedding-parallel.  
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Fig. 5.6--3-Dimensional views of Bonanza and Birch veins showing related faults.  A) View to the S from under-
ground (~ 150-level perspective) showing faults (blue) connected from those mapped on the surface (this study) to 
those mapped underground (Kennecott).  B) View to the NE from above ground (~6300’ a.s.l. perspective) showing 
the classic triangular morphology of the Bonanza vein and the relatively planar Birch vein.  Approximate strike and 
dip shown in lower left.
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Fig. 5.7--3-Dimensional views of Bonanza orebody.  A) View to the NW (~ 150-level perspective) offset bed shows 
right-separation across the Bonanza orebody, a critical relationship that proves the orebody is following a fault.  B) 
View to NNW (~ 6000’ a.s.l.  perspective) showing the many cross-faults mapped underground.  Cross-cutting rela-
tions between these faults and the main, mineralized fault are uncertain, but they must have occurred pre- to syn-
mineralizat6ion.
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5.3.  Copper Occurrences at Bonanza mine, Petrology

While, megascopically, the massive chalcocite ores at Kennecott appear to be almost 

uniform, in fact, petrographically they have proven to be complex.  Indeed, every low tem-

perature mineral in the Cu-S system is represented as well as several from the Cu-Fe-S system.  

Ramdohr (1980) explains at the beginning of his 26-page section devoted to chalcocite:  

What hitherto has been considered as “chalcocite” with the formula Cu2S is 
a great number of semi-independent minerals and solid solutions, whose 
relationships are not yet fully understood and for which there are diverse 
interpretations…The properties of all these forms are very similar.  It is not yet 
possible to distinguish sharply the many members with the ore-microscope.

Indeed the original mine geologists (c.f. Bateman and McLaughlin, 1920; Lasky, 1930; 

Bateman and Lasky, 1932; Bateman, 1942) did not even realize that what they called “blue iso-

metric chalcocite” is not chalcocite (Cu2S) but is probably digenite (Cu1.8S) or possibly djurelite 

(Cu1.96S) (Ramdohr, 1980).  Since the time of these first workers, several minerals in the Cu-S 

system have been formally identified, including djurleite (Cu1.94-1.96S) (Djurle, 1958), blauble-

ibender covellite (Frenzel, 1959), anilite (Cu1.4S) (Morimoto et al., 1969), as well as high and low 

temperature polymorphs of digenite and chalcocite (Roseboom, 1966).  Thus, the paragenesis 

at Kennecott has evolved through time from Bateman and McLaughlin (1920), Lasky (1930), 

and Bateman and Lasky (1932) to Roseboom (1966) to MacKevett et al. (1997).  Though more 

work could be done toward this end (e.g. microbeam analyses), it is not the goal of this study 

to elucidate all of the variations in “chalcocite” mineralogy at Kennecott.  Even so, some funda-

mental observations for sulfide paragenesis and accompanying ore textures will be presented.  

In addition, the hypothesis of the colloidal nature of the ores at Kennecott (c.f. Lasky, 1930) 

will be addressed. 

5.3.1.  Sulfide Petrology and Paragenesis in the Chitistone Limestone

The ores at Kennecott are dominantly massive hypogene chalcocite (mostly the 

low-temperature orthorhombic paramorph), djurleite and covellite.  Lesser bornite and  chal-
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Mineral Notes Source
Chalcocite 
(hexagonal)

High temperature polymorph; forms above 104˚C. Ramdohr, 1980

Chalcocite 
(orthorhombic)

Low temperature polymorph; forms below 104˚C; reported to comprise about 
50% of the unoxidized ore. 

MacKevett et al., 1997;
Bateman and McLaughlin, 
1920

“Rosegrey” 
chalcocite

Reported in large quantities at Kennecott, this is apparently a mixed-crystal of 
Cu2S and Cu5FeS4.

Ramdohr, 1980

Djurleite Not reported at Kennecott until Roseboom (1966), only stable below 93˚C; dis-
tinguished from chalcocite by its bluish color; reported to comprise about 45% 
of the unoxidized ore.  This is probably the “steely” chalcocite of Bateman and 
McLaughlin (1920). 

MacKevett et al., 1997;
Bateman and McLaughlin, 
1920

Digenite An oxidation product of djurleite+bornite; called “blue isotropic chalcocite” in 
Ramdohr, 1980, likely the same  as “blue isometric chalcocite” reported by Bate-
man and McLaughlin (1920) and Lasky (1930).

MacKevett et al., 1997

Covellite Range not restricted by temperature; some has been recrystallized due to defor-
mation.

Ramdohr, 1980

Blaubleibender 
covellite

Forms a scarce oxidation product of digenite+bornite and, rarely, djurleite MacKevett et al., 1997

Bornite Two varieties reported: normal and anamolously S-rich,  S-rich variety is uncom-
mon and forms cores of normal bornite; normal bornite often has chalcopyrite 
exsolution lamellae and is commonly found in chalcocite-djurleite zones.

MacKevett et al., 1997

Chalcopyrite Forms small veins that are replaced by bornite; exsolves along cleavage in normal 
bornite; forms between covellite blades and zones of chalcocite-djurleite.

MacKevett et al., 1997

Tennantite A common component according to Bateman and McLaughlin (1920) and Lasky 
(1930), but unreported by MacKevett et al. (1997).  Not recognized in this study.

Bateman and McLaughlin 
(1920); Lasky (1930)

Anilite Occurs interstitially between covellite crystals and occasionally as oxidation 
replacements of djurleite.

MacKevett et al., 1997

Luzonite Low temperature polymorph of enargite; occurs in isolated blebs and, occasion-
ally, as distinct veins.  

MacKevett et al., 1997

Enargite Occurs as replacement blebs and veins, has been brecciated and cemented by 
later sulfides.

Bateman and McLaughlin, 
1920; Lasky, 1930

Pyrite Almost entirely absent from the ore.  Cubic and framboidal pyrite found in Units 
2-4 and in one breccia type but does not appear to be related to mineralization.

Bateman and McLaughlin, 
1920

Galena Rare, positively identified for the first time in this study. Bateman and McLaughlin, 
1920

Orpiment Rare, identified at Jumbo mine; associated with secondary limonite and clay 
minerals 

MacKevett et al., 1997;
MacKevett and Radtke, 
1966

Sphalerite Rare Bateman and McLaughlin, 
1920

Malachite Common oxidation product; has a tendency to replace djurleite in massive ore; 
forms powdery coatings in lower units at Bonanza Mine.

MacKevett et al., 1997

Azurite Common to abundant alteration product that forms veins as a reaction between 
massive ore and limestone wallrock. Ramdohr (1980) reports that this forms 
almost exclusively from As-bearing copper sulfides.

Bateman and McLaughlin, 
1920

Limonite Present in only small amounts, but stains a disproportionately large area Bateman and McLaughlin, 
1920

Antlerite sulfate associated with secondary covellite at Jumbo Mine Bateman and McLaughlin, 
1920

Chalcanthite sulfate associated with secondary covellite at Jumbo Mine Bateman and McLaughlin, 
1920

Idaite rare, oxidation product of bornite MacKevett et al., 1997
Cuprite rare, reported from Bonanza mine Bateman and McLaughlin, 

1920

Table 5.1--All ore minerals reported at Kennecott by various workers.
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copyrite are uncommon in hand specimen but are extremely common under the microscope.  

Enargite-luzonite veins are shown on the Bonanza mine underground maps and reported 

by Bateman and McLaughlin (1920) and Lasky (1930), but no hand specimens were found, 

and exceedingly little was observed under the microscope.  Other reported sulfides that were 

not observed include tennantite and sphalerite (Bateman and McLaughlin, 1920) and anilite 

(MacKevett et al., 1997).  Importantly, galena is documented for the first time in this study.  

It was reported as being ‘rare and dubiously identified using wet chemistry’ in Bateman and 

McLaughlin (1920) and was not reported in MacKevett et al. (1997).  In addition to these sul-

fides, Bateman and McLaughlin (1920) reported that Kennecott produced about 25% of its 

copper from the copper carbonates malachite and azurite.  The full list of sulfide, oxide, and  

sulfate minerals identified by previous workers is in Table 5.1.

In general, mineralization began at low copper:sulfur ratios (i.e. chalcopyrite, bornite) 

and proceeded to highest copper:sulfur ratios (i.e. djurleite and chalcocite).  The advancement 

from low to high Cu:S ratios may have proceeded rapidly because the bulk (i.e., main stage) of 

the mineralization occurred at the highest copper:sulfur ratios.  After the main stage, super-

gene copper carbonates (i.e. malachite and azurite) dominated the late stage.  Interspersed 

with the early stages of mineralization are arsenic-bearing phases, particularly luzonite.  Para-

genetic diagrams for Kennecott are shown in Fig. 5.8. 

The earliest phase of mineralization involves bornite+chalcopyrite with two main man-

ifestations:  large blebs of bornite with chalcopyrite exsolution lamellae along bornite cleavage 

and large blebs of chalcopyrite replaced by bornite inwardly from the grain margins (Fig. 5.9A).  

Late in this early stage, some chalcocite exsolves out of the bornite.  The exsolution produces 

irregular grain boundaries between the chalcocite and bornite.  The irregularity suggests that 

chalcocite was not the sole product of a later fluid but, rather, a product of differentitation out 

of the bornite-precipitating fluid (Fig. 5.9B).  This type of chalcocite admixed with bornite is 

extremely common at Kennecott,  and it may be that this species is what Ramdohr (1980) calls 

“rosegrey chalcocite” (reportedly identified in “great quantities” at Kennecott) which appar-

ently has a mixed crystal of Cu5FeS4 and Cu2S.
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Fig. 5.8--Paragenetic diagrams for min-
eralization at Kennecott.  The diagrams 
are arranged by Cu:S ratio, follow-
ing MacKevett et al. (1997).  A) Con-
structed for this study according to ob-
servations published in Bateman and 
McLaughlin (1920) and Lasky (1930).  
B) Redrafted from MacKevett et al. 
(1997).  C) This study.  For both B and 
C, line width represents approximate 
mineral abundance.
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 As the early stage progressed, the sulfidation state increased causing covellite laths to 

exsolve out of chalcopyrite (Fig. 5.9A) and out of the rosegrey chalcocite (circled area in Fig. 

5.9B).  The covellite exsolution was followed by a period of intensive covellite precipitation in 

distinct multi-generational bands, as evidenced by the interlayering of breccia clasts and covel-

lite recrystallizate (c.f., Ramdohr, 1980) with coarse, bladed, undeformed covellite (cv1 and cv2 

in Fig. 5.9C).  The bands lableled cv2 have a distinctly “schistose” (c.f. Ramdohr, 1980) texture 

in which many elongate covellite grains are in alignment and grow outward, perpendicular to 

the vein wall (Fig. 5.9C). 

An interesting reaction that has been observed in some places during the middle stages 

of mineralization where chalcocite and covellite come in contact, small grains of chalcopyrite 

replace the margins of the covellite (Fig. 5.9D).  This same phenomenon has been seen where 

covellite laths exsolve out of chalcocite (Fig. 5.9E).  These chalcopyrite grains are the result of 

additional iron being available for precipitation from the admixture of bornite in chalcocite 

and from the increased sulfur activity of covellite compared to chalcocite.  Where covellite 

exsolves from chalcocite, there must be additional sulfur dissolved in the original chalcocite 

mixture in order to precipitate a higher sulfidation species from a lower-sulfidation one.  One 

possible reaction (at least for what is shown in Fig. 5.3G) is:

Cu2S +2S2- + Fe2+ --> CuS    +   CuFeS2

                                    chalcocite                    covellite   chalcopyrite

This explains the presence of both covellite and chalcopyrite in the chalcocite if there is an 

additional source of S2- and Fe2+.  Assuming that chalcocite has replaced bornite and therefore 

had those additional components available for future reactions, the following can be written 

for the bornite:

2Cu5FeS4 --> 5Cu2S +3S2- + 2Fe2+

                             bornite      chalcocite

Thus, the necessary sulfur and iron can come from an earlier phase of bornite replaced by 

and/or incorporated into the chalcocite (e.g. “rosegrey” chalcocite).  
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It is puzzling, though, that in some chalcocites (e.g. Fig. 5.9D) there is a clear relation-

ship with bornite such that it appears that the chalcocite has almost completely replaced an 

earlier bornite.  In these cases, it is easily believed that this type of chalcocite is the “rosegrey” 

chalcocite (i.e. mixed crystal of bornite-chalcocite) reported in Ramdohr (1980).  However, 

other chalcocites appear to have no association with original bornite and have no hint of rose 

tint in reflected light (e.g. Fig. 5.9E).  Despite this lack of bornite association, it is clear that 

there is excess sulfur in this chalcocite so that covellite exsolves from it.  In addition, there 

must be some excess iron present in order to produce the grains of chalcopyrite.  

The main stage mineralization is indicated by a major period of djurleite+chalcocite 

precipitation which formed the “steely chalcocite” of Bateman and McLaughlin (1920).  From 

field estimates, Bateman and McLaughlin (1920) stated that chalcocite represented 92-97% of 

the ore mined at Kennecott.  MacKevett et al. (1997) estimate that this main chalcocite ore is 

in fact a 50/50 mix of djurleite-chalcocite.  Observations from this study suport that estimate. 

While megascopically, the ore is extraordinarily homogeneous (Fig. 5.10A), microscopically it 

shows a classic exsolution texture (called “plessitic”) composed entirely of integrown djurleite 

and chalcocite (Fig. 5.10B).  It appears that the djurleite formed first and then orthorhombic 

Fig. 5.9--Early stage mineralization at Bonanza mine.  A)  RL image of replacement bleb in limestone (ls) in which 
early chalcopyrite (cp) has been partially replaced by bornite (bn) from the rim inwardly.  Later, granular covellite 
(cv) is similarly replacing its way across the bornite while bladed “diabasic” covellite grows preferentially in the chal-
copyrite.  B) RL image showing the replacement of limestone wallrock (ls) with multiple phases of copper sulfides.  
In general, the earliest mineralization shown is chalcopyrite (cp) which is being replaced by bornite (bn) which then 
precipitates chalcocite (cc).  Notice the two occurrences of covellite (cv).  One phase is forming exsolution laths from 
the bornite-chalcocite (circled) while another broad band cuts across the wallrock.  However, it appears that the exo-
lution laths are feeding the large replacement zone of covellite.  If this is true, then after the covellite coagulates, there 
must be some recrystallization occurring in order for the schistose covellite texture to be orthogonal to the direction 
in which exsolution proceeds.  C) Composite RL image across part of a 4 cm wide covellite vein that occurs on the 
edge of a thick, massive chalcocite vein.  The overall form of the covellite suggests mulitple stages of precipitation that 
occurred synchronous with deformation.   The evidence for this is the way in which one generation of covellite (cv1) 
is a granular recrystallizate that is essentially a breccia matrix supporting clasts of limestone wallrock (i.e., a micro-
breccia).  A second generation of covellite (cv2) forms long blades as it grows outward into available space produced 
by extension.  Later extension fractures are filled in with luzonite? (lz) and chalcocite that has mostly replaced bornite 
(cc-bn).  D) RL image showing disequilibrium reaction between rosegrey chalcocite (cc-bn) and covellite (cv) which 
precipitates small blebs of chalcopyrite (cp) at the tips of the covellite crystals.  It appears that excess iron remains in 
the system after chalcocite replaces bornite and therefore becomes available to precipitate chalcopyrite.  E) RL image 
showing covellite laths exsolving from chalcocite.  Notice that the laths are not randomly oriented, but conform to 
three preferred planes corresponding to the orthorhombic cleavage of low-temperature chalcocite.  
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Fig. 5.10--Main stage and late stage mineralization at Bonanza mine.  A) Hand sample of massive chalcocite ore from 
Bonanza mine (collected as float).  Other than the thin malachite oxidation rind, this hand sample is pure chalcocite 
and would have come from one of the massive replacement veins.  As reported in MacKevett et al. (1997) these veins 
are so massive and continuous, that the paragenetic relationships between massive chalcocite-djurleite and other 
copper sulfides are not clearly defined by replacement textures or cross-cutting relations.  B) High magnification RL 
image of massive homogeneous chalcocite shows a plessitic texture in which greyer chalcocite has exsolved out of 
bluish djurleite.  The lamellae are typical for this type reaction.  C) RL image showing the last phase of mineralization 
in which oxidation prevailed.  The sequence of events were as follows: original chalcopyrite is replaced by bornite 
which is then replaced by chalcocite.  Where the sulfides meets the oxidation front, covellite (cv) is formed (probably 
blaubleibender here).  Finally, malachite (mal) forms in the oxidized zone around the covellite in which copper reacts 
with oxidized (non-sulfide) fluids.  D) PPL of C.
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chalcocite exsolves from it and, eventually, completely replaces it.  Surprisingly, this stage is 

extraordinarily homogeneous with regard to the precipitation of only chalcocite-djurleite.  

Grains of chalcopyrite/bornite/rosegrey chalcocite were never observed in the middle of  mas-

sive main stage ore.  It appears that there is a clear distinction between associations of early ore 

as shown in Fig. 5.9 (e.g. chalcocpyrite, bornite, rosegrey chalcocite, covellite) and later, main 

strage ore as shown in Fig. 5.10 (e.g. chalcocite (without the bornite association) and djurleite). 

The final, late stage of mineralization is a shift from sulfidation to oxidation in which 

covellite (in part blaubleibender), malachite, and azurite are formed (Figs. 5.10C,D).  Minor 

cuprite (Cu2O) is also reported by both Bateman and McLaughlin (1920) and MacKevett et 

al. (1997), though it was not recognized in this study.  The oxidation appears to be the result 

of  somewhat later calcitic fluids reacting with already existing chalcocite thereby oxidizing 

what was already there.  As a result, supergene haloes of, usually, malachite but, occasionally, 

azurite commonly surround chalcocite veins along their length.  According to Bateman and 

McLaughlin (1920), oxidation is nowhere complete, and yet, it is never absent, except maybe 

in the hearts of the massive orebodies where there has been no opportunity for supergene flu-

ids to penetrate. 

Concerning galena, only a few micron-sized grains were found at the interior edge of a 

larger grain of chalcocite-djurleite using a scanning electron microscope (Fig. 5.11).  Given the 

fact that it occurs at the interior edge of the grain, galena must be one of the earliest phases 

of mineralization at Kennecott.  However, its relation in the paragenetic sequence compared 

to other copper sulfides is uncertain.  Given the fact that it was found as a precursor to main-

stage minerals (i.e. chalcocite-djurleite), it is possible that the galena formed at the same time 

as the earliest chalcopyrite and bornite.  Presumably, the lead comes from the same source as 

the copper.

For the sake of completeness, a short description of copper sulfates shall be given even 

though none were observed in either outcrop or thin-section (all descriptions from Bateman 

and McLaughlin, 1920).  

At the base of one of the major ore zones at Jumbo mine, a body of secondary, oxi-
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Fig. 5.11--Galena from Bonanza mine.  A) BSE 
image of a large replacement grain of chalcocite-
djurleite (cc-dj) with two white spots of galena.  
Boxed area expanded in B.  B) Close-up BSE im-
age of galena (ga) mostly surrounded by chalcocite-
djurleite (cc-dj).  Given its interior position in this 
grain, it appears to be an earlier phase than the chal-
cocite-djurleite.  Its relation to other ore minerals is 
unknown, but probably fits in with the earliest chal-
copyrite-bornite phase.  C) Spectrum report for ga-
lena showing distinctive Mα, Mβ, Lα, Lβ1, and Lβ2 
peaks for lead. 
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dation-stage covellite was found along with antlerite (Cu3SO4(OH)4) and chalcanthite 

(CuSO4
.5H2O) (Fig. 5.12).  An analysis of the secondary covellite showed that it was almost a 

50/50 mix of covellite and chalcanthite.  The chalcanthite went undetected under the micro-

scope, and it was suggested later that the chalcanthite must coat individual grains of the 

extremely fine-grained, secondary covellite.  Bateman and McLaughlin’s (1920) underground 

observations show that the contact between the covellite-chalcanthite and the chalcocite is dif-

fuse and that the covellite-chalcanthite clearly cuts and replaces the earlier chalcocite.  Below 

and in fairly sharp contact with the covellite-chalcanthite is a large body of antlerite that, in 

turn, sits atop limestone wallrock.  Small stringer veinlets of covellite were observed to extend 

downward into the antlerite.  Bateman and McLaughlin (1920) interpret the antlerite to be the 

product of a reaction between the copper sulfate-bearing fluid and the limestone wallrock.  In 

addition, they suggest that the covellite veinlets found within the antlerite might be the com-

plete replacement of earlier chalcocite veinlets there.  Bateman and McLaughlin (1920) lump 

these sulfate minerals together with malachite, azurite, and cuprite in the ‘oxidation’ stage of 

mineralization.  
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Fig. 5.12--Morphology of copper sulfate occurrences at Jumbo mine.  Modified after Bateman and McLaughlin 
(1920).
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5.3.2.  Sulfide Petrology and Paragenesis in the Nikolai Greenstone

In general, metal occurrence in the Nikolai Greenstone near Bonanza mine can 

be divided into two broad categories:  Fe-Ti-bearing and Cu-bearing, the latter of which 

can  be further subdivided into sulfide and oxide occurrences.  While the Fe-Ti phases are 

only found as intercrystalline occurrences in the basaltic wallrock, the copper phases at 

Bonanza mine may be found as replacements in the wallrock, aggregates filling available void 

spaces (as along brecciated flow tops), or most often, as disseminations in veins containing 

epidote+quartz+calcite or pumpellyite+prehnite+epidote+quartz+calcite.  A paragenetic dia-

gram showing the relationships for these various phases is shown in Fig. 5.13.

The earliest metals found in the Nikolai Greenstone are grains of titanomagnetite that 

have been altered to titanite (sphene) along cleavage (Fig. 5.14).  These grains occupy inter-

crystalline space between plagioclase and pryoxene grains and, in general, appear to be the 

product of original crystallization from a tholeiitic melt.  Initial thin-section observations sug-

gest that some greenstone wallrock has a greater concentration of titanomagnetite grains than 

other wallrock and that, often, the concentration is greater next to a copper-bearing prehnite 

vein.  The titanomagnetite is disseminated in the wallrock and is not found within the vein.  

While it is possible that the increased titanomagnetite concentration near cupriferous prehnite 

veins is pure coincidence, the possibility should not be discounted that some amount of Fe-Ti 

oxide mobilization and concentration occurred near veins at the time of copper mobilization.    

This possibility of Fe-Ti mobility has not been reported by previous workers, and it cannot be 

further substantiated in this study beyond a few preliminary thin-section observations. 

Based on mineral associations, the later copper phases all formed during the meta-

morphism of the greenstone.  In terms of occurrence near Bonanza mine, native copper far 

outweighs the various copper sulfides, which include chalcopyrite (reported, but not observed 

in thin-section), bornite, digenite, chalcocite, djurleite, and covellite.  Although reported as 

being variably amygdaloidal, at Bonanza mine the native copper was dominantly hosted in 

veins of epidote+quartz+calcite and pumpellyite+prehnite+epidote+quartz+calcite and in the 

epidotized wallrock around these veins.  These veins also host (but are not coeval with) a small 
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Fig. 5.13--Paragenetic diagram for metallogenesis in the Nikolai Greenstone near Bonanza mine.  Time I represents 
the earliest phase which formed during crystallization from a basaltic magma.  Time 2 broadly corresponds with the 
low-grade metamorphism of the greenstone.  The formation of pumpellyite at the margins of veins is probably the 
highest temperature phase present.  Based upon metal occurrences, Time 2 is subdivided into oxides and sulfides.  
The earlier phases is dominated by the deposition of native copper and the later phase is dominated by sulifde pre-
cipitation probably during the waning stages of metamorphism after a drop in temperature and an increase in the 
sulfidation state of the system.  The amount of time spanned between the formation of pumpellyite in veins and the 
final precipitation of covellite is probably several million years occurring during the late Cretaceous orogeny.
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proportion of sulfides in which sulfide has replaced ealier native copper. 

The largest, most obvious veins which outcrop just below the contact at Bonanza mine 

are epidote+quartz+calcite veins which often (but not always) contain native copper and lesser, 

later copper sulfides.  In outcrop, these veins form very distinct, pistachio-green fins that are 

commonly 5-20 cm wide and are generally less than 20 m long (Fig. 5.15).  However, the largest 

epidote+quartz vein was a maximum of 1 m thick and could be traced for nearly 300 m west 

from Bonanza mine.  

Another long vein, traceable for some 150 m, yielded important field relation-

ships concerning the origin of these veins.  This particular vein does not retain its original 

epidote+quartz appearance along its entire length.  The distinct zonation of epidote-quartz-

calcite-native copper-copper sulfides disappears with stratigraphic depth (i.e. distance from 

the contact), and the vein becomes dominantly quartz plus diffuse epidote.  Eventually the 

quartz and most of epidote disappear so that the vein looks much like the greenstone around 

it.  Whereas upsection near the mine, the vein was a distinctively-green epidote+quartz fin 

with raised relief, downsection the “vein” is only traceable because it tends to form small 

notches or shoulders that cut across joint-bound ridges in the Nikolai.  Eventually, this “vein” 

becomes so similar to the wallrock that it can no longer be traced across gullies or other dis-

ruptions in topography.  This field observation suggests that the material within this vein was 

��

��
Fig. 5.14--RL image of a single subhedral grain of tit-
anomagentite (tm) occupying intercrystalline space in 
the greenstone wallrock.  It has been partially altered to 
titanite (ti) along cleavage planes.
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Fig. 5.15--Outcrop images of 
epidote+quartz+calcite veins at 
Bonanza mine.  A) Image facing 
~N40E, looking up “Kennecott 
Spur”.   The epidote veins occupy 
many of the obvious high-angle 
structures in the foreground near 
the contact of the Nikolai Green-
stone (NG) with the Chitistone 
Limestone (CL).  Geologist, seat-
ed, for scale (circled).  B) Flat face 
of outcropping epidote+quartz 
vein which sits to the right off 
the photo in A.  This vein strikes 
roughly E/W and dips off to the 
south.  Hammer for scale (cir-
cled).  C) Arrows pointing to ep-
idote veinlet near the contact at 
Bonanza mine.
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sourced out of the greenstone at less than 200 m depth below the Nikolai-Chitistone contact.  

In addition, it suggests that the quartz and calcite components within the vein are only well-

developed near the contact with the limestone and are not appreciably developed deep within 

the greenstone.  

In thin-section, the sequence of mineralization is nearly always observed to be coarse, 

subhedral to euhedral epidote followed by subhedral quartz followed by anhedral calcite filling 

intergranular space between flat quartz crystal faces (Fig. 5.16).  In some veins, quartz fills the 

vein and later calcite is absent.  Conversely, in some veins, there is no quartz present, so cal-

cite is in direct contact with the coarse epidote.  Although this interchangeable crystallization 

pattern might suggest synchronicity of quartz and calcite, wherever they occur together, the 

calcite is repeatedly seen to fill fractures in the quartz and therefore is later than the quartz.  

In terms of CL-luminescence, the calcite was always observed to be dull.  This luminescence 

is very similar to that of early calcite in the limestone that is replaced by mineralization-stage 

calcite.  Native copper is definitely later than the quartz and is seen to occupy the same inter-

granular, post-crystallization space as calcite.  Despite this close association with calcite, the 

native copper is observed to form small replacement embayments along some calcite grains.  

Thus, the native copper is later than the calcite.  Copper sulfides are later than the native cop-

per and are observed to replace native copper from both the outside inwards and from the 

inside outwards in a type of replacement “sulfide disease” (Fig. 5.16B).    

A second type of vein which also hosts copper mineralization is pumpellyite+prehnite 

+epidote+quartz+calcite.  In outcrop, these veins were observed to be 1-2 cm wide and less 

than 0.5 m long (Fig. 5.17).  Thus, they are dramatically smaller than epidote+quartz+calcite 

veins.  They were found near the contact at Bonanza mine and also in one locale near Bonanza 

Creek some 400-500 mstrat below the mine. 

In thin-section, the vein margins are commonly rimmed with a thin band of fibrous, 

grey-green pumpellyite that sits in sharp contact with the greenstone wallrock.  Pumpel-

lyite deposition is followed by several bands of prehnite that show various crystal sizes.  

The most dramatic prehnite crystals are up to 2 mm across.  Intermixed with these coarse 



157

��
�

�

��

��

��

��

�� �

�

��

��

��

�

��

�
�

�

��

�

�

��

�����������

�

�

��

���

����������

Fig. 5.16--Thin-section images from 
epidote+quartz veins below Bonanza mine.  
A)PPL image of subhedral epidote at the 
margin of a vein being filled in with later 
quartz.  Colors are abnormal because this 
image is from a fluid inclusion quickplate.  
B) RL image of native copper (cu) being re-
placed from the inside out by small chal-
cocite (cc) blebs--”sulfide disease”.  Notice 
also the embayed margins of the surround-
ing quartz grains (arrows) which suggest 
partial replacment of the quartz (Q) by 
native copper.  C) RL image which shows 
the paragenetic postion of all the minerals 
in these veins except for calcite:  epidote 
(ep) precipitates on the edge of a vein and 
is infilled by quartz (Q).  The intercrystal-
line space is filled in by native copper (cu) 
which is subsequently replaced from the 
outside inwards by chalcocite (cc).  Notice  
the small chalcocite veinlets cutting across 
the quartz and epidote envelope.  Bluish 
tint of chalcocite is a relict of the digital 
camera used to capture this image and is 
not indicative of djurleite or digenite.  D) 
PPL of C.  E) High magnification RL im-
age of micron-scale bleb of chalcocite (cc) 
cross-cutting diagonal bands of calcite 
(cal) twinning via replacement.
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Fig. 5.17--Images of prehnite veins near Bonanza mine.  A) 
PPL image of vein margin showing acicular, grey-green 
pumpellyite (pp) in sharp contact with the basaltic wallrock 
(BAS).  The rest of the image is filled with coarse sheaf-like 
prehnite (pr).  B) XPL of A.  C) XPL image from the center 
of a similar type vein but from a different thin-section than 
in A,B.  In the center of these veins, the prehnite (pr) is gen-
erally finer grained and more acicular.  Associated with and 
slightly later than the prehnite is calcite (cal).  Filling in avail-
able spaces in the vein is native copper (cu).  D) RL image of 
C to show the relation between copper margins and prehnite/
calcite.  Native copper is clearly associated with this vein (i.e. 
no native copper in the surrounding wallrock), however, there 
is no specific association of copper with a particular mineral 
within this vein.  It appears, then, that the native copper was 
the last to precipitate within this vein.  E) Field shot of a near-
vertical prehnite  (+/- pumpellyite, calcite, native copper) vein 
near Bonanza mine.
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prehnite crystals are coarse epidote crystals up to 0.5 mm across.  Final void spaces left after 

prehnite+epidote mineralization are generally filled by calcite, but in one thin-section, an 

elongate void was filled with quartz.  Thus, the calcite appears to be the preferred final phase 

in this type of vein, but quartz can occasionally appear given the right conditions.  Native cop-

per grains are distributed randomly throughout these veins and are not associated with any 

particular vein mineral.  However, there is a definite assocation of the native copper with this 

type of vein as it was found to occur in three different thin-sections of this vein type but never 

in the wallrock adjacent to the vein.  So, although there is no specific one-to-one mineral cor-

relation within the vein, it is clear that the native copper was mobilized by the same fluids that 

precipitated pumpellyite+prehnite+epidote+calcite (+quartz).  Stability fields for pumpellyite 

and prehnite suggest that this native copper-mobilizing fluid had a minimum temperature and 

pressure of ~225oC at ~125 MPa (1.25 kbar) and had low pCO2 (Schiffman and Day, 1999).

In every case, copper sulfides are the last phase to precipitate in the Nikolai Green-

stone.  Because sulfides are so scarcely formed in the greenstone, far fewer sulfide relationships 

were able to be observed and therefore as complete of a paragenesis is not available as for the 

limestone.  Even so, it appears that the same very basic sequence is followed as in the lime-

stone, namely early bornite (+chalcopyrite) is replaced by later djurleite and chalcocite which 

is replaced by latest covellite (Fig. 5.18).  However, the early stage covellite is missing in the 

greenstone.  Covellite does not precipitate until late and has only been seen replacing a previ-

ous chalcocite assemblage (as partially begun in Fig. 5.18A and as already completed in Fig. 

5.18B).  Other differences include the lack of distinctive chalcopyrite, arsenic-bearing miner-

als, and late oxides/carbonates.  Some of these ‘missing’ mineral assemblages may simply be 

the product of limited sampling within the Nikolai Greenstone and the difficulty in finding 

suitable sulfides.  

Importantly, some of the chalcocite in the greenstone shows the tell-tale orthorhombic 

texture of low-temperature chalcocite.  In addition, one specimen of orthorhombic chalcoc-

ite is distinctly bluish which is interpreted to be djurleite.  Given that the stability fields of 

orthorhombic chalcocite and djurleite are <103oC and <93oC, respectively, the final stages of 
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mineralization in the Nikolai Greenstone are decidedly low-temperature.  One of these grains 

of orthorhombic chalcocite is seen to be replaced by normal covellite.  Just as in the limestone, 

mineralization did not culminate with the precipitation of chalcocite/djurleite.  Instead, this 

final covellite precipitation is probably analogous to the late covellite formation in the lime-

stone and therefore represents the same beginnings of oxidation as observed in the limestone.   

No copper carbonates were observed in thin-section, but, in fact, some powdery malachite 

was observed along a small veinlet in outcrop just below Bonanza mine.  However, given its 

powderiness, this may be a supergene feature.

5.3.3.  Temperature Constraints on Mineralization

A thorough description of the temperature constraints on mineralization is given in 

MacKevett et al. (1997).  Since their paragenetic sequence for mineralization in the Chitistone 

Limestone does not differ significantly from that show herein (refer to Fig. 5.8), their determi-

nation of the temperatures for formation will be summarized here.  While they did not address 
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Fig. 5.18--Typical sulfide textures in the Nikolai Greenstone.  A) RL image of bluish djurleite (dj) replacing bornite.  
The djurleite is subsequently being replaced by covellite (cv).  Notice the orthorhombic cleavage in djurleite, typical 
of a featuer it shares in common with low-temperature chalcocite.  B) RL image of a grain of orthorhombic chalcocite 
that has been replaced by covellite (cv) surrounded by epidote (ep) crystals.  Notice the different shades of blue ac-
cording to cleavage orientation which is a manifestation of covellite’s distinctive pleochroism.  Given the fact that the 
sulfide grain sits fully enclosed by epidote crystals, it is probable that this grain was originally native copper that was 
completely replaced by low-temperature sulfidic fluids thereby producing orthorhombic chalcocite then covellite.



161

paragenesis, per se, in the Nikolai Greenstone, the important point to emphasize is the fact 

that sulfide mineralization in the greenstone closely parallels that observed in the limestone 

(compare Fig. 5.8 and 5.13).  The major differences are in the non-sulfide assemblages.  In the 

greenstone these assemblages are pumpellyite, prehnite, epidote, native copper; for the lime-

stone, the assemblages are baroque dolomite and copper carbonates.  All of these distinctive 

phases appear to be controlled by wallrock chemistry of each lithology.  Thus, given the simi-

larities in sulfide textures and timing, it is concluded that the times of deposition, temperatures 

of formation, and mechanisms of mineralization are nearly identical in the greenstone and 

limestone and are therefore are intimately linked with one another. 

For their interpretations, MacKevett et al. (1997) rely on the stability fields published 

by Potter (1977).  To summarize their findings:

1.  Early bornite exsolving from earliest chalcopyrite without producing pyrite indicates 

supersaturation with respect to pyrite.  In the laboratory, supersaturating pyrite is rela-

tively easy below 100oC, but above that temperature it becomes increasingly difficult.  

Thus, MacKevett et al. (1997) believed the temperature cap for this earliest stage of sul-

fide precipitation is approximately 200oC.

2.  The temperature of the middle-early stage of mineralization is bracketed by the presence 

of anomalous high-S bornite (identified by microprobe in MacKevett et al., 1997, not 

recognized in this study) which is not stable above 140oC.

3.  The main stage of mineralization contains both orthorhombic chalcocite and djurleite.  

Orthorhombic chalcocite inverts to hexagonal chalcocite above 103oC.  Djurleite is not 

stable above 93oC.

4.  The temperature of the oxidation stage is constrained by the presence of blaubleibender 

covellite which does not form above about 150oC. 

Thus, in the limestone, all observations suggest that mineralization began at a maxi-

mum of appoximately 200oC, declined to approximately 140oC prior to the main stage of 

mineralization and then dropped to approximately 90oC during the main stage of mineraliza-

tion.  Oxidation occurred as temperatures continued to drop.  



162

Similar temperature constraints can be placed on the veins in the Nikolai Greenstone.  

Based on the consistent presence of pumpellyite and then prehnite to be the first minerals to 

crystallize in the veins, temperatures must be in the vicinity of 250oC and ~200 MPa (2 kbar) 

pressure under low pCO2 conditions and increasing pH (Harper, 1995).  The presence of dis-

tinctive orthorhombic chalcocite and djurleite require temperatures below 100oC which must 

correspond to the waning stages of metamorphism.  Given the fact that the fluids must have 

cooled by at least 150oC to precipitate orthorhombic chalcocite, there must be a substantial 

gap in time between the initial formation of these veins and the final sulfide phases found 

interspersed throughout them.  In addition to the time gap, the dramatic increase in sulfur 

fugacity to precipitate bornite (as in Fig. 5.18A) and to replace native copper by chalcocite (as 

in Fig. 5.16C) suggests that the later fluid is actually a differently sourced S-rich fluid that uti-

lized the improved permeability of the earlier epidote and prehnite veins.

5.3.4.  Mass Balance of Copper

It has never been contested that the Nikolai Greenstone is the source of the copper for 

the Kennecott deposits (Bateman and McLaughlin, 1920; Douglass, 1964; Sood et al., 1986; 

MacKevett et al., 1997).  Indeed a simple mass balance calculation shows that there is more 

than enough native copper available in the Nikolai Greenstone to account for all the known 

copper sulfide deposits in the Chitistone Limestone.  Assuming that copper distribution is 

uniform throughout the Nikolai Greenstone and that this copper is leached from a depth of 

only 500 m (out of 4000 m maximum thickness described for the McCarthy B-4 Quadrangle), 

an area of only 10km by 1.36 km--slightly larger than Bonanza Ridge--is needed to provide all 

of the copper that has been prospected throughout the entire Kennecott district.  Given the 

fact that the Nikolai Greenstone underlies the entire Wrangell Mountain volcanic complex 

and outcrops as far to the east as the Yukon Territory (MacKevett, 1971), there is much more 

areal coverage of the Nikolai Greenstone than the relatively paltry amount needed to produce 

all of the known (and probably unknown) deposits in the Kennecott district.  Table 5.2 shows 

a summary of calculations.  
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It should be expected that some type of copper depletion zone would exist if, in fact, 

the copper was mobilized out of the Nikolai Greenstone and redeposited in the Chitistone 

Limestone, especially if the deposition of native copper and copper sulfides occurred in two 

distinct temporal events (c.f. Sood et al., 1986).  However, a copper depletion halo has never 

been described by previous workers nor was one observed during the field work for this study.  

Given the microscopic nature of the ‘background’ native copper in the Nikolai Greenstone, 

only detailed field work coupled with careful laboratory analysis will elucidate whether a cop-

per depletion halo exists and whether the copper was truly originally “background” or was 

perhaps introduced by some unknown and, as yet, undescribed regional metal mobilization. 

5.3.5.  On the Character of the Ore Fluids

Lasky (1930) relies heavily upon the interpretations of several early workers [Tolman 

and Clark (1914), Lindgren (1925a, 1925b), Boydell (1924, 1926, 1928)] to arrive at his conclu-

sion that the ores at Kennecott were transported as dispersed colloids and then subsequently 

deposited via colloidal diffusion.  The major lines of evidence Lasky (1930) presents for the 

collodial precipitation of sulfides includes the colloform banding and concentric whorls shown 

in some sulfide textures and the abundance of cracks (implied but not stated to be syneresis 

cracks), especially affecting covellite and “steely” chalcocite.

Despite this evidence, no mention of the colloidal nature of these ores was made in 

Table 5.2.--Mass balance to convert native copper in Nikolai Greenstone to copper sulfide in Chitistone Limestone.

1. average concentration of native copper in Nikolai Greenstone 155 ppm
2. total copper mined in the Kennecott mines 591753  short tons
3. add 15% for the other copper prospects in the district 680516  short tons
4. convert known copper ore in Chitistone to kg 3000532955 kg
5. tons of Nikolai needed to supply known copper in Chitistone 19358277129 metric tons
6. volume of Nikolai needed to supply mass (assuming 2.85 g/cm3) 6792377940 m3
7. assuming Cu was sourced to 500 m depth, what area is needed? 13584756 m2
8. using a 10km strike length, what width would be needed? 1.359 km
9. using a 100km strike length, what width would be needed? 136 m
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MacKevett et al. (1997).  Instead, MacKevett et al. (1997) invoke some type of modified basinal 

brine rather than a colloid to be the hydrothemal fluid of choice.  Although there has been a 

discrepancy concerning the nature of the mineralizing fluids, it is the position of this study 

that the ores at Kennecott precipitated directly from a low-temperature hydrothermal fluid—a 

moderately supersaturated one, yes, but in no way colloidal.

Good evidence that colloform textures can precipitate directly from a fluid rather than 

exclusively from a colloid was presented for sphalerite-galena ores from Mississippi Valley 

Type deposits in a number of localities (c.f. Roedder, 1968; Haranczyk, 1969).  According to 

these studies, the only necessary condition to precipitate such a texture is to have relatively 

high rates of nucleation and crystallization from a relatively supersaturated ore solution.  The 

variation in composition between bands can be formed by varying the hydrothermal fluid over 

time, via changes in temperature, oxidation/sulfidation states, and fluid/wallrock interactions.  

Roedder (1968) suggests that such “varved textures” could be related to seasonal variations in 

meteoric water circulation and composition.  However, this mechanism is unlikely for Ken-

necott due to its probable depth of burial during mineralization.  

5.3.6. Fluid Inclusions

An attempt was made to measure fluid inclusions in order to determine temperatures 

of formation for the mineralization at Kennecott.  Ten polished plates from Bonanza Mine 

were prepared and examined:  eight plates of epidote+quartz+calcite veins from the top of the 

Nikolai Greenstone and two plates of dedolomitizing calcite+chalcocite veins from the edge of 

the Glory Hole in the Chitistone Limestone.  Unfortunately, these inclusions did not yield any 

measurable temperature or salinity data for the following reasons:

1.  No primary fluid inclusion assemblages were found in epidote, quartz, or calcite.  Even 

in nicely terminated quartz crystals, only secondary inclusions along fracture planes 

remained.  

2.   As there have been multiple stages of deformation at Kennecott, the abundant second-

ary inclusions in the quartz and calcite along fracture planes cannot be tied to a specific 
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episode of deformation and/or mineralization.

3.  Nearly all of the secondary inclusions in the quartz and calcite showed evidence of 

‘necking’ in which there exist highly variable liquid:vapor ratios for inclusions in a single 

plane of inclusions (c.f. Bodnar et al., 1985).  

A few measurements were taken of the rare assemblage of secondary inclusions that 

showed consistent liquid:vapor ratios in order to constrain a maximum crystallization tem-

perature for both quartz and calcite.  Unfortunately, these inclusions yielded an unacceptably 

large range in homogenization temperatures (more than 30˚C between the disappearances of 

the first bubble and last bubble in the assemblage), and therefore no values were recorded.  

Even though no specific temperature was ascertained, the necking of fluid-inclusions is a com-

mon feature in quartz that precipitates below 200˚C (Bodnar et al., 1985).  

5.4.  Sulfur Stable Isotopes

Sulfur isotope analyses were first done on the sulfides at Kennecott by M.L. Jensen 

(1959) as one component of a larger isotopic study of notable sulfide deposits.  Jensen (1959) 

concluded that the ores at Kennecott showed the widest variation in δ34S isotopic signature 

of any in the study—nearly a 50‰ range in values.  Based on his classification of the Ken-

necott deposits as “metamorphic hydrothermal deposits”, Jensen (1959) suggested that there 

must have been heterogeneous sources of sulfur accessed during the metamorphism of the 

underlying Nikolai Greenstone.  Almost 40 years later, MacKevett et al. (1997) offered the 

interpretation that the sulfur source was a partially enclosed basinal environment with 

restricted sulfate input that was, at least to some extent, acted upon by bacteria.  This, how-

ever, was merely a cursory interpretation of Jensen’s (1959) enigmatic data, and MacKevett 

et al. (1997) did not publish any new data to support this interpretation.  Given the sparse 

historical data available on sulfur isotopes at Kennecott and the inconclusiveness of previous 

interpretations, this study endeavors to contribute more δ34S data and to offer a more thor-
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ough answer to the relatively simple question:  “Why do the ores at Kennecott show some of 

the most widespread variation in δ34S values of any ore deposit?”

5.4.1.  Methods

For this study, a new approach was needed.  Not only should an increased number of 

samples be collected at any particular mine, but samples from both the greenstone and the 

limestone should be included as well as samples from farther ranging ore deposits all across 

the Kennecott district.  Thus, from west to east, samples from the following 11 mines were 

analyzed.

Chitistone Limestone-hosted:

1.  Mullen mine, near Copper Creek, tributary of the Kotsina River, west of Mt. Blackburn

2.  Regal mine, west side of Donoho Peak

3.  Jumbo mine, Bonanza Ridge

4.  Bonanza mine, Bonanza Ridge

5.  Westover mine, north of Dan Creek

6.  Nelson mine, near the confluence of Glacier Creek and the Chitistone River

Nikolai Greenstone-hosted:

1.  Nugget Creek mine, Nugget Creek off the Kuskulana River, southwest of Mt. Blackburn

2.  Big Horn mine, north of the Kuskulana glacier

3.  greenstone outcrop just below Erie mine

4.  Nikolai mine, off Nikolai Creek, east of McCarthy Creek

5. Radovan Greenstone mine, in Radovan Gulch off Glacier Creek

The Mullen, Big Horn, and Nugget Creek mines are not included in the informally des-

ignated Kennecott district, but they share similar host rock and mineralogical characteristics 

and, thus, have been included in the district-wide suite of sample.  The other eight locations 

are in the Kennecott district and are marked on Plate 1.  Samples from the Mullen mine were 

provided by Mark P. Meyer, geologist with the Bureau of Land Management, Anchorage, 

Alaska.  Samples from Nugget Creek, Big Horn, Nikolai, Westover, and two additional ones 
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from Radovan Greenstone were provided by Danny S. Rosenkrans, geologist at Wrangell-St. 

Elias National Park and Preserve, Alaska.  The rest of the samples (including the other 9 from 

Radovan Greenstone) were collected by the investigator.

Because the chalcocite ores at Kennecott are so coarse, sample preparation was done 

with a dental drill under a binocular microscope.  Cross contamination between samples was 

minimized by rinsing the drill bit and wiping it with a Chemwipe between samples. This pre-

paratory work was conducted at the Colorado School of Mines.  Samples were then taken to 

the USGS in Lakewood, Colorado where they, along with V2O5, were carefully weighed into 

tin capsules on a Sartorius balance (model BP211D) with an accuracy of ± 0.1 mg.  Sample 

analyses were conducted via continuous flow methods using a Carlo Erba NC2500 elemental 

analyzer coupled to a Micromass Optima mass spectrometer (Giesemann et al., 1994).  Val-

ues of δ34S are expressed relative to Cañon Diablo Troilite (CDT) using internal laboratory 

standards calibrated against NBS 127 and IAEA-S-1 with a precision of 0.2‰ (C. Kester, pers. 

comm., 2003).

5.4.2.  Data and Results

All told, 201 samples, including duplicates, were analyzed from eight mines in the Ken-

necott district as well as from three mines outside of the district that have similar host rock 

and mineralogical characteristics.  The plotted data is shown in Fig. 5.19.  In general, these 

data support the data reported by Jensen (1959).  The most striking feature of the data is the 

span of δ34S values across the district, from a maximum depletion of -36.7‰ for a greenstone 

chalcocite sample just below Erie mine to a maximum enrichment of +17.4% for a limestone 

chalcocite sample at the Nelson mine--a 54.1‰ difference.  The largest spread observed for 

any given mine was the 36.2‰ difference at Bonanza mine between a greenstone-hosted chal-

cocite sample at -28.4‰ and a limestone-hosted chalcocite sample at +7.8‰.  Even so the most 

enriched sulfide analyzed from Bonanza mine for this study was still 8.5‰ depleted relative 

to the most enriched covellite sample from Bonanza-Motherlode reported by Jensen (1959).  

Thus, there is likely more enriched δ34S samples in the Bonanza mine that were not sampled 
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FIG. 5.19--Plots for δ34S from the Kennecott district.  A) This plot contains all of the data collected from sulfide min-
erals throughout the Kennecott district and somewhat further northwest.  Samples came from major and minor oc-
currences hosted in both Nikolai Greenstone and Chitistone Limestone. This plot is skewed in favor of the values at 
Bonanza mine, as they comprise 53% of the total sample population.  The remaining 47% of the samples come from 
various occurrences along an approximately 90 km long trend from Copper Creek, a tributatry of the Kotsina River 
west of Mt. Blackburn, to Glacier Creek, a tributary of the Chitistone River west of the University Range.  Listed from 
west to east, the localities are Mullen (N= 10), Nugget Creek (N= 1), Big Horn (N= 1), Regal (N= 5), greenstone be-
low Erie (N=2), Jumbo (N= 29),  greenstone near Bonanza Creek (N=2), Nikolai (N= 2), Westover (N= 1), Nelson (N= 
13), and Radovan Greenstone (N= 10).  Mullen, Nugget Creek, and Big Horn are not included in the informally des-
ignated ‘Kennecott district’ but share host rock and mineralogical similarities.  This plot shows that there has been a 
wide range of sulfur input, from a high of +17.4‰ at Mullen mine to -36.7‰ in greenstone below Erie mine, though 
the curve peaks between 0 and +6‰.  B) Subset of A that shows only the data from Bonanza mine.  In this plot, the 
bell curve peaks at +4 to +6‰.  The depleted pyrite values are from cubic, sedimentary pyrite grains found in Unit 
2.  C) Subset of A that shows data from occurrences other than Bonanza mine.  Notice that the curve peaks at 0 to 
+2‰ which is depleted relative to Bonanza mine.  D) Plot of Jensen’s original 1959 data from Bonanza-Motherlode 
and Jumbo mines.  Notice the overall similarity in forms between Jensen’s (1959) data and this study’s district-wide 
data, which means that he could have arrived at the same conclusions as this study had he applied a liberal interpre-
tation to his dataset. 
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FIG. 5.19--Plots for δ34S from the Kennecott district.  A) This plot contains all of the data collected from sulfide min-
erals throughout the Kennecott district and somewhat further northwest.  Samples came from major and minor oc-
currences hosted in both Nikolai Greenstone and Chitistone Limestone. This plot is skewed in favor of the values at 
Bonanza mine, as they comprise 53% of the total sample population.  The remaining 47% of the samples come from 
various occurrences along an approximately 90 km long trend from Copper Creek, a tributatry of the Kotsina River 
west of Mt. Blackburn, to Glacier Creek, a tributary of the Chitistone River west of the University Range.  Listed from 
west to east, the localities are Mullen (N= 10), Nugget Creek (N= 1), Big Horn (N= 1), Regal (N= 5), greenstone be-
low Erie (N=2), Jumbo (N= 29),  greenstone near Bonanza Creek (N=2), Nikolai (N= 2), Westover (N= 1), Nelson (N= 
13), and Radovan Greenstone (N= 10).  Mullen, Nugget Creek, and Big Horn are not included in the informally des-
ignated ‘Kennecott district’ but share host rock and mineralogical similarities.  This plot shows that there has been a 
wide range of sulfur input, from a high of +17.4‰ at Mullen mine to -36.7‰ in greenstone below Erie mine, though 
the curve peaks between 0 and +6‰.  B) Subset of A that shows only the data from Bonanza mine.  In this plot, the 
bell curve peaks at +4 to +6‰.  The depleted pyrite values are from cubic, sedimentary pyrite grains found in Unit 
2.  C) Subset of A that shows data from occurrences other than Bonanza mine.  Notice that the curve peaks at 0 to 
+2‰ which is depleted relative to Bonanza mine.  D) Plot of Jensen’s original 1959 data from Bonanza-Motherlode 
and Jumbo mines.  Notice the overall similarity in forms between Jensen’s (1959) data and this study’s district-wide 
data, which means that he could have arrived at the same conclusions as this study had he applied a liberal interpre-
tation to his dataset. 
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during the course of this study.

The district-wide data (Fig. 5.19A) were divided into Bonanza mine (Fig. 5.19B) and 

all other data besides Bonanza mine (Fig. 5.19C).  The division was necessary because the 

plot for the district-wide samples is skewed owing to the fact that 53% of the data comes from 

Bonanza mine alone.  Plots for both the district-wide samples and Bonanza mine have uni-

modal distributions.  The curve for Bonanza mine peaks between +4 and +6‰, while that 

for the district-wide samples without Bonanza mine peaks between 0 and +2‰ (Fig. 5.19C).  

Thus, overall, the sulfur source at Bonanza mine is enriched by a few permil compared to the 

regional sulfur signature.  

The large spread in δ34S values at both Bonanza mine and across the Kennecott district 

as a whole suggests that there were multiple sources of sulfur utilized during mineralization 

at Kennecott.  The most important observations as to the nature of those sources are the δ34S 

values for:  

1.  depleted sedimentary pyrite in the lowermost Chitistone Limestone.

2.  near-zero copper sulfides found deep in the Nikolai Greenstone at Radovan Greenstone 

mine and near Bonanza Creek below Bonanza mine.  
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3.  enriched Triassic seawater sulfate (Claypool et al., 1980).

The first important observation concerns the cubic and framboidal pyrite found dis-

seminated throughout the lower 50 mstrat of the Chitistone Limestone.  Seven mesoscopic 

pyrites from the lowest 10 m of this pyritiferous horizon returned a strongly depleted δ34S 

response (down to -29.2‰; yellow bars on histogram in Fig. 5.19B)  Above 10 mstrat the pyrite 

is microscopic and cannot be analyzed by bulk methods.  The strongly depleted δ34S signature 

suggests that bacteria were responsible for reducing the sulfide that was incorporated into this 

sedimentary pyrite during diagenesis (Schieber, 2002).   Given the fact that there is a later-

ally-continuous 1 m thick, impermeable, green shale layer just below this pyritiferous horizon, 

fluid-flow was restricted between the greenstone and limestone during diagenesis.  Thus, the 

sulfur source for sedimentary pyrite must have originated locally within the limestone, prob-

ably from seawater input at that time.  It is envisioned that this pyritiferous horizon would 

have been established long before deposition in the ‘Kennecott basin’ ceased prior to orogeny.  

The second important clue as to the sulfur source comes from the ~0‰ δ34S signature 

of copper sulfide minerals found in the stratigraphic middle of the Nikolai Greenstone (400-

500 meters below the Chitistone Limestone and probably >1000m above the Skolai Group).  

Two such localities are the massive, high-angle chalcocite-digenite veins (10’s of cm across) at 

Radovan Greenstone mine near Glacier Creek and one small chalcocite veinlet (<1 cm across) 

found near the headwaters of Bonanza Creek below Bonanza mine.  Given the depth of these 

minerals and their occurrences in high-angle veins, it is concluded that the δ34S for these min-

erals must be the product of sulfur that was circulated by metamorphic fluids during orogeny.  

In addition, the ~0‰ δ34S for these minerals fits a primary basalt (i.e., magmatic) sulfur source 

(Alt, 1994).

The third important observation comes from a study done by Armstrong and MacKev-

ett (1982) that concluded, based on relict sabkha textures, that there must have been gypsum 

and anyhdrite formed soon after deposition in at least one, possibly three, supratidal horizons 

in the lower Chitistone Limestone.   These sulfates were then dissolved by low-temperature 

fluids (probably seawater) during diagenesis.  Claypool et al.’s (1980) summary of δ34S values 
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Fig. 5.20--Sulfur isotopes versus stratigraphic height for chalcocite and sedimentary pyrite at Bonanza mine.  Lowest 
point in the Nikolai Greenstone (from near Bonanza Creek) agrees with other samples analyzed from deep within 
the formation (i.e., sulfides at Radovan Greenstone mine, denoted by lightly-shaded vertical field).  Points near the 
greenstone-limestone contact are further depleted via fractionation during the dissolution of sedimentary pyrite 
that was, itself, depleted by sulfate-reducing bacteria.  Because of the scarcity of greenstone-chalcocite samples from 
Bonanza mine, samples from Erie have been included also.  The fact that similarly depleted sulfur is found in both 
places shows that similar processes were occurring all across Bonanza Ridge and probably throughout the district as 
a whole.  Moving up through the Chitistone Limestone, δ34S values for chalcocite become increasingly homogeneous 
and converge on a primary, magmatic sulfur signature.
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through time, shows that Triassic seawater sulfate has a δ34S value of ~+16‰.  Although, none 

was found at Bonanza mine in this study, Jensen (1959) reports two different samples of covel-

lite that have strongly enriched signatures that are very close to the enriched value of Triassic 

seawater sulfate (Fig. 5.19D).  In addition, some of the regional covellite samples from this 

study return a similar δ34S value (especially from the Mullen mine on the regional plot).  

Values of δ34S plotted versus stratigraphic height show that, in general,  δ34S values are 

becoming more and more homogeneous and approaching 0‰ moving up-section from the 

greenstone-limestone contact (Fig. 5.20). The shaded zone straddling 0‰ shows the δ34S range 

of metamorphic sulfide as analyzed from deposits in the Nikolai Greestone.  From this plot, it 

appears that, with stratigraphic height, δ34S is taking on the magmatic signature of the green-

stone.

These homogeneous, near-zero δ34S values for copper sulfides found in the strati-

graphic middle of the Nikolai Greenstone underscore the anomalously depleted δ34S found in 

greenstone-sulfides just below the contact with the limestone (Fig. 5.20).  The fact that sulfide 

minerals (i.e. sedimentary pyrite and chalcocite) 10 mstrat above or below the greenstone-lime-

stone contact have overlapping depleted δ34S values suggests that a common sulfur source was 

available across this contact at the time of mineralization which would necessitate the ruptur-

ing of the basal shale (i.e. during orogeny).  However, this does not imply that the pyrite is 

cogenetic with the sulfides in the greenstone.  Rather, it is envisaged that sulfur from the pyrite 

was further depleted through inorganic means prior to mineralization when pyrite was dis-

solved out of the limestone by dolomitizing fluids.  This dissolved and further depleted sulfur 

was then available to precipitate copper sulfide locally in the greenstone.  The evidence for 

only local precipitation of δ34S-depleted sulfides is the fact that, in general, such values appear 

to be the exception at Bonanza mine rather than the rule.  Furthermore, this study observed 

the most depleted δ34S values specifically in the uppermost 10-15 m of greenstone rather than 

within the limestone or deep within the greenstone.

An important consideration for any hypothesis on the source of the sulfur is a study 

done by Sakai et al.  (1982) in which the SO2 content of subaerial basalt was studied at Kilauea 
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volcano, Hawaii.  In the study, it was determined that while submarine basalts keep much of 

their SO2 during eruption, subaerial flows lose most of their SO2 due to outgassing.  Thus, 

submarine basalts contain an average of ~680 ppm (increases with submarine depth), whereas 

subaerial basalts contain an average of ~100 ppm (does not vary significantly with elevation).  

In addition, it was reported that δ34S values become depleted in subaerial basalts during SO2 

outgassing.  Applying Sakai et al.’s (1982) findings to Kennecott suggests that, because the vast 

majority of the Nikolai Greenstone was formed subaerially, much of its original SO2 must have 

been lost to outgassing.  Furthermore, the bulk δ34S remaining in the system prior to Chitis-

tone deposition must have been depleted to approximately -1‰ (average for subaerial basalts 

at Kilaeau).  The findings of Sakai et al. (1982) has bearing on a sulfur hypothesis at Kennecott 

because upon reviewing the data, it is clear that the enriched samples at Bonanza mine (i.e., +4 

to +8) could not have come from inorganic fractionation of the original -1‰ SO2 which should 

yield increasingly lighter δ34S sulfide as temperatures decrease (according to the SO2-H2S curve 

in Friedman and O’Neil (1977)).  In addition, using the same SO2-H2S fractionation curve, the 

extremely depleted δ34S values in the top of the Nikolai Greenstone could not have formed 

inorganically unless the starting SO2 was strongly depleted (i.e., -10‰, which is unlikely) and 

the fractionation occurred at very low temperatures (<100oC).  Thus, because of the low sulfur 

content of subaerial basalts and its inability to account for either the moderately enriched or 

the substantially depleted sulfide samples at Bonanza mine, it is clear that the Nikolai Green-

stone was not the only sulfur source utilized during mineralization. 

In conclusion, why do the ores at Kennecott show some of the most widespread varia-

tion in δ34S values of any ore deposit?  It is proposed that two major and one minor sulfur 

sources contributed to the mineralizing fluids in order to yield such widely spread δ34S values:  

primary magmatic sulfur derived from the Nikolai Greenstone, reduced Triassic seawater sul-

fate, and the dissolution of sedimentary pyrite--the latter two from the Chitistone Limestone.   

The bulk of the sulfide at Bonanza mine appears to be the product of primary, magmatic sulfur 

from the Nikolai Greenstone that mixed with a lesser component of enriched sulfur derived 

from sabkha sulfate in the lower Chitistone Limestone.  Such mixing can account for the δ34S 
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values of +2 to +8‰.  A smaller fraction of copper sulfides at Bonanza mine has δ34S values 

of -6 to +2‰.  These values are attributed to the primary magmatic sulfur from the Nikolai 

Greenstone that did not mix with Triassic seawater sulfate.  The low end of this range (i.e., 

-6 to -2‰) can be accounted for through inorganic fractionation of magmatic sulfide at low 

temperatures (Alt, 1994).  Early, depleted sedimentary pyrite was formed when sulfide was 

produced by sulfate-reducing bacteria (producing values as low as -29.2‰).  However, bacteria 

were only indirectly responsible for the extremely depleted copper sulfides in the uppermost 

Nikolai Greenstone.  The substantially depleted sulfur utitilized in the uppermost Nikolai 

Greenstone was the product of later, low-temperature, inorganic fractionation when sedi-

mentary pyrite was dissolved by hydrothermal fluids and circulated into the greenstone to be 

precipitated as copper sulfide.   A rough estimate based on the sampling density shown in Fig. 

5.20 suggests that approximately 75% of the sulfide utilized in mineralization came from the 

Nikolai Greenstone; approximately 20% from the Chitistone sabkha; and the remaining 5% 

from the dissolution and reprecipitation of sedimentary pyrite.

 
5.4.3.  Problems with Sulfur Isotopes in the Kennecott District

There were several problems encountered in conducting this study.  The first was  

logistical:  in order to do a district-wide δ34S analysis, all of the deposits in the district needed 

to be visited.  Given the steep, brushy terrain around Kennecott, and the fact that these depos-

its typically occur at the contact between the two most prominent cliff-forming units in the 

area, it is no small matter just to get to these deposits.  Bonanza, Jumbo, and Regal Mines were 

all accessed by foot from the mill town of Kennicott; Radovan Greenstone and Nelson Mines 

were accessed via a backcountry flight and then some substantial bushwhacking; samples from 

the Mullen Mine were provided by another geologist (who had helicopter support).  Within 

the Kennecott district, there are three to four times as many deposits that remain unsampled 

as those that were sampled.  However, in order to thoroughly sample the district, helicopter 

support is imperative.

The second problem was also logistical:  to gain an understanding of the largest occur-
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rence, the Bonanza-Motherlode orebody, underground access is necessary in order to sample 

along both plunge length and stratigraphic height of the orebody.  Unfortunately, all of the old 

adits within the National Park have been closed.  Passage into the underground workings is 

still possible in a few remote and/or privately owned areas, but this activity is not supported by 

the National Park Service and is not conducive to aboveboard scientific study.  As a result, all 

samples in this district-wide study were collected on the surface.

The third problem was the dearth of sulfides in the Nikolai Greenstone.  While it is 

true that chalcopyrite, bornite, covellite, digenite, and chalcocite are all found in small amounts 

in the Nikolai Greenstone, rarely are they found in grains large enough for conventional sepa-

ration for isotopic analysis.  Without either doing microscopic mineral separation or using 

some type of microbeam analysis, it is difficult to find samples large enough for a standard 

bulk analysis.  Thus, data from the greenstone is spotty, without the coverage one would like 

to see in order to properly compare the sulfide minerals contained in both the limestone and 

greenstone.

The fourth problem was also microscopic in nature.  The massive chalcocite ores at 

Kennecott are generally intergrown chalcocite and djurleite.  Plessitic textures (e.g., Fig. 5.12B) 

show that these two minerals grew from a single sulfide fluid and, as a probable result, have 

been affected to some degree by fractionation.  Thus, in the majority of cases, bulk analyti-

cal techniques require that at least some djurleite winds up being analyzed in a “chalcocite” 

sample which means that the pure chalcocite signature is probably corrupted by the djurleite 

incorporation.  It is anticipated that future study of these same samples with an ion probe will 

clarify some of the inherent problems with traditional bulk analyses. 

5.5.  65Cu Analysis of Copper Sulfides

One of Jensen’s (1959) sulfide samples (Kn64) was so aberrant in δ34S values that, out of 

curiosity, he ran copper isotopes on the same sample to see if the copper values were as  incon-
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Sample No. Mineral δ34S (‰) δ65Cu (‰)
Kn64-1 digenite -19.4 -0.13
Kn64-2 covellite 13.5 0.47
Kn64-3 intergrown dg-cv -30.2 -0.01

Table 5.3.--Partial data from Jensen (1959) with emphasis on 65Cu.  This is the only data that has been reported for 
65Cu at Kennecott.

sistent as the sulfur values.  Jensen concluded that the δ 65Cu values were within the analytical 

error and were therefore from a homogeneous copper source.  Table 5.3 shows his results.  As far 

as is known, this is the only study of copper isotopes that has been done on rocks in the Kennecott 

district.
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CHAPTER 6

GENETIC MODEL for KENNECOTT

6.1.  Previous Models

Based on previous work, three prior genetic models will be summarily presented and 

then will be followed by a section on the genetic model consistent with this study’s data.  

The first genetic model for Kennecott was proposed by Bateman and McLaughlin 

(1920) and slightly modified over time in Lasky (1928), Lasky (1930), and Bateman and Lasky 

(1932).   In this genetic model, the source of the copper was from the underlying Nikolai 

Greenstone and was mobilized through a magmatically-related thermal event, likely from the 

intrusion of the nearby Porphyry Mountain which was alluded to by Bateman and McLaughlin 

(1920) and stressed by Dunkle (1954).  However, Bateman and McLaughlin (1920) were careful 

to point out that there was no direct association with a magmatic body.  This model states that 

the dolomitization of the limestone was a premineral event, and although the ore appears to 

prefer dolomitized wallrock, it is not restricted in its precipitation to only dolomitized rock.  

This earliest collective model recognized the importance of structural controls on the orebod-

ies, but they were perplexed by their narrow isoceles form.  Bateman and McLaughlin (1920) 

suggest that localized, synformal “cross-folding” on the flanks of a major regional antiform 

may have been responsible for basal, strike-parallel extension  that might form such triangular 

structures (Fig. 6.1).  Lasky (1928) extends this hypothesis to show that ore-bearing transverse 

faults off of the main fault system could be predicted if the attitude of the main fault and the 

type of flexure (whether antiformal or synformal) along that fault are known.  The ore fluids 

were stated to be colloidal based on the common colloform textures observed in polished sec-

tion.  Based on early laboratory work on the stability field of chalcocite, they recognized that 

the main stage ore must have formed at approximately 91oC.
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The second genetic model proposed for “Kennecott-type” deposits (rather than just for 

the deposits at Kennecott) was published in Sood et al. (1986).  The purpose of their study was 

to elucidate the characteristics of the ore-host rock system.  From their study, they concluded 

that the copper sulfide deposits hosted in both the Nikolai Greenstone and the Chitistone 

Limestone were formed in a two-step process:

1. Copper-bearing solutions were generated by hydration-dehydration reactions associated 

with low-grade metamorphism of the Nikolai Greenstone.  These fluids filled available 

pathways in the basalt, especially faults, flowtops, and vugs.  

2. Later deformation allowed low temperature (<200oC) meteorically-derived fluids to infil-

trate the greenstone and dissolve copper while an unidentified magmatic heat source 

was responsible for metal transportation up into the limestone.   Low-temperature fluids 

largely prevented the alteration of wallrock during mineralization. 

Given the regional extent of copper sulfide precipitation (mostly in the Chitistone 

dolomitic limestone
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Fig. 6.1--Structural model proposed by Bateman and McLaughlin (1920) in which a synformal “cross-fold” formed 
perpendicular to the axis of the major, regional antiform.  The resulting strike-parallel stretch resulted in tapering-
upward shape of the orebodies.
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Limestone), Sood et al. (1986) proposed the existence of some type of large mineralization 

center (implying deep-seated magmatism) to explain this ~60 km long belt of copper occur-

rences including the world-class Kennecott mines.

The third genetic model was proposed by MacKevett et al. (1997) (Fig. 6.2).  Their 

genetic model involved the formation, subsequent collapse, and then dolomitization of karstic 

features in the  Chitistone Limestone as up to 3600 m of upper Triassic to upper Jurassic 

sedimentary units were deposited on top of it.  This process occurred during the transport of 

Wrangellia but prior to its accretion.  Given the thickness of the Jurassic stratigraphy near Ken-

necott, it is suggested that these rocks formed in the middle of a deep Triassic marine basin.  

Upon accretion, increased heat and deformation allowed connate basinal brines to leach cop-

per from the Nikolai Greenstone and to deposit it in collapsed Chitistone paleokarst.  These 

brines were moving in response to a hydraulic gradient established during the uplift, tilting, 

and imbrication of Wrangellia.  There is no implication that primary magmatic processes 

are involved in the mineralization event.  Importantly, MacKevett et al. (1997) propose a 100 

Ma gap between the time that the Chitistone host rock was “conditioned” by karstic collapse 

and the time when connate brines precipitated the orebodies.  Thus, MacKevett et al.’s (1997) 

model is a departure from previous models in that their morphological controls are primarily 

erosional rather than tectonic and their mineralizing fluids are sourced from the middle of a 

deep Chitistone basin and heated by metamorphism rather than being sourced from meta-

morphic dehydration reactions plus meteoric fluids and heated by an unidentified magma.  

6.2.  Genetic Model 

Taking into account all of the geologic history at Kennecott, the following genetic 

model is proposed (Fig. 6.3):

An extremely thick, widespread sequence of copper-rich, subaerial basalts (Nikolai 

Greenstone) were erupted on an oceanic platform comprised of Paleozoic sedimentary and 
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1. LATE TRIASSIC--surface exposed 2. LATE TRIASSIC--solution widening

3. TRIASSIC-JURASSIC--Deposition of up
to 3600m of Mesozoic rocks

4. EARLY CRETACEOUS--folding and 
faulting

hydrothermal
dolomite

impermeable shale layer

joint

collapse

copper veins

massive 
orebody

brine flow

N
ik

ol
ai

G
re

en
st

on
e

N
ik

ol
ai

G
re

en
st

on
e

C
hi

tis
to

ne
L

im
es

to
ne

lo
w

er
 m

em
be

r
up

pe
r 

m
em

be
r

C
hi

tis
to

ne
 L

im
es

to
ne

lo
w

er
 m

em
be

r

Fig. 6.2--Genetic model proposed by MacKevett et al. (1997).  1.  Late Triassic development of joints.  2.  Late Trias-
sic solution-widening of joints.  3.  Late Triassic through Jurassic diagenesis in which superjacent marine deposition 
caused karstic collapse and brecciation followed by later dolomitization.  4.  Early Cretaceous faulting, alteration, and 
mineralization.  The arrow along the flat fault represents one possible fluid path flow along differentially uplifted fault 
blocks.  However, other paths (i.e. down the dip of the strata--into the page in this illustration) are also possible. 
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volcanic rocks sometime during the middle Triassic (~230 Ma).  Immediately on top of this 

submergent platform was deposited some 3500 m of a deepening succession of late Trias-

sic limestones (Chitistone and Nizina Limestones), shales (McCarthy Formation), and other 

marine rocks (the rest of the upper Triassic and lower Jurassic stratigraphic section) which 

formed a deep stratigraphic basin and which represent the thickest and best exposed Wrangel-

lia section.

The lower shaley member of the McCarthy Formation, together with the 1-2 m thick 

basal shale of the Chitistone Limestone, represented aquacludes for a large carbonate aquifer.  

The waters contained therein were a mixture of marine water from the deposition of marine 

rocks and meteoric water introduced during subaerial exposure of the section as suggested by 

regional disconformities (E.M. MacKevett, pers. comm., 2001).  Field and oxygen isotopic evi-

dence suggests that the widespread, diagenetic dolomite was being formed by relatively cool 

basinal fluids within the aquifer during the Jurassic. 

During the late Jurassic to early Cretaceous the entire Wrangellia platform was 

accreted onto the North American plate.  This orogeny is characterized by substantial thrust 

faults with overturned folds, high-angle northeast and northwest-striking faults and by a 

steeply-discordant angular unconformity between the Root Glacier and Kennicott Formations.  

The orogeny was probably responsible for the very-low-grade metamorphism of the Nikolai 

Greenstone to prehnite-pumpellyite facies.  

The orogeny provided the necessary heat to mobilize, and structural conditioning to 

trap, copper-bearing fluids in order to form the Kennecott orebodies.  No single fault was 

responsible for fluid mobility, and therefore, fluids utilized multiple pathways to move between 

the limestone and greenstone including extension veins and series of high-angle faults.  Reacti-

vation of faults at Bonanza mine prove at least 2 sets of structures that probably formed over a 

single protracted period.  Given the commonality of NE-striking chalcocite veins and the later 

movement of NE-striking sinistral-normal faults, the structural controls on mineralization are 

associated with the second, later set of structures that have high-angle shortening and low-

angle, NW-SE extension axes.  
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Sometime after orogeny began, the basal Chitistone shale layer was ruptured allowing 

for improved fluid interaction between greenstone and limestone.  Once this occurred, two 

major fluids mixed to form the orebodies.  The first fluid was an oxic, copper-bearing fluid 

from the greenstone that most likely formed via dehydration reactions during very-low-grade 

metamorphism.  Sulfur isotopes suggest that this greenstone fluid provided much of the sulfur 

(as SO2) used during mineralization.  The second fluid originated in the Chitistone Limestone, 

was anoxic, and contained a lesser amount of sulfide that derived from reduced sabkha sulfate.  

CL observations show that upon mixing these two fluids, chalcocite precipitated immediately 

in the CL-bright zone of calcite veins.  Calcite carbon and oxygen isotopes also indicate fluid 

mixing.  The Nikolai fluid with +14‰ δ18O and -2 to -10 δ13C reacted with carbonate wallrock 

reservoir (average ~19‰ δ18O and +3‰ δ13C).  The mineral-stage calcite shows a mixed iso-

topic signature with δ13C and δ18O values that are an average between the Nikolai calcite and 

the Chitistone wallrock.  In addition to the mixing, minor dissolution of sedimentary pyrite 

provided the sulfur source for localized chalcocite occurrences in the uppermost Nikolai 

Greenstone.  

Ore deposition occurred almost exclusively in the Chitistone carbonates when regional 

metamorphic temperatures were between 200oC for early chalcopyrite and bornite and <93oC 

for the main-stage chalcocite-djurleite ores.  Final oxidation of ore persisted at even lower 

temperatures possibly until regional uplift allowed for the first deposition of the non-marine 

Frederika Formation during the Miocene.    

Fig. 6.3--Proposed genetic model for Kennecott.  An oxic, copper- and sufide- bearing fluid from the Nikolai Green-
stone and an anoxic, sulfide-bearing fluid originating from the Chitistone Limestone mixed and precipitated copper 
sulfides in the lowermost 100 m of the Chitistone in favorable structural traps.  No single structure was responsible 
for fluid movement.  Rather, series of high-angle faults and extensional veins provided conduits along which fluids 
could travel.  The structural traps were formed by NE-striking, high-angle sinistral-normal faults and bedding-par-
allel flat-faults.  Alteration around the orebodies occurred as replacive (hydrothermal) dolomitization followed by 
structurally-controlled dedolomitization.  Replacive dolomitizing fluids scavenged sedimentary pyrite in the imme-
diate vicinity of the orebodies and incorporated that iron and sulfur into the mineralization.  Earliest mineralization 
occurred at 150-200oC while the main-stage chalcocite-djurleite mineralization was restricted to <93oC.
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6.3.  Discussion

Following the discussion format in MacKevett et al. (1997):

Source of copper:  All workers, past and present, agree that the source for the copper 

is the Nikolai Greenstone with an average background copper content of 155 ppm (twice the 

value for world-averaged basalt).  Indeed a simple mass balance calculation shows that, assum-

ing uniform distribution of background copper, a volume of Nikolai Greenstone with an area 

about the size of Bonanza Ridge (~1.36 km wide x 10 km long) affected to a depth of 500 m is 

sufficient to provide all of the copper ever mined out of the Chitstone Limestone throughout 

the entire Kennecott district.  Although a copper depletion halo should be expected in the 

vicinity of the largest mines, no work has been done to identify such a feature.

Source of fluids:  Two different sources of mineralizing fluids are proposed:  a reduced, 

sulfide-bearing fluid that originated in the Chitistone Limestone and an oxidized, copper and 

sulfur-bearing brine that originated in the Nikolai Greenstone.  

The Chitistone fluid was pore water, which may have had components of both seawater  

and meteoric water that contained a minor enriched sulfur owing to the dissolution of primary 

sabkha sulfates (gypsum and anhydrite).  CL-luminescence suggests this fluid was anoxic.

Oxygen istopes suggest that the Nikolai fluid was hotter than the fluid from the Chit-

istone.  Sulfur isotopes show a substantial magmatic sulfur component in the ores.  Thus, the 

origin of the Nikolai fluid is attributed to waters liberated during dehydration reactions within 

the greenstone during metamorphism.  Since magmatic sulfur represents the dominant sulfur 

component for the mineralizing fluids, it appears that the bulk of the mineralizing fluid origi-

nated in the Nikolai.   

Relationship between Nikolai Greenstone and Chitistone Limestone-hosted Mineral-

ization:  The answer here is simple: they are intimately associated, but each manifested the 

mineralization in a different way based on available fluids, wallrock reactivity, and structural 

controls.  

To start with, both have similar sulfide development--namely earlier chalcopyrite 
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and bornite replaced by later orthorhombic chalcocite and djurelite which is finally replaced 

by very-low-temperature covellite.  Mineralized zones in both lithologies have calcite and 

quartz gangue spatially (but not necessarily temporally) associated with mineralization.  Cal-

cite gangue is dominant in the limestone, while quartz gangue is dominant in the greenstone.  

However, a small amount of the reverse is also true (i.e. quartz in the Chitistone, as seen in a 

hydrothermal dolomite breccia, and calcite in the Nikolai, as seen in the epidote and prehnite 

veins).  

Similarities in oxygen isotopes calculated for the original calcitic fluids found in both 

the greenstone and limestone suggest that species that at first appear unrelated share very 

similar  δ18O signatures calculated for their original waters.  For example, the close similarity 

in δ18O between greenstone-calcite, synmineral limestone-calcite, and hydrothermal dolomite 

suggests that they are genetically linked.  However, δ13C shows that the carbon sources for 

these respective phases are controlled by local input from the wallrock.  Thus, although they 

may be genetically related, the calcite in the greenstone is not the same as the mineral-stage 

calcite in the limestone.  

Origin of stuctural traps:  The major Kennecott deposits are high-angle, replacement 

veins that form elongate triangular bodies that have relatively few disseminations and, in many 

places, sharp contacts with wallrock necessitates that they be structurally-controlled.  

The most obvious structures that controlled mineralization were the important flat 

faults upon which mineralizing fluids accumulated to give the orebodies the bottom side of 

their iconic triangular shape.  These approximately bedding-conformable faults were the 

product of both layer-parallel slip formed during folding and very low-angle, mesoscopic  

detachments formed by faulting; these formed prior to mineralization.  Similarities in strike 

and dip between numerous (at least 16) mineralized veins reported in the literature and high-

angle faults mapped near Bonanza mine strongly suggest that, overall, the major orebodies 

were controlled by high-angle, NE-striking faults and are best regarded as veins that exhibit 

variable replacement rather than as some type of mineralized cavern or manto.  These high-

angle faults likely formed at the same time as the low-angle detachments.  However, a few of 
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these faults exhibit multiple generations of slip, and it is concluded from kinematic analyses 

that mineralization occurred in concert with later, sinistral-normal slip along these high-angle 

faults.  Kinematic analyses show that shortening axes steepened between earlier (dominantly 

dextral) and later (dominantly sinistral-normal) faults.  Such steepening is attributed to the 

cumulative effects of structural imbrication under a prevailing NE-trending σ1 rather than to 

a shift in the regional principle stress direction.   Given that these faults do not cross-cut the 

entire greenstone-limestone section, many of them propagated up-section from minor flat-

fault detachments in the lower 30 mstrat of the Chitistone limestone.  All of the development 

of structural traps occurred during the late Jurassic to Cretaceous orogeny associated with the 

accretion of Wrangellia.  

Previous structural models do not stand up to additional field and laboratory 

observations.  In the Batemen and McLaughlin (1920) model (Fig. 6.1), even with careful mea-

surements, no distinct NE-trending synclinal warpage was observed along the upper contact 

of the Nikolai Greenstone at Bonanza mine.  In addition, the mesoscopic anticline observed in 

outcrop in Unit 3 precludes any possible tension that could have been exerted farther up-sec-

tion by such a synclinal warpage even if it were to have formed.  Regarding the MacKevett et 

al. (1997) model, no good evidence was found that mineralization followed karstified joints.  

Plan maps for the Kennecott mines as a whole show that the orebodies are persistent for rela-

tively large distances in a single direction with very few lateral offshoots of ore.  This is in sharp 

contrast to ore deposits known to have formed by karst (e.g., those in the central Colorado 

mineral belt (Tschauder et al., 1990)).

Source of H2S:  Inorganic sulfate reduction is kinetically inhibited below 250oC (Alt, 

1994).  Thus, sulfates from sabkha+seawater were bacterially-reduced to provide some of the  

sulfide used in mineralization.  One component of H2S was sedimentary in origin.  However, 

isotopic evidence also suggests that a significant component of the sulfur used in mineraliza-

tion originated in the greenstone.  It is unlikely that this greenstone-sulfur traveled as sulfide 

alongside the copper.  Rather, it is envisioned that remnant SO2 in the basalt was carried in the 

oxic fluids which became reduced upon mixing with the anoxic, basinal fluid in the limestone.  
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Thus, the reason why copper sulfides did not appreciably precipitate in the Nikolai Greenstone 

is because there was no reductant available within the greenstone to reduce SO2 to sulfide.

Development of the dolomite:  The earliest widespread dolomite formed during diagen-

esis from contact and atomic exchange with the basinal brines.  Oxygen isotope values suggest 

that the fluid responsible for this dolomite was in fact relatively cold.  For some reason, this 

dolomitization did not affect the lower ~23 m of the Chitistone Limestone, but why this has 

occurred is still a mystery.  If this type of dolomitization formed in conjunction with Ca/Mg 

equilibrium reactions in the algal horizons (as has been suggested by Chartrand and Brown 

(1989)), then perhaps the fluids had exhausted their capacity to dolomitize by the time they 

percolated down to the bottom 23 m of the Chitistone Limestone.  

Later, hydrothermal dolomite occurs is baroque and replaces wallrock and fills frac-

tures.   Hydrothermal dolomite has obliterated original depositional texture.  Oxygen isotopic 

calculations to extrapolate the original fluid composition of the hydrothermal dolomite suggest 

that this dolomite formed from dilute fluid that was about 5‰ depleted relative to the fluid 

that precipitated the diagenetic dolomite which suggests that it was a somewhat hotter fluid 

than that active during diagenesis.  The δ18O composition for replacive dolomitizing fluids is 

similar to that which precipitated synmineral calcite in the Chitistone Limestone.  Thus, this 

hydrothermal dolomite, while not directly coprecipitating or intergrown with copper sulfides, 

was formed early in the same mineralizing system by hydrothermal fluids.  Above all, there is 

close spatial association of this type of “creamy brown” hydrothermal dolomite with the min-

eralization as seen in outcrop and as depicted on the Kennecott underground maps.

In addition, field evidence shows that hydrothermal dolomite is mostly controlled by 

bedding but, occasionally, can be fault-controlled.

Mineral deposition:  Mineralization occurred when the oxidized, copper-carrying fluids 

from the Nikolai Greenstone infiltrated the Chitistone Limestone and reacted with the reduced 

H2S brine found there.  Thus, mineralization at Kennecott is fundamentally controlled by oxi-

dation state.  Mineralization began at or slightly below 200oC with the assemblage chalcopyrite 

+ bornite.  Afterwards, mineralization continued as temperatures dropped close to 90oC.  The 



188

main-stage mineralization is dominated by orthorhombic chalcocite and djurleite, both of 

which constrain the temperature to less than 103oC and 93oC, respectively.  It is believed that 

mineralization occurred relatively quickly and that the necessary temperture drop (~100oC) 

from the bornite-chalcopyrite stage to the orthorhombic chalcocite-djurleite stage occurred 

via the mixing of two fluids with diffferent temperatures (a warmer Nikolai fluid and a cooler 

Chitistone fluid). 

Time of deposit formation and driving energy for fluid flow:  In agreement with other 

prveious workers, the time of the main-stage mineral deposition was during the late stages 

of  regional metamorphism which was the result of the Early to Middle Cretaceous orogeny.  

One age-date (Silberman et al., 1980) places the age of orogeny at 112 Ma based on potas-

sium assemblages in the Nikolai Greenstone.  The first formation to be deposited on top of 

the distinct angular unconformity is the Kennicott Formation which is dated at ~110Ma.  It is 

likely that the Kennicott formation would begin forming very soon after the orogeny given the 

increased elevation gradients that would enhance erosion.  Thus, it seems likely that the 112 

Ma age probably represents the tail end of the orogeny and metamorphism.  If so, it could very 

well be a close approximation of an age for the actual ore deposition at Kennecott. 

In agreement with Bateman and McLaughlin (1920) but in disagreement with MacK-

evett et al. (1997), the structural traps were also established during the time of orogeny as the 

selective product of structural deformation rather than as some type of early erosional feature.

Initial driving energy for fluid-flow was almost certainly a product of the increased 

temperature established during metamorphism.  While this is a likely explanation for processes 

which occurred at 250-300 oC, it is less tenable at ~90 oC.  In other words, convection cells 

might have been established during the early stages of metamophism when temperatures were 

at their optimal level, but by the waning metamorphic stages, the temperatures were probably  

too low to do much convective driving of fluid flow.  Recognizing this, MacKevett et al. (1997) 

postulated a fluid flow path established along more passive hydrologic lines rather than along 

more active thermodynamic lines.  However, it should be noted that some of the chalcocite 

veins in outcrop at Bonanza mine show slickenfiber development on their sides which suggests 
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that these rocks were not done shifting around even after the deposition of the chalcocite.  

Thus, it is at least possible that some of these fluids were actively being squeezed or otherwise 

driven upwards through structural deformation even during the late, cool stages of mineraliza-

tion rather than only following the passive hydraulic gradients suggested by MacKevett et al. 

(1997).
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APPENDIX A:

13C and 18O Isotopes for Carbonates at Bonanza Mine 

d18OVSMOW d13CPDB comments
calcite in Green-
stone

1 CAL 14.35 -8.44 in epi+Q vein
2 CAL 14.26 -6.05 in epi+Q vein
3 CAL 14.80 -6.76 in epi+Q vein
4 CAL 13.45 -3.33 in epi+Q vein

6 CAL-avg 14.26 -10.66 in epi+Q vein

K-203 14.35 -7.59

K-274 CAL 14.95 -6.18

K-308 CAL 13.54 -3.52

w/ massive na-
tive Cu from 

below Glacier 
workings

KEN-22 13.25 -2.82 w/ native cu+epi
KEN-40 14.49 -7.34 w/ Q

dedolomite halo
K-204 (DD) 14.58 3.00 unit 4

K-303 (DD) 13.85 2.68

fault steps
K-224-4-avg 20.01 0.29 unit 4
K-225-09F 21.88 4.59 unit 2
K-225-10F 24.56 4.73 unit 2

K-249 20.17 4.93
near slip adit 

(unit 3)

K-257 8.75 2.96
SW side of 1st 

hoodoo
K-305-1 23.73 4.67 unit 2
K-305-3 22.07 4.50 unit 2
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K-305-4 20.98 4.89 unit 2
K-305-5 20.40 5.17 unit 2
K-305-6 22.22 5.14 unit 2

KEN-14F 25.01 4.48
unit 4 (E side of 

ridge)
KEN-225-11F 20.36 4.25 unit 2
KEN-225-12F 24.23 4.44 unit 2
KEN-225-13F 18.95 4.38 unit 2

cal veins

K-204 15.94 2.58
unit 4, with 
dedol. halo

K-224-1 17.12 2.90 unit 4
K-224-3 15.94 2.97 unit 4
K-224-8 17.34 2.57 unit 4

K-225-08V 21.88 4.05 unit 2
K-225-15V-avg 18.81 3.87 unit 2

K-225-16V 20.72 4.01 unit 2

K-244-avg 20.17 2.06

cal vein w/o 
dedolomite halo 

in unit 4

K-245 20.04 1.90

cal vein w/ dedo-
lomite halo next 

to GH

K-246 21.26 3.69
N. of chute off 

Glory Hole

K-247 19.11 -8.48
weird dark cal 
vein from N. of 

K-256 21.08 -1.37
big calcite vein 

on NE side of 1st 

K-258-avg 8.81 3.08 void-filling cal-

K-300 18.61 2.07

with dedolomi-
tized halo, Bon. 

Cirque

K-303 13.89 2.10
with dedolomi-

tized halo
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KEN-01-avg 21.88 4.02
unit 4, cut by 

stylolites

KEN-04A 18.56 1.38 with dedolomi-

KEN-04B 19.36 2.27
with dedolomi-

tized halo, upper 

KEN-05 18.17 2.42

with dedolomi-
tized halo, upper 

Glory Hole

KEN-14 17.37 2.80
unit 4, cut by 

stylolites

KEN-30 18.71 2.00

with dedolomi-
tized halo, up-
permost Glory 

Hole

KEN-42 20.74 1.47

K-302 15.65 2.48
b/t dol clasts in 

Glory Hole

KEN-07A 16.03 2.60
b/t dol clasts in 

Glory Hole

KEN-07B 15.90 2.21
b/t dol clasts in 

Glory Hole

KEN-20 17.24 -0.50
void fill in type 

2 bx

KEN-35 16.89 2.18
b/t dol clasts in 

Glory Hole

limestone wallrock

K-224-1 18.32 3.08

next to Glory 
Hole, below 
where dol’zn 

begins

K-225-15V 22.07 4.61
next to cal vein 

in unit 2
K-307A 18.26 3.14 fresh, unit 4
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KEN-1 19.83 4.13
fresh, unit 4, 
next to stylo-

KEN-14A 16.80 3.25
fresh, unit 4, 
next to stylo-

KEN-14B 17.80 3.15

fresh, unit 4, 
next to stylo-

litized cal veins 
KEN-26A-avg 20.13 5.40 fresh, unit 2

KEN-42 18.73 3.15 w/ cal-cc

direct contact w/ 
minzn

K-206 16.71 2.59

K-209 17.57 2.79

K-212 17.34 2.50

K-213 19.87 1.89

K-301 16.67 2.00
K-304 16.34 2.29 + azurite

KEN-23 15.84 2.51 being replaced 

replacive dolomite

K-204 17.0 3.75
replacive wall-

rock

K-244 22.0 4.08
replacive wall-

rock

K-303 17.2 3.46
replacive wall-

rock

K-309 23.9 3.33
replacive wall-

rock

KEN-302 20.7 3.53
replacive wall-

rock

KEN-4 18.7 3.57
replacive wall-

rock

KEN-7A 20.2 3.60
replacive wall-

rock

KEN-7B 20.9 3.38
replacive wall-

rock
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K-302 20.6 3.57
coarsely xln ba-

roque

K-302X 20.3 3.53
coarsely xln ba-

roque

KEN-7A 21.2 3.67
coarsely xln ba-

roque

KEN-7B 20.9 3.57
coarsely xln ba-

roque
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sample no.
sulfide 

mineral

sample 
weight 
(mg) δ34S value (‰)

Strat. height (m) 
relative to Nikolai-
Chitistone contact comments

Bonanza
B-3 cc 0.66 -28.4 -5 greenstone

BF101A cc 0.49 4.7 float

BF101AX cc 0.5 4.7 float

BF101B cc 0.51 5.0 float

BF101BX cc 0.5 5.0 float

BF102A cc 0.56 5.8 float

BF102AX cc 0.5 5.9 float

BF102B cc 0.53 5.2 float

BF102BX cc 0.5 5.2 float

K-101 cc 0.5 2.0 float

K-101X cc 0.5 2.1 float

K-202 cc 0.63 -1.5 22.8

K-205A cc 0.49 3.9 63

K-205AX cc 0.49 3.8 63

K-205B cc 0.52 4.1 63

K-205BX cc 0.49 4.0 63

K-206 dg 0.62 -2.6 64

K-207 dg 0.61 3.0 65

K-208 cc 0.52 4.1 67

K-209 cc 0.54 5.7 61

APPENDIX B:

34S Isotopes for Sulfides in the Kennecott District

X denotes duplicate sample.  Analytical error is 0.2‰. 

bn=bornite; cc=chalcocite; cp=chalcopyrite; cv=covellite; dg=digenite; sed. py=sedimentary 

pyrite.

Chalcocite samples often contain microscopic intergrowths of djurleite.
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K-210A cc 0.5 -3.8 24

K-210AX cc 0.48 -6.4 24

K-210B cc 0.5 -8.0 24

K-210BX cc 0.5 -8.2 24

K-210C cc 1.16 -5.2 24

K-212 cc 0.67 -0.7 52

K-213 cc 0.49 2.4 51

K-214 cc 0.65 0.5 53

K-215 cc 0.59 2.2 53.5

K-216 dg 0.51 -5.7 53.8

K-217 cc 0.53 2.1 52.8

K-218 cv 0.39 -4.5 53

K-219 cc 1.26 0.6 22.8

K-220 cc 0.51 2.7 23.5

K-221 cc 0.53 -6.5 24

K-222A cc 0.49 1.5 24

K-222AX cc 0.49 0.6 24

K-222B cc 0.49 2.4 24

K-222BX cc 0.52 2.3 24

K-226 cc 0.5 4.9 10

K-226X cc 0.49 5.4 10

K-227 cc 0.52 5.9 10.2

K-228 cc 0.51 -10.4 13

K-229 cc 0.49 3.6 13.5

K-230 cc 0.51 -13.0 14

K-230X cc 0.52 -12.6 14

K-231 cc 1.31 6.0 13.5

K-232 cc 0.49 -1.0 13.2

K-233 cc 0.53 2.0 13

K-234 cc 0.49 8.1 13.4

K-234X cc 0.51 7.6 13.4

K-235 cc 0.54 1.7 14

K-235X cc 0.49 2.2 14
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K-236 cc 0.49 -12.1 13.5

K-237 cc 0.51 -11.3 13.9

K-237X cc 0.53 -10.9 13.9

K-238 cc 0.54 -4.9 13.3

K-238X cc 0.51 -5.2 13.3

K-239 cc 0.53 0.3 13.8

K-240 cc 0.49 -0.6 13.7

K-240X cc 0.56 -0.2 13.7

K-251A cc 0.49 4.8 21

K-251AX cc 0.5 4.9 21

K-252 cc 0.5 -0.6 20.5

K-253 cc 0.48 -7.2 22

K-255 cc 0.94 3.4 22.3

K-259-1 cc 0.54 7.8 24.2

K-259-2 dull cc 0.51 -4.0 24.4

K-260 cc 0.51 3.5 26

K-261 cc 0.53 5.4 26.2

K-261X cc 0.51 5.2 26.2

K-265 cc 0.65 -1.2 11.5

K-272A cc 0.49 5.2 23

K-272B cc 20.25 5.3 23

K-278 (gst) cc 0.82 -5.1 -8

K-301 cv 0.41 -2.4

KEN-05 cc 4.7 65 impure

KEN-15A cc 4.6

KEN-15B cc 5.4

KEN-17 cc 0.77 2.7

KEN-18 cc -7.8 21

KEN-23A cc 0.57 3.3 25

KEN-23B cc 3.9 25

KEN-26A sed. py 0.2 -24.8 4.5

KEN-26B sed. py 0.25 -23.6 4.5

KEN-26C sed. py 0.19 -13.8 4.5
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KEN-26D sed. py 0.2 -15.4 4.5

KEN-26E sed. py 0.25 -23.7 4.5

KEN-26G sed. py 0.21 -29.2 4.5

KEN-34A cc 2.2 -400

KEN-34B cc 2.6 -400 clayey, impure

KEN-42 cc 0.55 -1.4 14.2

KEN-44A cc 6.0

KEN-44B cc 5.2

KEN-45 cc 3.2

KEN-50A cv 0.29 1.6 54

KEN-50B cv 0.31 -3.5 54

MH-21299 cc -11.4

MH-21301A cc -4.9 24

MH-21301B cc -5.2 24

MH-21302 cc -5.5 22

MH-21308 cc -1.4

MH-K1A cv -11.7

MH-K1B cv -15.7

MH-K1C cc -16.1

Big Horn

DSR-04 cc 0.52 -15.3

Erie

CPA cc -36.7 -8
greenstone below 

mine

CPBL cc -33.0 -8
greenstone below 

mine

Jumbo

J-1 cv 0.3 -3.0

J-2 bn 0.4 -5.3

J-3 cv 0.32 8.9

J-4 cc 0.48 0.9
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J-5 cc 0.5 -2.3

J-6 cv 0.29 5.7

J-6 cc 0.52 0.6 impure

J-7 cv 0.61 10.9 impure

J-8A cc 0.61 -1.7 new drillbit

J-8B cc 0.62 -1.8 old drillbit

J-9 cv 0.3 5.7

J-9X cv 0.3 7.2

J-10 cc 0.48 0.9

J-10X cc 0.49 0.9

J-11 cc 0.48 -6.3

J-11X cc 0.54 -3.6

J-13 bn 0.48 -2.2

J-14 cc 0.54 1.8

J-201 cv 0.36 2.9

J-202 cv 0.38 0.7

J-203 cv 0.39 3.4

J-204 cv 0.38 3.3

J-205A cv 0.47 1.6

J-205B cc 0.79 -3.3

J-206 cc 0.58 3.8

J-207 cc 0.48 -2.5

J-208 cc 0.6 3.8

J-209 cc 0.58 2.7

J-210 cc 0.72 -5.2

J-211 cc 0.64 2.3

J-212 cc 0.58 2.3

J-213 cc 0.49 6.7

J-214 cc 0.61 3.2

Mullen 

M-1A cv 0.3 17.2

M-1B cv 0.3 16.4
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M-3 cv 0.32 -9.2

M-4 bn 0.46 -7.1

M-4X bn 0.45 -5.0

M-4 cp 0.28 -5.6

M-4 cv 0.32 16.4

M-5 cv 0.32 16.2

M-5 bn 0.39 -4.5

M-6 cv 0.3 16.1

M-6 bn 0.39 -7.4

Nelson

N-1A cc 0.63 -1.8

N-1B
dark cc (pow-

dery) 0.53 17.4

N-2 cc 0.61 7.5

N-3 cc 0.63 5.5

N-4 cc 0.52 7.8

N-5 dark cc 0.56 7.4

N-6 cc 0.56 5.5

N-7 cv 0.31 -4.1

N-7 cc 0.52 -3.0

N-9 cc 0.62 8.1

N-10 cc 0.62 7.0

N-12 cc 0.5 8.1

N-13
dark cc (pow-

dery) 0.52 -0.1

Nikolai mine

DSR-01 cp 0.35 6.8

DSR-07 bn 0.46 11.4

Nugget Ck.

DSR-05 bn 0.66 -18.0 impure
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Radovan 
Greenstone

RG-3 cv 1.01 -0.1 < -400 impure
RG-10A dg 1.02 1.4 < -400 impure
RG-10B dg 1.03 1.3 < -400 impure

RG-8 cc 0.69 2.3 < -400

RG-12A cc 0.52 1.1 < -400

RG-12B cc 0.49 1.3 < -400

RG-11 dg 0.51 -1.5 < -400

RG-13 cc 0.59 -1.4 < -400
RG-14 cc 1.01 1.5 < -400 impure

DSR-06-B cc 0.53 2.2 < -400

Regal

R-1 cc 0.55 0.2 float

R-3 cc 0.59 4.6 float

R-4 cc 0.62 7.0 float

R-6 cc 0.56 0.3 float

R-7 dg 0.49 -21.1 float

R-8 cc 0.56 2.5 float

Westover

DSR-03 bn 0.4 12.0
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