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A bstract

The Union Bay Alaskan-type Complex represents a completely different type of 

platinum group element (PGE) concentration from the classic Alaskan-type Complex 

PGE mineralization model, with PGEs localized in vein/veinlet magnetite, commonly 

within the olivine + pyroxene portions of the body. PGE concentrations of 18 g/t occur 

in magnetite veins and pods which cross magmatic layering and have an irregular 

morphology in both outcrop and thin section. Fe-Ti oxide geothermometry indicates that 

this mineralization formed at temperatures between 675-475°C. A variation in the 

amount of ilmenite and Mg-Al spinel exsolution in magnetite correlates with temperature 

estimates, lower temperature magnetite has less exsolution. Magnetite veins with a 

formation temperature of less than 600oC are surrounded by an alteration envelope of 

hydrous silicates that vary with temperature and contain appreciable amounts of Cl. 

Interaction of a PGE-Fe-Cl rich fluid with clinopyroxene and olivine increased the fluids 

pH and decreased PGE and Fe solubility depositing a PGE enriched magnetite within the 

wehrlite and clinopyroxenite of the Union Bay Alaskan-type complex. Potentially this 

fluid remobilized the PGE from disseminated euhedral magnetite of the peripheral units 

to form PGE enriched magnetite veins in the near-central portion of the complex.
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Chapter 1 Introduction, Regional Geology, and Methodology

Introduction

Ultramafic intrusions, including Ural-Alaskan type zoned ultramafic-mafic 

intrusions, hereafter referred to as Alaskan-type complexes (AT), are the principal source 

of Platinum Group Elements (PGE). Of these deposit types, placers derived from an AT 

in Columbia (Choco) were the first to be commercially developed. However, the variable 

PGE enrichment and small tonnage of lode deposits in AT, compared with the large 

tonnage and regular PGE grades of magmatic sulfides in the layered ultramafic 

complexes, has made AT primarily attractive only for their associated placers. In the last 

decade, the flat supply and rising demand for PGE, due to their increased use in the 

automotive, chemical, and petroleum industries, has sparked interest in exploration for 

unconventional PGE deposits. Such deposits include oxide-hosted lodes in AT.

Known AT are Phanerozoic, relatively small (1-15 km diameter), broadly 

circular, ultramafic-mafic bodies concentrically zoned from an olivine-rich core to a 

progressively more pyroxene and eventually hornblende-rich periphery. They are 

commonly associated with gabbro or norite bodies of similar age. Taylor (1967) labeled 

the ultramafic-mafic rocks exposed near Union Bay in Southeast Alaska (Figure 1.1) an 

Ural-Alaskan type zoned ultramafic intrusion.

The mid-Cretaceous Union Bay AT, centered at N 55° 46’ 45”, W 132° 7’ 13”, 

contains elevated PGE in rocks (up to 17.4 ppm Pt) containing magnetite and ilmenite 

(Fe-Ti oxides) and in the stream sediments and soils derived from these rocks. Geologic 

mapping and sample analysis of the Union Bay AT constitute the basis for this thesis.

1
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Figure 1.1 Union Bay Alaskan-type Complex Location Map. Outline map of Alaska (without the 
Aleutian Islands) showing major cities and the Union Bay AT complex 56 km northwest of Ketchikan.

A linear belt of Cretaceous AT complexes extends through Southeast Alaska 

(Figure 1.2). Due to very recent glaciation, 9.5 ka in the Ketchikan area, accompanied 

with 150-210 meters of isostatic rebound (Hamilton, 1994) none of these AT complexes 

are associated with placer deposits. However, work by the U.S. Geological Survey 

(Clark and Greenwood, 1972) and U.S. Bureau of Mines (Dahlin et al., 1981; Foley, 

1990; Maas et al., 1995) demonstrated that the Union Bay igneous complex, near the 

south end of the belt, locally contained high concentrations of PGE in rocks and stream 

sediments. Follow-up work by private industry showed that the Union Bay igneous 

complex contained widespread elevated PGE concentrations in rocks and soils (Avalon, 

2000, 2001, 2003, 2004, and 2005). Multiple ppm PGE concentrations were associated 

with secondary magnetite in and near the Wehrlite Unit (Chapter 2) of the AT complex



3

Figure 1.2 Southeast Alaskan and Uralian Alaskan-type Complexes. The distribution of AT 
complexes in Southeast Alaska and in the Ural Mountains of Russia is very similar, from Taylor (1967). 
Notice the linear nature of the ultramafic to mafic intrusions and the spatial association with gabbro and 
diorite.
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with lower grade Pt mineralization present in the primary magnetite of the 

Clinopyroxenite Unit (Chapter 2) (Avalon, 2005). Not previously described, this type of 

mineralization in AT constituted a new PGE deposit model. This thesis provides a 

description of the Union Bay PGE prospects, their chemical and spatial relationship to 

each other, and a preliminary explanation for their occurrence.

Previous Studies

Kennedy and Walton (1946) created the first comprehensive geologic map of the 

Union Bay area, identifying the dunitic core, chromite pods, and marginal clinopyroxene- 

rich periphery. They also identified clinopyroxene veins in dunite that were more Mg 

rich than those of the magnetite-bearing clinopyroxenite border zone. Ruckmick and 

Noble (1959) published a detailed geologic map of the area based on Ruckmick’s Ph.D 

thesis and presented petrographic descriptions and chemical analyses of rocks and 

minerals. Clark and Greenwood (1972) conducted a geochemical investigation of 

ultramafic rocks in southern Alaska. The U.S. Bureau of Mines conducted sampling at 

Union Bay during an investigation of the Ketchikan Mining District (Maas et al., 1995). 

Himmelberg and Loney (1995) conducted a detailed investigation into the structural 

geology and mineral chemistry of AT in southeastern Alaska; their findings have 

produced the most plausible genetic model for the AT of Southeast Alaska.

Many origins have been proposed for AT complexes. Ruckmick and Noble 

(1959) proposed that multiple injections of ultramafic magmas would produce the 

lithologic zoning observed in the Union Bay complex. They mapped continuous
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mineralogical contacts through large areas of considerable vegetative and soil cover, 

using crude topographic maps in an area of extreme magnetic interference. They also 

failed to recognize the importance of high-angle faulting in southeast Alaska, and 

interpreted virtually all contacts - including the extensively covered and sheared contacts 

that make up much of the complex - as intrusive. Murray (1972) proposed that AT 

complexes are remnant feeder pipes for andesitic volcanoes where flow differentiation 

caused first formed crystals to be concentrated to the center of the pipe producing the 

dunite center and progressively less mafic periphery. Irvine (1974) concluded “folding 

the diapiric re-emplacement of stratiform, differentiated sequences of cumulates” was the 

mechanism for the lithologic zoning at Union Bay; he interpreted the textures in the 

“structural peridotite” of Ruckmick and Noble (1959) as evidence of postcumulous 

replacement bodies in which olivine or clinopyroxene oikiocrysts grew from interstitial 

magma at the expense of either olivine or clinopyroxene. Himmelberg and Loney (1995) 

concluded that AT were formed by fractional crystallization of basaltic melts under 

hydrous and relatively high oxidation state conditions; the characteristic zoning was 

caused either by inward crystallization of first-formed cumulates in an upward-flowing 

magma column or by tectonically controlled diapiric emplacement of partly crystalline 

ultramafic cumulates. Progressive and systematic increases in Fe/Mg ratio in olivine and 

clinopyroxene from the dunite unit to the peripheral clinopyroxenite unit at Union Bay 

(Ruckmick and Noble, 1959; Himmelberg and Loney, 1995) indicated that fractional 

crystallization was a critical feature. Himmelberg and Loney (1995) further showed that 

previously interpreted intrusive textures in olivine-rich rocks were instead due to plastic



deformation of olivine during low grade regional metamorphism; this hypothesis was 

based on a paper by Carter and Ave' Lallemant (1970) who demonstrated that olivine 

will plastically deform along crystal glide planes at temperatures as low as 300°C at 

pressures as low as five kilobars.

The genetic theories cited above do not discuss how the present orientation of the 

Union Bay AT compared with the original orientation of the intrusion. Ruckmick and 

Noble (1959) proposed that a synform composes the western portion of the ultramafic 

rocks north of Cannery Creek, but assumed that the complex was situated upright. Irvine 

(1974), as the very basis for his genetic model, related the pattern of rock types to folding 

of the intrusion; a schematic cross-section (Irvine, 1974, figure 42) illustrated that the 

northern portion of the intrusion centered on Mt. Burnett has been overturned. Irvine 

stated that accumulations of magnetite in the western portion of the complex were 

evidence that the dense magnetite rich clinopyroxenite has sloughed off and settled 

during this event.

Economic Geology

Small amounts of podiform chromite, averaging 20% Cr2O3, occur in the dunite 

core of Union Bay (Roehm, 1943). Columbia Iron Mining Company, a subsidiary of 

U.S. Steel, performed surface and subsurface investigations 1954 to 1960 and identified a 

billion ton iron ore body with grade of 20-15% magnetite and 2% TiO2 (Noble, 1958; 

Noble, 1961) in the western periphery of the complex. There is no record of assays for 

PGEs from the complex prior to the 1970s (Maas et al., 1995). Minor pyrite,

6



chalcopyrite, pyrrhotite, and marcasite occur in outcrop near the west-central margin, in 

hornblende pyroxenite (Ruckmick and Noble, 1959).

Clark and Greenwood (1972) conducted PGE analyses on 50 pyroxenite and 

dunite rock samples from the Union Bay complex and found values up to 1.6 ppm Pt, 

0.20 ppm Pd, 0.06 ppm Rh and 0.22 ppm Ir. Pure magnetite and olivine separates 

obtained from one of these samples contained 30 and 0.04 ppm Pt, respectively. Pan 

concentrate and stream sediment samples (Maas et al., 1995) showed that high chromite- 

bearing stream sediment samples near the dunite core did not contain significant PGE, 

but those from streams draining magnetite-rich wehrlite and pyroxenite returned Pt 

values up to 19.44 ppm (Maas et al., 1995).

Microprobe examination of crushed separates from two USBM pan concentrate 

samples (Maas et al., 1995) identified PtFe alloy, native osmium, osmium-iridium, and 

hollingworthite (RhAsS). Preliminary scanning electron microscope examination of 

platiniferous Union Bay samples indicated that PtFe alloy grains occur in magnetite, with 

minor chalcopyrite, bornite, and pentlandite (King, 2000). Jedwab (2001) also found 

OsS2 and a Pt-Ir alloy in clinopyroxene associated with magnetite.

Sampling of the Union Bay complex carried out by Avalon Development 

Corporation in 2000, 2001, 2003, 2004, and 2005 showed high Pt values (1-17.4 ppm) 

sporadically present in magnetite-rich surface and drill core samples.

7
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Present Study

This study is fundamentally based on fieldwork conducted in 2001, 2003, 2004, 

and 2005. I mapped much of the exposed ultramafic lithologies of Union Bay AT to 

better define structure and rock units. I participated in logging 36 diamond drill holes. I 

cut and directed cutting of 414 rock channel samples from the major prospect areas and 

was a member of the field team that collected 1708 additional grab samples.

Laboratory studies of the Union Bay complex conducted during 2001-2003 

include chemical analyses of rocks and minerals, transmitted- and reflected-light 

microscopy, and 40Ar/39Ar dating (Table 1.1). I performed major and trace element WD- 

XRF(Wavelength Dispersive Xray Fluorescence) analysis on pressed pellets of 29 assay 

pulps and three phlogopite mineral separates from magnetite-phlogopite drill core. I 

examined 59 thin sections, in transmitted light; I also examined these and an additional 

grain mount and polished section in reflected light. I chose samples for optical 

examination based on a range of PGE and magnetite content (both high and low), and 

spatial distribution in the complex. From these thin sections, I selected 16 for 

quantitative electron probe microanalysis (EPMA) and qualitative mineral identification. 

I analyzed compositions of clinopyroxene, hornblende, chlorite, spinel, magnetite, 

ilmenite, and Platinum Group Minerals (PGM) by EPMA at the UAF Advanced 

Instrumentation Laboratory. I employed the ilmenite-magnetite geothermometer 

(Buddington and Lindsley, 1964) on coexisting oxide pairs from 8 samples. I submitted a 

phlogopite mineral separate from a Pt bearing magnetite-phlogopite vein intercepted in a



drill hole on the Mt Burnett South prospect to the UAF Geochronology Laboratory for 

40Ar/39Ar dating.

In addition to laboratory studies I used lead collection fire assay data (Pt, Pd, Au) 

for 9756 geologic samples (Appendix 1A), nickel sulfide collection fire assay data (Os, 

Ir, Ru, Rh, Pt, Pd) for 59 rock samples(Appendix 1B), and multielement ICP-AES data 

for 9557 geologic samples (Appendix 1A).

9

Table 1.1 Sample Analysis/Data Sum m ary

n D ata Type Y ear Collected Comments

1454 Fire Assay (Pb), 
ICP-AES

2000-2001 Only select 2000 samples have ICP-AES 
results. Aqua Regia digestion caused 
incomplete dissolution of certain elements.

12 Fire Assay (Ni-S) 2001 Six element PGE suite.

29 WD-XRF 2001-2002 Whole rock analysis of pressed pellets created 
from assay pulps.

3 WD-XRF 2002 Pressed pellet phlogopite mineral separate 
from drill core.

16 EPMA 2002-2003 Analysis of olivine, clinopyroxenite, 
hornblende, chlorite, serpentine, magnetite, 
ilmenite, spinel, and PGM.

1 Laser Step Heat
40Ar/39Ar

2003 Phlogopite from drill core returned a plateau 
age of 101.7 +/- 1 Ma.

2155 Fire Assay (Pb), 
ICP-AES

2003 Four acid digestion.

25 Fire Assay (Ni-S) 2003 Six element PGE suite.

3191 Fire Assay (Pb), 
ICP-AES

2004 Four acid digestion.

22 Fire Assay (Ni-S) 2004 Six element PGE suite.

2956 Fire Assay (Pb), 
ICP-AES

2005 Four acid digestion.



Regional Geology

The Union Bay AT is situated in the Gravina Belt (Figure 1.3), a component of 

the Insular Superterrane of Rubin and Saleeby (1992), consisting of juvenile, mantle- 

derived volcanic arc and rift assemblages. The Gravina Belt is a mix of Upper Jurassic 

and mid-Cretaceous marine pyroclastic and sedimentary basin strata, the remnants of an 

island arc or rift, deposited on the boundary between the Alexander Terrane and Taku 

Terrane (Figure 1.3). Metamorphic grade in the Gravina Belt varies from greenschist 

facies on the western edge to amphibolite facies on the eastern edge. Near the Union Bay 

AT Ruckmick and Noble (1959) reported a distinct hornfels aureole up to 300 m wide.

Southeast Alaska was subjected to mid-Cretaceous folding and thrusting during 

the accretion of the Alexander Terrane to the North American Continent, which occurred 

from 112 Ma-89 Ma based on crosscutting intrusive relationships, U-Pb zircon ages, and 

K-Ar ages (Rubin and Saleeby, 1992). Post-accretion collapse of the Coast Range 

Batholith caused major normal faulting throughout Southeast Alaska and locally at Union 

Bay. Rapid uplift (2mm/yr) coupled with normal faulting following mid-Cretaceous 

tectonic and magmatic activity resulted in 20 km of uplift (Gehrels and Berg, 1994) 

exposing the Union Bay AT. High-angle faults in Southeast Alaska displaced Tertiary 

intrusions and are associated with 350 km of dextral displacement along the Denali fault 

system (Gehrels and Berg, 1994). This area is still tectonically active with three major 

right-lateral fault systems - the Clarence Strait, Chatham Strait, and Queen Charlotte- 

Fairweather - dissecting the Alaskan panhandle. The transpressional stress regime 

created by the relative movements of the Pacific and North American plates
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Figure 1.3 Union Bay Area Terrane Map. Distribution of tectonic terranes, and regional faults in southern Southeast Alaska. Modified from Gehrels and 
Berg (1994), and Rubin and Saleeby (1992). UB - Union Bay Alaskan-type Ultramafic Complex.



continues to affect the Union Bay area; a seismometer near Craig, AK 45 miles southwest 

of Union Bay recorded a magnitude 6.0 earthquake in 2003. The Union Bay complex is 

surrounded by terrane scale faults (Figure 1.3). Additionally the Cleveland Peninsula is 

cut by the Vixen Inlet Fault (Brew, 1995) and the Black Bear Creek Fault, to the 

northeast and southwest of the Union Bay AT respectively. Relative motion along these 

faults is unknown, but both of these faults create major topographic depressions that 

dissect the southern portion of the Cleveland Peninsula indicating that they are steeply 

dipping.

The proximity of major strike-slip faults and thrust faults to the Union Bay AT 

complex virtually requires associated faulting within the complex. Brittle deformation 

has resulted in numerous normal and reverse high angle faults that separate the igneous 

complex into distinct structural blocks (Avalon, 2004). Foliation and bedding in 

metamorphic rocks that host the igneous complex are subvertical. Rubin and Saleeby 

(1992) interpreted that the majority of ductile deformation took place after intrusion of 

the ultramafic rocks based on regionally folded hornfels surrounding the Union Bay AT.

Based on the amount of deformation that has occurred in the Alaskan Panhandle 

there little reason to assume that the Union Bay AT complex is in its original orientation. 

The mid-cretaceous Jualin pluton, located between Haines and Juneau, was rotated on its 

side based on the near vertical dip of the overlying unconformity (Redman, 1986). 

Deformation of the Jualin pluton also occurred during the accretion of the Alexander 

Terrane to the North American Cordillera. If the Jualin pluton has been rotated 90 

degrees then it is entirely plausible that the Union Bay AT, with a similar tectonic
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history, has also undergone significant rotation. Presently there is not enough evidence to 

conclude whether the Union Bay AT has undergone rotation.

Methodology

Field Sampling Procedures

I am using data from six types of geochemical sampling collected from the Union 

Bay AT complex; including three types of rock samples: grab rock, saw channel, and 

diamond drill core; and three types of sediment samples: mineral soil, stream sediment, 

and pan concentrates. Field personnel recorded all sample locations using a hand-held 

GPS unit. A professional assay lab (ALS Chemex, Bondar-Cleg, or SGS Xral) conducted 

all assay and multielement geochemical analysis. Field personnel retained a portion of 

each rock sample, representative of host rock and mineralization, for future reference and 

laboratory studies.

Grab rock samples consisted of outcrop samples collected with an emphasis on 

visible concentrations of oxide minerals: magnetite, spinel, and chromite. Sample size 

varied. At minimum, a grab rock sample was the size of a fist, and at maximum, the 

sample entirely filled a 19 X 30 cm sample bag. Saw channel samples were outcrop 

samples collected from a channel created by two parallel cuts from a hand held rock saw, 

the rock between the cuts is a representative outcrop sample. The width and depth of the 

channel varied according to the morphology of the outcrop and the member of the field 

team running the saw. The majority of channel samples collected had a width of 5 cm
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and a depth of 13-15 cm. Saw channels were oriented both perpendicular to magnetite 

vein trends and parallel to magnetite vein trends in order to test the continuity of surface 

mineralization and define elemental zoning surrounding magnetite veins. Saw channel 

length varied, but sample length within the channel was nominally one meter. Sample 

size varied but average sample weight was 1-2 kilograms. Field personnel recorded the 

locations of channel end-points using a combination of hand-held GPS units, tape 

measures, and compass to ensure the orientation and length were accurate, regardless of 

the inherent error associated with GPS accuracy. Field personnel split NQ2 or BQ sized 

diamond drill core with a diamond blade rock saw then collected samples from one half 

of the split core. The remainder of the split core was retained for reference purposes. 

Nominal sample length was 1-1.5 m. In intervals of massive magnetite mineralization, 

the logger reduced sample length to 0.3-0.6 m in order to delineate any elemental zoning 

associated with the veins and alteration envelopes. Field personnel collected soil samples 

in alpine to sub-alpine areas were outcrop was sparse but prospective. The sampler dug a 

hole down to bedrock using a shovel or pick and the collected a quart of mineral soil, 

then sealed the soil sample bag in a Zip-lock® bag to avoid cross contamination from 

liquids draining from wet soils. Field personnel collected stream sediment samples from 

low elevation streams and side pups at the southern periphery of the complex. Samplers 

placed a quart of stream bank sediment from the active side of the stream in a sample bag 

and then sealed it in a Zip-lock® bag to avoid cross contamination from liquids draining 

from wet sediment. Field personnel collected pan concentrate samples from streams 

draining the complex in an effort to duplicate and expand the 1995 U.S. Bureau of Mines
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pan concentrate survey (Maas et al., 1995). Samplers reduced five to six pans of stream 

channel sediment using standard panning techniques and placed the resultant heavy 

mineral concentrate in a Zip-lock® bag.

Electron Probe Microanalysis

I conducted all EPMA with a Cameca SX-50 and Probe for Windows software 

in the UAF Advanced Instrumentation Laboratory. Of particular importance was the 

interference correction implemented in PFW (Donovan et al., 1993).

Fe-Ti Oxide Analysis

Thin sections containing abundant magnetite were examined for large (>50 qm) 

ilmenite grains. Samples that contain large ilmenite grains were then carbon coated for 

microprobe examination. Detailed petrographic examination of the magnetite revealed 

that the spacing between ilmenite lamellae within the magnetite was approximately 12

15 qm, and therefore I modified an analytical routine used for Fe-Ti thermometry on 

volcanic rocks to use of a 20 qm electron beam diameter. Table 1.2 lists standards used 

in the analysis. The results from this analysis had totals near 100 wt% for ilmenite grains 

and the magnetite analyses averaged at 98.5%. EPMA analyses of Fe did not discern 

between oxidation states and therefore gave a false oxygen content that affected the 

accuracy of ZAF corrections. The errors from ZAF corrections as well as counting error 

were assumed to account for the low total wt%.

15
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Analytical Routine for Magmatic Fe-Ti Oxide Geothermometry 

Beam Conditions:

15KeV, 10nA, 20 ^m diameter 

Spectrometer Crystals:

SP1 LIF, SP2 PET, SP3 PET, SP4 TAP 

Element Setup:

SP1 Fe, Mn; SP2 Cr, Ti; SP3 Ca, V; SP4 Mg, Al

Table 1.2 Fe-Ti Oxide EPMA Standards

Element Line Standard UAF 
Standard #

Count Time Interference Interference
Standard

Fe K a Magnetite USNM 
114887 for spinels, 
Ilmenite USNM 
96189 for Ilmenite

222, 221 18s Peak, 
2s Bkg

Mn 328

Ti K a Ilmenite USNM 
96189

221 18s Peak, 
2s Bkg

Cr K a Chromite USNM 
117075

206 18s Peak, 
2s Bkg

V 426

Mg K a Chromite USNM 
117075

206 18s Peak, 
2s Bkg

V, Ca 426, 333

Al K a Chromite USNM 
117075

206 18s Peak, 
2s Bkg

Ti, Mn 221, 328

Mn K a Ilmenite USNM 
96189

221 18s Peak, 
2s Bkg

V K a Vanadium Metal 426 18s Peak, 
2s Bkg

Ti 221

Ca K a Wollastonite #2, CM 
Taylor Company

333 18s Peak, 
2s Bkg

Silicate Analysis

Clinopyroxenite with hornblende, chlorite, and minor olivine host the magnetite 

veins. Analyses of the silicates surrounding magnetite allows the results of



geothermometry to be evaluated against silicate mineral stability. Microprobe 

compositions of the silicates are not subject to partial dissolution and elemental 

interference problems that can plague ICP-AES analyses, and therefore I used this data 

for mineral recalculations. These analyses produced results that are logical and robust.
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Analytical Routine for Diopside and Chlorite Analysis 

Beam Conditions:

15KeV, 10nA, 1pm diameter 

Spectrometer Crystals:

SP1 LIF, SP2 PET, SP3 PET, SP4 TAP 

Element Setup:

SP1 Fe, Mn; SP2 Cr, Ti; SP3 Ca, V; SP4 Mg, Al, Si

Table 1.3 Diopside and Chlorite EPM A Standards

Element Line Standard UAF 
Standard #

Count Time Interference Interference
Standard

Fe K a Olivine USNM 
1113127444

224 18s Peak, 
2s Bkg

Ti K a Ilmenite USNM 
96189

221 18s Peak, 
2s Bkg

Cr K a Chromite USNM 
117075

206 18s Peak, 
2s Bkg

V 426

Mg K a Diopside #5a, CM 
Taylor Company

306 18s Peak, 
2s Bkg

V, Ca 426, 333

Al K a Spinel (synthetic), 
CM Taylor Company

339 18s Peak, 
2s Bkg

Ti, Mn 221, 328

Mn K a Ilmenite USNM 
96189

221 18s Peak, 
2s Bkg

V K a Vanadium Metal 426 18s Peak, 
2s Bkg

Ti 221

Si K a Diopside #5a, CM 
Taylor Company

306 18s Peak, 
2s Bkg

Ca K a Diopside #5a, CM 
Taylor Company

306 18s Peak, 
2s Bkg
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Analytical Routine for Hornblende Analysis 

Beam Conditions:

15KeV, 10nA, 5^m diameter 

Spectrometer Crystals:

SP1 LIF, SP2 TAP, SP3 PET, SP4 TAP 

Element Setup:

SP1 Fe, Mn, Ti; SP2 Na, Mg, F; SP3 Ca, Cl, K, SP4 Al, Si

Table 1.4 Hornblende EPM A Standards

Element Line Standard UAF 
Standard #

Count Time Interference Interference
Standard

Fe K a Synthetic Almandine 
(SALM), USGS

620 18s Peak, 
2s Bkg

Ti K a Sphene #1a, CM 
Taylor Company

307 18s Peak, 
2s Bkg

K K a Orthoclase MAD-10, 
CM Taylor Company

302 18s Peak, 
2s Bkg

Mg K a Spinel #1a, CM 
Taylor Company

339 18s Peak, 
2s Bkg

Ca 333

Al K a Orthoclase MAD-10, 
CM Taylor Company

302 18s Peak, 
2s Bkg

Ti, Mn 221, 328

Mn K a Willimite, CM Taylor 
Company

328 18s Peak, 
2s Bkg

Na K a Albite, Tiburon UC 
Berkeley

615 18s Peak, 
2s Bkg

Si K a Orthoclase MAD-10, 
CM Taylor Company

302 18s Peak, 
2s Bkg

F K a CaF2, CM Taylor 
Company

334 18s Peak, 
2s Bkg

Fe

Cl K a Scapolite USNM 
R6600-1

231 18s Peak, 
2s Bkg

Fe

Ca K a Sphene #1a, CM 
Taylor Company

307 18s Peak, 
2s Bkg



Platinum Group Mineral Analysis

Reflected-light petrographic analysis of sample 468870 from the North Zone 

revealed white colored, very high reflectivity minerals with a high polishing hardness 

enclosed in spinel inclusions of magnetite hosted in wehrlite. These probable Platinum 

Group Minerals (PGM) were adjacent to creamy pink-brown, high reflectivity minerals 

enclosed in the spinel inclusions. After using energy dispersive spectrometer wavescans 

to confirm the presence of PGE the following analytical routine was used to characterize 

the PGM. I also created an x-ray map of the areas probed in the quantitative analysis 

using MicroImage software. Based on the quantitative analysis results I chose to record 

the backscatter image and nine wavelength dispersive spectrometer peaks: Pt, Pd, Cr, Fe, 

S, Mg, Al, Cu, and Ni. Images covered an area approximately 20 microns wide and 15 

microns high centered on the PGM. I used a step size of 1 pm and a count time of 0.1 

second for each step.

Analytical Routine for PGM Analysis 

Beam Conditions:

20KeV, 10nA, 2 pm diameter 

Spectrometer Crystals:

SP1 LIF, SP2 PET, SP3 PET, SP4 TAP 

Element Setup:

SP1 Fe, Pt, As; SP2 Au, Pd, Rh; SP3 S, Ag, Sb, SP4 Os, Ir
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Table 1.5 Platinum  G roup M ineral EPMA Standards
Element Line Standard UAF 

Standard #
Count Time Interference Interference

Standard
Fe K a Magnetite USNM 

114887
222 15s Peak, 

2.5s Bkg
Pt L a Platinum Metal, CM 

Taylor Company
318 15s Peak, 

2.5s Bkg
As K a Arsenopyrite57,

Kretschmar 
and Scott (1976)

412 15s Peak, 
2.5s Bkg

OsMa 347

Au M a Gold Metal, CM 
Taylor Company

346 15s Peak, 
2.5s Bkg

PtLa, Fe, 
OsMa

318, 222, 
347

Pd L a Palladium Metal, CM 
Taylor Company

319 15s Peak, 
2.5s Bkg

RhLa 320

Rh L a Rhodium Metal, CM 
Taylor Company

320 15s Peak, 
2.5s Bkg

IrMa, PtLa 345, 318

S K a As2S3 Czamanske 
(USGS)

417 15s Peak, 
2.5s Bkg

Ag L a Ag2S, CM Taylor 
Company

316 15s Peak, 
2.5s Bkg

IrMa, PdLa 345, 319

Sb L a Sb2S3 Czamanske 
(USGS)

509 15s Peak, 
2.5s Bkg

IrMa, PtLa 345, 318

Os M a Osmium Metal, CM 
Taylor Company

347 24s Peak, 
3s Bkg

Ir M a Iridium Metal, CM 
Taylor Company

345 24s Peak, 
3s Bkg

SbLa,
OsMa

509, 347

X-Ray Fluorescence Wavelength Dispersive Spectrometry

I made 29 pressed pellets from rock and core assay pulps. I also made pressed 

pellets from three pholgopite mineral separates from Mt. Burnett drill core. I modified 

standard pressed pellet techniques to incorporate less binder; initialy pellets developed 

desiccation cracks from excess binder relative to the 3 grams of material used for each 

pellet due to the higher density of the high Fe ultramafic pulps. I assisted in analyzing 

the pellets using the UAF WD-XRF as described in Cameron (2000).



40Ar/39Ar Geochronology

I submitted a phlogopite mineral separate to the University of Alaska 

Geochronology Laboratory for 40Ar/39Ar analysis. I removed the phlogopite using a 

binocular microscope, pick, and tweezers from a vein of intergrown mica and 

platiniferous magnetite hosted in hornblende bearing pyroxenite intercepted at 29 meters 

in drill hole UB0104, collared on Mt. Burnett. After rinsing the flakes in de-ionized 

water, I placed them to dry in a convection furnace.

The University of Alaska Geochronology Laboratory (UAGL) staff sent the dried 

mica flakes for irradiation McMaster University, Toronto, Canada. After the phlogopite 

sampled returned from irradiation, laboratory staff measured Ar, Ca, K, and Cl isotope 

ratios with a VG3600 mass spectrometer using the single-grain laser step-heating 

technique of Layer et al. (1987). UAGL procedures follow the corrections of McDougal

37 39and Harrison (1988) for system blank, postirradiation decay of 37Ar and 39Ar, mass 

discrimination, and Ca, K, and Cl interference reactions. 40Ar/39Ar model ages reported 

by the UAGL employ the decay constants of Stieger and Jager (1977). The reported

39plateau age consists of ten contiguous fractions that comprise 99.7% cumulative Ar 

release, and are within two standard deviations of the mean value.

2000-2001 ICP-AES Caveats

XRF analysis results of assay pulp pressed pellets varied significantly from ICP- 

AES results of samples collected during the 2001 exploration program. The majority of 

elemental concentrations from 2001 ICP-AES analyses are underreported when
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compared to the results from XRF analysis (Table 1.6). This has been attributed to 

incomplete digestion of silicate and oxide minerals by the aqua-regia solution 

(hydrochloric and nitric acid) used in the ICP-AES analysis. In magnetite, V substitutes 

for Fe. The extent of magnetite dissolution by the aqua-regia solution would not affect 

the V to Fe ratio, since both elements occur predominately in the magnetite. Therefore 

the V:Fe trends presented in Tables 3.4 and 3.5 for should be unaffected by the 

incomplete dissolution of magnetite. Complete XRF analysis results are located in 

Appendix 2.
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Table 1.6 Select 2001 Surface Sample XRF Analysis and ICP-AES Analysis Results

Sample Si % 
XRF

Mg % Ca % Fe % Ti % V ppm
XRF ICP-AES XRF ICP-AES XRF ICP-AES XRF ICP-AES XRF ICP-AES

464839 21.67 14.32 6.46 10.72 0.25 8.67 8.57 0.34 0.15 334 298
464861 17.06 24.53 10.00 2.29 0.06 13.11 9.97 0.05 -0.01 49 13
464944 1.59 2.36 0.56 1.30 0.04 56.46 10.00 3.47 0.40 3910 1109
464947 14.79 7.02 0.78 9.00 0.51 25.69 10.00 1.73 0.24 2045 1433
467803 16.38 24.50 10.00 2.21 0.05 14.13 10.00 0.10 0.03 103 48
467828 19.38 14.57 5.33 7.30 0.33 14.28 5.99 0.42 0.03 502 57
467860 19.68 10.31 1.84 10.51 0.22 15.25 10.00 0.78 0.29 793 578
467920 8.77 4.23 0.51 5.30 0.23 40.38 10.00 2.53 0.37 2840 1246
468888 18.09 7.94 0.99 10.33 0.91 18.00 10.00 1.25 0.34 1339 961
464896 19.35 10.65 6.00 8.21 0.26 16.68 10.00 0.93 0.39 1152 959
467804 18.97 18.61 10.00 5.07 0.10 13.74 10.00 0.20 0.02 101 23
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Chapter 2 Geology of the Union Bay AT

Introduction

Poorly exposed gradational magmatic contacts require detailed mapping to define 

lithologic units in order to build a geologic framework for PGE exploration. Past 

mapping efforts were steered by chrome ore and iron ore exploration prior to plate 

tectonics theory and recognition of the complex accretionary history of the tectonic 

terranes of Southeast Alaska. Past geologic mapping did not record the numerous high 

angle faults dissecting the Union Bay AT. These faults significantly disrupt the 

distribution of lithologic units and possible PGE mineralization. Previously mapped 

contacts based on defunct genetic theories need to be redrawn and constructed using 

current AT genetic theories. The discovery of irregular PGE enriched magnetite veins 

that were apparently not controlled by magmatic layering necessitated remapping with an 

emphasis on faulting and distribution of redefined lithology units. The resulting bedrock 

geologic map of the Union Bay AT is located in the pocket (Plate 1).

Lithologies

Dunite Unit (Du)

One of the more prominent features of the Union Bay AT is the barren red dome 

of Dunite Peak (Figure 2.1). This one square mile (2.6 km ) body of dunite in the east- 

central part of the igneous complex is composed of > 90% equigranular olivine, < 10% 

diopside, and trace < 3% accessory chromite ± magnetite. Olivine is medium grained (1

5 mm) and euhedral to subhedral. Diopside forms medium grained (1-5 mm) euhedral to
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subhedral crystals interstitial to olivine. Chromite and magnetite mainly occur as 

disseminated, fine grained (< 1 mm) to medium grained (1-5 mm), euhedral to subhedral 

interstitial crystals. Localized schlieren of chromite and magnetite in the dunite range in 

length from 10 cm to a meter, but do not constitute a significant portion of the Dunite 

unit. Although a majority of the Du is homogenous equigranular olivine, coarse grained 

(0.5-1 cm), euhedral, emerald green diopside pods and veins a meter in length (Figure 

2.2a) occur locally. These pods of diopside are peripheral to the center of the exposed 

dunite body with several excellent examples located near the summit of Dunite Peak. 

Pods of massive magnetite, chromite, and weakly magnetic black spinel are present 

immediately north of the summit of Dunite Peak. These 0.2 meter to 0.5 meter pods of 

oxides (Figure 2.2b) exhibit irregular deformation and do not follow a vein or layer 

morphology. Several roughly circular inclusions of wehrlite (olivine + clinopyroxene) 

crop out within the dunite massif near the south and north ends of Dunite Peak. These 

inclusions of wehrlite are completely surrounded by dunite and range in size from a few 

meters up to 100 meters in circumference. The diopside content of the Du increases at its 

periphery creating gradational magmatic contacts with the Wehrlite Unit. Fracture and 

joint patterns exposed on Dunite Peak indicate a weak exfoliation dome fabric. The 

Columbus Creek Fault (Figure 2.1) places the Du in contact with the Wehrlite Unit and 

overlying Gabbro Unit to the west.
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Figure 2.2 Outcrop Scale Features of the Dunite and Wehrlite Units.

A-Diopside pod in homogenous dunite near the summit of Dunite Peak.

B-Chromite pods in homogenous dunite near the summit of Dunite Peak.

C-Clinopyroxene rich layers (green) and olivine rich layers (brown) of the Mixed Wehrlite member northwest 
of Dunite Peak. The layering in this outcrop resembles boudinage structure. Dunitic layers appear to have 
flowed around the clinopyroxenite layers/blocks.

D-Magnetite schlieren (mt) hosted in the Mixed Wehrlite member on the north facing cliffs of Mt. Burnett in the 
vicinity of sample 481799. The schlieren pictured appear to follow compositional banding. These magnetite 
schlieren would have been deformed during subsolidus olivine flow around the clinopyroxene rich layers.
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Wehrlite Unit (Wh)

The Wh displays the greatest variability in composition and texture of all of the 

units of the Union Bay AT; it also has the greatest surface area and spatial distribution of 

all the ultramafic units (Figure 2.1). Lithologies grouped into the Wh include dunite, 

wehrlite, olivine clinopyroxenite, clinopyroxenite, chromitite, and magnetitite, giving the 

unit an overall mineralogical composition of wehrlite (40% < olivine < 90%, 10% < 

diopside < 60%). Accessory minerals of the Wh are chromite, magnetite, ilmenite, 

agglomerations of magnetite-ilmenite-hercynite, and a chromite-magnetite solid solution 

spinel. The majority of the exposed Wh is north of the Cannery Creek Fault (Figure 2.1) 

on ridgetops and cliff faces. All but three of the PGE prospects are located within this 

unit. PGE enriched magnetite veins irregularly both follow and cross-cut igneous 

layering. The Wh displays variably dipping layering; igneous layers dip easterly on the 

western end of the complex and southerly in the central part of the complex (Figure 2.1). 

Based on igneous textures the Wh is divided into three members: Homogenous, Graded, 

and Mixed.

Homogenous Wehrlite Member

The magmatic contact between the Du and the Wh is gradational, and where the 

amount of diopside increases to >10%, a homogeneous wehrlite, with large (0.5-4 cm) 

clinopyroxene crystals evenly distributed in a finer-grained (0.1-0.5 cm) olivine matrix 

occurs. Within the homogenous wehrlite on the ridge north of Dunite Peak (North Zone 

prospect) very coarse-grained (2-4 cm), euhedral, black weathering, diopside crystals



locally compose up to 80% of the rock. Also exposed on the ridge north of Dunite Peak 

are 1-6 cm thick, pale green, medium-grained, diopside veins (Type 1) that variably cut 

wehrlite and are traceable along strike for several meters. Type 1 diopside veins are 

mainly composed of 1 cm crystals. Veins of Type 1 diopside weather black and are 

distributed in conjugate and obtuse interleaved patterns that coincide with the local 

fracture pattern. Chromite schlieren are cut by these diopside veins. Magnetite veins and 

schlieren occur along vein boundaries, in vein centers, and independent of Type 1 

diopside veins. Chromite schlieren in homogenous wehrlite are plastically deformed; on 

some weathering surfaces there are rings of chromite that in three dimensions display 

apparent orbicular morphology.

Graded Wehrlite Member

Portions of the Wh on the ridges north and northeast of Dunite Peak display 1-2 m 

thick graded layers of diopside crystals in an olivine groundmass. The proportion of 

coarse-grained (0.5-2 cm) to medium-grained (0.1-0.5 cm) diopside crystals increases as 

fine grained (< 0.1 cm) olivine decreases perpendicular to the observed magmatic 

layering of the wehrlite. This graded layering is similar to that exposed on Duke Island, 

another Alaskan-type ultramafic intrusion located south of Ketchikan, AK (Irvine, 1974). 

Outcrops of graded wehrlite are a minor component (< 1%) of the exposed Wh.
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Mixed Wehrlite Member

The majority of the exposed Wh consists of clinopyroxenite layers ranging from 

0.1-1 m thick, interstratified with dunitic layers with the same range of thickness. 

Dunitic layers in the wehrlite are typically 95-75% olivine; the remainder is 

clinopyroxene and magnetite (± ilmenite-hercynite). Clinopyroxene rich layers are 

typically > 90% clinopyroxene with trace interstitial magnetite and olivine. In some 

cases, this interlaying has strike lengths of up to 12 m; more commonly, the exposed 

clinopyroxenite layers are pods 0.1-1 m thick by 0.1-3 m long suspended in an olivine 

rich groundmass. The outcrop scale textures resemble boudinage structure, podiform 

blocks of clinopyroxene rich rock are surrounded by olivine rich rock (Figure 2.2c). 

Magnetite schlieren and compositional banding in the dunitic groundmass are subparallel 

to the borders of the clinopyroxenite pods (Figure 2.2d). Typically hosted in the dunitic 

portions of the mixed wehrlite, are irregularly shaped areas of coarse grained diopside ± 

magnetite; these Type 2 diopside lenses and pockets differ from Type 1 diopside veins in 

their irregular morphology and grain size. Type 2 diopside lenses contain 0.5-2 cm 

crystals that weather pale green, where as Type 1 veins weather black. Both Type 1 and 

Type 2 diopside differ in color and crystal size from the diopside of the Olivine 

Pyroxenite Unit and Clinopyroxenite Unit. PGE enriched magnetite-ilmenite-hercynite 

veins and pods are hosted in both the dunitic layers and clinopyroxene rich layers of the 

mixed wehrlite.

The morphology of the Mixed Wehrlite member indicates that this lithology is the 

result of an abnormal magmatic or tectonic process. Ruckmick and Noble (1959)



described such textures as “structural peridotite” and alleged them to represent dunite 

dikes intruded into clinopyroxenite. Instead I view these as dunite that flowed around 

more competent clinopyroxene-rich rock by lower-temperature plastic deformation, at 

some combination of near-solidus and sub-solidus conditions. Carter and Ave' Lallemant 

(1970) reported based on their experiments that olivine will deform plastically along 

crystal glide planes at temperatures as low as 300°C at pressures as low as five kilobars. 

This interpretation is consistent with Himmelberg and Loney (1995), who considered the 

textures sub-solidus flow. Regardless of the genesis of this rock type, it is distinct in 

appearance and is the host for the majority of the PGE enriched magnetite veins and 

pods.

Olivine Pyroxenite Unit (Olp)

This unit is separated from the Wh based on its consistent mineralogy. The two 

exposures of the Olp are located on the ridge north of Dunite Peak (Figure 2.1). Both 

areas were the subject of diamond core drilling and the Olp was intercepted at depth. 

Based on outcrop and core descriptions the unit is remarkably homogenous when 

compared to the surrounding lithologies. The Olp is composed of olivine 

clinopyroxenite; 50-20% medium to coarse-grained olivine (2-10 mm) and 80-50% 

medium to coarse-grained (5-20 mm) diopside. The unit is variably serpentinized; both 

black and green serpentine minerals are present. There is very little accessory chromite 

or magnetite and only a few 1 cm magnetite veins are hosted in this unit.
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Clinopyroxenite Unit (Cpx)

This unit was the main focus of iron ore exploration conducted by US Steel in the 

1950’s and 1960’s. The Cpx consists of equigranular diopside with < 10% hornblende 

and up to 50% disseminated to massive euhedral magnetite and continuous magnetite 

layers. Diopside grain sizes are very consistent (0.5-2 mm), but hornblende crystal sizes 

range from 0.5 mm to several cm. Cpx supports a greater abundance of plant life and 

therefore is not as well exposed in outcrop as the Wh and Du. The majority of the 

mapped Cpx is located to the north and west of the Wh (Figure 2.1), and based on the 

current orientation of the Union Bay AT is referred to as the lower Cpx. Contacts 

between these units are not exposed. South of the Wh the Cpx is in contact with the 

Gabbro Unit and based on the current orientation of the Union Bay AT will be referred to 

as the upper Cpx. The upper Cpx is exposed on the ridgelines to the south of Mt. 

Burnett, the south end of the north-south ridge located between Dunite Peak and Mt. 

Burnett, and south of the Cannery Creek Fault on the east side of the intrusion (Figure

2.1). At the extreme southeast corner of the Union Bay AT a ridgeline composed 

primarily of Cpx is in contact with both Wh and Gabbro Unit (Figure 2.1).

The lower Cpx changes mineralogically, becoming more hornblende-rich with 

increasing distance from wehrlite. At the extreme northwest and west extent of the lower 

Cpx hornblende content increases and the rock grades into the Hornblende 

Clinopyroxenite Unit (Figure 2.1). On the summit of Mt. Burnett the upper Cpx locally 

grades into the Hornblende Clinopyroxenite Unit along its western boundary (Figure 2.1). 

Variations in hornblende and magnetite content define apparent cumulate layers in the
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upper Cpx. Magnetite concentrations can reach up to 50% where both disseminated 

magnetite and magnetite rich layers are present. PGE enriched irregular magnetite ± 

phlogopite veins cut the upper Cpx. These veins are poorly exposed, but numerous 

boulders and rubblecrop of phlogopite bearing massive magnetite are located just south 

of the Sandy Zone Fault (the northern contact of the upper Cpx) on the summit of Mt. 

Burnett. Drilling at the Mt. Burnett summit intercepted PGE bearing magnetite 

phlogopite veins, defining an apparent dip of 65°S subparallel to the Sandy Zone Fault.

Gabbroic dikes ranging from 0.01-3 m thick were intercepted in drill core of the 

lower Cpx two kilometers from the surface exposures of gabbroic rock. The gabbroic 

dikes have variable grain size from very fine to very coarse and variable composition 

from leucogabbro to melanogabbro.

Hornblende Clinopyroxenite Unit (Hpx)

This unit is composed of > 10%-60% black medium to coarse grained (0.5-5 cm) 

euhedral hornblende, < 90%-40% medium grained (2 mm) blue green diopside, and up to 

15% medium grained (2 mm) disseminated euhedral magnetite with irregular 

concentrations of massive magnetite. The Hpx represents the continual gradation from 

pyroxenite rich lithologies to hornblende rich lithologies towards the periphery of the 

Union Bay AT. The hornblende clinopyroxenite in contact with the lower Cpx (Figure

2.1) constitutes the base and/or margin of the Union Bay AT in its present orientation. 

The hornblende clinopyroxenite exposed on Mt. Burnett and the east-west trending ridge 

southeast of Mt. Burnett (Figure 2.1) may represent the roof of the ultramafic portion of
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the igneous complex. Gabbroic dikes range from 0.01-3 m thick regularly intrude 

hornblende pyroxenite near the contact with the Gabbro Unit and have also been 

intercepted in drill core of Hpx a kilometer from the surface exposures of gabbroic rock. 

The gabbroic dikes have variable grain size from very fine to very coarse and variable 

composition from leucogabbro to melanogabbro.

Hornblendite Unit (Hb)

There is one exposure of hornblendite on the east-west ridge which runs west 

from Mt. Burnett (Figure 2.1). The Hb is composed of > 60% black, medium to coarse

grained (0.5-5 m), euhedral to subhedral hornblende, < 40% medium grained (2 mm), 

euhedral to subhedral blue green diopside, and up to 15% disseminated euhedral 

magnetite with continuous massive magnetite veining. Magnetite veins follow layering 

in the hornblendite and range from 1-4 cm thick. Layering strikes approximately 000° 

and dips ~50° east. The Hb forms an island in a sea of interlayered hornblendite, gabbro, 

and saussuritized gabbro (Figure 2.1). The contact appears gradational, but there is a 

distinct “plagioclase in” boundary.

Mixed Hornblendite Saussuritized Gabbro Unit (Hb/Sg)

The interlayered rock surrounding the Hb is the best exposure of this unit, which 

is also exposed along the shore of Union Bay north of the Cannery Creek Fault (Figure

2.1). Alternating irregular layers of hornblendite, saussuritized gabbro, and hornblende 

gabbro occur suggesting that the gabbroic lithologies and ultramafic lithologies were
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intruded penecontemporaneously, if  not comagmatically. Numerous thin (1-10 cm) 

gabbro dikes intrude the western exposure of Hb/Sg (Figure 2.1), visible in outcrops at 

the beach and in the uplands to the east. There are few if any chilled margins on the 

gabbro dikes, and some have incorporated coarse grained hornblende crystals into the 

finer grained dike. Gabbroic dikes intercepted in drill holes range from 0.01-3 m thick. 

The gabbroic dikes have variable grain size from very fine to very coarse and variable 

composition from leucogabbro to melanogabbro.

Gabbro Unit (Gb)

Gabbroic rocks constitute more than half of the surface exposure of the Union 

Bay AT (Figure 2.1). This unit is composed of gabbro, orthopyroxene gabbro, 

leucogabbro, hornblende gabbro, and saussuritized gabbro. Mafic rocks south of the 

Cannery Creek Fault are largely layered to homogeneous, gabbro to orthopyroxene 

gabbro. Hornblende gabbro and saussuritized gabbro are more prevalent near contacts 

with the hornblende and clinopyroxenite rich units. Leucogabbro composes the majority 

of the Gabbro Unit exposed to the north of Mt. Burnett and leucogabbro dikes commonly 

intrude the Hpx and Cpx of this area.

Gabbro is medium grained with crystal sizes of 0.5-4 mm and a wide range of 

plagioclase abundance relative to clinopyroxene. The unit varies from nearly anorthite to 

nearly clinopyroxenite. Hypersthene content of orthopyroxene gabbro is 15% (Ruckmick 

and Noble, 1959) and this mineral is not discernable in hand sample. The hornblende 

gabbro is usually layered with pegmatic hornblendite forming distinct bands in outcrop.
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Much of the exposed gabbro has been saussuritized to some degree with plagioclase 

altered to clinozoisite ± albite and mafic minerals to actinolite ± chlorite. The degree of 

saussuritization varies from slight alteration of plagioclase to a complete replacement of 

plagioclase and mafic minerals resulting in a white groundmass with dark inclusions. 

Where Gb is in contact with Cpx, Hpx, and Hb/Sg dikes of leucogabbro and/or 

saussuritized gabbro irregularly cut these units. These dikes variably display thin, < 5 

mm, chilled margins.

Contact relations between gabbroic and ultramafic rocks at Union Bay are poorly 

exposed. I was not able to verify hornblendite dikes in gabbro alleged by Ruckmick and 

Noble (1959). The lack of significant chilled margins on gabbroic dikes in the Cpx, Hpx, 

and Hb/Sg is evidence for penecontemporaneous crystallization of hornblende gabbro 

and ultramafic rocks.

M agmatic Layering

Within the Union Bay AT continuous magmatic layering sufficiently exposed to 

provide strike and dip information is rarely present. The limited number of strike and dip 

measurements I was able to collect define an apparent east plunging syncline in the 

ultramafic rocks north of the Cannery Creek Fault and west of the Columbus Creek Fault 

(Figure 2.1). In addition to the orientation of magmatic layering, I suggest that the gross 

distribution of ultramafic units alludes to the presence of an east plunging syncline. An 

east plunging syncline would expose the basal or marginal units of the igneous complex 

north and south of the western end of its axis. There are in fact two areas of the Hpx



exposed north and south of the western end of the synclinal axis (Figure 2.1). At both 

areas the Hpx is in contact with the metamorphic country rock (Figure 2.1). It then 

stands to reason that the two lower exposures of the Hpx represent the floor or base of the 

ultramafic intrusion in its present position, and therefore the location of this rock type 

supports the hypothesis that the Union Bay AT hosts an east plunging syncline. The 

shape and distribution of the lower Cpx inboard of the Hpx (Figure 2.1) is consistent with 

the surface expression of an east plunging syncline, as is the shape and distribution of the 

Wh (Figure 2.1).

Within the Union Bay AT the majority of outcrop is situated on the north facing 

cliffs and ridgelines which extend from these cliffs (Plate 1). The exception to this trend 

of north facing outcrop is Dunite Peak, which is devoid of major vegetation due to the 

inability of dunite to support robust plant life. The two prominent east west trending 

ridgelines, one north of the Cannery Creek Fault which incorporates Mt Burnett and 

Dunite Peak, and one to the south of the Cannery Creek Fault that includes South 

Mountain, both have more or less vertical north faces and sloping south faces. I infer that 

the distribution of outcrop at the Union Bay AT requires that the entire igneous complex 

is dipping south. The north facing cliffs of the east-west trending ridgelines are more or 

less parallel to the strike of the beds and the south faces represent dip slopes.

Faulting

Discordant contacts between magmatic lithologies necessitates offset along high 

angle faults. The majority of fault surface traces in the Union Bay AT are not exposed,
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the trace of these recessively weathering high angle faults have been exploited by 

streams. Where high angle faults cross ridgetops, the fault trace creates an easily 

mapable gully or other topographic depressions. In an ideal Alaskan-type intrusion the 

succession of units formed from magmatic differentiation would be dunite, wehrlite, 

clinopyroxenite, hornblende clinopyroxenite, hornblendite, and then an intrusive contact 

with the gabbro (Taylor 1967). High angle faults cutting the Union Bay AT disrupt this 

pattern and display varying amounts of offset. The degree of departure from the ideal 

pattern allows for determination of the amount of relative fault offset. But quantifying 

the amount of relative offset along faults within the mapped magmatic units proved 

difficult. Therefore, I used a qualitative measure of fault offset based on the amount of 

observable fracturing and the lateral extent of fault traces coupled with the degree of 

departure from the ideal magmatic differentiation pattern of units to construct a four level 

hierarchy of increasing fault offset represented by increasing line thickness of the fault 

surface traces displayed on Plate 1. An airborne magnetic susceptibility intensity survey 

carried out during the course of the 2004 exploration program was instrumental in 

identifying fault surface traces and qualitative offset based on the extent of rock units 

under cover (Figure 2.3).

The major faults that cut the Union Bay AT, level three and level four, are 

displayed on Figure 2.1 and Figure 2.3. There is a set of primarily north-south trending 

faults and a set of primarily east-west trending faults. North-south trending faults are 

apparently normal, while east-west trending faults are apparently reverse. The Columbus 

Creek Fault juxtaposes the Gabbro Unit and the Dunite Unit, this would require the most
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Figure 2.3 Union Bay Alaskan-type Complex Reduced to Pole Magnetic Intensity. The magnetic susceptibility intensity survey proved to be 
indispensable in tracing rock units under cover and creating a bedrock geology map of the Union Bay AT.



offset of the faulting observed at the Union Bay AT in order to bring the dunite core zone 

into contact with the peripheral gabbro. The remainder of the major north-south striking 

faults have a west side down offset with the exception of the Eden Fault and High Center 

Fault which display an east side down offset.

The Cannery Creek Fault and the Southeast Fault display reverse motion. My 

evidence for the reverse motion on these E-W trending faults is the appearance of bodies 

of ultramafic rock types within the Gabbro Unit, which is capping the majority of the 

Union Bay AT. In order for pyroxenite to be exposed at the source of Cannery Creek, the 

south side of the Cannery Creek Fault would need to be uplifted relative to the north side. 

The pattern of high magnetic susceptibility lithologies displayed on the reduced to pole 

image of the 2004 airborne magnetic survey (Figure 2.3) coupled with the manner in 

which topography modifies the surface trace of the Cannery Creek Fault (Plate 1) 

necessitates that the fault dips to the south, therefore relative motion along this fault is 

reverse. The Southeast Fault surface trace is modified by topography in a similar pattern 

to that of the Cannery Creek Fault (Plate 1). The exposure of ultramafic rock types to the 

south of the Southeast Fault also indicates that the south side of this fault is uplifted 

relative to the north side, and the inferred south dip of the fault requires reverse motion.

Geochronology

Phlogopite from PGE enriched magnetite veins from Mt. Burnett drill core 

provides a 40Ar/39Ar model age of 101.7 ± 1 . 0  Ma (Figure 2.4). This model age 

represents when the phlogopite intergrown with PGE enriched magnetite cooled below its
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argon blocking temperature of 300-350°C (McDougal and Harrison, 1988). A 

207Pb/206Pb age of 102 ± 7 Ma for the crystallization of zircon in the Gb is reported by 

Rubin and Saleeby (1992). The similarity of these two model ages supports the 

hypothesis that there was penecontemporaneous crystallization of hornblende gabbro and 

ultramafic rocks. Given that the blocking temperature for Ar in phlogopite is much lower 

than the solidus temperature for zircon in gabbro it would seem illogical that the 

ultramafic lithologies intruded the gabbro and then cooled to < 300°C in under 1Ma. A 

more plausible hypothesis is that intrusion of the gabbro either reset the phlogopite age, 

or the phlogopite was formed from fluids derived from the gabbro. The gabbro dikes 

with minimal chilled margins which cut the Cpx, Hpx, and Hb/Sg support the hypothesis 

of gabbro intruding just after the ultramafics solidified.

Figure 2.4 PGE Enriched Magnetite-Phlogopite Vein 40Ar/39Ar Spectrum. Phlogopite from drill hole 
UB0104 yields a robust model age with no apparent excess Ar or Ar loss. Laser step heat/gas release data 
is located in Appendix 3.
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Sum m ary

The Union Bay AT is composed of eight mapped units: dunite, wehrlite, olivine 

pyroxenite, clinopyroxenite, hornblende clinopyroxenite, hornblendite, mixed 

hornblendite gabbro, and gabbro (Plate 1). Magmatic contacts are gradational where 

exposed. Magmatic layering exposed to the west and southeast of Mt. Burnett defines an 

east plunging syncline. The entirety of the Union Bay AT appears to be shallowly 

dipping south. Discordant, high-angle contacts between units in the complex suggest 

high angle faults. Gabbroic dikes with little to no chilled margins intrude the Cpx, Hpx, 

and Hb/Sg as far as several km from the Gb contact. The 40Ar/39Ar model age of 101.7 ± 

1.0 Ma for phlogopite from drill core is very near the same age as zircon from the Gb. 

The presence of gabbroic dikes, interfingered gabbroic rocks and ultramafic rocks, and 

the near identical age date for mica and zircon indicates that the ultramafic rocks were 

comagmatic with the Gb, or there was penecontemporaneous crystallization of the 

ultramafics and slightly later Gb.
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Chapter 3 Geology and Geochemistry of the Union Bay PGE Prospects

Introduction

Outcrop grab rock and chip channel samples of magnetite bearing wehrlite 

collected on the ridgeline north of Dunite Peak (Figure 3.1) in the fall of 2000 contain up 

to 15.9 ppm platinum and 2.9 ppm palladium (Avalon, 2001). The discovery of PGE 

enriched magnetite within the Union Bay AT prompted four field seasons of industry 

funded exploration activities with an emphasis on visible iron, titanium, and chromium 

oxide minerals primarily hosted in the Wehrlite Unit (Wh). Exploration progressed west 

from the Dunite Peak ridgeline to the shore of Union Bay following the Wh. Results of 

outcrop mapping, outcrop sampling, and soil sampling have defined areas containing 

highly anomalous concentrations of PGE’s principally hosted in irregular massive 

magnetite veins and pods of the Wh, but also in irregular magnetite veins of the 

Clinopyroxenite Unit (Cpx) and Hornblende Clinopyroxenite Unit (Hpx), and in 

magnetite veins which follow the magmatic layering of the Hornblendite Unit (Hb). 

Field crews collected 9756 samples of geologic material that were submitted for Pt, Pd, 

and Au, lead collection fire assay. In addition to fire assay 9557 of the samples were 

analyzed for a multi-element suite by ICP-AES. A selection of 59 samples which 

reported elevated Pt and Pd concentrations by lead collection fire assay were submitted 

for a full PGE suite (Os, Ir, Ru, Rh, Pt, Pd) analysis by Ni sulfide collection. Additional 

XRF analysis of assay pulps from samples collected in 2001 (Appendix 2) illustrates that 

incomplete dissolution of pulverized material by aqua-regia digestion resulted in false
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ICP-AES results, elemental concentrations are variably underreported (Table 1.6); 

therefore only limited inferences can be drawn from these sample results. Samples 

collected in 2003-2005 underwent a four acid digestion; therefore these ICP-AES results 

are regarded as accurate. The type of geologic material collected and the sample location 

are the basis for comparisons of analysis results. Pt/Pd ratios are calculated for samples 

that contain > 5 ppb Pt and > 2 ppb Pd. The upper detection limits of the multi-element 

ICP-AES analysis truncated the amounts of certain elements (Table 3.1); and 

unfortunately multivariate statistical analysis of these results would result in false 

correlations. Complete geochemical results are located in Appendix 1A, Ni sulfide 

collection fire assay results are located in Appendix 1B and discussed in Chapter 6, and 

multi-element drill core plots are located in Appendix 4. Each prospect has a unique 

geologic character based on the host lithology, structural setting, and ore mineral 

characteristics. Currently there are ten PGE prospects identified within the Union Bay 

AT; from east to west these are North Zone, Jaguar, Lexus, Cobra, Mt. Burnett North, 

Mt. Burnett South, Chevelle, High Center, Continental, and Cannery (Figure 3.1).
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Table 3.1 Sum m ary of M ulti-element ICP-AES Analysis Flaws

Sampling Year ICP Digestion Upper Detection Limit T runcation
2000 AquaRegia Mg(10%), Fe(10%)
2001 AquaRegia Mg(10%), Fe(10%), Cr(20,000 ppm)
2003 4 acid Mg(15%), Fe(25%), Cr(10,000 ppm)
2004 4 acid Fe(50%), Cr(10,000 ppm)
2005 4 acid Cr(10,000 ppm)



Lead Collection Fire Assay and ICP-AES Sediment Sample Analysis Results

Stream Sediment

Sediment sampling from the stream bank material of numerous small streams 

draining South Mountain at the south end of the property did not return significant 

amounts of Pt or Pd.

Pan Concentrate

Panning of stream bed sediments from the streams draining the ultramafic bearing 

uplands returned mixed results. Pan concentrate samples represent the high density 

residual material from five pans of steam bed sediments. The majority of pans held 

significant amounts of black sands (magnetite, chromite, ilmenite). O f the 62 pan 

concentrate samples collected, 11 contained greater than 100 ppb Pt. Nine of these 

samples containing greater than 100 ppb Pt, including the two samples returning the 

highest Pt numbers (951 ppb and 870 ppb), are from Columbus Creek which drains the 

Jaguar-North Zone area (Figure 3.1).

Mineral Soil

In areas of sparse or no outcroping bedrock, basal soil sampling (collecting a half 

quart of mineral soil from the bedrock/soil interface) is an effective way to assess the 

mineral potential of the area. A soil sampling program conducted in the lowlands proved 

fruitless, the thick organic mat and water saturated soils made bedrock soil interface 

sampling near impossible. The high degree of inferred soil transport from the highlands 

to the lowlands based on the ample rainfall in this part of Alaska obscures the source for 

any soil material that could be obtained. In the highlands the bedrock soil interface is
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prospects discussed in their respective sections.

Lead Collection Fire Assay and ICP-AES Outcrop Sample Analysis Results

Outcrop Grab Rock

Grab rock (selective) sampling of visible magnetite, chromite, and magmatic 

sulfides on exposures of bedrock, bedrock rubble, and float constituted the most 

successful exploration tool in discovering PGE mineralization. The 10 PGE prospects of 

the Union Bay AT are defined by grab rock sampling results. Field crews collected 1708 

grab rock samples of which 427 contained significant amounts of Pt and/or Pd,

summarized in Table 3.2. Magnetite bearing wehrlite of the North Zone (Figure 3.1)

prospect hosts both the highest grade Pt sample and the highest grade Pd sample.

Table 3.2 G rade D istribution of G rab Rock Samples with Significant PGE Values
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shallow, which facilitated high quality basal soil sampling at the Jaguar and Lexus

Platinum Palladium
Range (ppb) n Range (ppb) n

14000 17490 5 1000 3300 13
5000 10000 14 500 1000 14
1000 5000 81 100 500 117

500 1000 60
100 500 256

Outcrop Saw Channel

At continuous exposures of visible magnetite mineralization, rock saw channel 

sampling provided a representative section to investigate PGE distribution over



47

uninterrupted intervals ranging from one meter to 37 m in length. Field crews collected 

414 saw channel samples of which 175 contained significant amounts of Pt and/or Pd, 

summarized in Table 3.3. Magnetite bearing wehrlite of the North Zone prospect (Figure 

3.1) hosts the highest grade Pt sample and the highest grade Pd sample. But, a sample of 

magnetite bearing wehrlite from the Continental prospect (Figure 3.1) is longest interval 

of high grade Pt mineralization. Saw channel sampling was conducted at the North Zone, 

Jaguar, Mt. Burnett South, and Continental prospects (Figure 3.1).

Table 3.3 G rade D istribution of Saw Channel Samples with Significant PGE Values

Platinum Palladium
Range (ppb) n Range (ppb) n
5000 10150 2 1000 2346 1
1000 5000 30 500 1000 1

500 1000 23 100 500 52
100 500 108

Surface sampling results define geochemical trends that reflect the host rock and 

type of PGE mineralization at each prospect. Olivine rich host rocks have greater 

amounts of Ni and Cr than clinopyroxene or hornblende rich host rocks. Generally, 

higher ratios of Pt to Pd positively correlate with vein magnetite hosted in olivine rich 

lithologies; ratios of Pt to Pd near one or lower than one positively correlate with vein, 

layered, and disseminated magnetite hosted in pyroxene and hornblende rich lithologies. 

Higher ratios of V(ppm) to Fe(%), indicating higher V content of magnetite, positively 

correlate with pyroxene and hornblende rich lithologies. Ultramafic lithologies of the 

Union Bay AT generally contain background levels of 5 ppb to 25 ppb Pt. Samples
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affected by the upper detection limit truncations listed in Table 3.1 were not included in 

calculating V:Fe. These general geochemical trends are summarized in Table 3.4.

Table 3.4 Sum m ary of Surface Sample Geochemical Trends by Prospect
Average Pt to Pd ratios are calculated for outcrop samples that contain >5 ppb Pt, and >2 
ppb Pd. Average V to Fe ratios are calculated for outcrop samples whose Fe values were 
not truncated by the ICP-AES analysis upper detection limits listed in Table 3.1.

Prospect Host Rock Mineralization Style Sample Type Pt:Pd V:Fe
North Zone Wh Irregular magnetite 

veins and pods
Grab Rock 7.4 6

Saw Channel 8.79 1

Jaguar Wh Irregular magnetite 
veins and pods

Grab Rock 21.99 18

Saw Channel 7.38 4

Lexus Wh Irregular magnetite 
veins and pods

Grab Rock 5.26 24

Cobra Cpx, Hpx Irregular magnetite 
veins and pods, 
continuous magnetite 
veins

Grab Rock 13.4 48

Mt. Burnett N Wh Irregular magnetite 
veins and pods

Grab Rock 7.07 27

Mt. Burnett S Cpx, Hpx Irregular magnetite 
veins and pods, 
continuous magnetite 
veins

Grab Rock 4.62 55

Saw Channel 0.79 49

Chevelle Wh Irregular magnetite 
veins and pods

Grab Rock 4.75 32

High Center Hb/Sg, Hb Continuous magnetite 
veins, irregular 
magnetite pods

Grab Rock 0.8 47

Continental Wh Irregular magnetite 
veins and pods

Grab Rock 9.81 35

Saw Channel 12.08 21

Cannery Hb/Sg, Hb Continuous magnetite 
veins, disseminated 
magnetite,
disseminated sulfides

Grab Rock 1.28 44



Lead Collection Fire Assay and ICP-AES Core Sample Analysis Results

Diamond drill core samples comprise the bulk of the material analyzed by lead 

collection fire assay and ICP-AES techniques (7409 of 9557 samples). Drill holes were 

sampled from collar to termination depth (TD). In total, 8030 m of core was drilled in 36 

holes. When hole depths exceeded the capability for the helicopter portable rig to drill 

using NQ2 (5.06 cm diameter) sized core, the hole was continued using BQ (3.64 cm 

diameter) sized core. Drilling produced 7711.48 m of NQ2 sized core (7130 samples), 

and 318.53 m of BQ sized core (279 samples). Drill core sample intervals varied from a 

minimum of 12.2 cm to a maximum of 3.05 m, but generally have a length of 1-1.5 m. 

Multielement geochemical plots of all drill holes are located in Appendix 2.

Subsurface (core) sampling results define geochemical trends that reflect the host 

rock and type of PGE mineralization at each prospect. Olivine content of the core 

samples positively correlates with Co, Cr, Mn, Mg, and Ni. Clinopyroxene content 

positively correlates with Ca. Hornblende positively correlates with K, Na, and Al. 

Plagioclase content positively correlates with K, Na, Al, Sr, and P. Generally, higher 

ratios of Pt to Pd positively correlate with vein magnetite hosted in olivine rich 

lithologies; ratios of Pt to Pd near one or lower than one positively correlate with vein, 

layered, and disseminated magnetite hosted in pyroxene and hornblende rich lithologies 

(Table 3.5). Higher ratios of V(ppm) to Fe(%), indicating higher V content of magnetite, 

positively correlate with pyroxene and hornblende rich lithologies (Table 3.5). 

Ultramafic lithologies of the Union Bay AT generally contain background levels of 5 ppb 

to 25 ppb Pt. Sulfur contents positively correlate with Cu, and have a poor and variable
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correlation with PGE’s. Samples affected by the upper detection limit truncations listed 

in Table 3.1 were not included in calculating V:Fe (Table 3.5).

Table 3.5 Sum m ary of Core Sample Geochemical Trends by Prospect
Average Pt to Pd ratios are calculated for core samples that contain >5 ppb Pt, and >2 ppb 
Pd. Average V to Fe ratios are calculated for core samples whose Fe values were not 
truncated by the ICP-AES analysis upper detection limits listed in Table 3.1.

North Zone 
2001

Wh Irregular magnetite 
veins and pods

2 157 7.25 1

North Zone 
2003-2004

Wh Irregular magnetite 
veins and pods

8 941 19.72 7

Jaguar Wh, Olp Irregular magnetite 
veins and pods

3 431 21.32 11

Mt. Burnett 
South

Hpx, Cpx, Wh Irregular magnetite 
(mt) veins and pods, 
continuous mt veins, 
disseminated mt

2 199 2.77 21

Continental Wh Irregular magnetite 
veins and pods

10 1866 16.54 17

Cannery East Hpx, Cpx Disseminated 
magnetite and sulfides

2 862 1.38 30

Cannery West Hb/Sg, Hb Disseminated 
magnetite and sulfides

2 1017 1.17 47

Chevelle Wh Irregular magnetite 
veins and pods

1 154 7.89 14

High Center Hb/Sg, Hpx Continuous magnetite 
veins, irregular 
magnetite pods, 
disseminated sulfides

1 101 0.76 50

Pipes Cpx Disseminated
magnetite

1 641 1.23 47

Section 24 Hpx, Cpx Disseminated
magnetite

2 914 3.65 41

Section 19 Hpx, Cpx, Gb Disseminated
magnetite

1 507 1.15 37



N orth Zone Geology and Geochemistry

The discovery area for magnetite hosted PGE mineralization within the Union 

Bay AT is the North Zone prospect. All three members of the Wh outcrop at the North 

Zone prospect, located near the transition from dunite to wehrlite on the north-south 

trending barren ridgeline extending north from Dunite Peak (Figure 3.1). The North 

Zone prospect is bordered to the northeast by the Cpx and to the southeast by the Olivine 

Pyroxenite Unit (Olp) (Figure 3.2). Irregular magnetite veins and pods host PGE 

mineralization, cross-cut magmatic layering, and are spatially associated with Type 1 

diopside veins (Figure 3.3A). In addition to magnetite, the North Zone contains 

numerous chromite schlieren that predate magnetite vein and diopside vein emplacement.

Within the Homogenous Wehrlite member there are a series of Type 1 diopside 

(Chapter 2) vein swarms that trend ~315°, parallel to the contact with the Cpx to the 

northeast (Figure 3.2). Diopside vein swarms appear to extend from outcrops of the 

Mixed Member located uphill to the south of the main prospect. These veins occur in 

conjugate sets of thicker veins (2 - 6 cm) interleaved with thinner veins (0.5 - 2 cm); the 

thicker veins dip at approximately 80° east. Subordinate to the vein swarms are variably 

orientated 0.5 - 1 cm diopside veins. All Type 1 diopside veins display a black 

weathering surface which contrasts against the rust brown weathering surface of the 

homogenous wehrlite (Figures 3.3B, 3.4A). Saw channel sampling conducted over the 

vein swarms creates fresh outcrop surfaces; diopside veins are pale blue and cut wehrlite, 

but are cut by thin serpentine ± chlorite veins (Figure 3.5A). In the third dimension 

diopside displays a more complex morphology than a simple vein; coarse grained pale
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Figure 3.3 Photographs of North Zone PGE Enriched Magnetite and Diopside Veins.

A-An irregular magnetite (mt) pod hosted in homogenous wehrlite with Type 1 diopside veins (1).

B-Black weathering Type 1 diopside veins in homogenous wehrlite. Field personnel pictured are conducting 
saw channel sampling over irregular magnetite veins and pods, Saw Channel UBO101.



54

Figure 3.4 Photographs of North Zone and Jaguar Diopside Veins and Chromite.

A-Black weathering Type 1 diopside veins cutting magmatic layering and shear fabric in wehrlite.

B-Black weathering Type 1 diopside veins cutting and offsetting chromite schlieren (Cr) in wehrlite/dunite. 

C-Orbicular chromite in wehrlite.

D-Black weathering Type 1 diopside (1) veins in wehrlite at Jaguar. These veins were exposed in a small 
excavation. Although diopside veins continue under cover, there is negligible PGE enriched irregular 
magnetite veins and pods.
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Figure 3.5 Photographs of Fresh Surfaces of Type 1 Diopside Veins in Wehrlite.

A-Light colored Type 1 diopside veins (1) cut wehrlite, but are cut by later serpentine and chlorite alteration(2).

B-Irregular morphologies of Type 1 diopside veins (1), which surround islands of wehrlite (Wh). Magnetite 
(mt) is spatially associated with Type 1 diopside veins.



blue diopside occurs as isolated crystals or as irregular veins enclosing islands of wehrlite 

(Figure 3.5B). Magnetite veins and pods occur adjacent to and within these diopside 

veins. Chromite schlieren are offset by diopside veins (Figure 3.4B). Besides the 

obvious spatial association, it is unclear if  the magnetite is genetically related to the 

diopside veins.

The Wh hosts PGE enriched magnetite (PEM) veins and pods, magnetite 

schlieren, and linear bands of crystalline magnetite. The distinction between the varieties 

of Fe-Ti oxides was impractical at the outcrop level; therefore the term magnetite refers 

to magnetite sensu-stricto, an agglomeration of magnetite-ilmenite-hercynite (see Chapter 

4), and a chromite-magnetite solid solution spinel. In the North Zone prospect magnetite 

mineralization shares the same trend as both Type 1 diopside veining and the overall 

shear fabric (315°). Magnetite forms 1 - 8 cm thick intermittent irregular veins and pods 

that protrude from outcrops and can be traced along strike for up to 50 m. There are also 

isolated PGE bearing magnetite schlieren and small pods that are dispersed throughout 

the Homogenous Wehrlite member of the North Zone prospect. In addition to magnetite 

there are numerous 0.5 - 2 cm thick chromite schlieren associated with the olivine rich 

rocks of this prospect. Chromite schlieren are variably oriented and display folded and 

orbicular morphologies (Figure 3.4C).

The Dunite Peak structural block represents the lowest stratigraphic block, 

traditionally considered the feeder for the Union Bay AT (Ruckmick and Noble, 1959). 

The North Zone is the only prospect that contains chromite schlieren. The proximity to 

the dunite massif accounts for the chromite, which is absent from the other prospects.
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Based on assay results from the 156 grab samples and 66 saw channel samples 

collected at North Zone, the distribution of outcrop samples with >500 ppb Pt follow a 

similar trend as the diopside vein swarms (Figures 3.2, 3.6). The bulk of outcrop sample 

Pt anomalies lie in the structural block between the two mapped faults which cut the 

North Zone prospect (Figure 3.6).

North Zone outcrop sample assay and ICP-AES results define geochemical trends 

that correspond to the style of magnetite mineralization and host lithology. With few 

exceptions, Pt contents of the samples are much higher than the Pd contents (Table 3.6), 

which is typical of irregular magnetite veins and pods hosted in wehrlite. Ni values of 

300 ppm or greater are consistent with the olivine rich host lithology (Table 3.6). Higher 

Cr values (Table 3.6) are due to fine grained disseminated chromite and a magnetite- 

chromite solid solution in magnetite both hosted in wehrlite. In general wehrlite has 

elevated Co, Cr, Mn, Mg, and Ni relative to clinopyroxene, hornblende, or plagioclase 

rich lithologies giving it a distinct geochemical signature. The magnetite hosted in 

wehrlite has low values of V and Ti (Table 3.6) compared with magnetite from 

clinopyroxene and hornblende rich lithologies. Cu is associated with elevated Pd values 

(Table 3.6).
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Figure 3.6 Surface Sample Platinum Values of the North Zone and Jaguar Prospects. PGE enriched irregular magnetite veins and pods are spatially 
associated with diopside vein swarms that cut the magmatic textures of the Wehrlite Unit (Wh). Veins trend parallel to the contact with the Clinopyroxenite 
Unit (Cpx). The Olivine Pyroxenite Unit (Olp) does not contain mineralization in the North Zone. PGE enriched irregular magnetite veins and pods hosted 
in Wh and Olp outcrop Jaguar. Generally PGE grades are low in Olp.
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Table 3.6 Select N orth Zone G rab Rock Sample Geochemistry
Sampling at the North Zone targeted visible magnetite associated with diopside veining. 
The majority of surface sampling conducted on the North Zone prospect was conducted 
during 2001; therefore ICP-AES elemental concentrations are underreported.

Lithology Pt:Pd Pt ppb Pd ppb Cu ppm Ni ppm Fe % Cr ppm V ppm Ti %
Wehrlite 19.28 17490 907
Wehrlite 11.39 15910 1397 12 538 10.00 8398 417 0.14
Wehrlite 4.43 14610 3300 21 372 10.00 17147 510 0.21
Wehrlite 15.65 8875 567 -1 666 10.00 6522 299 0.14
Wehrlite 9.56 6990 731 8 884 10.00 18195 829 0.29
Wehrlite 1.37 3961 2895 52 346 10.00 15492 640 0.23
Wehrlite 5.43 38 7 13 883 25.00 10000 1390 1.01
Wehrlite 11.00 22 2 7 541 10.00 17930 301 0.16
Wehrlite 5.00 10 2 6 1046 10.00 2396 93 0.06
Wehrlite -5 2 5 1105 8.81 285 5 -0.01

Saw channel sampling was conducted over outcrops of wehrlite hosted diopside 

vein swarms from three locations at North Zone. Channels are oriented perpendicular to 

the trend of the vein swarms. The nominal sample length was 30.5 cm. These 

representative saw channel samples display geochemical trends similar to the selective 

grab rock samples. Sampling results also show that PGE enrichment is confined to 

irregular magnetite veins and pods. The saw channel sampling results displayed in Table 

3.7 illustrate that elevated PGE values positively correlate with elements indicative of 

magnetite mineralization: Fe values over 9 %, Cr values over 1000 ppm, and elevated V 

and Ti. There is not PGE enrichment in samples that do not contain irregular magnetite 

veins and pods; diopside veining is not genetically associated with PGE mineralization in 

the North Zone prospect.
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Table 3.7 Select North Zone Saw Channel Sample Geochemistry
Channels were cut perpendicular to diopside vein swarms hosted in homogenous wehrlite 
that are spatially associated with magnetite pods. The sample results listed are from 30.5 
cm samples collected from 6.40 m to 9.45 m of Channel 0101.

Lithology Pt:Pd Pt ppb Pd ppb Cu ppm Ni ppm Fe % Cr ppm V ppm Ti %
Wehrlite 11.60 58 5 7 831 9.17 1007 22 0.01
Wehrlite 14.06 10150 722 9 492 10.00 8070 315 0.17
Wehrlite 13.04 4576 351 6 467 9.43 4886 196 0.12
Wehrlite 10.20 51 5 8 834 7.90 185 7 -0.01
Wehrlite 3.50 7 2 7 1058 8.73 145 2 -0.01
Wehrlite 2.50 15 6 7 888 8.67 208 5 -0.01
Wehrlite 1.14 2669 2346 57 895 10.00 16211 436 0.22
Wehrlite 2.38 19 8 7 941 8.72 137 4 -0.01
Wehrlite 7.58 273 36 10 656 10.00 1097 60 0.04
Wehrlite 10.55 232 22 7 578 9.67 1549 75 0.05

Drill Core Sample Geochemical Trends

Over the course of three drill programs, eleven holes have tested the PGE 

mineralization of the North Zone (Figure 3.7, Table 3.8). Drilling targeted the subsurface 

extension of irregular magnetite veins and pods, containing up to 17,490 ppb Pt (Figure

3.6), associated with diopside vein swarms. Both holes drilled under the outcropping 

vein swarms in 2001 intercepted PGE mineralization associated with diopside veins 

cutting the Wh (Figures 3.4A, 3.7). The first hole drilled into the Union Bay AT during 

recent exploration programs UB0101, intercepted the highest grade Pt mineralization 

encountered to date, 10590 ppb Pt over half a meter (Table 3.9).
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.. . . _ „ Topographic Contour
 Magmatic contact — -  Fault Contour integral 100 feet

Figure 3.7 Map of North Zone Drill Holes. Colored lines extending from drill hole collars represent the 
surface projection of the subsurface extent of drill holes.

Table 3.8 N orth Zone Drill Hole Locations, O rientations, and Depths

DrillHole UtmX UtmY Elevation (ft) Azimuth Dip TD (ft) TD (m)
UB0101 684446 6185287 1347 295 -65 292 89
UB0102 684421 6185279 1352 050 -50 223 68
UB0301 684446 6185287 1347 265 -65 504.7 154
UB0302 684446 6185287 1347 265 -83 506 154
UB0303 684428 6185320 1282 215 -59 305 93
UB0304 684428 6185320 1282 215 -75 306 93
UB0305 684384 6185290 1320 041 -60 280 85
UB0306 684384 6185290 1320 041 -75 482 147
UB0307 684430 6185214 1464 080 -45 300 91
UB0308 684430 6185214 1464 080 -65 403 123
UB0413 684398 6185086 1602 000 -90 785

4387
239

1337
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Table 3.9 Select N orth Zone Core Sample Assay Results

Drill Hole From (m) To (m) Interval Rock Unit Mineralization Pt ppb Pd ppb
UB0101 19.14 19.63 0.49 Diopside Mt along vein edge 10590 565
UB0102 50.44 50.75 0.30 Diopside Disseminated mt in vein 557 28
UB0302 30.30 30.91 0.61 Wh None visible 1300 19
UB0306 116.65 117.65 1.01 Opx 1 mm mt vein 1005 11
UB0307 37.19 37.80 0.61 Opx, Wh None visible 851 5

The PGE mineralization intercepted in holes UB0101 and UB0102 is magnetite 

hosted and spatially associated with diopside veins, similar to PGE mineralization in 

outcrop. Based on these intercepts the diopside vein associated PGE mineralization 

should trend at an azimuth of 315-335° with a dip of near 60° E. Therefore, drill holes 

UB0301-UB0304 should have intercepted similar diopside vein associated PGE 

mineralization (Figures 3.6, 3.7). Holes UB0405-UB0306 would have drilled under the 

plane of the veining (Figures 3.6, 3.7). The two significant intercepts from the 2003 

program in holes UB0302 and UB0306 (Table 3.9) do not coincide with the diopside vein 

associated mineralization previously discovered. The single intercept of elevated Pt in 

UB0302, with no visible attributes of a diopside vein or magnetite, indicates that 

mineralization is not continuous along the trend of diopside veining. The elevated Pt 

intercept in UB0306, below and to the west of the trend of veining, would also negate 

that PGE mineralization is continuous along the trend of diopside veining. Drill holes 

UB0307 and UB0308 are located south of the previously drilled holes and targeted the 

possible extension of PGE mineralization (Figure 3.7); UB0307 had one significant 

intercept (Table 3.9). Both UB0307 and UB0308 crossed a small scale fault mapped near 

their collar location (Figure 3.7). Drill hole UB0413 was located to test the possible



continuation of PGE mineralization between the North Zone and Jaguar prospects (Figure

3.7); it did not intercept any significant PGE mineralization. It is not possible to fit the 

significant PGE intercepts in core and outcrop to a plane of mineralization. PGE 

mineralization at the North Zone appears to be unpredictable and spotty in both grade and 

distribution.

Olp was intercepted in the lower portions of west oriented holes (UB0101, 

UB0301-04) and in the upper portions of east oriented holes (UB0102, UB0305-06) in 

the northern drill area. Based on these drill intercepts the irregular gradational magmatic 

contact between the Olp and Wh (Figure 3.7) is east dipping.

North Zone core sample assay and ICP-AES results are characteristic of irregular 

magnetite veins and pods hosted in an olivine rich lithology. Pt to Pd ratios are much 

higher than 1 (Tables 3.5, 3.9, Figure 3.8). Drill holes intercepted both the Wh and Olp, 

and multielement plots display the wehrlite geochemical signature alongside the high Ca 

signature of Olp (Figure 3.8, Appendix 4).
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Figure 3.8 Select Elements of Drill Hole UB0302’s Multielement Plot. Sharp breaks in lithology at 
lines 1, 2, and 3 illustrate the geochemical signatures of the Wehrlite Unit (higher Co, Mn, Ni, and Mg with 
lower Ca) and the Olivine Pyroxenite Unit (lower Co, Mn, Ni, and Mg with higher Ca). The higher amount 
of Pt to Pd in PGE enriched zones is typical of irregular magnetite veins and pods hosted in olivine 
dominant host rocks. The North Zone has many samples with no detectable Pt or Pd, the lack of 
background PGE levels is suggestive PGE leaching.



Homogenous wehrlite and olivine pyroxenite outcrop 400m southwest of the 

North Zone prospect at the Jaguar prospect near the transition from dunite to wehrlite 

(Figures 3.1, 3.2). Irregular magnetite veins and pods host PGE mineralization. Type 1 

diopside veins are present in the Homogenous Wehrlite member; veins share a similar 

orientation (~315°/~80° NE) and character with the vein swarms of the North Zone 

prospect, but are less abundant.

Pods of PEM are exposed on a cliff face of homogenous wehrlite located in the 

southwestern portion of the prospect. These pods measure up to 40 cm by 30 cm and do 

not appear to follow a preferred orientation. Type 1 diopside veins exposed on the cliff 

face are not spatially associated with the PEM.

Throughout the Jaguar prospect, irregular magnetite veins and pods are exposed 

on small (< 1 m ) outcrops of both homogenous wehrlite and olivine clinopyroxenite. 

Isolated homogenous wehrlite outcrops on the east side of the prospect host PEM and 

interleaved Type 1 diopside veins (Figure 3.4D). These diopside veins appeared 

continuous between adjacent outcrops under cover. Minor excavation revealed that while 

Type 1 diopside veins are continuous, magnetite is not abundant in the outcrops.

Saw channel samples of wehrlite containing Type 1 diopside veins have the same 

characteristics as those from the North Zone prospect. Saw channel samples of olivine 

pyroxenite containing magnetite reveal an irregular but smooth contact between massive 

magnetite and the host lithology.
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Irregular magnetite veins and pods outcrop along cliff exposures of the Wh and 

Olp. Results from outcrop sampling (124 grab rock, 82 saw channel) show that high 

grade PEM primarily occurs in wehrlite (Figure 3.6). Results from soil sampling 

conducted in the east end of the prospect did not define any significant elevated PGE 

anomalies (Figure 3.6).

Jaguar outcrop sample assay and ICP-AES results define geochemical trends that 

correspond to the style of magnetite mineralization and host lithology. Pt to Pd ratios are 

much higher than 1 (Tables 3.4, 3.10), corresponding to irregular magnetite veins and 

pods hosted in olivine rich lithologies. Samples collected in wehrlite display the typical 

wehrlite elemental signature, while samples collected from olivine pyroxenite contain 

less Co, Cr, Mn, Mg, and Ni than wehrlite reflecting the lower olivine content. Ti and V 

values are consistent with an olivine rich lithology (Table 3.10). Olivine pyroxenite hosts 

low level PGE enriched massive magnetite veins and pods (Table 3.10, Figure 3.6).

Saw channel sampling conducted at the Jaguar prospect confirmed that PGE 

enrichment is confined to irregular magnetite veins and pods and is not associated with 

diopside veining. Jaguar channel 0301 tested the PGE distribution between magnetite 

and diopside veining (Table 3.11), with similar results to channel sampling conducted at 

North Zone (Table 3.7).
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Table 3.10 Select Jaguar Grab Rock Sample Geochemistry

Lithology Pt:Pd Pt ppb Pd ppb Cu ppm Ni ppm Fe % Cr ppm V ppm Ti %
Wehrlite 81.36 8380 103 13 408 10.30 3190 228 0.24
Wehrlite 63.27 3290 52 9 422 9.65 5333 98 0.06
Wehrlite 42.22 2280 54 -1 295 7.69 3900 146 0.15
Wehrlite 29.71 1010 34 3 463 8.03 1885 38 0.03
Wehrlite 24.70 988 40 -1 277 10.00 13945 1237 0.96
Olivine Pyroxenite 33.47 636 19 7 250 21.90 5530 1230 0.92
Wehrlite 8.00 32 4 12 497 10.00 725 168 0.11
Olivine Pyroxenite 0.87 27 31 35 205 10.00 873 594 0.26
Wehrlite -5 1 7 701 8.59 1235 18 0.03
Wehrlite -5 -1 6 712 9.19 1925 31 0.04

Table 3.11 Select Jaguar Saw Channel Sample Geochemistry
Samples in Jaguar saw channel 0301 are 15.25 cm long for a total channel length of 76.25 
cm. This channel cut across two diopside veins, one with magnetite, and one without. A 
grab sample collected from the magnetite bearing diopside vein contains 3290 ppb Pt, the 
channel sample collected from the interval cutting this vein contains 1070 ppb Pt. The 
channel samples cutting the barren diopside vein contain background levels of PGE.

Lithology Pt:Pd Pt ppb Pd ppb Cu ppm Ni ppm Fe % Cr ppm V ppm Ti %
Wehrlite 11.25 45 4 -1 700 9.11 1115 19 0.03
Wehrlite 33.44 1070 32 1 636 9.31 3770 61 0.06
Wehrlite 5.33 16 3 4 608 7.99 3820 47 0.06
Wehrlite 18 1 1 608 7.38 2540 35 0.04
Wehrlite 6 1 -1 514 7.32 1345 37 0.05

Drill Core Sample Geochemical Trends

Three holes were drilled during the 2003 program (Table 3.12). Drill hole 

UB0309 targeted the high grade Pt enriched irregular magnetite veins and pods exposed 

along the cliff face on the southeast portion of the prospect (Figures 3.6, 3.9). UB0310 

targeted PGE enriched irregular magnetite veins near the center of the prospect (Figures 

3.6, 3.9). Drill hole UB0311, collared at the same location as UB0310, tested the
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possibility that these two separate areas of surface mineralization were continuous at 

depth (Figures 3.6, 3.9).

Figure 3.9 Map of Jaguar Drill Holes. Colored lines extending from drill hole collars represent the 
surface projection of the subsurface extent of drill holes.

Table 3.12 Jaguar Drill Hole Locations, Orientations, and Depths

DrillHole UtmX UtmY Elevation (ft) Azimuth Dip TD (ft) TD (m)
UB0309 684104 6184980 1243 235 -88 406 124
UB0310 684201 6185042 1353 235 -86 406 124
UB0311 684201 6185042 1353 235 -50 602 183

1414 431



Drill hole UB0309 did not intercept any high grade PGE mineralization; UB0310 

hit Pt enriched rock (Table 3.13) that does not share the characteristics of surface 

mineralization. UB0311 cut two intervals with significant PGE contents (Table 3.13); 

one of which is the second highest grade Pt intercept to date, 7010 ppb Pt over 1.16 m. 

None of the samples that returned elevated Pt values have any visually distinguishing 

features that would indicate that the sample is mineralized.
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Table 3.13 Select Jaguar Core Sample Assay Results

Drill Hole From (m) To (m) Interval Rock Unit Mineralization Pt ppb Pd ppb
UB0310 31.70 32.86 1.16 Olp, Wh None visible 803 15
UB0311 123.72 124.88 1.16 Wh None visible 7010 143
UB0311 134.72 136.06 1.34 Olp, Wh None visible 934 10

The Jaguar drill holes are located near the Wh -  Olp contact (Figure 3.9). The 

upper portion of hole UB0309 intercepts Wh, and the lower portion intercepts 

interfingered Wh and Olp. UB0310 intercepts primarily Olp and interfingered Olp and 

Wh. UB0311 intercepts Olp in the upper portion of the hole, Wh in the middle portion, 

and interfingered Wh and Olp in the lower portion. It is possible that PGE mineralization 

is related to this contact.

Jaguar core sample assay and ICP-AES results are characteristic of irregular 

magnetite veins and pods hosted in an olivine rich lithology. Pt to Pd ratios are much 

higher than 1 (Tables 3.5, 3.13). Drill holes intercepted both the Wh and Olp, and 

multielement plots display the wehrlite geochemical signature alongside the high Ca 

signature of Olp (Appendix 4).



Lexus Geology and Geochemistry

Numerous isolated outcrops of Wh constitute the Lexus prospect, located on the 

north end of a ridge west of the Dunite Peak - North Zone ridge (Figure 3.1, Figure 3.10). 

The Columbus Creek Fault has down dropped the Lexus prospect relative to the North 

Zone and Jaguar prospects (Figure 3.1). PGE bearing magnetite occurs as isolated pods 

in the Mixed Wehrlite member.

Exploration at the Lexus prospect has been limited by the lack of outcropping 

bedrock. Rock types in this mineralized area vary between wehrlite and clinopyroxenite 

of the Wh. PGE bearing magnetite is hosted in the olivine rich and clinopyroxene rich 

portions of the Mixed Wehrlite member. Where present layering in the Wh strikes E-W 

and dips to the south at approximately 40°.

Soil Sampling Results

Soil sampling at Lexus outlined numerous Pt anomalies (Figure 3.11). Of the 84 

soil samples collected at the Lexus prospect, 18 contained 100 ppb Pt or greater with a 

high of 818 ppb Pt. Limited follow up prospecting of the highest grade Pt soil anomalies 

had mixed results. Pits were dug to investigate the bedrock source for Pt concentrations 

in basal soil samples. A pit dug at the site of the highest grade Pt soil sample, location 1 

of Figure 3.11, uncovered a 1 mm thick magnetite vein hosted in Wh, which did not 

contain elevated values of PGE. A pit dug to investigate another elevated Pt soil sample 

uncovered a chunk of massive magnetite float which contained 1315 ppb Pt, location 2 of 

Figure 3.11. Other than the magnetite float, there were no other features uncovered in the
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pit indicative of PGE mineralization. The remaining elevated PGE soil anomalies were 

not investigated further as the focus of exploration had shifted to other prospects. The 

high grade and spotty nature (nugget effect) of PGE enrichment of magnetite is the most 

logical cause for the disparity between PGE values in the basal soil samples and their 

bedrock source.

Surface Sample Geochemical Trends

Results from outcrop samples (45 grab rock) show greater PGE enrichment on the 

western portion of the prospect (Figure 3.11). Lexus outcrop sample assay and ICP-AES 

results define geochemical trends that correspond to the style of magnetite mineralization 

and host lithology. Irregular magnetite veins hosted in wehrlite have a Pt to Pd ratio 

much greater than 1 (Table 3.14), consistent with magnetite mineralization hosted in 

olivine rich lithologies. Irregular magnetite veins hosted in clinopyroxenite contain 

higher levels of Pd relative to Pt (Table 3.14). The lower Pt to Pd ratio of 

clinopyroxenite hosted mineralization is typical of clinopyroxene rich lithologies. 

Sample results from wehrlite hosted mineralization display the typical wehrlite 

geochemical signature. Clinopyroxenite hosted samples have increased Ca and much 

lower amounts of Co, Cr, Mn, Mg, and Ni than wehrlite. Elevated Cu is associated with 

samples that have a low Pt to Pd ratio (Table 3.14).
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Table 3.14 Select Lexus Grab Rock Sample Geochemistry

Lithology Pt:Pd Pt ppb Pd ppb Cu ppm Ni ppm Fe % Cr ppm V ppm Ti %
Wehrlite 16.41 4726 288 -1 558 10.00 20000 870 0.58
Wehrlite 18.70 4040 216 14 608 25.00 10000 1245 1.06
Wehrlite 17.30 1315 76 49 495 25.00 10000 2140 1.11
Clinopyroxenite 3.44 1227 357 141 271 10.00 11227 868 0.27
Clinopyroxenite 1.28 546 425 15 162 9.31 1290 360 0.35
Wehrlite 17.48 437 25 9 482 25.00 10000 1215 1.12
Clinopyroxenite 0.94 363 388 94 119 15.25 205 896 0.56
Clinopyroxenite 0.77 276 360 106 102 9.67 585 511 0.26

C obra Geology and Geochemistry

The Cobra prospect is located south of Lexus on the west face of the north-south 

ridgeline (Figures 3.1, 3.10). The primary exposure of this prospect is a cliff face of Cpx 

and Hpx surrounded by Wh. PEM veins, pods, and schlieren protrude from the outcrops. 

Phlogopite is present at the contact between a magnetite vein and clinopyroxenite 

(sample 467889). The vertical exposures of Cpx and Hpx and heavy vegetative cover do 

not allow for a more thorough examination of the PEM or to trace the strike extent of the 

host units.

The Cobra prospect is situated on the edge of a large positive magnetic anomaly 

that extends to the contact with the Gabbro Unit (Gb) on the south end of the ridge 

(Figure 2.3). The magnetic anomaly continues south to where Cpx is exposed at the Gb 

contact. The northeast trending fault exposed at the south end of the Lexus-Cobra ridge 

has up-thrown the Cpx relative to the northwest side of the fault (Plate 1). I conclude that 

the Cobra prospect is an exposed portion of the Cpx, which extends under the Wh.



Twenty grab rock samples of irregular magnetite veins and pods, and continuous 

magnetite veins hosted in Cpx and Hpx were collected on the prospect (Figure 3.11). 

Outcrop sample assay results display an atypical trend for magnetite mineralization 

hosted in clinopyroxene and hornblende rich lithologies. The Pt to Pd ratio is much 

higher than 1 (Tables 3.4, 3.15), more typical of an olivine rich host rock. ICP-AES 

results are consistent with the clinopyroxene/hornblende rich host rock lithology; Ni and 

Cr values are low (Table 3.15), V and Ti values are high (Table 3.15), the V to Fe ratio is 

near 50 (Table 3.4).
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Surface Sample Geochemical Trends

Table 3.15 Select C obra G rab Rock Sample Geochemistry

Lithology Pt:Pd Pt ppb Pd ppb Cu ppm Ni ppm Fe % Cr ppm V ppm Ti %
Clinopyroxenite (Cpx) 5.12 7406 1447 23 163 10.00 446 1710 0.39
Clinopyroxenite 15.40 893 58 21 202 10.00 117 1544 0.30
Clinopyroxenite 18.83 772 41 12 135 10.00 101 1127 0.27
Clinopyroxenite 14.56 524 36 9 129 10.00 198 1044 0.30
Clinopyroxenite 10.04 472 47 12 166 10.00 332 1208 0.64
Hornblende Cpx 14.00 378 27 8 166 32.50 170 1835 1.72
Clinopyroxenite 31.00 279 9 6 163 18.65 188 870 0.84
Hornblende Cpx 25.33 228 9 6 170 19.00 147 871 0.83
Clinopyroxenite 5.78 156 27 13 156 21.80 188 982 0.95
Clinopyroxenite 7.45 82 11 10 156 26.60 222 1665 1.53

M t. B urnett N orth Geology and Geochemistry

The Mt. Burnett North (MBN) prospect is located on the E-W ridgeline that 

includes Mt. Burnett, the highest elevation peak on the north side of the property, and the



surrounding highlands (Figure 3.1). The 305 m of relief on the Mt. Burnett massif 

creates the largest exposure of the Mixed Wehrlite member at the Union Bay AT (Figure

3.12). Cpx, Hpx, and Gb border the MBN prospect to the south.

Mt. Burnett exposes over 305 vertical meters of the Mixed Wehrlite member and 

ten steeply dipping faults. The character of the Mixed Wehrlite member does not vary 

from the lowest elevation exposure to the summit of Mt. Burnett. PEM is exposed 

throughout the massif. The southern boundary of the MBN prospect is the E-W 

orientated Sandy Zone Fault (SZF), which weathers in a distinct friable style, and forms 

the contact between Wh and Cpx (Figure 3.12). A sheared block of the Mixed Wehrlite 

member is entrained in the surface expression of the SZF. Based on drilling conducted in 

2001 the SZF has a dip of ~60° south. To the west, the MBN prospect is truncated by the 

Trundle Fault with west side down relative offset (Figure 3.12). The Mt. Burnett 

ridgeline is dissected by eight N-S oriented high angle faults (Figure 3.12) that display 

minimal offset, but complicate tracing magnetite veining between fault blocks. The 

Akron Creek Fault separates the Mt. Burnett ridgeline from the Lexus-Cobra ridgeline 

(Figure 3.1).

Magmatic layering on Mt. Burnett displays a general south dip (Figure 3.13A). 

The irregularity of layering the Mixed Wehrlite member creates highly variable dip 

angles. A location at the southwest corner of the MBN prospect had a measurable 

orientation of ~90°/~30° S (Figure 3.12).

76



Figure 3.12 Mt. Burnett North and Mt. Burnett South Prospect Geology.
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Figure 3.13 Photographs of Mt. Burnett North Magmatic Layering and Magnetite Veins.

A-Layers of olivine-rich wehrlite (tan) and pyroxenite (dark gray) of the Mixed Wehrlite member on the Mt. 
Burnett Ridgeline. The photograph was taken looking west, layering is dipping south.

B-Irregular magnetite (mt) veins and pods in olivine rich layers (ol) that subparallel the contact between the 
olivine rich and clinopyroxene rich layers.

C-Undulating linear magnetite (mt) veins that cross between layers.

D-Undulating magnetite (mt) veins in Type 2 diopside pockets (2).



PEM veins, hosted in the Mixed Wehrlite member, occur in three distinct 

morphologies: irregular veins and pods in olivine rich rock that subparallel the contact 

between the olivine rich and clinopyroxene rich layers; undulating linear magnetite veins 

that cross between layers; and undulating magnetite veins in Type 2 diopside pockets 

(Chapter 2). Examples of the three styles of magnetite veining present at MBN are 

displayed in Figure 3.13 B-D.

Surface Sample Geochemical Trends

Irregular magnetite veins and pods both cut and follow magmatic textures in the 

Mixed Wehrlite member at Mt. Burnett North (MBN). Assay results from the 258 grab 

rock samples collected at MBN show that the southern portion of the prospect hosts the 

majority of high grade PGE enrichment (Figure 3.14).

Generally MBN sample assay and ICP-AES results follow trends that correspond 

to the style of magnetite mineralization and host lithology. Pt to Pd ratios are variable 

(Table 3.16). All samples were collected in Mixed Wehrlite and return Pt to Pd ratios 

over 1 (Table 3.4), consistent with irregular magnetite veins and pods hosted in olivine 

rich lithologies. Ni and Cr values are indicative of the high olivine content (Table 3.16); 

samples collected in the clinopyroxene rich portion of the Mixed Wehrlite display 

elemental concentrations consistent with the higher diopside content, higher Ca and lower 

Co, Cr, Mn, Mg and Ni. Cu values negatively correlate with Pt to Pd ratios (Table 3.16).
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(Wh) at Mt. Burnett North. At Mt. Burnett South PGE enriched irregular magnetite veins and pods, and continuous magnetite veins are hosted in the 
Clinopyroxenite Unit (Cpx ) and the Hornblende Clinopyroxenite Unit (Hpx). The Gabbro Unit (Gb) does not host mineralization. Drill holes UBO103 and 
UB 0104 were collared in Hpx near the summit of Mt. Burnett.
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Table 3.16 Select Mt. Burnett North Grab Rock Sample Geochemistry

Lithology Pt:Pd Pt ppb Pd ppb Cu ppm Ni ppm Fe % Cr ppm V ppm Ti %
Clinopyroxenite (Cpx) 4.95 1915 387 17 281 50.00 10000 2990 2.07
Wehrlite (Wh) 3.92 1290 329 56 620 32.20 10000 1625 1.09
Clinopyroxenite 20.89 1170 56 10 404 31.10 10000 1560 1.02
Wehrlite 13.39 1098 82 12 594 10.00 20000 1536 0.20
Wehrlite 10.53 674 64 17 674 43.40 10000 2580 1.67
Wehrlite/Cpx 1.46 521 357 177 232 10.00 9832 1673 0.38
Clinopyroxenite/Wh 1.70 499 294 48 246 10.00 10478 1252 0.36
Wehrlite 8 1 4 667 14.15 606 35 0.02
Wehrlite 1.25 5 4 12 445 17.00 9950 514 0.38
Wehrlite -5 1 -1 659 14.90 159 21 0.02

M t. B urnett South Geology and Geochemistry

The Mt. Burnett South (MBS) prospect is best exposed on the southern face of the 

peak of Mt. Burnett, at the intersection of the Mt. Burnett ridgeline and Gb (Figures 3.1,

3.12). PGE bearing magnetite veins and clots are hosted in Cpx and Hpx. The prospect 

is wedge shaped in plan view, bounded by the Sandy Zone Fault (SZF) to the north and 

the Red Spot Fault to the southwest (Figure 3.12). Based on drill hole intercepts the SZF 

dips to the south at ~60° and I infer normal movement to have placed the Cpx at the same 

erosional level as the Wh.

PGE enriched irregular magnetite veins and pods, and continuous magnetite veins 

are exposed on the cliffs of Mt. Burnett’s south face (Figure 3.14). Massive PGE 

enriched magnetite cobbles and pods containing coarse grained phlogopite outcrop just 

south of the SZF near the summit of Mt. Burnett. The majority of magnetite veins are 

shallowly dipping and run horizontally across cliff faces. Magnetite pods are variably 

oriented, some follow magmatic layering of magnetite veining, others are randomly



oriented. Phlogopite is present as magnetite vein selvages in magnetite boulders and as 

vein selvages and irregular bands in the upper 9-15 m of the outcropping bedrock (Figure 

3.15A). The magnetite in this prospect has a purplish hue when compared with the steel 

black colored magnetite of the other prospects, presumably due to a slightly different 

composition. Within the hornblende clinopyroxenite on the south face of Mt. Burnett 

magnetite veins generally have a horizontal orientation. The hornblende clinopyroxenite 

grades to clinopyroxenite at lower elevations on the cliff face to the south and also in cliff 

outcrops in the northwestern displaced blocks (Figure 3.12). Hornblende rich layers 

within the upper portion of the cliff face are sub-vertical (Figure 3.15B) and strike 

approximately E-W. A N-S oriented vertical fracture pattern is present throughout the 

upper portions of the MBN prospect.

Surface Sample Geochemical Trends

Sample results from 55 grab rock samples and 49 saw channel samples indicate 

that there are two populations of PGE enriched magnetite. Outcrop sample assay results 

with greater than 500 ppb Pt have much higher Pt to Pd ratios (average of 10.95) than 

samples with less than 500 ppb Pt (average of 2.82). Ni and Cr values are comparatively 

low (Table 3.17) and the V to Fe ratios are high (Table 3.4) reflecting the clinopyroxene 

-  hornblende rich host lithology. Samples of the massive magnetite cobbles and irregular 

pods return some of the highest PGE grades on the prospect, where as continuous 

magnetite veins tend to contain less than 500 ppb Pt.
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Figure 3.15 Photographs of Mt. Burnett South Phlogopite, Magmatic Layering, and Drill Core.

A-Phlogopite crystals in hornblende clinopyroxenite near the Sandy Zone Fault on the summit of Mt. Burnett.

B-Vertical magmatic layering in hornblende clinopyroxenite. Layers of hornblende rich (dark) and hornblende 
poor (light) rock.

C-Intergrown phlogopite (Phlo) and magnetite (mt) in drill core from hole UBO 104. This vein was intercepted 
at 29 meters downhole. The sample of core containing this vein returned 310 ppb Pt and 37 ppb Pd.
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Table 3.17 Select Mt. Burnett South Grab Sample Geochemistry
Samples with > 500 ppb Pt are more enriched in Pt relative to Pd than samples with < 
500 ppb Pt.

Lithology Pt:Pd Pt ppb Pd ppb Cu ppm Ni ppm Fe % 0 1 V ppm Ti %
Hpx 6.17 9910 1605 42 224 10.00 1398 1812 0.24
Clinopyroxenite 3.69 2885 781 14 183 10.00 234 1633 0.17
Clinopyroxenite 14.08 2717 193 12 257 10.00 496 983 0.38
Clinopyroxenite 15.53 2360 152 19 227 25.00 1240 2250 0.88
Clinopyroxenite 15.58 1605 103 10 227 25.00 371 2040 1.48
Clinopyroxenite 12.72 1539 121 21 188 10.00 323 1109 0.40
Clinopyroxenite 12.26 1324 108 13 137 10.00 272 1433 0.24
Clinopyroxenite 1.21 278 229 14 116 14.80 192 646 0.60
Clinopyroxenite 1.01 173 172 30 150 10.00 207 1099 0.37
Clinopyroxenite 0.95 137 144 38 68 13.30 48 814 0.90

Saw channel sampling conducted across the upper exposure of the Hpx did not 

intercept high grade PGE enrichment in the numerous magnetite veins that were cut. Pt 

and Pd values rarely exceed 300 ppb (Table 3.18), and Pd values are generally greater 

than Pt values giving an average Pt to Pd ratio of 0.79 (Table 3.4). Saw channel sample 

ICP-AES results display typical trends for clinopyroxene -  hornblende rich host 

lithologies; Ni and Cr values are low, V and Ti values are high relative to Fe (Tables 3.4, 

3.19). The hornblende clinopyroxenite sampled is more or less geochemically 

homogenous with respect to Ni, Cr, V, and Ti (Table 3.18). There is a weak positive 

correlation between Fe and PGE, and a negative correlation between Pt:Pd and Cu (Table 

3.18). The presence or amount of phlogopite in samples does not correlate with PGE 

values.
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Table 3.18 Select Mt. Burnett South Saw Channel Sample Geochemistry
Channel MB0303 runs horizontally for 37 m across a cliff exposure of the Hpx. 
Sampling was continuous at 1 m intervals. The interval from 10m to 20 m is displayed 
below.

Lithology Pt:Pd Pt ppb Pd ppb Cu ppm Ni ppm Fe % Cr ppm V ppm Ti %
Hpx 0.53 109 205 137 81 16.40 60 916 0.69
Hpx 1.25 184 147 95 87 18.50 71 892 0.56
Hpx 0.86 89 104 11 78 15.75 61 806 0.82
Hpx 0.66 60 91 231 56 15.40 49 754 0.57
Hpx 0.54 50 93 518 73 15.90 56 847 0.69
Hpx 0.57 122 213 464 65 14.60 65 830 0.87
Hpx 0.81 261 321 56 89 19.10 78 967 0.80
Hpx 0.86 148 172 44 92 18.95 86 884 0.59
Hpx 0.73 180 247 49 78 15.25 56 783 0.67
Hpx 0.63 41 65 752 58 12.85 46 762 0.97

Drill Core Sample Geochemical Trends

Two drill holes were collared in the Hpx near the Mt. Burnett summit just south 

of the SZF (Figure 3.14, Table 3.19). Drill holes UB0103 and UB0104 targeted the high 

grade PGE mineralization to the north of the drill collar (Figure 3.14). Vertical hole 

UB0103 intercepted mainly Hpx with thin intervals of Cpx; the hole cut two magnetite 

veins with low grade PGE enrichment (< 500 ppb). UB0104, an angle hole oriented 

north, intercepted numerous irregular massive magnetite veins with intergrown 

phlogopite (Figure 3.15C) and variable PGE enrichment. One of these magnetite- 

phlogopite veins contained 1007 ppb Pt over 0.3 m (Table 3.20) and is correlated to 

surface mineralization of massive magnetite boulders with intergrown phlogopite. Based 

on this drill intercept the PGE enriched irregular massive magnetite-phlogopite veins dip 

65° S. UB0104 also intercepts the SZF, and based on this drill intercept the faults dips



60° S. Downhole of the SZF the lithology changes to Cpx then to Wh, indicating that the 

Wh-Cpx contact at the border between the MBN and MBS prospects has a 70° S dip.
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Table 3.19 Mt. Burnett South Drill Hole Locations, Orientations, and Depths

DrillHole UtmX UtmY Elevation (ft) Azimuth Dip TD (ft) TD (m)
UB0103 680326 6184816 2782 000 -90 248 76
UB0104 680326 6184816 2782 360 -55 405 123

653 199

Table 3.20 Select Mt. Burnett South Core Sample Assay Results

Drill Hole | From (m) To (m) Interval Rock Unit Mineralization Pt ppb Pd ppb
UB0104 28.35 28.65 0.30 Hpx Massive mt vein with phlo 1007 155

Mt. Burnett South core sample assay and ICP-AES results are characteristic of 

irregular magnetite veins and pods, continuous magnetite veins, and disseminated 

magnetite hosted in a clinopyroxene-hornblende rich lithology. Results from core 

samples are very similar to the channel sampling conducted on this prospect (Table 3.18) 

and the same geochemical trends are present. Pt to Pd ratios are bimodal, the majority of 

samples have a Pt to Pd ratio near or less than 1, but samples that contain the magnetite- 

phlogopite veins have Pt to Pd ratios much higher than 1, resulting in an average ratio 

near 2 (Tables 3.5, 3.20).

Phlogopite collected from drill hole UB0104 magnetite-phlogopite veins was 

analyzed for Cl and F using XRF, and used in an 39Ar/40Ar analysis.



The Chevelle prospect is located on the northern limits of the unnamed gabbro 

capped ridge that extends west from Mt. Burnett (Figure 3.1). PGE mineralization is 

hosted in irregular magnetite veins and pods in olivine rich rock of the Mixed Wehrlite 

member. Magnetite veins mimic the contact between the olivine rich and clinopyroxene 

rich layers. The Chevelle prospect is fault bounded to the east; the western boundary is 

the High Center Fault (Figure 3.16). The Chevelle prospect is bordered to the north by 

the Cpx and to the south by the Gb (Figure 3.16).

The character of the Mixed Wehrlite member at the Chevelle prospect is identical 

to that exposed in the MBN prospect to the east. Magnetite veins are best exposed in the 

western cliff and slope; mineralization occurs throughout the cliff face with a vertical 

exposure of ~30 m. Magmatic layering at the Chevelle prospect in the western portion is 

approximately 340°/~35° E and in the eastern portion ~120°/~50° S (Figure 3.16). 

Splays of the High Center Fault (Figure 3.16) dissect the western portion of the prospect 

but display little offset. The contact between Wh of the Chevelle prospect and the Gb 

that caps the ridge above is covered; airborne magnetic survey data (Figure 2.3) does not 

suggest there is Cpx between the Wh and Gb as mapped by Ruckmick and Noble (1959).

Surface Sample Geochemical Trends

Irregular magnetite veins and pods of the Mixed Wehrlite member exposed at 

Chevelle have variable PGE enrichment (Figure 3.17). Outcrop sample assay and ICP- 

AES results define geochemical trends that correspond to the style of magnetite

87

Chevelle Geology and Geochemistry
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Figure 3.16 Chevelle Prospect Geology.
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mineralization and host lithology. Assay results from 63 grab rock samples generally 

have high Pt to Pd ratios, typical of irregular magnetite veins and pods hosted in olivine 

rich lithologies (Table 3.21). Higher Ni and Cr values are consistent with an olivine rich 

host lithology (Table 3.21). Outcrop sample’s V and Ti content relative to Fe content are 

consistent with samples collected in the Mixed Wehrlite member (Tables 3.5, 3.21). The 

Chevelle prospect is both geochemically and geologically very similar to the MBN 

prospect (Tables 3.4, 3.16, 3.21).
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Table 3.21 Select Chevelle Grab Rock Sample Geochemistry

Lithology Pt:Pd Pt ppb Pd ppb Cu ppm Ni ppm Fe % Cr ppm V ppm Ti %
Wehrlite 3.30 6080 1845 9 452 18.75 3290 513 0.45
Wehrlite 11.01 1530 139 13 347 25.00 5810 2130 0.63
Wehrlite 8.46 1260 149 6 200 27.40 1535 1710 1.41
Wehrlite 2.80 1030 368 10 354 19.35 5630 834 0.64
Wehrlite 12.28 737 60 11 370 36.50 3410 1765 1.39
Wehrlite 5.61 449 80 5 259 11.30 4510 377 0.37
Wehrlite 1.86 13 7 16 375 25.00 6170 1375 0.70
Wehrlite 5.00 10 2 6 405 16.45 1465 220 0.18
Wehrlite 5.00 10 2 6 573 14.15 63 14 0.02
Wehrlite -5 -1 5 199 7.86 1645 206 0.22

Drill Core Sample Geochemical Trends

Drill hole UB0411 (Figure 3.17, Table 3.22) intercepted the Mixed Wehrlite 

member from collar to termination depth (TD). There were no significant magnetite 

intercepts and therefore no significant PGE intercepts. The Pt grade increased in the last 

15 m of the hole, but with no visible mineralization. Chevelle core sample assay and 

ICP-AES results are characteristic of olivine and clinopyroxene dominant lithologies 

(Table 3.5).
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Table 3.22 Chevelle Drill Hole Location, Orientation, and Depth

DrillHole UtmX UtmY Elevation (ft) Azimuth Dip TD (ft) TD (m)
UB0411 679226 6185034 2012 270 -65 504 154

High Center Geology and Geochemistry

On the west facing slope south of the Chevelle prospect linear magnetite veins are 

hosted in hornblendite and interlayered hornblendite and saussuritized gabbro (Figure 

3.1). The High Center prospect is bounded by the High Center Fault to the northeast and 

the Eden Fault to the southwest (Figure 3.18). The pattern of outcropping hornblendite 

and saussuritized gabbro defines the hinge of the eastern plunging syncline mapped north 

of Cannery Creek (Figures 3.1, 3.18).

The High Center prospect consists of isolated outcrops of the Hb and the Mixed 

Hornblendite/Saussuritized Gabbro Unit (Hb/Sg) exposed on a west facing plateau. This 

prospect is fault bounded lying between the Wh to the west, north, and south and the 

Gabbro Unit to the east (Figure 3.18). The contact between the Hb and the Hb/Sg 

conforms to local magmatic layering oriented ~000°/~20-50° E (Figure 3.18, 3.19A). 

Magmatic layering at the High Center prospect is steeper than the surrounding 

lithologies. Low grade PEM veins in Hb generally follow magmatic layering and have a 

width of 2-4 cm.

The best exposures of the contact between the Gabbro Unit and the ultramafic 

lithologies of the Union Bay AT occur at the High Center prospect. Within the Mixed 

Hornblendite/Saussuritized Gabbro Unit, hornblendite and hornblende clinopyroxenite is



Figure 3.18 High Center Prospect Geology.
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Figure 3.19 Photographs of the Hornblendite and Mixed Hornblendite/Saussuritized Gabbro Units.

A-The dark colored Hornblendite Unit is stratigraphically above the Mixed Hornblendite/Saussuritized 
Gabbro Unit, The contact dips-50° E.

B-lnterfingered Hornblendite and Hornblende Clinopyroxenite (dark) and Saussuritized Gabbro (light). The 
High Center prospect offers the best exposure of this contact. The interfingered nature of the contact suggests 
that these units crystallized at either the same time or very close to the same time.
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inter-fingered with saussuritized hornblende gabbro (Figure 3.19B); hornblende gabbro 

contains > 10% plagioclase and products of saussuritization (clinozoisite, albite, and 

epidote), Hb and Hpx do not contain plagioclase.

Based on drill hole intercepts the Hb/Sg has a vertical thickness greater than 100 

m at the hinge of the east plunging syncline. The greater dip angle of magmatic layering 

at the High Center prospect suggests that the fault block the prospect is located in has 

been rotated vertically towards the east, perhaps experiencing some drag effects during 

displacement along the High Center and Eden faults.

Surface Sample Geochemical Trends

Continuous magnetite veins and rare irregular pods follow magmatic layering in 

the hornblendite and hornblende gabbro exposed at High Center. The results from 17 

grab rock samples collected at this prospect (Figure 3.20) show that there is low grade 

PGE enrichment in magnetite. Compared to other prospects, the Pt and Pd values of 

outcrop samples at High Center are low, which is why only limited follow up sampling 

was conducted. Pt to Pd ratios are generally lower than 1 (Table 3.23), reflecting the 

continuous vein style of magnetite mineralization in hornblende and plagioclase rich host 

lithologies. The low Ni and Cr values (Table 3.23) are consistent with the absence of 

olivine. Concentrations of V and Ti in magnetite are consistent with hornblende rich host 

lithologies (Tables 3.4, 3.23).



Union Bay Alaskan-type Complex  
High Center 
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□  Continental Prospect Outline

_______  Fault (approximately located)
_  _  _  -  Greater line thickness indicates 
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Figure 3.20 Surface Sample Platinum Values of the High Center Prospect. PGE enriched continuous magnetite veins and irregular magnetite pods are 
hosted in the Mixed Homblendite/Saussuritized Gabbro Unit (Hb/Sg) and Homblendite Unit (Hb) at High Center. The Wehrlite Unit (Wh) and Gabbro 
Unit (Gb) do not host mineralization. Drill hole UB0412 was collared in Hb/Sg.
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Table 3.23 Select High Center Grab Rock Sample Geochemistry

Lithology Pt:Pd Pt ppb Pd ppb Cu ppm Ni ppm Fe % Cr ppm V ppm Ti %
Gabbro-Hornblendite 0.75 109 146 24 59 10.00 291 946 0.31
Gabbro-Hornblendite 0.30 62 206 29 30 10.00 77 623 0.27
Hornblendite 0.77 47 61 6 51 10.00 743 803 0.24
Gabbro-Hornblendite 0.56 43 77 32 34 10.00 114 654 0.26
Gabbro-Hornblendite 0.88 38 43 10 73 10.00 187 1327 0.24
Gabbro-Hornblendite 1.80 36 20 33 85 8.27 168 402 0.13
Gabbro 0.91 32 35 38 41 10.00 180 950 0.31

Drill Core Sample Geochemical Trends

Drill hole UB0412 (Figure 3.20, Table 3.24) intercepted continuous magnetite 

veins, irregular massive magnetite pods, and trace disseminated sulfides hosted in Hb/Sg 

and Hpx. Magnetite intercepted downhole had a similar grade and Pt to Pd ratio as 

magnetite sampled in outcrop. Both continuous magnetite veins and irregular magnetite 

pods are surrounded by 2-6 mm thick chlorite ± serpentine alteration rims. High Center 

core sample assay and ICP-AES results are characteristic of continuous magnetite veins, 

irregular massive magnetite pods, and trace disseminated sulfides hosted in 

clinopyroxene, hornblende, and plagioclase dominant lithologies (Table 3.5).

Table 3.24 High Center Drill Hole Location, Orientation, and Depth

DrillHole UtmX UtmY Elevation (ft) Azimuth Dip TD (ft) TD (m)
UB0412 679158 6184431 2135 270 -65 333 101



The Continental prospect is centered on a plateau at the western extent of the Mt. 

Burnett highlands at an elevation of 2100 feet (Figure 3.1). PGE bearing magnetite veins 

and pods are hosted in the Mixed Wehrlite member. The Continental prospect is 

bordered to the north by the Cpx and to the east by the Eden Fault which places the Wh 

in contact with the Hb/Sg (Figure 3.21). The southern and western boundaries to the 

Continental prospect are defined by the extent of PGE bearing magnetite in outcrop 

leading downslope into the rain forest. A series of high angle faults disrupt magmatic 

layering at the Continental prospect. Clinopyroxenite with magnetite veining is exposed 

between the Kahuna Fault and the Eden Fault on the north side of the prospect.

The Continental prospect is flat relative to the other PGE prospects at the Union 

Bay AT which has fostered a widespread surface sampling program. The large amount 

of horizontal exposure of the Mixed Wehrlite Member has made the Continental prospect 

the type area for this lithology. Individual bodies of the olivine-rich portions of the 

Mixed Wehrlite Member can be traced for distances of up to 10 meters. Tabular bodies 

of olivine rich wehrlite trend E-W in narrow shallowly dipping horizons (Figure 3.22A). 

These horizons or compositional layers are oriented 000°-020°/17°-35° E (Figure 3.21). 

In addition to tabular bodies, olivine-rich wehrlite wraps around the clinopyroxene rich 

wehrlite, filling the interstices between block shaped bodies (Figure 3.22B).

Two styles of PGE bearing magnetite are exposed at the Continental prospect. 

The majority of PGE mineralization is hosted in irregular magnetite veins, pods, and clots
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Figure 3.22 Photographs of Magmatic Layering and Magnetite Veins at Continental.

A-Tabular bodies of olivine-rich wehrlite (tan) and pyroxenite (gray) of the Mixed Wehrlite member.

B-Block shaped bodies of pyroxenite (gray) surrounded by olivine-rich wehrlite (tan). The olivine-rich rock 
appears to have flowed around the blocks of pyroxenite filling the interstices between blocks.

C-Irregular magnetite veins in olivine rich rock (tan) that subparallel olivine-rich and clinopyroxene-rich 
(gray) layers.

D-Undulating linear magnetite vein crossing between olivine-rich (tan) and clinopyroxene-rich (gray) layers.



in olivine rich rock that subparallel olivine-rich and clinopyroxene-rich layers (Figure 

3.22C). Occasional undulating linear magnetite veins cross between layers (Figure 

3.22D).

Saw channel outcrop sampling was widely employed at the Continental prospect. 

This style of sampling produces drill core like unweathered surfaces. PEM exposed in 

channel samples from the Continental prospect is surrounded by a chlorite/serpentine 

alteration envelope (Figure 3.23A). In addition thin (0.5-1 mm) anastomosing magnetite 

chlorite/serpentine veinlets subparallel layers (Figure 3.23B). These thin magnetite 

chlorite/serpentine veinlets are bluish on fresh surfaces. Blue alteration veinlets grade 

into pervasive chlorite/serpentine alteration that encloses PEM (Figure 3.23C).

The Kahuna Fault cuts the Continental prospect exposing different stratigraphic 

levels of the Wehrlite Unit; the western area contains more olivine-rich Mixed Wehrlite 

member while the eastern section contains more clinopyroxenite-rich rocks. Based on 

the pattern of outcropping Cpx to the north of the Continental prospect the Kahuna Fault 

has a west side down displacement. The Continental prospect is also cut by a series of 

older steeply dipping faults with minimal offset that break up both sections.

Surface Sample Geochemical Trends

Assay results from 220 grab rock samples and 217 saw channel samples illustrate 

that wide spread high grade PGE enrichment is located on top of the Continental plateau 

(Figure 3.24). The majority of high grade Pt samples are located east of the Kahuna fault 

within multiple structural blocks defined by small scale high angle faults (Figure 3.24).
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Figure 3.23 Photographs of Magnetite Veining and Blue Alteration Veinlets.

A-PGE enriched magnetite (mt) in channel samples from the Continental prospect surrounded by a 
chlorite/serpentine (b) alteration envelope.

B-Anastomosing magnetite chlorite/serpentine veinlets (b) in wehrlite.

C-Blue alteration veinlets (b) grade into pervasive chlorite/serpentine alteration (p) that encloses PGE enriched 
magnetite (mt). The contact between light colored diopside (d) and wehrlite (wh) appears to be exploited by the 
blue alteration.
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Figure 3.24 Surface Sample Platinum Values of the Continental Prospect. PGE enriched irregular 
magnetite veins and pods are hosted in the Wehrlite Unit (Wh) at Continental. The Mixed 
Hornblendite/Saussuritized Gabbro Unit (Hb/Sg) and Clinopyroxenite Unit (Cpx) do not host mineralization.



Continental outcrop sample assay and ICP-AES results are consistent with 

irregular magnetite veins and pods in an olivine rich host lithology. Pt to Pd ratios are 

much higher than 1 (Table 3.25). Ni values reflect the olivine content of the host 

lithology; wehrlite has higher Ni than clinopyroxenite. Cr values seem to reflect the 

magnetite content (Fe %) of samples rather than indicate the host lithology, but the upper 

detection limit truncation of Cr and Fe values (Tables 3.1, 3.25) does not allow for a 

direct comparison. Concentrations of V and Ti in magnetite are consistent with a Mixed 

Wehrlite host lithology (Tables 3.4, 3.25). Cu values are erratic (Table 3.25).
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Table 3.25 Select Continental Grab Rock Sample Geochemistry

Lithology Pt:Pd Pt ppb Pd ppb Cu ppm Ni ppm Fe % Cr ppm V ppm Ti %
Wehrlite (Wh) 15.90 14950 940 26 415 25.00 10000 1675 0.44
Wehrlite 28.10 6660 237 10 461 25.00 8390 1265 0.74
Clinopyroxenite/Wh 11.17 6420 575 147 326 25.00 8450 1385 0.74
Wehrlite 10.20 5530 542 17 444 25.00 10000 2080 0.61
Wehrlite 10.23 4430 433 59 403 22.00 10000 984 0.67
Wehrlite 10.49 3820 364 19 334 22.50 7330 1130 0.87
Wehrlite 19.50 819 42 10 436 25.00 10000 1570 0.68
Clinopyroxenite 3.78 291 77 375 254 47.90 10000 3040 2.39
Clinopyroxenite 2.92 38 13 33 218 36.70 2150 1830 1.55
Wehrlite 2.00 10 5 5 415 22.20 2920 641 0.55

A total of 194 m of saw channel samples were collected over magnetite bearing 

Mixed Wehrlite. Continental saw channel sample results follow the same elemental 

trends defined by the results from Continental grab rock samples discussed previously 

(Tables 3.4, 3.26).

Results from saw channel samples confirm that PGE enrichment only occurs in 

magnetite, not in silicate minerals (Table 3.26). The Mixed Wehrlite intervals that do not
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host irregular magnetite veins and pods contain background levels of PGE (Table 3.26). 

Not all magnetite sampled contains elevated PGE, but samples without magnetite do not 

contain elevated PGE.

Table 3.26 Select Continental Saw Channel Sample Geochemistry
Channel 0314 is oriented perpendicular to the trend of irregular magnetite veins and pods. 
Sampling was continuous at 1 m intervals for the 11 m long channel. The entire channel 
cut a mixture of clinopyroxenite and wehrlite (Wh). Based on sample descriptions and 
ICP-AES results, samples with irregular magnetite veins and pods contain > 9 % Fe. 
Samples that do not contain magnetite are not PGE enriched.

Lithology Pt:Pd Pt ppb Pd ppb | Cu ppm Ni ppm Fe % Cr ppm V ppm T %
Clinopyroxenite/Wh 20.35 1160 57 6 206 9.10 923 239 0.26
Clinopyroxenite/Wh 21.13 169 8 4 187 7.14 649 149 0.19
Clinopyroxenite/Wh 26.14 1490 57 5 261 9.70 691 153 0.19
Clinopyroxenite/Wh 18 1 6 161 6.11 612 133 0.18
Clinopyroxenite/Wh 15 1 6 145 5.79 635 144 0.20
Clinopyroxenite/Wh 10 1 6 170 6.60 748 145 0.21
Clinopyroxenite/Wh 12 1 6 156 6.26 689 148 0.20
Clinopyroxenite/Wh 5.00 10 2 4 173 6.44 679 150 0.19
Clinopyroxenite/Wh 5.00 10 2 3 185 6.31 628 136 0.18
Clinopyroxenite/Wh 23.46 6240 266 6 397 16.45 2690 399 0.33
Clinopyroxenite/Wh 25.77 773 30 25 280 9.99 923 158 0.17

Drill Core Sample Geochemical Trends

Based on the wide extent and high grade nature of PGE mineralization 

encountered at Continental (Figure 3.24), the largest and most systematic drill program 

conducted on a prospect was implemented in 2004 (Table 3.27, Figure 3.25). Ten drill 

holes targeted PGE enriched irregular magnetite veins and pods hosted in the Mixed 

Wehrlite member (MW). Mapping and sampling conducted previous to drilling 

suggested that magmatic layering dipped at 20-30° E, and that PGE enriched magnetite 

followed layering, forming horizons where mineralization was variably distributed.



105

Table 3.27 Continental Drill Hole Locations, Orientations, and Depths

DrillHole UtmX UtmY Elevation (ft) Azimuth Dip TD (ft) TD (m)
UB0401 678699 6184309 2013 270 -70 1142 348
UB0402 678423 6184309 1996 270 -80 837 255
UB0403 678508 6184346 2059 270 -45 510 155
UB0404 678509 6184346 2059 270 -85 305 93
UB0405 678601 6184414 2102 270 -55 504 154
UB0406 678602 6184414 2102 270 -85 405 123
UB0407 678699 6184419 2060 270 -45 505 154
UB0408 678700 6184419 2060 270 -85 405 123
UB0409 678588 6184468 2109 270 -60 555 169
UB0410 678649 6184345 2052 270 -55 955

6123
291

1866

Figure 3.25 Map of Continental Drill Holes. Colored lines extending from drill hole collars represent 
the surface projection of the subsurface extent of drill holes.
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Drilling was therefore directed west to cut magmatic layering and mineralization at high 

angles. The drill program was also designed to investigate the amount and direction of 

offset along the multiple faults mapped on the Continental plateau that appear to 

influence the distribution of mineralization. Five of the ten holes drilled intercepted 

significant PGE enriched irregular magnetite veins and pods (Table 3.28).

Table 3.28 Select Continental Core Sample Assay Results

Drill Hole From (m) To (m) Interval Rock Unit Mineralization | Pt ppb | Pd ppb
UB0401 5.64 6.10 0.46 Opx, Wh Mt veins and pods 1480 115
UB0401 249.94 251.46 1.52 Mixed Wh Thin mt-chlor-serp veins 619 7
UB0405 27.43 27.89 0.46 Mixed Wh Mt veins and pods 531 34
UB0405 27.89 28.35 0.46 Mixed Wh Mt veins and pods 1810 130
UB0405 29.87 30.18 0.30 Mixed Wh Mt veins and pods 1300 126
UB0405 30.18 30.63 0.46 Mixed Wh Mt veins and pods 1705 134
UB0405 30.63 31.32 0.69 Mixed Wh Mt veins and pods 1355 96
UB0405 32.92 33.53 0.61 Mixed Wh Mt veins and pods 2230 220
UB0406 31.09 31.55 0.46 Mixed Wh Mt veins and pods 755 32
UB0406 31.55 32.00 0.46 Mixed Wh Mt veins and pods 575 350
UB0407 7.01 7.62 0.61 Mixed Wh Mt veins and pods 645 39
UB0410 1.52 1.98 0.46 Mixed Wh Mt veins and pods 593 36

All ten drill holes of the Continental prospect intercepted irregular magnetite 

veins and pods with a chlorite ± serpentine alteration rim hosted in MW. PGE 

mineralization intercepted at depth has an identical appearance to surface mineralization 

cut in saw channel samples. Two core samples from UB0401 contain > 500 ppb Pt 

(Table 3.18); the upper intercept correlates to nearby surface mineralization (Figure 

3.24). Drill hole UB0410 cut a half meter interval of 593 ppb Pt (Table 3.28) that 

correlates to nearby surface mineralization (Figure 3.24). The remaining three drill holes 

that intercepted significant PGE mineralization (Table 3.28) are part of a four hole fence



drilled through the center of the prospect (UB0405-UB0408). The mineralized intercepts 

in the upper portions of UB0405 and UB0406 (Table 3.28) define an irregular magnetite 

vein set with an apparent dip of 30° E. The PGE enriched magnetite cut in the upper 

portion of UB0407 correlates to nearby surface mineralization (Figure 3.24). But PGE 

contents of core samples are not distinct enough to correlate mineralized horizons 

between UB0406 and UB0407-UB0408.

Core sample ICP-AES results define the high V and Ti signature of PGE enriched 

irregular magnetite veins set in drill holes UB0405-UB0408. The multielement plot of 

UB0405 illustrates the high V and Ti signature of PGE enriched magnetite (Figure 3.26). 

Two intervals of irregular magnetite vein sets in UB0405 share similar high V and Ti 

concentrations. In these intervals there is a very strong positive correlation between Pt, 

Pd, Fe, V, and Ti (Figure 3.26). Interval 1 contains the PGE mineralization listed in 

Table 6.28; interval 2 is lower grade but shares the same positive Pt, Pd, Fe, V, and Ti 

correlation as interval 1. This high V and Ti magnetite can be traced from UB0405 

through UB0408. An interpretive cross-section along the UB0405-UB0408 drill fence 

built using the V content of core samples illustrates the relative offset along the multiple 

faults mapped on the Continental plateau and intercepted in drilling (Figure 3.27). Based 

on this interpretive cross-section it would appear that the 30° E dip of PGE enriched 

irregular magnetite veins does not apply to entire high V and Ti magnetite vein sets.
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Figure 3.26 Select Elements of Drill Hole UB0405’s Multielement Plot. Two PGE enriched irregular 
magnetite vein intervals contain much higher V and Ti contents than the surrounding MW and other 
irregular magnetite veins. There is a very strong positive correlation between Pt, Pd, Fe, V, and Ti. These 
two vein intervals are hosted in thin alternating bands of wehrlite and clinopyroxenite.



w

Figure 3.27 Interpretive Cross-Section Along Drill Holes UB0405-UB0408. High V and Ti content PGE enriched irregular 
magnetite veins horizons (red lines), and fault planes (black dashed lines) projected onto a plot of core sample V values. Blue 
values are less than 299 ppm V, and red values are greater than or equal to 299 ppm V. The high V values correlate between drill 
holes and indicate the direction of fault offset (Up/Down), The numbers next to UB0405 correlate to those in Figure 3.25. o

VO
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Continental core sample assay and ICP-AES results are characteristic of irregular 

magnetite veins and pods hosted in an olivine and clinopyroxene rich lithology (Table 

3.5). Results from core samples are very similar to the channel sampling conducted on 

this prospect (Table 3.26) and the same geochemical trends are present. The difference 

between the wehrlite and clinopyroxenite geochemical signatures is illustrated in Figure 

3.25. Co, Mn, Ni, and Mg all positively correlate with wehrlite, and negatively correlate 

with clinopyroxene. Ca positively correlates with clinopyroxene and negatively 

correlates with wehrlite.

Cannery Geology and Geochemistry

The Cannery prospect is located on the western edge of the Union Bay AT 

extending from tidewater to 200 feet elevation on a southwest facing hillside (Figures 

3.1, 3.28). PGE enriched continuous magnetite veins are hosted in Hpx and Hb/Sg. 

These units also contain disseminated magnetite and disseminated pyrrhotite, 

chalcopyrite, and minor pyrite. Combined magnetite concentrations can reach up to 20 % 

of the rock; sulfide concentrations rarely exceed 10 %. Sulfide mineralization is more 

prevalent in the hornblende clinopyroxenite and clinopyroxenite of the Hpx to the south 

and east of the fault contact with the Hb/Sg (Figure 3.28). Hornblende content of Hpx 

decreases to the east as elevation increases. The prospect is bounded by Wh to the east 

(Figure 3.28). South of the Cannery prospect lies the Cannery Creek reverse fault and the 

intrusive contact with the Gravina Overlap Assemblage (Gr) (Figure 3.28).
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Outcrops containing sulfides weather a distinctive rusty red-brown (Figure 

3.29A). Sulfide mineral-bearing outcrops are widespread at the Cannery prospect 

continuing south to exposures along Cannery Creek (Figure 3.30), which flows down the 

surface trace of the Cannery Creek Fault. Sulfide bearing rocks extend up creek 110 m to 

a waterfall, above which sulfide minerals are rare.

Surface Sample Geochemical Trends

Assay and ICP-AES results from the 39 grab rock samples (Figure 3.30) collected 

at the prospect define geochemical trends indicative of the style of mineralization and 

host lithologies. Pt to Pd ratios are generally less than 1 (Tables 3.4, 3.29), consistent 

with continuous magnetite veins in pyroxene -  hornblende -  plagioclase rich host rocks. 

In samples which do not contain continuous magnetite veins, PGE grades are low but 

above background levels and have a Pt to Pd ratio less than 1. Based on the assay and 

ICP-AES results the sulfide mineralization is not PGE enriched. Pt and Pd grades do not 

correlate with S concentrations (Table 3.29); the highest PGE grades are in samples with 

negligible S content (Table 3.29). Both Ni and Cu have a positive correlation with S 

(Table 3.29), most likely due to pyrrhotite (Ni substitution) and chalcopyrite contents. In 

samples with low S, Ni values are low (Table 3.29), typical of olivine poor host rocks. 

The V and Ti values relative to magnetite content are characteristic of pyroxene -  

hornblende -  plagioclase rich host lithologies (Tables 3.4, 3.29).
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Figure 3.29 Photographs of Sulfide-bearing Hornblende Clinopyroxenite and Leucogabbro Dikes.

A-Weathered pyrrhotite, chalcopyrite, and pyrite bearing hornblende clinopyroxenite.

B-Irrregular leucogabbro dikes in hornblende clinopyroxenite from drill hole UB0415. The dikes have various 
grain sizes and amounts of plagioclase/albite relative to hornblende and augite.
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Table 3.29 Select Cannery Grab Rock Sample Geochemistry
Sulfur (S) content of Cannery grab rock samples is indicative of sulfide mineral content; 
doubling the S % gives an estimate of the % of sulfide minerals.

Lithology Pt:Pd Pt ppb Pd ppb Cu ppm Ni ppm Fe % S % V ppm Ti %
Homblendite 0.86 330 385 21 98 17.05 -0.01 926 0.88
Homblendite 0.87 234 268 140 26 9.60 0.01 464 0.93
Homblendite 0.64 100 157 199 40 13.55 0.05 694 0.93
Gabbro 2.10 65 31 156 6 8.45 0.27 350 0.89
Clinopyroxenite (Cpx) 0.85 62 73 863 180 10.95 1.98 404 0.47
Clinopyroxenite 0.82 42 51 2050 570 7.86 1.46 192 1.03
Hornblende Cpx 0.53 40 76 706 207 6.87 0.11 164 0.97
Clinopyroxenite 2.12 36 17 769 182 9.71 1.81 311 0.66
Hornblende Cpx 0.52 34 66 831 59 15.05 0.04 822 0.31
Clinopyroxenite 0.79 19 24 1505 325 12.60 3.65 307 0.85

Drill Core Sample Geochemical Trends

Drilling in the Cannery area consists of four holes (Table 3.30), two of which are 

in the Cannery prospect, and two to the southeast of the prospect (Figures 3.30, 3.31). 

Drill holes UB0414 and UB0515 targeted a large positive magnetic anomaly coincident 

with the Hb/Sg of the Cannery prospect and extending into Union Bay (Figures 2.3, 3.30, 

3.31). UB0515 also targeted the contact of the intrusion with the Gr to test contact 

related sulfide hosted PGE mineralization. UB0516 targeted a positive magnetic 

anomaly located east of the Cannery prospect in the Hpx on the north side of the Cannery 

Creek Fault (Figure 2.3, Figure 3.31). Drill hole UB0521, collared in Hpx, targeted the 

contact of the ultramafics and Gb with the Gr to test for contact related sulfide hosted 

PGE mineralization (Figure 3.31).
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Table 3.30 Cannery Drill Hole Locations, Orientations, and Depths

DrillHole UtmX UtmY Elevation (ft) Azimuth Dip TD (ft) TD (m)
UB0414 676767 6183457 144 000 -90 1082 330
UB0515 676766 6183457 143 270 -47 2253 687
UB0516 677275 6183175 222 180 -45 1902 580
UB0521 677223 6182814 129 230 -45 925 282

6162 1878

Figure 3.31 Map of Cannery Drill Holes. Colored lines extending from drill hole collars represent the 
surface projection of the subsurface extent of drill holes.

Disseminated magnetite and disseminated sulfides hosted in the Hb/Sg that 

outcrop at Cannery continue at depth in both UB0414 and UB0515 where the internally 

heterogeneous Hb/Sg is interfingered with Hpx. Numerous Gb dikes intrude both the



Hb/Sg and Hpx (Figure 3.29B). The amount of disseminated magnetite is variable 

throughout both holes, while most core samples contain disseminated magnetite the 

amount varies from 1% to up to 40%. Disseminated sulfides, pyrrhotite, chalcopyrite, 

and minimal pyrite, varies from trace amounts to several percent near and in Gb dikes. 

UB0515 did not intercept the contact with the Gr before the maximum depth capability of 

the helicopter portable drill rig was reached.

Cannery (West) core sample assay and ICP-AES results are characteristic of 

disseminated magnetite (mt) and sulfide mineral mineralization in hornblende and 

plagioclase dominant host lithologies (Table 3.5). The PGE enrichment of UB0414 and 

UB0515 is negligible; one interval in UB0515 has > 500 ppb Pt (Table 3.31). There does 

not appear to be a correlation between either magnetite content or sulfide content and 

PGE mineralization (Appendix 4). There is a weak positive correlation between Pt, Pd, 

and Cu, but not with S (Appendix 4).
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Table 3.31 Select Cannery Core Sample Assay Results

Drill Hole From (m) To (m) Interval Rock Unit Mineralization Pt ppb Pd ppb
UB0415 299.31 300.23 0.91 Hpx Irregular mt pods 571 361

Drill hole UB0516 intercepted disseminated magnetite, sulfides, and phlogopite 

hosted in Hpx and Cpx from collar to termination depth. Magnetite content is variable 

from trace amounts to 20%. Disseminated pyrrhotite and chalcopyrite content is variable 

from trace amounts to 20%. Occasional massive pyrrhotite/chalcopyrite segregations 

were intercepted in the lower half of the hole. UB0516 intercepted three highly fractured



intervals: 333.76-337.11 m, 382.52-385.27 m, and 401.42-407.67 m. One or all of these 

shear zones represents the subsurface expression of the Cannery Creek Fault (Figures 

3.28, 3.30). PGE values are low in this hole, but have a weak positive correlation with 

Cu and S.

Hole UB0521 intercepted 5-15% disseminated magnetite and trace sulfides hosted 

in Hpx and Cpx from the collar to 154 m where is intercepted the contact with the Gr. 

From 154 m to TD UB0521 cut garnet quartz biotite hornfels. PGE values are low in the 

upper portion of this hole, the hornfels do not contain PGE. The contact between the 

Union Bay AT and the Gravina Overlap Assemblage was remarkably sharp. The core 

hole passed from a coarse grained hornblende bearing clinopyroxenite with leuco-gabbro 

dikes, to a complexly folded garnet quartz biotite hornfels. Hornfels are massive to 

laminated, with sufficiently random orientations of biotite to commonly break across 

angles to layering; they and also contain lesser calc-silicate pods and layers. Downhole 

of the contact hornfels with intermittent leucogabbro dikes was intercepted to termination 

depth.

Cannery (East) core sample assay and ICP-AES results are characteristic of 

disseminated magnetite and sulfide mineral mineralization in clinopyroxene and 

hornblende dominant host lithologies (Table 3.5).
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Pipes

Drill hole UB0517 (Figure 3.32, Table 3.32) cuts disseminated magnetite and 

trace sulfides hosted in Cpx and Hpx from collar to TD. This hole was targeted on a 

positive magnetic anomaly (Figure 2.3). Magnetite amounts ranged from 5% up to 80% 

of the rock. Two intervals of Cpx with disseminated magnetite (mt) contain > 500 ppb 

Pd with lesser Pt (Table 3.33). Pipes core sample assay and ICP-AES results are 

characteristic of disseminated magnetite hosted in clinopyroxene and hornblende 

dominant lithologies (Table 3.5). Pt and Pd do not correlate with Fe. Cu has moderate 

correlation with S.

Section 24

Drill holes UB0518 and UB0519 (Figure 3.32, Table 3.32) cut disseminated 

magnetite and trace sulfides hosted in Cpx and Hpx from collar to TD. Leucogabbro 

dikes cut Cpx and Hpx. This hole was targeted on a positive magnetic anomaly (Figure 

2.3). Magnetite amounts ranged from 5% up to 30% of the rock. One interval of Hpx 

with disseminated magnetite (mt) and phlogopite (phlo) contains > 500 ppb Pt with lesser 

Pd (Table 3.33). Section 24 core sample assay and ICP-AES results are characteristic of 

disseminated magnetite hosted in clinopyroxene and hornblende dominant lithologies 

(Table 3.5). Pt and Pd do not correlate with Fe. Cu has moderate correlation with S.
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Figure 3.32 Map of Additional Drill Holes. Colored lines extending from drill hole collars represent the 
surface projection of the subsurface extent of drill holes.

Table 3.32 Additional Drill Hole Locations, Orientations, and Depths

DrillHole UtmX UtmY Elevation (ft) Azimuth Dip TD (ft) TD (m)
UB0517 677475 6185119 585 180 -87 2103 641
UB0518 677774 6185984 702 360 -45 1500 457
UB0519 678533 6185904 776 360 -45 1500 457
UB0520 679094 6186073 711 360 -45 1665 507

Table 3.33 Select Additional Core Sample Assay Results

Drill Hole From (m) To (m) Interval Rock Unit Mineralization Pt ppb | Pd ppb
UB0517 52.73 53.34 0.61 Cpx Disseminated mt 398 642
UB0517 53.34 53.80 0.46 Cpx Disseminated mt, mt pod 360 870
UB0518 134.11 135.18 1.07 Hpx Disseminated mt and phlo 641 259



Drill hole UB0520 (Figure 3.32, Table 3.32) cut disseminated magnetite and trace 

sulfides hosted in Cpx, Hpx, and leucogabbro from collar to 183 m; at 183 m downhole 

the lithology changes to barren leucogabbro of the Gb. Dikes of gabbro cut Cpx and 

Hpx. This hole was targeted on a positive magnetic anomaly (Figure 2.3), and to test the 

contact of the ultramafics and Gb with the Gr for contact related sulfide hosted PGE 

mineralization. Magnetite ranges from trace amounts up to 30% of the rock in the Cpx 

and Hpx. The contact with the Gr was not reached in this hole. Section 19 core sample 

assay and ICP-AES results are characteristic of disseminated magnetite hosted in 

clinopyroxene, hornblende, and plagioclase dominant lithologies (Table 3.5). Pt and Pd 

do not correlate with Fe. Cu has a strong positive correlation with S.

Summary

PGE enrichment of magnetite is variable but generally is highest in irregular 

magnetite veins hosted in olivine bearing lithologies. Outcrop and drill core sampling 

results define geochemical trends that reflect the host rock and type of PGE 

mineralization at each prospect. Olivine content of the samples positively correlates with 

Co, Cr, Mn, Mg, and Ni. Clinopyroxene content positively correlates with Ca. 

Hornblende positively correlates with K, Na, and Al. Plagioclase content positively 

correlates with K, Na, Al, Sr, and P. Generally, higher ratios of Pt to Pd positively 

correlate with vein magnetite hosted in olivine rich lithologies; ratios of Pt to Pd near one 

or lower than one positively correlate with vein, layered, and disseminated magnetite
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hosted in pyroxene and hornblende rich lithologies (Tables 3.4, 3.5). Higher ratios of 

V(ppm) to Fe(%), indicating higher V content of magnetite, positively correlate with 

pyroxene and hornblende rich lithologies (Tables 3.4, 3.5). Ultramafic lithologies of the 

Union Bay AT generally contain background levels of 5 ppb to 25 ppb Pt. Sulfur 

contents positively correlate with Cu, and have a poor and variable correlation with 

PGE’s. There is not contact related PGE enriched sulfide mineralization at the contact 

with the Gravina Overlap Assemblage that was tested.
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Chapter 4 Petrographic Observations

Introduction

In order to properly identify the rock types at the Union Bay AT and investigate 

the textures between the PGE bearing mineralization (Fe-Ti oxides) and the host rocks 

(silicates), I examined 50 polished thin sections, one grain mount, and one polished 

section. The grain mount was prepared from the course rejects of a high PGE content 

assay sample (493349). The one polished section was prepared by Dr. Jaques Jedwab as 

part of his attempt to locate a primary PGE mineral in a Union Bay sample.

I chose the specimens to thin section based on PGE content, magnetite content, 

and spatial distribution within the complex. For example, I compared PGE rich and PGE 

poor samples to identify characteristics indicative of mineralization. Field studies and 

assays indicated magnetite rich rocks were variable hosts for PGE mineralization, thus 

many of the samples were magnetite-rich. All six areas of PGE mineralization identified 

in 2001 and the Continental prospect are represented by at least one thin section to better 

examine variations related to changes in host rock lithology, variations in depth within 

the complex, and changes in horizontal position (Figure 4.1). The majority of thin 

sections are from outcrop samples of the North Zone, Jaguar, Mt. Burnett North, and Mt. 

Burnett South prospects, due to high sampling density and high PGE contents.
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Olivine

Olivine of the Dunite Unit and Wehrlite Unit is colorless, optically positive 

(hence, relatively high-Mg) and exhibits high second to low third order interference 

colors. A majority of the olivine has kink banding, which allows it to be easily 

distinguished from clinopyroxene. Crystals of olivine are euhedral to subhedral and 

range from 10 pm to 2 mm. The olivine is variably serpentinized and possibly 

chloritized. Olivine from near the dunite core has a fresher appearance and is less 

serpentinized than olivine from the surrounding lithologies. Olivine from the North Zone 

prospect wehrlite is highly serpentinized in areas of magnetite rich veins. The serpentine 

is dark brown to dark green and forms anastomosing veins that contain wispy secondary 

magnetite and penetrate the primary olivine textures. Serpentinization of olivine at the 

North Zone prospect appears to decrease as distance from magnetite veins increases.

Clinopyroxene

Two distinct varieties of clinopyroxene are present at Union Bay. The majority of 

clinopyroxene is equigranular, euhedral to subhedral, colorless to very pale green, has a 

2V angle of ~50°, maximum extinction angle of 40o, and second order maximum 

interference colors. These characteristics correspond with clinopyroxene close to the 

diopside end member (Deer et al., 1992). Primary diopside grains range from 40 pm to 

3mm. Alteration of this diopside is variable, consisting of minor serpentine ± chlorite. 

The second variety of clinopyroxene occurs as veins within the Wehrlite Unit. Vein
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forming clinopyroxenite shares many optical characteristics with primary diopside, but 

has a larger grain size (up to 6 mm), is euhedral, and is colorless in thin section. Vein 

diopside variably contains mineral inclusions of magnetite needles and hornblende 

rhombohedra, and occasional fluid inclusions. These inclusions give the diopside a 

cloudy or dirty appearance. The needle-like magnetite inclusions appear to be orientated 

parallel to host diopside (100) or (010) planes based on crystal cleavages, and are 

generally 5-30 pm long (Figure 4.2A-B). Hornblende inclusions are brown rhombohedra 

orientated parallel to diopside (100) planes (Figure 4.2C). Hornblende long dimensions 

are 20-80 pm. Fluid inclusions in the vein diopside are small (4-6 pm) but contain a 

visible vapor bubble and halite(?) daughter mineral. Alteration of vein diopside is low in 

intensity but pervasive, consisting of secondary serpentine and chlorite.

Hornblende

I have observed three varieties of hornblende in the Union Bay complex: primary 

magmatic, alteration rim, and inclusion hornblende. The optical properties of the three 

varieties of hornblende are similar; a brown or green pleochroic scheme, typical 

amphibole cleavage, and high second order maximum interference colors. Primary 

magmatic hornblende in hornblende clinopyroxenite is medium to coarse grained (1-20 

mm) and subhedral to euhedral. Alteration rim hornblende variably surrounds magnetite 

veins and clots in contact with clinopyroxenite of wehrlite and clinopyroxenite (Figure 

4.3A-C). The thickness of the alteration rim hornblende ranges from a thin band (30 pm) 

between magnetite and diopside (Figure 4.3A-B) to irregular hornblende veins with clots



Figure 4.2 Photomicrographic Features of Vein Diopside.

A-Magnetite needles in vein diopside give the mineral a dirty 
appearance (16X magnification).

B-Magnetite needles in vein diopside are orientated with the 
elongate direction in the 100 or 010 planes of the diopside crystal and 
are generally 5-30 pm in length (40X magnification).

C-Hornblende rhombohedra in vein diopside orientated with the 
elongate direction in the 100 plane measure 20-80 pm (10X 
magnification).

c to
-o





Figure 4.3 Photomicrographic Features of Alteration Rim 
Hornblende.

A-Alteration rim hornblende encloses magnetite with varying 
thickness, notice the smooth yet irregular morphology of the 
magnetite contact with the hornblende alteration envelope (16X 
magnification).

B-Alteration rim hornblende variably encloses magnetite and spinel 
(hercynite), some portions of the irregular magnetite vein are not 
enclosed by hornblende (16X magnification).

C-Alteration rim hornblende completely encloses irregular 
magnetite clots resembling a hornblende vein with a magnetite 
center (16X magnification).
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of magnetite in diopside (Figure 4.3C). Such veins are up to 600 pm thick. Inclusion 

hornblende occurs as brown rhombohedra in diopside, as described previously. 

Hornblende is typically unaltered or little altered, typically to chlorite.

Phlogopite

In thin sections from outcrop samples of the Mt. Burnett South and Cobra 

prospects, phlogopite is intergrown with magnetite and forms vein selvages in contact 

with diopside. Phlogopite displays pale brown to colorless pleochroism, tabular habit, 

and size range of 3 pm to several mm.

Chlorite

Chlorite is ubiquitous in the thin sections studied. Chlorite exhibits both lamellar 

and radiating habits and appears grungy in plane polarized light. The mineral displays 

first order and anomalous blue interference colors and is length-fast (Figure 4.4A-B). 

Incipient to pervasive chlorite regularly occurs as: an alteration rim surrounding 

magnetite veins and pods (Figure 4.4C), an alteration of green spinel (hercynite) enclosed 

in magnetite, an alteration of magmatic and alteration rim hornblende, and thin veinlets 

altering diopside and occasionally olivine. Alternating bands of chlorite and serpentine 

occur between clinopyroxene and magnetite in samples from the Mt. Burnett North and 

Cobra prospects (Figure 4.4A-B).





serp = orange

Figure 4.4 Photomicrographic Features of Chlorite.

A-Chlorite and serpentine form alternating bands as the hydrous 
silicate alteration between clinopyroxene and magnetite in cross 
polarized light. Both chlorite and serpentine may display anomalous 
blue interference colors (16X magnification).

B-With the use of the full wave plate (gypsum plate) chlorite and 
serpentine can be differentiated; chlorite is length fast (positive 
elongation) and the interference colors will increase (blue), 
serpentine is length slow (negative elongation) and the interference 
colors will decrease (yellow-orange).

C-Chlorite forms an alteration envelope around the irregular 
magnetite vein (1 OX magnification).

130



Serpentine

Serpentine minerals are invariably present in olivine bearing thin sections. The 

extent of serpentinization of olivine ranges from 2% to 80%. The color of serpentine in 

thin section varies from dark brown to almost colorless. Serpentine display first order 

interference colors with occasional anomalous blue, primarily where associated with 

alternating bands of chlorite. Wispy magnetite is present as cores of serpentine veins. 

Rarely diopside is altered to serpentine; this usually consists of alternating chlorite and 

serpentine bands (Figure 4.4A-B).

Spinel

In a majority of samples collected from the Mt. Burnett North, Mt. Burnett South, 

Lexus, and Cobra prospects a green isotropic spinel mineral (hercynite) is present within 

and adjacent to magnetite veins and clots. Hercynite, (Mg,Fe)Al2O4, is altered to chlorite 

when alteration rim hornblende adjacent to magnetite is also chloritized. Individual 

grains measure 0.2-2 mm.

Textures

Thin sections that do not contain magnetite or diopside veins exhibit cumulate 

textures. Dunite, clinopyroxenite, and hornblende clinopyroxenite display orthocumulate 

and minor adcumulate textures. Wehrlite displays orthocumulate, adcumulate, and 

poikilitic textures. Orthocumulate wehrlite has anhedral diopside interstitial to euhedral 

and subhedral olivine and diopside. Adcumulate wehrlite shows significant growth of
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diopside rims on subhedral diopside crystals. Poikilitic wehrlite displays multiple olivine 

crystals enclosed in a single diopside crystal filling interstitial space. Outcrop samples 

that contain large veins and pods of magnetite show evidence in thin section that 

clinopyroxene and olivine have been replaced by a combination of magnetite + 

hornblende + chlorite + serpentine. The interface between diopside and magnetite is 

irregular but smooth, and does not show subhedral, anhedral, or interstitial characteristics 

(Figure 4.3A-C). In some samples magnetite is in direct contact with diopside, while in 

others there is a rim of hydrous silicates between clinopyroxene and magnetite. Hydrous 

silicate alteration surrounds magnetite veins and pods with three distinct assemblages: 

hornblende (Figure 4.3A-C), hornblende and chlorite (Figure 4.4C), and chlorite ± 

serpentine (Figure 4.4A-B). Serpentine is variably superimposed on any of these 

assemblages. Hornblende alteration rims vary in thickness from a narrow 30 pm band to 

twenty times that, at which point the alteration rim resembles a hornblende vein with a 

magnetite core (Figure 4.3C). This hornblende is variably altered to chlorite; where so, 

hercynite inclusions in magnetite are also altered. While alteration rim hornblende only 

occurs in thin sections from the Mt. Burnett North, Mt. Burnett South, Lexus, and Cobra 

prospects (Fig. 4.1), chlorite as the primary alteration mineral between magnetite and 

diopside is present at all prospects. Where chlorite is the only mineral that comprises the 

alteration halo surrounding magnetite, hercynite within that magnetite is unaltered.

Diopside veins that cut wehrlite of the North Zone and Jaguar prospects are 

spatially associated with PGM-bearing magnetite and display characteristics indicating 

replacement of wehrlite by diopside. In thin section vein diopside is lighter in color and
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coarser than diopside of the host rock. The boundaries between veins and host rock are 

sharp. Vein diopside contains numerous inclusions of magnetite, hornblende, and fluid. 

These inclusions give the vein a cloudy or dirty appearance. Serpentinization of the 

olivine rich host rock, facilitated by fractures that cut both vein diopside and host rock, is 

extremely subdued in the veins but is present on either side (Figure 3.5A).

O paque M inerals in Reflected Light

In most cases opaque minerals were sufficiently large and distinctive for 

identification by standard reflected light observations, supplemented by quantitative or 

semi-quantitative microprobe analyses. In contrast, Platinum-group minerals (PGM) are 

too small (generally < 20 pm) and insufficiently distinctive (most are hard, with high 

reflectivities) to be reliably identified in reflected light. In samples with some confirmed 

or suspected PGM, the quantity of PGM observed correlates to PGE grade reported from 

assay (Table 4.1). For example, sample 493349 contains the largest amount of observed 

PGM, and only two PGM were observed in 394347. No PGM were observed in Type 3 

magnetite. Microprobe analysis of suspected PGM confirmed the presence of PGE.
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Table 4.1 Samples with suspected or confirmed Pt-group minerals (PGM)

Sample Prospect Magnetite # o f PGM Pt ppb Pd ppb
493349 N orth Zone Type 2 numerous 15910 1397
468870 N orth Zone Type 2 numerous 8875 567
464897 Lexus Type 2 5 4726 288
467805 N orth Zone Type 2 3 1828 1295
394347 Continental Type 1 2 1140 278
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Reflected light investigations indicate four distinct types of secondary magnetite, 

with mineralogical and textural differences reflecting diverse conditions of formation. 

The types represent a spectrum from inferred highest-temperature (submagmatic; Type 1) 

to lowest-temperature (serpentinization-related; Type 4) and show systematic differences 

in inclusion types, associated alteration, and relationships to PGM.

Type 1 magnetite is defined by the presence of oriented spinel grains and large 

laths of ilmenite (Figure 4.5A-C). As both ‘spinel’ (hercynite and pleonaste) and 

magnetite are spinel group minerals, they possess extensive solid solution at high 

temperature that breaks down at temperatures below approximately 858oC (Deer et al., 

1992). Consequently, the amount of exsolution is positively correlated to temperature. 

The less oriented intergrowths of spinel the further from 858oC the magnetite formed. In 

contrast, there is no solid solution between ilmenite (FeTiO3) and magnetite (Fe3O4), 

indicating that the laths cannot be of simple exsolution origin. Instead, the lath-like 

intergrowths are conventionally interpreted to represent oxidation of ulvospinel (Fe2TiO4) 

component of magnetite to FeTiO3 + 'A Fe2O3, that is, to ilmenite-hematite solid solution 

(Haggerty, 1991). This phenomena, commonly called oxidative ‘exsolution’ (Haggerty, 

1991) requires both relatively high temperature magnetite formation and later fluid- 

related oxidation.

Exsolved spinel has a much lower reflectivity than magnetite, evident in 

photomicrographs as dark gray doubly terminated rods and cubes aligned along 

magnetite (100) planes (Figure 4.5A-B). These rods and cubes of spinel are generally 

less than 10 pm thick and 60 pm long, but much larger irregular shaped spinel grains (20-
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Figure 4.5 Photomicrographic Features of Type 1 Magnetite (1).

A-Type 1 magnetite containing abundant exsolved spinel and large sandwich inclusions of oxidativly exsolved 
ilmenite (20X magnification).

B-A closer look at A, sandwich inclusions (s) of ilmenite oxidativly exsolved on the 111 plane of magnetite 
(mt), while doubly terminated rods of spinel (sp) exsolved along the 100 plane of magnetite (50X 
magnification).

C-Lattice intergrowths of ilmenite in magnetite under cross polarized reflected light. Anisotropic ilmenite 
laths display their light gray and darkest gray pleochroic scheme against the medium gray magnetite with tiny 
dark gray less reflective spinel exsolved inclusions. Three differently oriented grains of magnetite (1,2, and 3) 
can be distinguished by the different ilmenite lattice patterns (20X magnification).

D-Composite type ilmenite grains surrounding a large spinel inclusion in magnetite (20X magnification).
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80 pm) mass at magnetite grain boundaries. Presumably these represent spinel 

component exsolved at sufficiently high temperature for solid state diffusion to allow 

spinel component to migrate to host magnetite grain margins.

Slightly browner than magnetite and anisotropic, ilmenite laths lie on magnetite 

(111) planes (Figure 4.5A-C). Trellis type ilmenite laths are less than 10 pm thick and up 

to 70 pm long and exsolved along both sets of (111) planes in magnetite creating a cross 

hatched pattern. Sandwich type ilmenite laths (Figure 4.5A-B) are present in magnetite 

from the Mt. Burnett North and Continental prospects (Fig. 4.1). Sandwich type ilmenite 

laths are up to 2 mm long and only exsolve along one of the (111) planes of magnetite; 

spinel cubes commonly occur along their boundaries, indicating that ilmenite ‘exsolution’ 

took place before the spinels exsolved. Composite type ilmenite, 20-150 pm, euhedral to 

subhedral grains, are present within and adjacent to magnetite grains (Figure 4.5D). 

These probably represent original ilmenite grains precipitated with magnetite, both of 

which underwent changes during cooling.

The degree of oxidation in Type 1 magnetite coincides with the C2 and C3 stages 

of Haggerty (1991): C1 -  magnetite-enriched solid solutions (magnetite-ulvospinel) with 

a small number of trellis ilmenite exsolutions, C2 -  Ti poor magnetite with densely 

crowded trellis ilmenite exsolutions.

Type 1 magnetite veins and pods display smooth, irregular contacts with the 

surrounding clinopyroxene. Individual magnetite grains range from 100 pm to over 2 

mm. Ilmenite, phlogopite, and spinel (hercynite) are present as interstitial grains. 

Ilmenite occurs as large euhedral grains (0.5-2 mm); as large euhedral grains rimmed by
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tiny spinels; as small irregular grains (40-150 pm) rimmed by spinel; as tiny (20-90 pm) 

grains rimming large spinels; as thick lamellae rimmed by tiny spinel grains; as long 

irregular rims along cracks in magnetite, and as secondary (oxidative ‘exsolution’) 

lamellae. Large grains with and without spinel rims are likely ilmenite precipitated as 

discrete grains with the surrounding magnetite (Figure 4.6A). The other forms of 

ilmenite most likely resulted from varying degrees of oxidative exsolution and Ti 

migration during subsolidus reactions. Large ilmenite grains may display incipient 

oxidation to rutile along (0001) plane, forming very thin (1-2 pm) lamellae.

Two small (8 pm) very high reflectivity minerals are enclosed in 20 pm diameter, 

ovoid shaped spinel segregations in Type 1 magnetite of the Continental prospect (Figure 

4.6B-D). These high reflectivity minerals are white and have a high polishing hardness; 

other minerals with these characteristics were identified as PGM with the microprobe. 

The PGM enclosed in spinel appear to be composite grains with pyrrhotite (Figure 4.6B- 

D).

Phlogopite is intergrown with Type 1 magnetite from the Mt. Burnett South and 

Cobra prospects. This mica displays a tabular habit with sheets ranging from microns to 

millimeters thick. Hercynite occurs as large octahedral (0.2-2 mm) interstitial grains, and 

as small grains (80-100 pm) rimming both magnetite and ilmenite.

Hornblende variably forms an alteration rim between type 1 magnetite and 

enclosing clinopyroxene (Figure 4.3A-C). Hornblende is not present with all occurrences 

of Type 1 magnetite; hence, Type 1 magnetite is divided into Type 1a (no alteration
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hornblende), and Type 1b (associated with alteration hornblende). Chlorite alteration of 

hornblende and hercynite is variably superimposed.

Type 2 magnetite also contains abundant exsolved spinel but generally lacks 

ilmenite laths (Figure 4.7A). Where present, the ilmenite laths are small and rare. The 

negligible amounts of ‘exsolved’ ilmenite indicates a temperature of formation low 

enough that there is little Ti solid solution in magnetite. Type 2 magnetite is invariably 

hosted by clinopyroxene. Numerous very high reflectivity minerals are enclosed in 30-40 

pm diameter ovoid shaped spinel segregations in Type 2 magnetite (Figures 4.7B-D, 

4.8A-D). These high reflectivity minerals are white and have a high polishing hardness; 

other minerals with these characteristics were identified as PGM with the microprobe. 

The likely PGM enclosed in spinel are either single grains or composites with pyrrhotite 

(Figures 4.7B, 4.8D). Observed PGM are generally 5-27 pm in diameter. Exsolved 

spinel forms lower reflectivity, dark gray, doubly terminated rods and cubes aligned 

along magnetite (100) (Figures 4.7A-D, 4.8A-D). These rods and cubes of spinel are 

generally less than 10 pm thick and 60 pm long, but much larger irregular shaped spinel 

grains (20-80 pm) mass at magnetite grain boundaries and—less commonly--in areas of 

spinel enclosed PGM (Figures 4.7B, 4.8A). Individual magnetite grains within a vein or 

pod range from 100 pm to over 2 mm. Ilmenite and spinel form interstitial grains in 

Type 2 magnetite, similar to their occurrence in Type 1 magnetite (Figures 4.5D, 4.6A). 

Chlorite, with or without serpentine, forms an alteration envelope between Type 2 

magnetite and the enclosing clinopyroxene (Figure 4.4A-C).
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Figure 4.7 Photomicrographic Features of Type 2 Magnetite (1).

A-Exsolved spinel forming lower reflectivity dark gray doubly terminated rods and cubes that are aligned 
along the 100 plane of magnetite (20X magnification).

B-PGM and sulfide grains enclosed in spinel. In this instance the large PGM is not in direct contact with the 
associated sulfide mineral grains, but the two smaller PGM (down and to the left) form composite grains. The 
larger PGM measures 24 pm in diameter (50X magnification).

C-PGM’s enclosed in spinel. The larger square PGM is a single grain with two lath shaped PGM above it. The 
smaller PGM is a composite grain (20X magnification).

D-A closer look at the large PGM in C. The large PGM measures 27 pm in diameter, The two smaller PGM 
above it resemble an exsolution lath (50X magnification).
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Figure 4.8 Photomicrographic Features of Type 2 Magnetite (2).

A-A single grain PGM enclosed in a spinel inclusion at the intersection of spinel exsolution rods (20X 
magnification).

B-A closer look at the PGM in A. Based on this photomicrograph, it can be inferred that the PGM nucleated and 
exsolved at the intersection of two 100 planes in the magnetite crystal during a subsolidus reaction (50X 
magnification).

C-A composite grain PGM enclosed in a spinel inclusion (20X magnification).

D-A closer look at the composite grain PGM in C. The creamy pink brown mineral is inferred to be pyrrhotite. 
The lack of exsolved spinel rods surrounding the spinel enclosed PGM suggests that exsolving spinel was 
incorporated into the larger spinel inclusion during the exsolution process, nucleated by the PGM (50X 
magnification).
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Type 3 magnetite lacks ilmentite laths and generally lacks exsolved spinel 

(Figure 4.9A). The absence of exsolution points to an even lower temperature origin, at 

which solid solution of spinel in magnetite is negligible. Type 3 magnetite is 

predominately in the more olivine rich lithologies of the North Zone and Jaguar 

prospects, and consequently, this magnetite is in contact with both clinopyroxene and 

olivine. Interstitial spinel grains are smaller than in type 1 or 2 magnetite. Extensive 

chlorite + serpentine alteration forms an envelope between type 3 magnetite and the 

surrounding clinopyroxene and olivine.

Figure 4.9 Photomicrographic Features of Type 3 Magnetite and Type 4 Magnetite.

A-Type 3 magnetite with no spinel exsolution from the Jaguar prospect. This type of magnetite is observed 
predominately in thin sections from the North Zone and Jaguar prospects (20X magnification).

B-Type 4 magnetite forms along the centers of serpentine veins, most likely a product of serpentinization and 
unrelated to PGE mineralization (20X magnification).
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Type 4 magnetite occurs as tiny (1-10 pm) grains spatially and temporally 

associated with serpentinization of olivine. Especially at lower temperature, serpentine 

contains very little iron, so the excess iron contained in olivine is precipitated as tiny, 

secondary magnetite (Fig. 4.9B). Consequently, type 4 magnetite represents hydration 

without addition of iron, and is formed by a process completely separate from the other 

magnetite types. Type 4 magnetite is pervasive throughout the UB complex and not 

associated with PGE deposition.

All four types of magnetite can be observed in samples that contain anomalous Pt 

and Pd but types 1, 2, and (or) 3 characterize the samples with significant PGE. Trace 

amounts of pyrrhotite, chalcopyrite, and (or) pyrite can be present as small (10-20 pm) 

grains within and adjacent to magnetite. Their significance is uncertain; pyrite, with an 

upper thermal stability of 741oC (Deer et al., 1992) is necessarily of hydrothermal origin.

Multiple types of magnetite can be seen in a single sample, although types 1 and 3 

rarely occur together. When multiple types of magnetite occur in the same vein, the 

lower temperature type is typically on the periphery of the vein, suggesting re-opening of 

veins along old vein margins.

Summ ary

Textural relationships between vein magnetite and the enclosing minerals indicate 

that vein magnetite is a secondary replacement of the silicates. The smooth boundary 

between magnetite and silicates indicates a process more complex than simply 

precipitation of magnetite in a crack; irregular magnetite-silicate boundaries suggest a



replacement process. That magnetite is typically enclosed by a hydrous silicate rim 

indicates that magnetite was typically deposited at a temperature below that where 

diopside is stable. Repeated cycles of serpentine and chlorite surrounding type 3 

magnetite indicate that temperatures were sufficiently low to permit repeated cycles of 

supersaturation followed by rapid nucleation and growth. If magnetite was a primary 

magmatic mineral, the minerals would possess euhedral to subhedral shapes, magnetite 

would not occur in vein and pod morphology, and magnetite-diopside boundaries would 

lack hydrous silicates.

The mineralogy of hydrous silicate alteration enveloping magnetite corresponds 

to the amount of and type of exsolved minerals within vein magnetite grains. Alteration 

rim hornblende surrounds vein magnetite with both ilmenite and spinel inclusions (Type 

1). Due to the temperature-dependence of solid solution in spinel minerals, vein 

magnetite with the highest proportion of ilmenite lamellae and exsolved spinel must have 

been precipitated at the highest temperature; vein magnetite with little or no ilmenite and 

exsolved spinel must represent lower temperatures of formation. Chlorite ± serpentine 

forms the alteration surrounding Type 2 magnetite which contains only spinel exsolution 

rods. Exsolved mineral inclusions are absent in Type 3 vein magnetite, which requires 

that this magnetite formed under conditions (e.g., relatively low temperature) where solid 

solution in magnetite is negligible. Chlorite ± serpentine hydrous silicate alteration 

encloses Type 3 magnetite. Where both hornblende and chlorite constitute the alteration 

surrounding vein magnetite, hercynite inclusions in the magnetite are also chloritized, 

implying that chlorite alteration occurred after (and not during) magnetite precipitation.
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Diopside veins that cut wehrlite are colorless, coarse grained, and contain 

magnetite, hornblende, and fluid inclusions; characteristics indicative of hyrothermal 

deposition. Diopside vein margins are linear, cutting across magmatic textures. The 

presence of hornblende inclusions in diopside implies a hydrous environment during vein 

diopside precipitation. Fluid inclusions with vapor bubbles and a halite daughter mineral 

also imply a hydrothermal origin for the vein diopside.

Magnetite needles in vein diopside are oriented along diopside (100) planes, 

possibly developed through a process akin to oxidative ‘exsolution’ of ilmenite from 

magnetite. If this is the case, then fluid transport of additional Mg into the diopside was 

also required to maintain charge balance and site occupancy. Alternatively, the magnetite 

needles could represent incipient replacement of diopside by magnetite, a process 

analogous to formation of chalcopyrite ‘disease’ in sphalerite. This mechanism would 

require both transport of Fe into vein diopside and transport of excess Mg, Si, and Ca out 

of diopside.

Type 1 and Type 2 magnetite host PGM enclosed in spinel inclusions. The PGM 

enclosed within spinel are either single mineral grains, or form composite grains with 

pyrrhotite (Figures 4.6B-D, 4.7B-D, 4.8). Observed PGM are 5-27 pm in diameter and 

centered in 30-40 pm diameter ovoid or diamond shaped spinel inclusions. It’s possible 

that the PGMs crystallized early and then served as nucleation sites for an early spinel 

phase which, in turn, was the substrate for magnetite-spinel solid solution growth. In 

some cases the spinel-PGM inclusions also served as nuclei for spinel exsolution from 

magnetite.
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No PGM were observed in Type 3 magnetite, suggesting that either Type 3 

magnetite lacks PGMs entirely or they are too small to be optically detected. In either 

event, the lower-temperature Type 3 fluids were apparently unable to transport significant 

amounts of PGE. Type 4 magnetite, associated with serpentinization, is superimposed on 

virtually all rock types and seemingly bears no relation whatsoever to PGM 

mineralization.
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Chapter 5 Mineral Analyses

Introduction

Results of electron probe micro analysis (EPMA) of mineral compositions from 

outcrop grab rock sample thin sections and XRF analysis of phlogopite mineral separates 

provide a basis to examine the hypothesized mineralization model inferred from silicate 

and ore microscopy. Analysis of the oxide minerals provides temperature estimates for 

magnetite precipitation. Analysis of the hydrous silicate alteration minerals and their 

hosts provide compositional information that is: applied to theoretical and experimental 

mineral stability ranges to infer formation temperatures, used to compare magmatic and 

hydrothermal mineral chemistry, and used to postulate the composition of 

hydrothermal/late magmatic fluids. Analysis of the high reflectivity mineral inclusions in 

magnetite confirms the presence of Platinum Group Minerals (PGM’s).

Oxides

Fe-Ti oxides in the ultramafic lithologies of the Union Bay AT facilitate the use 

of the Fe-Ti oxide geothermometer to estimate the temperature and oxygen fugacity 

(/O 2) conditions during magnetite formation. Samples of PGE enriched magnetite veins 

that contain grains of magnetite and ilmenite in contact with each other are assumed to 

have formed under equilibrium conditions. The equilibrium conditions of the magnetite 

and ilmenite within the PGE enriched magnetite veins can be used to infer vein genesis 

conditions.
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EPMA results delineate the ulvospinel content of magnetite-ulvospinel solid 

solution and the hematite content of ilmenite-hematite solid solution of eight outcrop grab 

rock samples containing PGE enriched magnetite. The results from EPMA of magnetite 

ilmenite pairs were applied to the Fe-Ti geothermometer (Buddington and Lindsley, 

1964; Spencer and Lindsley, 1981) using the Quilf (Version 4) program of Andersen et 

al. (1993). This program assesses equilibria among Ti-magnetite, ilmenite, augite, 

pigeonite, orthopyroxene, olivine, and quartz. The program outputs temperature and /O 2  

estimates for equilibrium between the mineral phases present. Geothermometer results 

deliver temperature and /O 2  conditions that coincide with temperature stability for the 

alteration mineral assemblages present.

Fe-Ti Oxide Geothermometer Theory

Temperature and /O 2  of a crystallizing melt affect the partitioning of iron and 

titanium within the oxide phases (Buddington and Lindsley, 1964). The amount of 

titanium that can be accommodated into the magnetite crystalline lattice is represented by 

the ulvospinel component, Fe2+O(Fe2+Ti4+)O3, of the magnetite, Fe2+O(Fe3+)2O3. The 

amount of ferric iron present in the ilmenite crystal lattice is represented by the hematite 

component, (Fe3+)2O3, of the ilmenite, Fe2+Ti4+O3. Major oxide values from EPMA of 

magnetite ilmenite pairs was input into Quilf, the results are plotted in Figure 5.1.

Union Bay Fe-Ti oxide geothermometry results range from 475-675°C (Figure 

5.1). Complete compositional results for magnetite ilmenite pairs are located in



Appendix 5, and analysis conditions are listed in Chapter 3. The temperature estimates 

proposed by this thermometer are clearly within the temperature range for hydrothermal 

magnetite precipitation (<1500°C), and not the temperature range for primary magmatic 

magnetite crystallization. The /O 2 estimated using the Fe-Ti oxide geothermometer fall 

at 1 log unit above or below the QFM buffer. There is a decrease in /O 2 with decreasing 

temperature.
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Figure 5.1 Fe-Ti Oxide Geothermometry Results. Temperature ranges from equilibrium temperature 
estimates calculated using compositional data on magnetite ilmenite pairs. Black or bold symbols represent 
data points from Quilf, white symbols represent error bars. Samples plotted above the Hornblende In line 
(464911, 464944) do not contain alteration rim hornblende (Chapter 4). Samples 467920, 464922, 464947, 
and 467898 contain alteration rim hornblende that is variably altered, along with spinel inclusions in 
magnetite, to chlorite. Samples below the Coeval Chlorite line do not contain alteration rim hornblende, 
spinel inclusions in magnetite are unaltered, and chlorite forms the alteration rim surrounding magnetite.



Magnetite veins present in the Wehrlite Unit, Clinopyroxenite Unit, and 

Hornblende Clinopyroxenite Unit are assumed to be primary magmatic oxides formed at 

the time of crystallization of the intrusion (Ruckmick and Nobel, 1959). If this is the case 

then temperature estimates upwards of 800°C from the Fe-Ti oxide thermometer would 

be expected. There is evidence that the PGE enriched magnetite veins and pods at Union 

Bay are of a late magmatic, and/or hydrothermal origin. These veins are highly irregular, 

varying in length and thickness, as well as orientation. Magnetite veins pinch and swell, 

and crosscut magmatic layering. The orientation and occurrence of magnetite veins and 

pods within the North Zone and Jaguar prospects appear to be associated with a set of 

diopside veins, which crosscut magmatic layering and deformational fabric. The textural 

relationship between magnetite and the enclosing minerals indicates that the magnetite is 

a secondary replacement of the silicates. A smooth yet irregular boundary separates 

magnetite from the clinopyroxene, hornblende, chlorite, serpentine, and olivine 

surrounding it. If the magnetite was a primary phase the grain boundaries should be 

sharp, and exhibit the euhedral to subhedral shape indicative of magmatic crystalization.

Thin sections of grab rock outcrop samples collected from all prospects contain 

chlorite alteration envelopes surrounding magnetite veins and pods and altering the 

diopside which hosts the magnetite. If the magnetite is primary then the chlorite would 

necessarily have formed later, but if  the magnetite is secondary then the chlorite could be 

coeval.
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There is significant agreement between the textures and mineral associations 

observed in reflected and transmitted light petrography and the temperatures estimated 

from the Fe-Ti oxide geothermometer.

Type 1a Magnetite

The highest temperature magnetite (464911, 464944) is hornblende free; 

interstitial spinel and the hosting clinopyroxene are altered to chlorite. The alteration of 

spinel to chlorite indicates that the spinel was exsolved before the chlorite alteration and 

that the chlorite was formed by a later lower temperature alteration, and not by the fluid 

that precipitated the oxide phases.

Type 1b Magnetite

The next temperature group of magnetite (467898, 467920, 464922, 464947) 

contains alteration rim hornblende; interstitial spinel, alteration rim hornblende, and the 

hosting clinopyroxene contain chlorite alteration.

Type 2 Magnetite

The lowest temperature magnetite (467857, 464943) does not contain alteration 

rim hornblende; interstitial spinel is unaltered to chlorite, but the host clinopyroxene is 

altered to chlorite. The alteration free spinel indicates that the spinel had not exsolved 

from the oxide phase previous to the chlorite alteration and that the fluid that precipitated 

the oxide phase also caused the chlorite alteration.
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Clinopyroxene

EPMA results of clinopyroxene from the lithologies hosting the PGE enriched 

magnetite veins indicate that compositionally the pyroxene at Union Bay is primarily the 

diopside end member with some hedenbergite component (Table 5.1). The compositions 

from this microprobe analysis match very well with the wet chemical values reported 

from Ruckmick and Nobel (1959) (Figure 5.2). There are also some pyroxene 

compositions from this analysis that have minimal Fe and Al concentrations, which are 

very near to the diopside end member (Table 5.1 sample 464943SA). The lower Fe and 

Al content indicate a lower temperature of formation for this phase of clinopyroxene 

(Figure 5.2), which is interpreted to be secondary. The origin and relationship of this 

secondary diopside to Pt mineralization is unknown.

Table 5.1 EPMA Compositions of Clinopyroxene
Sample compositions represent the average compositions from multiple analysis points of 
a traverse or grid on a clinopyroxene crystal. Analysis totals >102 and <98 were not 
included in the averages. Analysis conditions are listed in Chapter 3.

Sample CaO MgO FeO TiO2 MnO Cr2 O3 V2 O3 Al2 ° 3 SiO2  I Total
464911SA 24.20 15.52 5.65 0.38 0.22 0.03 0.02 2.99 49.36 98.37
464911SB 24.48 15.63 5.33 0.40 0.18 0.02 0.04 3.03 49.89 99.00
464911SC 24.14 15.53 5.41 0.36 0.20 0.02 0.04 2.95 49.93 98.58
464944SA 24.05 15.25 6.11 0.45 0.22 0.02 0.03 3.36 48.82 98.31
467920SA 24.01 14.59 6.68 0.41 0.22 0.04 0.04 3.56 49.06 98.61
467920SB 25.46 14.45 5.24 0.69 0.10 0.04 0.04 4.45 48.29 98.75
467857SA 23.76 17.46 3.19 0.28 0.07 0.00 0.01 1.40 53.72 99.90
467857SB 22.91 16.85 4.00 0.26 0.17 0.05 0.03 1.89 52.99 99.15
467857SC 21.73 16.74 4.78 0.26 0.14 0.14 0.08 2.11 52.75 98.73
464943SA 24.47 18.63 0.81 0.03 0.06 0.07 0.04 0.37 55.61 100.09
464943SA 22.39 17.14 4.42 0.30 0.10 0.19 0.03 2.69 52.31 99.58
464943SF 21.33 15.87 6.00 0.28 0.20 0.15 0.03 2.96 51.76 98.58
464943SG 21.23 18.11 4.49 0.17 0.10 0.10 0.04 2.35 52.11 98.72
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Figure 5.2 EPMA Clinopyroxene Compositions Plotted on the Pyroxene Quadralateral.
Clinopyroxene compositions from samples 464911, 464944, 467920, 467857, and 464943 agree with 
compositions reported in Ruckmick and Noble (1959) represented by the clinopyroxene composition trend 
line. Clinopyroxene from sample 464943SA contains minimal Fe (Table 5.2) and plots very close to the 
Diopside end member. Presumably this low Fe vein diopside formed at a lower temperature, which did not 
permit a larger amount of Fe to be incorporated in to the crystal structure.

Hornblende

EPMA results of alteration rim hornblende from samples used in Fe-Ti oxide 

geothermometry shows compositional differences from previously reported magmatic 

hornblende compositions (Table 5.2, Figure 5.3). Hornblende compositions from this 

study plot in the Pargasite to Pargasitic Hornblende fields of Leake (1978). Previously 

reported magmatic hornblende compositions (Ruckmick and Noble, 1959; Himmelberg 

and Loney, 1995) plot in the Pargasite, Ferroan Pargasite, and Ferroan Pargasitic 

Hornblende fields. Alteration rim hornblende contains less K relative to Na, more Mg 

relative to Fe, and less Al relative to Si, when compared with magmatic hornblendes. 

Hornblende associated with PGE enriched magnetite contains significant amounts of Cl 

and F (Table 5.2); concentrations of these elements were not reported in previous studies.
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The amounts of Cl and F contained in the alteration rim hornblende are higher than those 

normally contained in ultramafic plutonic lithologies (Deer et al., 1992), and suggest 

interaction with a moderately Cl- and F rich fluid.

Table 5.2 EPMA Compositions of Hornblende
Sample compositions represent an average from multiple analysis points of a traverse 
from vein magnetite across alteration rims to the host rock. Analysis conditions are listed 
in Chapter 3. Cl and F detection limits are 0.03 and 0.01 weight % respectively.

Sample K2 O Na2 O CaO Cl F FeO MgO MnO TiO2 Al2 O3 SiO2 Total
467920 0.62 1.78 12.73 0.05 0.37 9.06 15.76 0.08 1.75 13.82 44.10 100.12
464922 0.40 2.25 12.59 0.04 0.42 8.08 16.51 0.02 1.18 13.84 43.90 99.22
464947 0.60 1.96 12.78 0.05 0.39 7.99 16.67 0.03 1.36 13.86 44.35 100.05
467898 0.20 2.47 12.55 0.05 0.41 8.06 16.90 0.10 1.18 13.76 45.66 101.32

87GH29A 1.10 2.07 12.21 9.90 14.36 0.12 1.73 14.42 41.55 97.46
87GH47A 0.94 1.96 12.28 11.69 13.35 0.23 1.77 14.61 41.46 98.29
87GH40A 1.20 2.23 12.27 13.40 11.91 0.17 1.63 14.15 40.48 97.44
87GH44A 1.31 1.63 12.00 15.99 10.71 0.46 1.53 12.32 42.50 98.45

95 Hb 0.96 1.62 12.09 12.86 12.63 0.18 1.24 16.64 39.82 98.04

Figure 5.3 Comparison of Secondary and Magmatic Hornblende Compositions. Alteration rim 
hornblende (secondary) contains more Mg relative to Fe, and less K relative to Na than magmatic 
hornblende. Magmatic hornblende compositions from Ruckmick and Noble, (1959) and Himmelberg and 
Loney (1995).
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Phlogopite

XRF analysis results of phlogopite mineral separates from three intervals of 

magnetite phlogopite veins intersected in drill hole UB0104 confirm that the mica is Mg 

rich and that it contains significant amounts of Cl and F (Table 5.3), suggesting 

interaction with a moderately Cl- and F rich fluid. Mica from this study has a higher Mg 

relative to Fe content than previously reported mica analyses from magmatic biotite in 

the Union Bay gabbro and other Southeast Alaska AT’s (Figure 5.4).

Table 5.3 XRF Phlogopite Compositions
Analysis of mica mineral separates confirm it is phlogopite (high Mg) that contains 
significant amounts of Cl and F for a phlogopite mica. Analysis conditions are listed in 
Chapter 3.

Sample | K2O | Na2O CaO Cl F FeO MgO MnO TiO2 A12O3 SiO2
UB010429 7.82 0.01 0.02 11.90 27.83 0.08 2.42 13.51 36.88
UB010441.5 7.49 0.02 0.06 12.42 25.83 0.10 2.26 12.72 37.63
UB0104141 8.34 0.03 0.13 12.33 25.07 0.09 2.23 12.63 39.50
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Figure 5.4 Comparison of Hydrothermal and Magmatic Mica Compositions. Phlogopite form this 
study (+) has a higher Mg content relative to Fe than magmatic biotite from the Union Bay gabbro (U) and 
other Southeast Alaska AT’s (O) (Himmelberg and Loney, 1995).

Chlorite

EPMA results of chlorite alteration rims show that the composition of chlorite is 

dependent on the temperature at which it formed. Chlorite that formed 

contemporaneously with the Type 2 magnetite (Type 2 chlorite) has a lower Fe content 

relative to Mg than chlorite that formed after Type 1 magnetite precipitation (Type 1 

chlorite) (Figure 5.5). Additionally Type 1 chlorite contains greater amounts of Al 

relative to Si than Type 2 chlorite (Figure 5.5). The lower solubility of Al and Fe at 

lower temperatures explains the difference in composition of these chlorites. Chlorite 

forming with the lower temperature magnetite (Type 2) would have less Fe and Al in 

solution to draw on, where as the chlorite forming after the high temperature magnetite



mineralization (Type 1) would have an abundance of Fe and Al in solution from the 

surrounding magnetite, hornblende, and interstitial spinel.
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Figure 5.5 Comparison of EPMA Chlorite Compositions. Chlorite that formed contemporaneously 
with the Type 2 magnetite (samples 467857 and 464943) has a lower Fe content relative to Mg and lower 
Al content relative to Si than chlorite that formed after Type 1 magnetite precipitation (samples 464911 and 
467920). The chlorite crystal structure can incorporate 8 atoms of Si and Al into the tetrahedral sites, 
therefore a higher Si content of chlorite generally equates to a lower Al content. Sample 464949 contains 
both Type 1 and Type 2 magnetite and the chlorite compositions reflect this. Classification diagram from 
Hey (1954). EPMA results used to create this graph are located in Appendix 6.

C orrelation of Fe-Ti Geotherm om etry to Hydrous Silicate A lteration M ineralogy

The temperature and / O2 estimates from Fe-Ti oxide geothermometry agree with 

the theoretical stability ranges for the mineral assemblages observed in thin section. 

Type 2 magnetite returns the lowest equilibrium temperature estimates (Figure 5.1) and
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contains the least amount o f ilmenite and spinel exsolution (Chapter 4). Type 2 

magnetite precipitation is coeval with chlorite alteration of the host wehrlite. The upper 

temperature estimate for Type 2 magnetite precipitation (550°C) is near to the upper end 

of chlorite stability at an fO 2  near the QFM buffer (Figure 5.6a). Type 1 magnetite 

contains the greatest amount o f ilmenite and spinel exsolution (Chapter 4) and returns the 

highest equilibrium temperature estimates (Figure 5.1). Type 1b magnetite surrounded 

by alteration rim hornblende returns equilibrium temperature estimates o f <610°C and 

>550°C, which is brackets the field o f hornblende stability at an fO 2  near the QFM buffer 

(Figure 5.6a-b). Type 1a magnetite, with the highest equilibrium temperature estimates 

(> 610°C, Figure 5.1), is not surrounded by alteration rim hornblende, because 

hornblende is not stable at those temperatures and f  O2  conditions (Figure 5.6b).

Figure 5.6 Chlorite and Hornblende Stability Diagrams. Experimental data demonstrates that:
a)chlorite growth occurs at temperatures of less than 475°C at an fO 2 between QFM and NNO; amphibole 
(hornblende) is the stable hydrous silicate above this temperature (modified from Moody et al., 1983) and
b)hornblende growth occurs at temperatures of less than 575°C at an fO 2 between QFM and NNO 
(modified from Thomas, 1982). These diagrams provide an estimate of chlorite and hornblende stability 
fields. Mineral stability fields are a function of mineral composition and therefore temperatures vary with 
chlorite and hornblende compositions.



PGM

Reflected light studies of polished thin sections reveal very high reflectivity 

minerals enclosed in spinel inclusions in magnetite, tentatively identified as PGM’s 

(Chapter 4). EPMA results from three of these minerals confirm that they are indeed 

PGM’s, with compositions close to isoferroplatinum (Pt3Fe) and tetraferroplatinum 

(PtFe) (Figure 5.7). The formulas for the PGM’s based on 4 atoms per formula unit are: 

PGM 1 - Pt2.3 4Pd012Fe1.3 9Cr0.05Cu0.06Ni0.04 (Pt deficient isoferroplatinum),

PGM 2 - Pt2.03Pd0.10Fe1.56Cr008Cu0.14Ni0.10 (teraferroplatinum),

PGM 3 - P t193Pd0.11Fe1.60Cr0.06Cu0.20Ni011 (teraferroplatinum).

The spinel that encloses the PGM’s is picotite, a Cr rich phase of the hercynite-spinel 

solid solution series (Figure 5.7).

X-ray maps of the three PGM and the adjacent presumed pyrrhotite, and the 

enclosing picotite and magnetite display an elemental distribution that supports the 

inferences drawn above and during reflected light petrography (Chapter 4). Based on the 

Fe and S maps, the high reflectivity mineral adjacent to the PGM’s is Fe and S rich; the 

composition and the optical characteristics under reflected light characterize this mineral 

as pyrrhotite (Figures 5.8, 5.9). A portion of the pyrrhotite grain between PGM 2 and 

PGM 3 is Ni rich (Figure 5.9), and may be pentlandite ((FeNi)9S8). This portion of the 

sulfide mineral in Figure 5.8D has a different coloration and greater reflectivity than the 

majority of the grain. The distribution of Pd, Ni, and Cu in all PGM’s reveals that these 

elements are distributed equally throughout the PGM, and not situated in an exsolved Pd, 

Ni, and Cu rich phase (Figures 5.8, 5.9).
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Figure 5.8 X-Ray Map of PGM 1. This series of images is the product of a wavelength dispersive X-ray 
map produced using Microimage software. The Back Scatter Electron (BSE) image displays the amount of 
electrons “reflected” from the sample under a scanning beam, the higher the atomic number (Z) of the 
element or molecule the more electrons are reflected and the brighter the pixel. PGM 1 is the brightest point 
on the map, due to Pt’s high atomic number. The darkest portions of the map correspond to the enclosing 
picotite. The remaining maps were produced by a grid of analysis points and reflect a qualitative measure of 
the concentration of each element, the brighter the pixel, the greater amount of that element is present. The 
Pt, Pd, Ni, and Cu maps illustrate that these elements are located in PGM 1. The Fe, Al, and Cr maps define 
the picotite and other spinel exsolution lamella in the magnetite host. The Fe and S maps along with its 
medium high reflectance and creamy pink brown color in reflected light indicate that the mineral in contact 
with PGM 1 in the composite grain is indeed pyrrhotite.
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Figure 5.9 X-Ray Map of PGMs 2 and 3. This series of images is the product of a wavelength dispersive X- 
ray map produced using Microimage software. The Back Scatter Electron (BSE) image displays the amount 
of electrons “reflected” from the sample under a scanning beam, the higher the atomic number (Z) of the 
element or molecule the more electrons are reflected and the brighter the pixel. PGMs 2 and 3 are the 
brightest points on the map, due to Pt’s high atomic number. The darkest portions of the map correspond to 
the enclosing picotite. The remaining maps were produced by a grid of analysis points and reflect a 
qualitative measure of the concentration of each element, the brighter the pixel, the greater amount of that 
element is present. The Pt, Pd, Ni, and Cu maps illustrate that these elements are located in PGMs 2 and 3. 
The Fe, Al, and Cr maps define the picotite and the magnetite host. The Fe and S maps along with its medium 
high reflectance and creamy pink brown color in reflected light indicate that the mineral in contact with 
PGMs 2 and 3 in the composite grain is indeed pyrrhotite. The Ni map shows that there is a fair amount of Ni 
in the pyrrhotite, perhaps enough to be a pentlandite grain.



Summ ary

Fe-Ti oxide geothermometry preformed on PEM veins reveals that these veins 

formed at temperatures between 675-475°C, and fO 2 conditions between one log unit 

above and one log unit below the QFM fO 2 buffer. Results from the Fe-Ti oxide 

geothermometer of Buddington and Lindsley show a coincident decrease in equilibrium 

fO 2 conditions with a decrease in equilibrium temperature estimates. Magnetite vein 

contacts and associated hydrous silicate alteration are indicative of secondary 

precipitation. Geothermometer results deliver temperature and fO 2 conditions that 

coincide with temperature stability for the hydrous silicate alteration minerals present. 

Highest temperature magnetite has abundant ilmenite and spinel exsolution with no 

associated alteration. Magnetite formed between 600-550°C has abundant ilmenite and 

spinel exsolution and was precipitated with hornblende alteration rims. Magnetite 

formed below 550°C has sparse ilmenite but abundant spinel exsolution and was 

precipitated with chlorite alteration rims.

Hydrothermal pyroxene at Union Bay is nearly pure diopside (low temperature), 

in contrast with the high temperature Fe-Al-bearing magmatic clinopyroxenes. 

Hydrothermal hornblende has lower ratios of K to Na, Fe to Mg, and Al to Si than 

magmatic hornblende. Phlogopite intergrown with PGE enriched magnetite is more Mg 

rich and Ti poor than magmatic mica. Both phlogopite and hornblende associated with 

hydrothermal magnetite contain significant Cl-, suggesting equilibrium with a moderately 

Cl- rich fluid. Chlorite associated with lower-temperature magnetite deposition has lower

163



ratios of Fe to Mg and Si to Al than that which overprints alteration hornblende and 

spinel inclusions.

PGM are enclosed in picotite spinel, hosted in Type 2 magnetite. 

Isoferroplatinum and tetroferroplatinum together with pyrrhotite form the composite 

grains at the center of picotite inclusions.
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Chapter 6 Discussion, Summary, and Conclusions 

Introduction

Results from this research give rise to three lines of evidence that PGE enriched 

magnetite of the Union Bay AT is not a primary magmatic mineral. The macro and 

micro morphology of PGE enriched irregular magnetite veins and pods, mineralogical 

and elemental compositions of vein magnetite and associated hydrous silicate alteration, 

and chondrite normalized PGE trends of the Union Bay AT all differ from those of 

typical magmatic PGE mineralization associated with AT’s worldwide.

Discussion

On the macroscopic scale, PGE enriched magnetite (PEM) forms irregular veins 

and pods primarily in the Mixed Wehrlite member, with lesser amounts in the 

Clinopyroxenite and Hornblende Clinopyroxenite Units. These PEM veins pinch and 

swell, following and crosscutting magmatic layering. PEM veins and pods variably 

conform to the contact between olivine and clinopyroxene rich phases of the Mixed 

Wehrlite member, bending in similar fashion to the curvilinear contacts. PEM veins do 

not resemble chromite schlieren often hosted in the dunite of AT’s; the magnetite veins 

have sharp contacts compared to the gradational contacts between granular chromite and 

medium grained olivine. PEM veins are typically surrounded by pale blue-green chlorite 

± serpentine alteration (Figure 3.23A). The irregular morphology of these veins and pods 

indicate a secondary/non-magmatic origin for PEM.
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Outcrop samples that contain large veins and pods of PEM show evidence in thin 

section that clinopyroxene and olivine have been replaced by a combination of magnetite 

+/- hornblende +/- chlorite +/- serpentine. The interface between diopside and PEM is 

smooth and undulating, and does not display euhedral or interstitial textures with adjacent 

diopside crystals (Figure 4.3). In some samples the magnetite is in direct contact with the 

diopside, while in others there is a rim of hydrous silicates between the clinopyroxene 

and the magnetite. Hydrous silicate alteration envelopes surrounding magnetite veins and 

pods occur in three distinct styles: hornblende, hornblende and chlorite, and chlorite 

(Figures 4.3, 4.4). Serpentine is variably superimposed on any of these assemblages. 

Hornblende alteration rims vary in thickness from a narrow 30 gm band to twenty times 

that, at which point the alteration rim resembles a hornblende vein with a magnetite core 

(Figure 4.3). This hornblende is sometimes altered to chlorite, and invariably when it is, 

so is the hercynite within the magnetite. While alteration rim hornblende is observed 

only in thin sections from the Mt. Burnett North, Mt. Burnett South, Lexus, and Cobra 

prospects, chlorite as the primary alteration mineral between magnetite and diopside is 

observed in thin sections from all prospects.

The mineralogy of hydrous silicate alteration enveloping magnetite corresponds 

to the amount of and type of exsolved minerals within PEM grains. Alteration rim 

hornblende surrounds PEM with both ilmenite and spinel inclusions (Type 1) (Figure 

4.5A-C). Vein magnetite with the highest amount of oxidatively exsolved ilmenite and 

exsolved spinel was precipitated at the highest temperature relative to vein magnetite 

with lesser amounts of oxidatively exsolved ilmenite and exsolved spinel. When
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hornblende and chlorite constitute the alteration surrounding vein magnetite, hercynite 

inclusions in the magnetite are also chloritized, implying that chlorite alteration occurred 

after and not during magnetite precipitation. Chlorite forms the alteration surrounding 

Type 2 vein magnetite which contains only spinel exsolution rods (Figure 4.7A). When 

chlorite is the only mineral that comprises the alteration halo surrounding magnetite the 

hercynite within that magnetite is fresh and unaltered. The absence of chlorite alteration 

of hercynite indicates that hercynite had not exsolved from magnetite and that chlorite 

alteration of the diopside and olivine was coeval with magnetite precipitation. Exsolved 

mineral inclusions are absent in vein magnetite precipitated at the lowest relative 

temperature (Type 3) (Figure 4.9A). Chlorite ± serpentine compose hydrous silicate 

alteration enclosing Type 3 magnetite. Textural relationships between PEM and the 

enclosing minerals indicate that PEM is a secondary replacement of the silicates. There 

is a smooth and undulating boundary between magnetite and the surrounding 

clinopyroxene, hornblende, chlorite, serpentine, and olivine. If magnetite was a primary 

interstitial mineral the contact with silicates should be sharp, and reflect the euhedral to 

subhedral shape of the cumulate minerals.

Fe-Ti oxide geothermometry of PEM veins indicates equilibrium conditions of 

approximately 675-475°C (Figure 5.1), and /O 2 conditions at approximately the QFM 

/O 2 buffer. The equilibrium /O 2 also shows an apparent decrease with decreasing 

temperature (Appendix 5). These temperatures are well below the liquidus temperature



~1100°C for a mafic melt and are clearly incompatible with direct precipitation from a 

melt.

The geothermometry gives temperature ranges that coincide with thermal stability 

for the associated silicate minerals (Figure 5.6), further suggesting oxide precipitation 

from a fluid phase. Highest temperature magnetite (> 600C) has abundant ilmenite and 

spinel exsolution and lacks associated hydrous silicate alteration. Magnetite yielding 

temperatures of 600-550°C has abundant ilmenite and spinel exsolution and is spatially 

associated with hornblende alteration rims. Magnetite yielding temperatures below 

550°C has sparse ilmenite but abundant spinel exsolution and is spatially associated with 

chlorite alteration rims.

Alteration rim (hydrothermal) hornblende has lower ratios of K to Na, Fe to Mg, 

and Al to Si than magmatic hornblende (Table 5.2, Figure 5.3). Phlogopite intergrown 

with PEM is more Mg rich than magmatic mica (Figure 5.4). Both phlogopite and 

hornblende associated with hydrothermal magnetite contain significant Cl- (Tables 5.2, 

5.3), suggesting equilibrium with a moderately Cl- rich fluid. Chlorite compositions 

coincide with hypothesized chlorite genesis. Rims of chlorite associated with lower- 

temperature magnetite have lower ratios of Fe to Mg and Si to Al than that which 

overprints alteration hornblende and spinel inclusions (Figure 5.5); chlorite formed 

during magnetite precipitation would have less Fe and Al available in solution than at 

higher temperatures and/or during alteration of Type 1 magnetite.

Diopside veins cut the Wehrlite Unit and PEM is spatially associated with these 

veins. Hydrothermal pyroxene (Table 5.1, Figure 5.2) at Union Bay is nearly pure
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diopside (low temperature), in contrast with the high temperature Fe-Al-bearing 

magmatic clinopyroxene. In thin section, Type 1 diopside veins contain mineral 

inclusions of magnetite needles, hornblende rhombohedra (Figure 4.2A-C), and 

occasional fluid inclusions. These inclusions give the diopside a cloudy or dirty 

appearance. The needle-like magnetite inclusions appear to be orientated parallel to host 

diopside (100) or (010) planes and are generally 5-30 gm long (Figure 4.2A-B). 

Hornblende inclusions are brown rhombohedra orientated parallel to diopside (100) 

planes (Figure 4.2C). Hornblende long dimensions are 20-80 gm. Fluid inclusions in the 

vein diopside are small (4-6 gm) but contain a visible vapor bubble and halite(?) daughter 

mineral.

Many attributes of Union Bay PGE mineralization correspond to the possibility of 

hydrothermal concentration. The inclusions in diopside veining are consistent with 

hydrothermal precipitation of diopside; Fe in the fluid would form magnetite needles, 

incipient hornblende would form from hydrated diopside and Na in the fluid, and a 

crystal growing from a solution could possible trap some of that fluid, which would likely 

be saline (NaCl). Magnetite needles in hydrothermal olivine are reported in the Driekop 

dunite pipe of the Bushveld (Schiffries, 1982), which is hypothesized to have formed by 

hydrothermal alteration from a Cl rich fluid.

The amount of Cl in both secondary hornblende and secondary phlogopite 

suggests that the fluid which formed these minerals was moderately Cl rich. 

Experimental studies (Volfinger, 1985) showed that the amount of Cl incorporated into 

the crystal structure of phlogopite -annite series micas positively correlated to the amount



of annite component (Fe). The presence of Fe in the mica crystalline structure increases 

the size of the anion site, which facilitates incorporation of the larger Cl- anion over OH-. 

A Mg rich mica incorporated 20 times less Cl than a Fe rich mica. Phlogopite with 0.01

0.03 wt% Cl would have formed from a fluid containing Cl contents of several molar or 

more. Volfinger (1985) also showed that K poor (relative to Na) amphiboles contained 

less Cl than Na rich amphiboles. A similar process controls the size of anion sites in 

amphiboles and micas, the amount of Fe in the amphibole crystalline structure increases 

the size of the cation and anion sites, therefore increasing the ability for K and Cl- to 

reside in amphibole. The secondary amphibole rimming PEM is Mg rich, which would 

limit the amount of Cl- and K that could be incorporated into the amphibole structure.

A significant amount of Cl in solution increases the solubility of many elements, 

including Pt, Pd, Fe, Al, and Au (Barnes, 1979; Skinner, 1979). Wood (2002) notes that 

Cl- forms relatively strong complexes with Pt and Pd.

The mechanisms of PGE transport in aqueous solution are still poorly understood 

due to a lack of robust thermodynamic data (Wood, 2002), but there is evidence that PGE 

can be fairly mobile as aqueous solutions when complexed with Cl (Schiffries, 1982; 

Wood, 2002). Under such conditions, the solubility of Pt and Pd increase with increasing 

temperature and /O 2, and decreasing pH (Schiffries 1982, Wood 2002). Therefore a 

temperature drop, /O 2 drop, and (or) increase in pH would cause PGE precipitation from 

a Cl bearing fluid.

Additional observations of Pt and Pd solubility as a Cl- complexs relate to PGE 

trends seen at Union Bay. The experiments reported by Wood (2002) show that Pt Cl-
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complexes have a slightly higher solubility than Pd Cl- complexes. PEM in olivine 

dominant host lithologies have Pt to Pd ratios much greater than 1, which is consistent 

with the greater solubility of Pt. The Pt to Pd ratios present in clinopyroxene and 

hornblende rich lithologies is near or below 1. Perhaps a Cl rich fluid preferentially 

scavenged Pt from the “outer” clinopyroxene and hornblende rich lithologies and 

transported it to the “inner” olivine rich lithologies where a drop in pH by water-rock 

interaction ± cooling ± /O 2 decrease caused Pt-Fe alloy precipitation in hydrothermal 

magnetite.

A comparison of results from a full PGE suite analysis of selected rock samples 

indicates that Union Bay prospects have broadly similar characteristics which differ 

considerably from those of ‘normal’ Alaska-type complexes. A selection of 59 samples 

which reported elevated Pt and Pd concentrations by lead collection fire assay were 

submitted for a full PGE suite (Os, Ir, Ru, Rh, Pt, Pd) analysis by Ni sulfide collection 

(Appendix 1B). These results were then normalized using the chondrite PGE 

concentrations of Naldrett and Duke (1980). A logarithmic plot of these values in order 

of decreasing melting temperature (Figure 6.1) is the standard way to view and compare 

the PGE concentrations. Chondrite normalized PGE values plotted according to prospect 

illustrate the differences in styles and genesis of PGE mineralization.

The average trend for all samples collected from the Union Bay AT has a negative 

slope from Os to Ru, a positive slope from Ru to Pt, and a negative slope from Pt to Pd. 

The maximum and minimum values for all samples follow this same trend. Samples 

collected from North Zone, Cobra, a Mt. Burnett South high grade sample, Chevelle, and
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Continental all follow this trend. In contrast, the 3 samples from Jaguar and single 

sample from Lexus have a positive slope from Os to Ir, i.e., are anomalously low in Os. 

Oppositely, the 2 samples from Cannery and the 2 Mt. Burnett South saw channels 

display a positive slope from Pt to Pd, i.e., are anomalously low in Pt. The latter two 

prospects are magnetite hosted by clinopyroxene- or hornblende-dominated rocks; all the 

others are in olivine-dominated rocks. This pattern suggests that PGE enrichments at 

Union Bay are influenced by the host rocks.

Further, chondrite normalized PGE trends from the Union Bay AT differ from 

typical AT trends (Figure 6.2). Compared to the other AT’s, Union Bay has a significant 

Ir depletion and lesser Pd enrichment (Figure 6.3). Both of these abnormalities can be 

attributed to a hydrothermal remobilization of PGE.

The general PGE trend for AT’s is an extreme Pt enrichment relative to 

chondrite/mantle values and a Ru to Ir ratio of < 1 (Johan, 2002). Typical AT’s have a 

higher Ir concentration than would be expected for this refractory element; the Ir and Pt 

pairing seen in AT’s is poorly understood (Johan, 2002). The Ir depletion at Union Bay 

relative to other AT’s fits with the refractory nature of this element which would be 

highly immobile in a hydrothermal environment. A slight Pd enrichment at Union Bay 

compared to other AT’s can also be attributed to either the scavenging of other PGE’s 

from the outer lithologies and the subsequent residual enrichment of Pd, or that Pd was 

also remobilized and concentrated by the fluid, the latter seems more likely based on 

Wood’s (2002) work.
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Chondrite Normalized PGE

Os lr Ru Rh Pt Pd

1 Goodnews(Con) - 2  Inagli(Cr) ^ — 3 Nizhni Tagil(Cr)

-  5 Uktus(Type 2 Cr) Upper UB Envelope

UB Avg (59) Lower UB Envelope

Figure 6.2 Chondrite Normalized PGE by Deposit. PGE values from select Alaskan-type (AT) deposits 
normalized to the chondrite PGE abundances of Naldrett and Duke (1980). The Union Bay AT does not share 
the same “M” shaped profile as other AT’s. There is a significant Ir depletion and subtle Pd enrichment at 
Union Bay compared with the other AT’s. Data from 1) Mertie (1976), 2-3) Johan (2002), 4) Malich (1991), 5) 
Garuti et al. (2003). Abbreviations Cr= Chromite, Con=Dredge Concentrate.
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Figure 6.3 Comparison of Pt/Pd and Os/Ir Values for Select Alaskan-Type Complexes. The Union 
Bay AT plots separately from the other ATs reflecting its relative Pd enrichment and Ir depletion compared 
to the typical AT trend. Data from: Mertie (1976), Johan (2002), Malich (1991), Garuti et al. (2003). See 
Figure 6.2.

The Ti and V concentrations of PEM compare to another hydrothermal PGE 

enrichment in an AT. In the P-units of the Owendale complex in New South Wales, 

Australia, PGE enrichment is characterized by an increase in Cr and decrease in Ti and V 

relative to the barren clinopyroxenite (Johan, 2002). Tables 3.4 and 3.5 display the high 

V to Fe ratios of the Clinopyroxenite and Hornblende Clinopyroxenite Units and the high 

Cr of the Wehrlite Unit. Reynolds (1985) states that V builds up in a magma until

3 +
magnetite first crystallizes, then its resemblance to Fe allows it to substitute into 

magnetite and the V concentrations of the magma decrease rapidly. Therefore the first 

crystallizing magnetite will be V rich. The large amounts of euhedral and interstitial 

magnetite in the “outer” Clinopyroxenite Unit would suggest that there was not



significant magnetite crystallization until this unit crystallized, hence the high V of the 

“outer” units. The low V values of most PEM at Union Bay in the “inner” lithologies is 

consistent with a secondary origin for this magnetite. The relatively high V 

concentrations of the Continental prospect PEM may be due to remobilization of adjacent 

Clinopyroxenite Unit magnetite by the Cl- rich fluid.

The greatest hindrance to the delineation of an economic PGE deposit at Union 

Bay is the extremely spotty and sporadic nature of PGE enrichment. While the highest 

probability of collecting a PGE enriched sample is in irregular magnetite veins and pods 

of the Mixed Wehrlite member, there is also a high probability of collecting a barren 

piece of magnetite. Irregular magnetite veins do not follow predictable paths or trends 

defined by faults or fractures. The nugget effect was the bane of drilling. While saw 

channels can sample along a certain high grade horizon, drilling cuts perpendicular to the 

horizon, and with a 5 cm wide hole, a limited amount of the horizon is sampled. Drilling 

results show that many of the holes missed the PGE enriched portions of magnetite veins 

intercepted. This nugget effect is typical of high grade vein style deposits.

The vital questions raised by the Union Bay complex are:

(a) Why is it different from typical ATs?

(b) What is the origin of the apparently hydrothermal mineralization?

Neither of these questions has an obvious answer. The age of Union Bay is 

essentially the same as other ATs in the SE Alaskan belt (ca. 100 Ma) and the overall 

rock types are similar to those of other complexes. Two obvious differences stand out
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from other SE Alaskan ATs: there is very little magmatic sulfide at Union Bay compared 

to Duke Island and Kane Peak, and Union Bay is the only AT of the belt with significant 

amounts of discordant (vein) magnetite. Gabbroic bodies are commonly associated with 

AT ultramafic bodies in SE Alaska; the age relationships are commonly complex or 

ambiguous. At Union Bay gabbro (norite) appears to intrude the ultramafic rocks; and 

hence, crystallized after the ultramafic portion of the intrusion. Perhaps the gabbro 

provided heat and (or) fluids to remobilize PGE and deposit them with hydrothermal 

magnetite and the associated hydrous silicates. Alternatively, the presence of magmatic 

hornblende at Union Bay indicates that the ultramafic magma must have contained some 

water; perhaps it saturated late in its crystallization history, producing the hydrothermal 

features. These genetic hypotheses are presented in Figure 6.4.
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Figure 6.4 Schematic W-E Cross-section of the Union Bay Alaskan-type Complex. This cross-section is 
based on the proposed genetic model. Fluids from the slightly younger Gb have redistributed PGE in the 
Union Bay AT. An alternative model is that late magmatic fluids from the ultramafic intrusion redistributed 
the PGE. Either genetic model is supported by the mineralogical and geochemical evidence which implies 
that a moderately Cl rich fluid interacted with the ultramafic lithologies resulting in the precipitation of Fe-Ti 
oxide veins and pods that are Pt and Pd enriched and fr depleted when compared to PGE mineralization in 
other ATs (Figures 6.2, 6.3). Unit abbreviations : Du - Dunite, Wh - Wehrlite, Cpx - Clinopyroxenite, Hpx - 
Hornblende Clinopyroxenite, Hb - Homblendite, Hb/Sg - Mixed Homblendite/ Saussuritized Gabbro, Gb - 
Gabbro, Gr - Gravina Overlap Assemblage.



Summ ary

The Union Bay AT is composed of eight mapped units: dunite, wehrlite, olivine 

pyroxenite, clinopyroxenite, hornblende clinopyroxenite, hornblendite, mixed 

hornblendite gabbro, and gabbro (Plate 1). Magmatic contacts are gradational where 

exposed. Magmatic layering exposed to the west and southeast of Mt. Burnett defines an 

east plunging syncline. The entirety of the Union Bay AT appears to be shallowly 

dipping south. Discordant, high-angle contacts between units in the complex suggest 

high angle faults. There is a set of primarily north-south trending normal faults and a set 

of primarily east-west trending reverse faults; north-south trending faults are the result of 

extension, while east-west trending faults are due to compression.

The majority of the exposed Wehrlite Unit is north of the Cannery Creek Fault on 

ridgetops and cliff faces. All but three of the PGE prospects are located within this unit. 

PGE enriched magnetite-ilmenite-hercynite veins and pods are hosted in both the dunitic 

layers and clinopyroxene rich layers of the mixed wehrlite. PGE bearing magnetite veins 

follow and cross-cut igneous layering in an irregular fashion.

Outcrop and drill core sampling results define geochemical trends that reflect the 

host rock and type of PGE mineralization at each prospect. Olivine content of the 

samples positively correlates with Co, Cr, Mn, Mg, and Ni. Clinopyroxene content 

positively correlates with Ca. Hornblende positively correlates with K, Na, and Al. 

Plagioclase content positively correlates with K, Na, Al, Sr, and P. Generally, higher 

ratios of Pt to Pd positively correlate with vein magnetite hosted in olivine rich 

lithologies; ratios of Pt to Pd near one or lower than one positively correlate with vein,
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layered, and disseminated magnetite hosted in pyroxene and hornblende rich lithologies 

(Tables 3.4, 3.5). Higher ratios of V(ppm) to Fe(%), indicating higher V content of 

magnetite, positively correlate with pyroxene and hornblende rich lithologies (Tables 3.4, 

3.5). Ultramafic lithologies of the Union Bay AT generally contain background levels of 

5 ppb to 25 ppb Pt. Sulfur contents positively correlate with Cu, and have a poor and 

variable correlation with PGE’s.

Irregular hydrothermal magnetite veins and pods are variably PGE enriched. The 

amount of exsolved ilmenite and spinel, and the type of hydrous silicate alteration 

associated with magnetite corresponds to the temperature ranges at which the magnetite 

formed. PGE enriched magnetite was formed at temperature between 675-475°C, clearly 

hydrothermal temperatures. Type 1 magnetite contains the largest amount of exsolved 

minerals and hornblende alteration rims. Type 2 magnetite contains abundant spinel 

exsolution, rare ilmenite exsolution, and is surrounded by coeval chlorite. Type 3 

magnetite does not contain exsolved phases. Hornblende and biotite associated with 

PEM contain significant amount of Cl, indicative of formation by a Cl rich fluid.

PGM are enclosed in picotite spinel, hosted in Type 2 magnetite. 

Isoferroplatinum and tetroferroplatinum together with pyrrhotite form the composite 

grains at the center of picotite inclusions. These PGM cored inclusions exsolved along 

magnetite crystal planes from a Fe-Ti-Mg-Al-Cr-PGE solid solution.

PGE trends at Union Bay differ from typical chromite-hosted, presumably 

magmatic, PGE concentrations seen in most AT systems. The relative Ir depletion and
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Pd enrichment at Union Bay (relative to typical AT) are consistent with hydrothermal 

remobilization of PGE by a Cl rich fluid.

Conclusions

• Platinum enriched magnetite textures indicate a hydrothermal origin for this 

magnetite.

• Minerals associated with platinum enriched magnetite veins and pods indicate a 

hydrothermal origin for this magnetite.

• Temperature estimates derived from Fe-Ti oxide geothermometry of platinum 

enriched magnetite indicate a hydrothermal origin for this magnetite.

• Platinum group element trends derived from platinum enriched magnetite vary 

from patterns typical of Alaskan-type complexes, and indicate a hydrothermal 

origin for this magnetite.

In sum, the Union Bay AT represents a completely different sort of PGE 

concentration from the classic AT PGE mineralization model, with PGEs localized in 

vein/veinlet magnetite, commonly within the olivine + pyroxene portions of the body. 

The simplest hypothesis that explains the various features observed is that a hot, 

moderately Cl- rich fluid interacted with the intrusion just after crystallization. 

Potentially this fluid remobilized the PGE from disseminated euhedral magnetite of the 

peripheral units to form PGE enriched magnetite veins in the near-central portion of the 

complex. In consequence, a lode PGE investigation of an AT should not be restricted to
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chromitites in the dunite core, but rather, needs to consider any and all of the rocks 

present.

Future Work

The major aspect of PGE mineralization at Union Bay left unanswered by this 

study is: why is only some vein magnetite mineralized? I have yet to find any consistent 

way to predict PGE-bearing vs. barren vein magnetite at Union Bay. There is no 

particular characteristic that PEM displays over non-enriched (background level) 

magnetite. Not morphology, grain size, nor color have proven useful in categorizing 

PEM. While the irregular vein magnetite of the Mixed Wehrlite member holds the 

majority of PEM, it also holds the majority of non-enriched irregular vein magnetite. To 

date boots-on-the-outcrop prospecting has been the only method that works for 

discovering PEM. Future studies at Union Bay will need to address this problem if an 

economic deposit is to be discovered.

Continued analysis of magnetite ilmenite pairs from a wider sample set may 

define temperature zoning that may point to fluid pathways and a bonanza grade vein 

system. Further examination and characterization of the PGM hosted in picotite 

inclusion of the vein magnetite may shed light on the significance of this unique 

association of spinel and PGM.
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