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Abstract

The Richardson district contains multiple granitic units intruding gneiss and schist. The Bald 

Knob prospect contains gold-bearing quartz veins with the assemblage Bi°- Au° - hedleyite and high 

methane fluid inclusions. These features indicate very low fS2-fo2 conditions, lower than any reported for 

90 Ma interior Alaska gold systems, including the nearby Democrat and Buckeye prospects.

The Bald Knob and Democrat Lode prospects returned 40Ar/39Ar ages of -104  and -9 0  Ma, 

respectively. Peraluminous dikes possess collisional tectonic signatures and interpreted age of 114 Ma. 

Younger dikes and 3 km2 granite pluton possess arc-type compositions and yield 40Ar/39Ar ages o f -  90 

Ma.

Gamet-biotite geothermometry on metamorphic rocks indicates low-P regional metamorphism 

(550-600C; 3-4 kb) and vertical movement between adjacent fault blocks. Highest temperatures are in the 

fault block hosting the Bald Knob prospect, suggesting it represents the deepest mineralization exposure in 

the area and is most proximal to a causative pluton.
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Chapter 1: Introduction and Geologic Setting

1.1 Introduction

This thesis describes the results of geologic mapping and sample analysis from the Richardson 

District, east central Alaska. The Richardson field area is located approximately 65 miles (-110 km) 

southeast o f Fairbanks (Figure 1.1). It lies on the north side o f the Richardson highway (which locally runs 

along the northern side o f the Tanana River) and is most easily accessed from the Richardson Road House, 

at mile marker 295. The area known as the Richardson district has been of economic interest since 1905, 

when placer gold mining began on Tenderfoot Creek. Mining quickly spread to Banner Creek and other 

tributaries. Bundtzen and Reger (1977) reported that from 1905 to 1921, gold production for the district 

was approximately 95,000 ounces of gold and 24,000 ounces o f silver. Placer mining still continued into 

recent years.

Although a significant amount o f placer gold has been mined from the Richardson district, only 

one lode source has been identified thus far. The Democrat lode deposit (Figure 1.2) is located several 

miles to the north of the Richardson Roadhouse and is accessible by gravel road. Gold mineralization is 

hosted in a granite porphyry body known as the Democrat dike. The deposit was discovered in 1913, but 

was never put into production, although estimated resources are as high as 1,000,000 ounces of gold (Tri- 

Valley Corp., written comm., 1998).

Until the early 1990’s, there was little lode exploration or geologic mapping in the Richardson 

area. With the discovery o f the large, low-grade, Fort Knox deposit to the northwest and the large, high- 

grade Pogo gold deposit to the east (Figure 1.1), exploration for large lode gold deposits dramatically 

increased in this historic placer gold district. However, exploration efforts have been hindered by the lack 

of rock exposure in areas like the Richardson district. Much o f the southern Big Delta quadrangle has not 

been glaciated and is largely overlain by wind-blown silt, sand, and loess, locally up to 50 meters thick 

(Foster et al., 1979).
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Figure 1.1: Location map tor Richardson field area. Base map showing major rock packages present taken 
from Dusei-Bacon et al. (1993). Location and age of peraluminous granite from AleinikofT et al. (1986). 

Major gold deposit shown by star.
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Figure 1.2: Map showing the distribution o f  lode and placer prospects in the vicinity o f the 
Richardson study area. Numbered lode prospects are: 1. Democrat lode prospect, 2. Bald Knob 
prospect, 3. Buck Ridge prospect. The Richardson Lineament o f Bundtzen and Reger (1977) both 
contains the Democrat dike and divides the area into lode (to the NE) and placer (to the SW) gold 
occurrences. Base map is from Weber et al. (1978).
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I used semi-detailed airborne geophysical data, in conjunction with conventional geologic mapping 

based on natural and artificial (trenches, pits, drill holes) exposures, to prepare a 1:70,000 scale geologic 

map of the district. I used samples from the mapping effort to confirm the nature o f the units I described in 

the field. This work included petrographic analysis o f the major units I identified. I used geochemical 

analyses to characterize the units and to help classify rock types. I used microprobe data to help model the 

post-metamorphic history of the study area, including relative motion of fault blocks. I determined ages of 

two newly defined igneous units and a newly recognized gold mineralization event using radiometric 

40Ar/39Ar dating techniques. This report presents the data and results and attempts to sort out relationships 

both within the field area as well as compared to other parts of Interior Alaska.

1.2 Mapping Studies and Regional Geology

The Richardson District is part o f the Yukon-Tanana composite terrane (YTT), which underlies 

most o f eastern interior Alaska and adjacent Canada. It consists o f metamorphic and meta-igneous rocks; 

structurally overlain by obducted ophiolite, intruded by a significant volume o f Cretaceous- to Tertiary- 

aged granitic rocks, and overlain depositionally by mid-Cretaceous and early Tertiary volcanic rocks 

(Foster et al., 1979). Several periods o f high-and low-angle faulting have also been documented. The only 

published geologic map of the study area (Weber et al., 1978; 1:125,000) shows most o f the thesis area as 

Quaternary cover, although gneiss was mapped at higher elevations. A 600 km2 block northeast o f the 

study area (Figure 1.1) was identified as a possible gneiss dome (Foster et al., 1977). One would expect 

that the Richardson district exhibit the same complex lithologic and structural patterns as seen elsewhere in 

the YTT, if  one could see below the overlying loess and vegetation.

Bundtzen and Reger (1977) identified the Richardson lineament, a major northwest- trending fault, 

in the southern part o f the thesis study area. They mapped this fault as separating gneiss to the northeast 

from schist to the southwest. Bundtzen and Reger (1977) further claimed that it played a key role in gold 

mineralization, with prospects located along and southwest of the lineament.

Swainbank et al. (1984) produced an outcrop map of the area from Birch Lake (Figure 1.1) 

eastward to and including part o f the thesis area. This map lacks geological interpretation, but contains
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abundant raw structural and lithologic information. Swainbank et al. (1984) first described most of the 

units present in the thesis area.

The Alaska Department o f Geological and Geophysical Surveys (ADGGS) published 1:63,360 

scale, airborne magnetic and resistivity survey maps o f the Richardson area (ADGGS et al, 1995a,b,c). 

These maps proved vital in identifying and confirming locations o f faults and some units in the heavily 

covered study area.

Dusel-Bacon and Foster (1983) calculated gamet-biotite pair temperatures using the thermometry 

model o f Ferry and Spear (1978) and mineral assemblages for metamorphic rocks just northeast of the 

study area. Their temperature estimates were o f -560°C  for schist and up to ~650°C for the gneiss. 

Assemblages in the pelitic schist were biotite + muscovite + quartz + plagioclase +/- garnet +/- starurolite 

+/- sillimanite +/- kyanite +/- andalusite. Metamorphic assemblages o f ‘higher grade5 rocks at the core 

consist o f sillimanite, biotite, quartz, orthoclase, plagioclase +/- garnet +/- muscovite, and also biotite + 

sillimanite +quartz + cordierite + orthoclase + plagioclase + muscovite (Dusel-Bacon and Foster, 1983). 

Dusel-Bacon and Foster (1983) identified the boundary between sillimanite-bearing and andalusite-bearing 

rocks as the sillimanite isograd (Figure 1.1) interpreting higher metamorphic temperatures within, and 

lower outside of, the boundary. This study will relate pressure-temperature data from the Richardson area 

to the northerly neighboring region.

The cooling ages of metamorphic rocks from the general area generally predate the intrusion of 

Cretaceous plutons, which have K-Ar and 40Ar/39Ar cooling ages o f 105-85 Ma. (Wilson et al., 1985; 

Newberry et al., 1998). Ages reflect the mineral dated and presumably the grain-size o f  that mineral. K-Ar 

dates from schist include 140 Ma for hornblende and 106.5-111 Ma for biotite and muscovite in augen 

gneiss (Foster et al., 1979). Foster et al. (1979) reported amphibole and biotite K-Ar ages from 

amphibolites in the Big Delta quadrangle o f —107.5 and 124 Ma. A biotite from gneiss yielded a K-Ar age 

o f -109  Ma (Foster et al., 1979). Sphene from augen gneiss gave concordant U-Pb age o f 134 Ma, which is 

interpreted as representing reset from a Paleozoic crystallization age (Aleinikoff et al., 1981).

Bundtzen and Reger (1977) reported a K-Ar age for potassium feldspar from the Democrat Dike 

of 86.9 ±  2.6 Ma, recalculated with modem constants as 89.1 ± 2.7 Ma (McCoy et al, 1997). McCoy et al.
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(1997) dated hydrothermal white mica from the Democrat lode deposit using the 40Ar/39Ar method and 

reported a plateau age of 89.4 ± 0.7 Ma as age of mineralization.

1.3 Recent Exploration

Figure 1.2 shows the distribution of placer deposits and lode prospects in the Richardson study 

area. Russian geologists from the Central Research Institute o f Geological Prospecting for Base and 

Precious Metals (TsNIGRI) have performed the most extensive recent work in and around the Richardson 

area (Vartanyan et al, 1991). These geologists worked for more than 10 years in the district, mapping and 

sampling for their seasonal employer, Tri-Valley Corporation, the current controller o f most claims in the 

Richardson district. Their work included soil sampling, hand trenching, panning and collecting 

biogeochemical samples. While performing systematic property-wide examinations, TsNIGRI geologists 

identified several new gold prospects on the Richardson property, including Buck Ridge (location 3, Figure 

1. 2) and the Buckeye Pup (just southeast o f location 2, Figure 1.2).

Buck Ridge, on the western side of the study area, has been trenched; 4 diamond drill holes were 

drilled in 1997. Fracture-controlled mineralization was intersected in drilling. In 1997 TsNIGRI geologists 

discovered gold-bearing quartz float in Buckeye Pup south of Bald Knob (Tri-Valley Corp., written 

comm., 1998). In 1999 Placer Dome Exploration (PDX) conducted a large-scale soil sampling program 

across much of the area shown in Figure 1.2. Three diamond drill holes were subsequently drilled on the 

top and south of Bald Knob at the end o f that season. In 2000, a ground-based VLF geophysical survey 

was performed and three more holes were drilled. Several companies, including American Copper and 

Nickel Company (ACNC) drilled targets in and around the Democrat lode deposit during the 1980s.

1.4 Thesis Goals

There were two separate goals to this study. The first goal was to create a better geologic map o f a 

portion o f the Richardson district. I have attempted to improve on the minimal information available on 

this area by producing a geologic map at the scale of 1:70,000 based largely on my field observations and 

samples, ADGGS airborne geophysical surveys, drill core logging, detailed petrographic analysis, XRF
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analysis o f samples, and 40Ar/39Ar dates. I incorporated published information from the region northeast o f 

the property and examined previously collected samples and thin sections from the USGS in and to the 

south o f the field area.

The second goal o f this thesis is to propose a model for the geologic evolution o f the Richardson 

area. I put temporal and temperature/pressure constraints on the rocks and mineralization to better model 

evolution of the area, especially with respect to lode gold deposition. As much o f the detailed information 

is from the Bald Knob prospect, I especially focus on modeling this newly recognized mineralization. I 

make comparisons to the other two known lode gold prospects- Democrat and Buck Ridge and recognize 

apparent significant differences in age and geochemical characteristics. The new data from the Bald Knob 

prospect help me to develop new thoughts on evolution o f Interior Alaskan gold mineralization and identify 

a new class o f plutonic-related gold mineralization associated with pre- 90 Ma magmatism.

1.5 Methods

During the summers o f 1999 and 2000 I mapped the study area on foot, recording more than 400 

geologic stations and collecting over 300 rock samples (see appendix A). Exposures o f outcrop and rubble 

are most common at the highest elevations; lower elevations were heavily vegetated and rock exposures are 

sparse. In many cases it was necessary to dig into tree roots and creek banks to find rock. Test pits up to 

~l-5m  deep were dug in some locations to find rock. PDX conducted a large-scale soil sampling program 

on portions o f the area outlined on Figure 1.2. Rock chip samples collected during soil sampling were 

saved and also employed in producing the geologic map. The collected samples were cut and reexamined 

outside of the field for better classification o f the rocks and their minerals, and more than 30 thin sections 

were made from these samples.

Thirty thin sections, fifteen doubly-polished sections from vein samples, 12 polished sections, 

and one white mica separate were used from the core drilled by PDX during 1999 and 2000. This core was 

halved with a rock saw; one half o f each interval was sent for assay, the other retained for additional 

studies.



Drill core from the Buck Ridge prospect and the Democrat lode deposit was also examined. Three 

samples were selected from the Buck Ridge core for thin section analysis and XRF whole rock analysis. 

One white mica separate was made from vein-related alteration in a gold-anomalous interval.

Cynthia Dusel-Bacon of the U.S. Geological Survey kindly loaned several thin-sections for 

examination and use in a microprobe study described below. In addition, several boxes o f samples 

collected by Florence Weber o f the U.S. Geological Survey were perused to provide a regional framework.

1.5.1 Feldspar Staining and Modal Estimates

Numerous metamorphic and igneous hand specimens were etched and stained for quartz, 

plagioclase, and K-feldspar using the technique o f (Ruperto et al., 1964). After etching and staining, K- 

feldspar is stained bright yellow, plagioclase is stained red, and quartz is unstained. Modal estimates were 

then made, either by standard point-counting using a minimum of 100 points, or by estimation by 

comparison to standard abundance charts. Modal abundances are presented in Chapter 2.

1.5.2 Magnetic Susceptibility

Magnetic susceptibility measurements were taken on more than 100 samples across the property 

as well as at ~2 meter intervals on the 1999 and 2000 drill core. These measurements were made with a 

Kappameter model KT-6 magnetic susceptibility meter. Most samples were at least 2.5 cm thick and 8 cm 

wide in order to standardize results. Organic debris was removed and the meter held normal to the surface 

being measured. Multiple measurements were routinely made on a single sample and the results averaged. 

Magnetic susceptibility data are given in chapter 3 and appendix A.

1.5.3 X-Ray Fluorescence (XRF) Analyses

XRF was employed for major and trace element analysis because this technique gives results with 

high precision and accuracy for typical geological materials (Potts, 1987). M ajor and trace element
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analyses were performed on 39 rock samples, including 13 from drill core. Major oxide analyses were 

performed by Bondar Clegg, Incorporated, Vancouver, British Columbia, Canada. Samples were crushed 

and pulverized in Fairbanks before pulps were shipped to Vancouver. Trace element analyses (Rb, Sr, Y, 

Nb, Zr) for 34 of the samples were performed at the University of Alaska, Fairbanks on splits o f the 

pulverized samples using a Rigaku wavelength-dispersive XRF, and a routine created by Rainer Newberry 

(described in Cameron, 2000). Five samples were analyzed for XRF trace elements by Bondar Clegg, 

Incorporated. Replicate and secondary standard analyses for commercial and UAF XRF analyses indicate 

major oxides are accurate within + 2% of the amount present, while trace elements are accurate within + 5 

to 10% of the amount present (Cameron, 2000). Results of the analyses are given in chapters 3-5.

1.5.4 Mineral Geothermometry

Microprobe data collected on biotite, garnet, white mica and K-feldspar were processed using the 

Macintosh Geothermobarometry program GTB (Kohn and Spear, 19??). Temperatures were calculated for 

12 different gamet-biotite distribution models. O f these 12, those of Perchuk and Lavrenteva (1984) and 

Kleeman and Reinhardt (1994) with Berman (1990) produced similar, consistent temperatures intermediate 

to those o f other models and were selected as most appropriate of for biotite-gamet thermometry. 

Pressures were estimated based on the aluminosilicate stability diagram of Holdaway (1971), the calculated 

temperatures, and several compositional-based geobarometers (Spear, 1993). Geothermometry data are 

presented and discussed in chapter 6 .

1.5.5 Microprobe Analyses

Microprobe analyses were performed on 6 polished sections of gneiss and 1 polished section from 

a gold-bearing vein, using the Cameca SX-50 electron microprobe and Probe for Windows software at the 

University of Alaska Fairbanks. Silicate compositions were measured using a 10 micron beam at 15 nA on 

wavelength dispersive spectrometers. Well-characterized natural and synthetic specimens were employed 

as standards. On-peak counts were collected for 10 seconds and background counts were collected for 5
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seconds. Five points were selected for each silicate. This data was ZAF (atomic mass, absorbance, and 

fluorescence) corrected; following which poor-quality were removed from the data set. Opaque minerals, 

including gold and bismuth, were identified in the gold-bearing vein using the EDS with a standardless 

analysis routine. Microprobe analyses are presented in chapter 6.

1.5.6 Fluid Inclusions

Fluid inclusion experiments were performed at the USGS facility in Denver, Colorado, using a 

Linkam heating/freezing stage cooled with liquid nitrogen. All heating and cooling measurements were 

computer controlled, with standard-based calibrations performed prior to each session. Chips o f a section 

up to 3 mm square were taken from eight doubly polished sections, 100 to 150 microns thick, and analyzed 

individually. The chips were broken from the section after the glue attaching the section to the slide was 

dissolved with acetone. Heating and cooling measurements were performed using Linksys, a windows- 

driven program, which has precision of 0.1 degree Celsius. Digital photographs o f inclusions were taken 

within this program.

The low-temperature measurements included C 0 2 melting temperatures and clathrate melting 

temperatures. All measurements except for final homogenization were performed systematically on each 

inclusion before moving onto the next. After several inclusions were measured, final homogenization 

temperatures were measured for as many inclusions as possible. Final homogenization observations were 

made for surrounding inclusions where possible. Once stretching of an inclusion was indicated (by non- 

repeatable heating experiments), no more homogenization measurements were collected from that chip. 

Fluid inclusion data is presented and discussed in chapter 7.

1.5.7 Oxygen Isotopic Ratios

Three samples of quartz from gold-related veins were selected for oxygen isotope analysis. Two 

of the samples, including one with visible gold, were purified (non-quartz fragments removed) by Erin 

Marsh, USGS, Denver. One sample, from a quartz vein that assayed up to 53 grams per ton gold, was
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prepared in Fairbanks by crushing the sample and hand-removing impurities to create a 100-mesh pure 

quartz separate. The analyses were performed at the USGS analytical laboratories in Denver, Colorado. 

The isotopic results are presented and discussed in chapter 7.

1.5.8 Radiometric 40Ar/39Ar Dating

Five samples were dated using the 40Ar/39Ar technique, as described in detail by Douglas (1996). 

The samples were irradiated for 20 megawatt hours in a reactor at McMaster University along with 

standard sample MMHB-1 with age 513.9 Ma. The standard is used to estimate J, the irradiation parameter 

and the flux gradient o f the reactor. The irradiated samples were then analyzed in the mass spectrometer at 

the University o f Alaska Fairbanks geochronology laboratory, using an 40Ar/39Ar step heating routine 39-40 

days after irradiation. The measured argon isotopes were corrected for mass discrimination as well as for 

interference of Ca, K, and Cl produced from the reactor. Blanks (inlets) were run to determine background 

levels o f argon. Sample measurements were corrected for this background argon. Ages are quoted with a 

+ 1 sigma level and calculated using the constants of Steiger and Jaeger (1977). Argon dating results are 

presented and discussed in chapter 8.
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Chapter 2: Rocks of the Richardson Study Area

I identified more than a dozen different lithologies in the Richardson study area; however, many

are too limited in extent to be mapped at 1:70,000. The lithologies have consequently been grouped into 6 

map units (Figure 2.1): Bald Knob paragneiss, undifferentiated gneiss (gneiss), schist, granite, granite 

porphyry (rhyolite), and felsic dike swarm in gneiss. The map units have been identified based on 

compositional and textural differences seen in the field as well as petrographic and geochemical traits 

identified in hand specimen and petrography. The map units and seven additional lithologies— marble,

amphibolite, homfels, migmatite, and pegmatite— are described below.

2.1 Metamorphic Rocks

There are three different metamorphic map units and four additional lithologies identified in the 

Richardson field area.

2.1.1 Undifferentiated Gneiss The undifferentiated gneiss with minor schist, marble and amphibolite 

unit, referred to henceforth as simply ‘gneiss’, is a compositionally variable unit, mapped as covering the 

uplands o f this study area by Foster et al. (1978). This unit underlies the bulk o f the study area, stretching 

from west o f Buck Ridge to east of Bald Knob (Figure 2.1). It is characterized as a whole by very low 

magnetic susceptibility (0 to .08 x 10‘3 SI; Figure 2.2), with the bulk of anomalous values in the Buckeye 

area adjacent to the Bald Knob gneiss. Higher susceptibility lithologies (amphibolite and homfels) are 

included in the text below.

The best exposure is seen on Buck Ridge, the highest peak in the area, where there is nearly 

continuous rubble crop and boulders. A bulldozed road and trenches have exposed extensive gneiss and 

other float, including the schist, rhyolite, amphibolite, and marble. As one moves eastward and loses 

elevation, the vegetation thickens and exposure is reduced.
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Figure 2.1: Geologic map o f the Richardson study area. Coordinates are UTMs, Fairbanks Zone. 50 foot contour interval. Compiled from field 
observations, geophysics and previous reports. See text.
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HFLS

Figure 2.2: Plot o f magnetic susceptibilities o f several rock units. Measurements taken from 
hand specimens. QFR=frelsic dike, GN=gneiss, BKGN=Bald Knob gneiss, AMPH=amphibolite, 
HFLS = honifels. 19, 49 ,49, 4, and 4 samples measured respectively. Statistically, the GN and 
BKGN have different means (95% confidence interval). Small crosses represent statistical outliers.
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Hand specimens of gneiss generally contain 25-75% quartz, 10-45% feldspar, and approximately 

25% biotite. However, there are significant variations even within the outcrop / rubble crop-scale ffom 

blocky gneissic rock to well foliated, schistose rocks. Schistose rocks (up to 50% biotite and lower feldspar 

contents) are more abundant on Buck Ridge than other parts o f the gneiss unit. A general trend towards 

higher quartz abundance is present moving westward toward and through Buck Ridge. The compositional 

variability dictates the degree of foliation and (or) banding seen in any given exposure.

The grain-size of gneiss is remarkably uniform throughout the field area, ranging from 

approximately 1 to 2 mm for the major components. At least one sample contains disseminated tourmaline. 

Sillimanite is often identifiable in hand specimen as whitish hairline stringers that stand out in samples with 

>25% biotite. It is much more difficult to identify in lighter colored, felsic samples.

The feldspars are often soft and nearly always milky, indicating at least slight weathering and (or) 

sericitic alteration. Feldspar staining and petrographic examination confirm that plagioclase is usually 

present in much greater amounts (3-4 times or more) than potassium feldspar. The mineralogy and bulk 

composition (chapters 3 and 4) indicate that these rocks are mostly meta-pelitic in origin, although some 

are potentially meta-igneous. Augen gneiss (large K-feldspar orthogneiss) was only identified in the 

general vicinity of the Buckeye discovery and the ridge to the west as scattered rubble. It was intersected 

in hole 3 (west of the Buckeye discovery) and consisted o f foliated granitic rock, with stretched K-feldspar 

phenocrysts up to 1 cm in length.

Altered’ gneiss is found as rubble throughout the property, with the highest concentration in a 

series of trenches on western Buck Ridge (Figure 1.2). This rock consists o f quartz + altered feldspar, with 

varying amounts o f tan to white, coarse-grained white mica. Quartz and dark brown tourmaline veins are 

commonly present. The veins are generally 0.3-1 cm thick, but boulders as wide as 0.3 m are found as 

float. Quartz is the predominant mineral (up to 70%) with 20-30% punky white, clay altered feldspars, and 

10-30% white mica. In the Buck Ridge prospect such variably altered gneiss grades into unaltered gneiss.

Several other lithologies exist in the undifferentiated (gneiss) gneiss unit. These rocks include 

impure marble, migmatite, and amphibolite, and felsic orthogneiss. None of these units occur in sufficient 

abundance to be mapped at the scale of 1:70,000. They are described below.
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2.1.1.1 Impure Marble

Impure marble was identified at several locations within the gneissic package, but only as 

discontinuously traceable float and subcrop. Digging with a rock hammer on hillocks occasionally yielded 

marble rubble. Their inconsistent topographic expression suggests that these bodies may simply represent 

structurally emplaced, isolated marble pods. The marbles are light blue to green in color and form blocky 

rubble. Swainbank et al. (1984) describe marble as containing calcite + quartz, calcic plagioclase, 

microcline, tremolite, and diopside, consistent with amphibolite facies metamorphism.

2.1.1.2 Migmatite

M igmatite-rock containing irregularly mixed felsic (ieucosom e’) and mafic ( ‘melanosome’) 

segregations-might be present throughout the property, but not as a mappable unit. On Buck Ridge, rubble 

along the road includes rocks with biotite rich zones and boudins of light material, but no samples 

possessed classic migmatitic mixed textures. Drill hole 00RD-006, near the Buckeye discovery, 

encountered felsic material disrupting foliation in possible flow and squeeze textures, and was the only area 

for which the textural term migmatite could be definitively applied.

Migmatite Ieucosome consists o f quartz, K-feldspar, plagioclase, and a few percent disseminated 

and clotted biotite and/or chlorite. Phenocrysts are euhedral to subhedral averaging 2 mm, but up to 4 mm 

in size, with pervasive weak oxidation. Some feldspars have a faint green color, soft, and partially altered 

to clay(?).Three samples of migmatite Ieucosome were collected from the drill hole, where it was hosted in 

a well foliated and banded gneiss which appears to underlie the Bald Knob gneiss. The migmatite 

melanosome is well-foliated, fine-grained, biotite-feldspar-quartz gneiss. The migmatitic zones are 

approximately 1 meter in maximum width and occur over an approximately 15-meter interval in the core, 

below a fault(?) contact with the Bald Knob gneiss. Major oxide analyses discussed in chapter 5 suggest 

that the migmatite is mixed igneous (Ieucosome) and metamorphic (melanosome) rocks. Furthermore, the 

Ieucosome does not represent locally-derived partial melt; thus, the Richardson migmatite is apparently the 

result of melt injections, not in situ melting.
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2.1.1.3 Amphibolite

Amphibolite was identified in only a few locations. Scattered cobbles o f amphibolite were found 

as float in creeks and along the bulldozed road on Buck Ridge. These rocks are dark green, and consist 

predominantly o f bladed hornblende and plagioclase. The magnetic susceptibility o f  four amphibolite 

samples indicate that the amphibolites, found mostly in the vicinity o f Buck Ridge, have the highest 

magnetic susceptibility of any lithology in the field area. That ‘highs’ on the aeromagnetic map cannot be 

traced to known amphibolite occurrences indicate the amphibolite has a very limited distribution in the 

thesis area. Swainbank et al. (1984) identified amphibolite as part o f the metamorphic package and 

speculated that amphibolite-rich layers may be traceable in the vicinity o f the Democrat lode deposit

2 .1:1.4 Orthogneiss

Foliated felsic (granitic) orthogneiss was identified in drill core in drill hole BK3 as well as trace 

amounts o f float in Buckeye Creek. Feldspars and quartz phenocrysts are up to 1.5 cm in size, with several 

percent foliated biotite. Due to the sporadic distribution, this unit was not mappable on the surface, but ~20 

meters o f orthogneiss were intersected at 100+ meters depth in drill hole BK3.

2.1.1.5 Homfels and Skam

Homfels occurs within both gneiss units at several locations in the thesis area. It is 

characteristically gray or blue-gray, very hard, and very fine-grained; it has been seen in drill core, but 

otherwise only as float. The magnetic susceptibility o f homfels is generally high (0.20 x 10"3 SI; Figure

2.2). It is present as boulders of creek float on the western side of the Gold Run Intrusion, near the

interpreted contact o f the intrusion. In the eastern part o f the map area a few boulders o f homfels were

found on the east side of the Buckeye Discovery, along with pegmatite, gneiss and orthogneiss fragments.

Hole 99RD-003, located on the southwestern side o f Bald Knob, near the Buckeye zone, contained 

multiple intervals o f blue-greenish, sulfide- and oxide-bearing homfels around pegmatitic veins. These

intervals were generally thin (lm ) and may have been faulted into place, as they occurred in the upper

portion of the hole.



18-

A greenish, banded calc-silicate rock is exposed along a trail on the southeastern end of the map 

area. Skam is exposed on a newly cut logging road in the south-central portion o f the property, north of 

the Democrat mine. This skam consists of minor garnet bands zoned outward into thicker pyroxene and 

wollastonite(?) -  rich zones: classic skam minerals and textures. Small amounts o f powdery blue and 

green coatings on the skam may be copper carbonate minerals.

2.1.2 Bald Knob Gneiss

Bald Knob gneiss is a distinct and mappable variety of gneiss. It is generally weakly foliated and 

restricted to the eastern part o f the area (Figure 2.1). The unit is highly resistant to weathering; it occurs as 

boulders along the edge of Bald Knob and as in frost heaves at higher elevations.

The distinguishing features of the Bald Knob gneiss are textural, mineralogical, and geophysical.

It is consistently less foliated and contains a higher abundance o f felsic minerals than undifferentiated 

gneiss: hand specimens contain up to 40% feldspar. Some of the samples from drill core display little or no 

foliation. Massive gneiss grades into cm-scale, interfingering felsic and mafic gneiss, which gives a 

mottled texture to intervals o f drill core. Biotite-rich intervals can appear moderately foliated. The grain- 

size is 1-2 mm, similar to that o f undifferentiated gneiss.

The overall high magnetic susceptibility of these rocks is apparent in the regional aeromagnetic 

survey (Figure 3.1) described in greater detail in the next chapter. It is also measurable on the float- and 

outcrop-scale. Magnetic susceptibility measurements taken on > 100 samples across the property show 

Bald Knob gneiss averages -0.1 xlO'3 SI compared to -  0.05 x 10'3 SI for undifferentiated gneiss (Figure 

2.2).

Bald Knob gneiss mapped on the southwest flank of Buck Ridge does not possess high magnetic 

susceptibility. However, several samples from the Buck Ridge area are otherwise petrographically and 

geochemically (chapter 5) identical to samples from Bald Knob. These western samples are taken from 

within the Buck Ridge prospect and are spatially associated with altered gneiss described above.

Initially the textural and mineralogical characteristics of the Bald Knob gneiss were interpreted to 

indicate a granitic protolith. However, the composition of this gneiss is not appropriate for an igneous
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rock (see chapter 5), and I now interpret the poor foliation to be due to the generally lower biotite contents 

of this rock and possible lower-pressure recrystallization of a more foliated protolith. At least some of the 

biotite present in other gneiss is present as the compositionally equivalent assemblage K-feldspar + 

magnetite in the Bald Knob gneiss. The higher magnetite content is responsible for the higher magnetic 

susceptibility while the lower biotite content makes it less susceptible to developing a foliation. The only 

contact I found between Bald Knob and undifferentiated gneiss was in drill core, where—over 

approximately 20 meters o f broken core—there was a mixture of blocks o f Bald Knob gneiss and well- 

foliated, non-magnetic gneiss. Below this interval, the rock consists entirely of well-banded gneiss and 

migmatite.

At least a portion o f the Bald Knob gneiss has experienced hydrothermal alteration (chapter 4). 

This alteration consists of chlorite + pyrite + carbonate and locally destroys the elevated magnetic 

susceptibility. On surface samples, clots o f chlorite are the most apparent alteration products. Similarly 

textured, unaltered rocks lacking comparably high magnetic signatures were also identified in the Buck 

Ridge prospect area. These rocks are classified as ‘gneiss5 due to the lack of elevated magnetic 

susceptibility.

2.1.3 Schist

Schistose rocks are present in the northwest and southern parts of the study area. Schist outcrop 

was only observed south of the Richardson lineament and along the Richardson highway. The unit mapped 

as ‘schist’ consists of quartz-muscovite-biotite schist, quartz-muscovite schist, quartzite, and amphibolite- 

bearing schist. All these rocks locally contain garnet.

To the northwest o f the property, along the Rosa Pass fault, no rocks are exposed. However, rock 

chips dug up and left behind during emplacement of the Trans-Alaska pipeline through Rosa Pass consist 

almost exclusively of quartz-white mica and biotite-quartz-white mica schist and quartzite, similar to the 

schist found on the south side o f the Richardson lineament. Large quartzite boulders were found in the 

vicinity o f the Rosa Pass fault as well. As quartzite was not seen in the gneiss unit elsewhere, it is likely 

that the schist unit is present. Based on this information and the similar magnetic signature to the schist
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package on the south side of the lineament, the area northwest o f the Rosa Pass fault has been mapped as 

schist.

2.2 Igneous Map Units

Three major granitic igneous units are mapped within the Richardson study area. In addition, 

pegmatite rubble was found in proximity of these units, in the vicinity of Buck Ridge. The pegmatite may 

be associated with one or more o f  the igneous units. Two narrow granitic dikes of unique texture and 

composition were also intersected during drilling on Bald Knob. All the igneous rocks have very low 

magnetic susceptibilities (< 10'5SI, Figure 2.2).

2.2.1 Peraluminous Felsic Dikes

Rubble and float of felsic dike rock are sporadically present throughout the map area, and are 

especially common near the Gold Run Intrusion. While no individual dike is large enough to be mapped at 

1:70,000-scale, sizable areas containing more than 60% felsic dike rock were mapped as ‘felsic dike 

swarm’ (Figure 2.1). The rubble in such areas consisted predominantly o f white, igneous-textured, medium 

to fine-grained, quartz-K-feldspar-plagioclase-muscovite + biotite + andalusite + garnet rocks, with 

significantly subordinate quantities o f gneiss float. The gneissic rocks are either grossly under-represented 

in float or else gneisses are rare metamorphic remnants between dikes. The absence o f homfelsic textures 

in the gneiss float suggests dike rock in these areas, although abundant, is less abundant than float would 

suggest. At two locations outside of the most extensively intruded zone (125 and 158, appendix A) 

samples contain felsic dike (QFR) clearly cutting foliated gneiss, indicating that these dikes post-date 

regional metamorphism. The dikes do not cut the Gold Run Intrusion and abruptly end at the Gold Run 

Intrusion, indicating that the Gold Run Intrusion is younger than the felsic dikes.

2.2.2 Gold Run Intrusion (GRI)

The Gold Run Intrusion is located in the northwest portion of the field area (Figure 2.1). The unit 

is exposed as large, blocky boulders. There are significant exposures in rubble crop and some old bulldozer
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trenches, but where vegetation and gentler slopes covered exposure, the extent o f the intrusion was mapped 

based on the presence of grus (with megacrystic feldspars) in stream sediments. The southwest side of the 

intrusion is bounded by a northwest-trending, apparently high-angle fault. A second northwest trending 

fault to the north causes minor, apparent right lateral displacement within the body (Figure 2.2). Both of 

these faults appear as weakly conductive zones in the airborne geophysics (chapter 3).

The Gold Run (GRI) Intrusion contains megacrystic K-feldspar phenocrysts in a quartz-feldspar- 

biotite groundmass. It is texturally and compositionally similar to the Birch Lake pluton, located 10 

kilometers to the southwest. The large K-feldspars make up 10 to 20% o f the rock and are up to 1cm 

square and 3 cm long. Staining of the feldspars shows that the groundmass consists of 50% total of fine

grained plagioclase and K-feldspar, in the approximate ratio o f 3:2, with the remaining groundmass 

consisting o f  quartz with 2-3% biotite. Mineralogically, GRI is similar to, but less quartz- and muscovite- 

rich than felsic dike rock.

A second more equigranular phase of the Gold Run Intrusion was identified in float at two 

locations, including near the southwestern fault contact. This rock lacks the megacrystic feldspars, but is 

otherwise indistinguishable from the normal variety. No fine-grained felsic dikes were identified within the 

body, indicating that the Gold Run Intrusion post-dates the felsic dikes.

2.2.3 Granite Porphyry (‘Rhyolite’)

Granite porphyry float is qilite extensive, particularly on the western side of the map area. The 

porphyry consists of 5 to 10% quartz eyes and small feldspar laths in a buff colored, aphanitic groundmass. 

The feldspars are white and soft but the overall rock is generally very hard, forming small blocks. 

Oxidized pyrite casts are not uncommon, making up as much as 1-2% of the rock. Trace arsenopyrite was 

identified in several samples from Buck Ridge.

The granite porphyry dikes are neither extensive, nor traceable for significant distances. Pieces 

are scattered along the bulldozer road on top of Buck Ridge, without any 4in place’ rubble-crop. However, 

one exposure was traceable for about 100 meters on the north side of Buck Ridge (although too narrow to 

show on the map). This exposure and another concentrated float exposure fall along subtle conductivity
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trends in the regional geophysical maps. These zones are interpreted as nearly property-wide northwest- 

trending faults. The northern fault, which contains granite porphyry, bisects the Gold Run Intrusion, which 

suggests that the granite porphyry is younger than the Gold Run Intrusion, emplaced during activations 

along these northwest-trending faults.

The Democrat Dike, located in the south-central part of the thesis area, and mined along Banner 

Creek at the Democrat mine (Figure 1.2), is a large granite porphyry dike. It is texturally similar to the 

rubble seen elsewhere in the map area, but with higher phenocryst to groundmass ratios of both quartz and 

feldspar. Hydrothermal alteration has caused extensive sericitic alteration and at least two quartz-veining 

events. One veining event consists o f milky white quartz veins. The other contains vuggy, oxidized quartz 

veins with pyrite-arsenopyrite +/- other sulfides as selvages. Pyrite is found disseminated throughout much 

of the dike, while arsenopyrite occurs in the most altered areas and in association with the vuggy veins 

described above, and is present in much smaller amounts.

2.2.4 Other Lithologies

In addition to the mappable igneous units described above, several lithologies were not distributed 

in significant concentration to allow for their own units at the 1:70,000 scale. These lithologies, pematite 

and two granitic dikes intersected in drill core, are separated from the others based on petrographic, 

geochemical and textural differences from the map units described above.

2.2.4.1 Pegmatite

Pegmatite dikes are sporadically found throughout most o f the thesis area. Although never found 

in outcrop, small amounts o f rubble and float blocks on tundra are common. The greatest abundance is on 

the western end o f Buck Ridge. No pegmatite was identified within the Gold Run Intrusion or within the 

Bald Knob gneiss. Pegmatite fragments possess variable mineralogy. In all cases, massive feldspar 

(typically intergrown with stringers of quartz) is present, with coarse books o f biotite or, occasionally, 

muscovite. Tourmaline clots were identified in pegmatite at a few locations on the western side o f the map
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area. Due to the unrepresentative size of rubble, it is unclear whether tourmaline is a common, ubiquitous, 

or trace mineral within the pegmatite.

Pegmatite float was also found on the west side o f Bald Knob and in the Buckeye Creek drainage. 

Diamond drilling (99RD-003) intersected several 0.3-meter or less-wide pegmatite dikes with homfels 

rims. The eastern dikes are significantly finer-grained (1-2 inches in length) than some found on the 

western portion o f the property, where feldspar grains can be greater than 1 foot in length. It is unclear 

whether pegmatite dikes represent one or several magmatic events.

2.2.4.2 Bald Knob Dikes

Two different igneous dikes were intersected in drill hole 99BK-003, located on the southwest of 

the main Bald Knob gneiss body. The origins and magmatic associations o f these dikes are unknown, and 

are discussed in terms of their chemical compositions (Chapter 5). The first dike was several meters of 

white hoiocrystalline quartz-feldspar Intrusion with phenocrysts up to 4 millimeters large. The core was 

highly broken with white clay coating the natural fractures. A stained sample o f this rock contained 

approximately 30% quartz, 30% plagioclase, and 39% K-feldspar and 1% biotite.

One meter of orange stained, felsic intrusion was intercepted at a depth o f  130 meters. This 

second dike is finer grained than the first dike, with subhedral crystals up to 3 millimeters in size. The 

ratios o f quartz to feldspars was similar to the first dike, but the biotite content was significantly higher at 

-3% . The bottom several centimeters consist o f interlayered felsic dike material and foliation parallel 

biotite bands.
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Chapter 3: Regional Geophysics

In 1995, the Alaska Division of Geological and Geophysical Surveys published regional airborne 

geophysical survey maps for an area including the Richardson field area (ADGGS et a l ,  1995a,b,c). The 

data included aeromagnetic and two resistivity surveys, at 900 and 7200 Hz. The maps are useful in 

defining, interpolating, and extrapolating geologic contacts in areas of poor bedrock exposure, especially as 

the magnetic susceptibilities of the major units have been determined (Chapter 2; appendix A).

3.1 Magnetic Survey

The regional magnetic survey (Figure 3.1) shows that relative magnetic homogeneity characterizes 

most of the field area. Magnetic field strength in the region displays a narrow range o f values (~150 nT), 

with dark blue <56750 nT and magneta >56830 nT. The region mostly displays magnetic field strengths of 

56750-56830 nT, shown by the blues and greens. In contrast, Bald Knob and its ridgeline to the south 

show a very strong positive magnetic signature. The magnetic break marking the contact follows 

topography on the west side of Bald Knob and dips shallowly to the east. Several anomalous magnetic 

highs lie to the west of Bald Knob and southeast of Buck Ridge, at least one o f which corresponds with an 

exposure o f Bald Knob gneiss. North and west of the field area are abrupt changes into moderately 

magnetic rocks (schist?). The overall pattern with abrupt changes between three main magnetic regions 

suggest three major rock packages (schist, gneiss, and Bald Knob gneiss) separated by a combination of 

high-angle faults and, around Bald Knob, a low angle contact.

Magnetic susceptibility measurements were taken at numerous locations in the field and of 

selected samples. Figure 3.2 shows the locations for major groups of susceptibility measurements. The red 

dots located west of UTM 532000E are homfels and amphibolite samples, with high magnetic 

susceptibilities and rare occurrences. Removing these points from the data set indicates that the gneisses to 

the southeast (Bald Knob gneiss) are more magnetic than those to the northwest, and correlate well with the 

regional magnetic map.
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Figure 3.2: Schematic o f field magnetic susceptibility measurements. Coordinates 
are in UTM meter grid. Circles = <0.1 x 1 O' SI, crosses = 0.1 to 0.19 x 10"3SI, and stars = 
>0.19 xlO°SI. Surrounding box approximates field area. Data collected in 1999. Actual 

values listed in appendix A.
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Statistical analysis (Figure 2.2) indicate that the Gold Run Intrusion-(GRI) and felsic dikes (QFR) 

have lower magnetic susceptibilities than gneiss, which in turn has lower magnetic susceptibility than the 

Bald Knob gneiss. The spatial distribution o f these units can consequently be estimated from the magnetic 

survey map. The blues (-56750 nT) in Figure 3.1 most likely represent areas containing significant 

amounts of Gold Run Intrusion or felsic dikes and may include some o f the non-magnetic gneiss. Greens 

to yellows (yellow = 56800 nT) are associated with the slightly more magnetic gneiss (buried or altered 

Bald Knob gneiss?), and in the northwest part o f the map area and south of the Richardson lineament, to the 

schist unit mapped by Swainbank et al. (1984). The reds to pinks (pink = -56860 nT) in the field area 

represent the most magnetic unit (Bald Knob gneiss) on the east side o f the property and two smaller bodies 

in the middle of the field area surrounded by the weaker green hues.

Several sharp breaks are apparent in the geophysical maps and most likely correspond to high- 

angle faults. The low magnetic linear west o f Bald Knob corresponds to a N-S conductive zone shown on 

the resistivity map (Figure 3.3). A sharp resistivity contrast and associated, but less dramatic, magnetic 

contrast most likely correspond to a lithologic break between schist to the north and west and gneissic rocks 

to the south and east.

3.2 Resistivity Surveys

The resistivity survey maps are useful, both alone and in conjunction with the magnetic survey 

map, to locate and describe contacts. The use of two different frequencies (900 and 7200 Hz) allows one to 

qualitatively describe the depths o f conductors in the subsurface (Figures 3.3 and 3.4). The 7200 Hz 

frequency has a shallower, and 900 Hz a greater penetration depth. Conductive zones (red and purple, 

Figures 3.3, 3.4) are the results o f any combination of the following: 1) water, 2) sulfides (other than 

sphalerite), or 3) graphite. As none of the rocks in the field area contain appreciable graphite, and very few 

contain significant sulfides, the conductive zones are most likely caused by fractures filled with water and 

water-rich minerals (clays). Faulting causes brecciation and generally results in formation of clays and 

open spaces in which water is concentrated, so it further stands that in this area, linear conductive zones are 

caused by high-angle faults.
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Figure 3.3: 900 Hz airborne resistivity survey of the Richardson study area. Data from ADGGS et al. (1995a). Structural interpretation 
is overlain. Purple = high conductivity, yellow and green = intermediate conductivity, white = low conductivity.
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Figure 3.4: 7200 Hz airborne resistivity survey of the Richardson study area. Data from ADGGS et al. (1995b). Structural interpretation 
is overlain. Purple = high conductivity, yellow and green = intermediate conductivity, white = low conductivity.
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Three fault orientations are shown in the Richardson field area resistivity surveys: northeast, north, 

and northwest. The most pronounced fault in the area is the Richardson lineament, which strikes northwest 

and hosts the Democrat Dike. The Rosa Pass fault (just north o f the geophysical grid in Figures 3.3 and 

3.4), not included in the geophysical survey, is a similarly trending topographic linear that roughly parallels 

the Richardson lineament. There are indications in the field of at least two smaller interpreted northwest- 

trending faults within these bounding structures. One of these faults, located along the southwestern side of 

the Gold Run Intrusion, juxtaposes coarse-grained intrusion against felsic dike-intruded gneiss without any 

homfels aureole. Along strike, in the Buckeye area, an outcrop o f isoclinally folded rock is exposed with 

strike parallel to the fault trace and at least one pod of rhyolite similar to the Democrat Dike is exposed in 

rubble. A second fault appears to cut through the Gold Run Intrusion with rhyolite along the projected 

trace in surrounding metamorphic rocks. The creek draining to the northwest side o f Bald Knob, as well as 

a narrow topographic bench on Bald Knob, falls along a projected trace of this second fault. Subtle breaks 

in the resistivity coincide with these field observations.

The second fault orientation is northeast trending. This fault orientation is regionally the most 

commonly mapped. Such faults are conjugate to the right lateral Denali and Tintina fault systems and 

typically display left-lateral movement. The Shaw Creek fault, just to the east o f the Richardson field area, 

is a major example with > 10 km of displacement (Page et al., 1995). Several small faults (~1 km long) on 

the east side of Bald Knob are interpreted as short splays of northeast-trending faults. An east-northeast- 

trending conductive zone on the northwest side of the field area is most likely a major fault between gneiss 

and schist- dominant units. The major north-northeast fault that bisects the field area does not show up 

well on the resistivity surveys. However, a subtle break in the magnetic survey, sharp changes in felsic 

dike abundance, and sharp changes in aluminosilicate mineralogy (chapters 4 and 6) across a linear zone 

suggest a fault is present.

The third fault orientation is north-south. West o f Bald Knob a strong, narrow north-south 

conductivity zone is present on both o f the resistivity maps, and corresponds to a strong depression on the 

magnetic map. This fault appears to continue to the north as a linear topographic low after apparent right- 

lateral offset along the Rosa Pass fault.
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Comparison of the high and low frequency resistivity maps indicates that the faults are all high- 

angle, with minimal difference in location of anomalies between the two maps. The exception is the north- 

trending fault that separates the Bald Knob gneiss to the east from the non-magnetic gneiss. Based on a 

more easterly location on the 900 Hz map, it dips moderately to steeply (approximately 50+20°) to the east. 

Geothermometric analysis (chapter 6) suggests this fault has reverse movement. This fault terminates 

against the Rosa Pass fault; if its continuation is the major N-S trending valley at 53500E, the Rosa Pass 

fault has approximately 1 km of right-lateral displacement.
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Chapter 4: Petrology of Major Rock Units

In order to better understand mineralogical and textural differences of the different rock units, I 

investigated the petrology and petrography of the major lithologies in the field area. I examined silicate 

minerals in transmitted light and opaques in reflected light. I undertook reflected light petrography in part 

to better understand the observed variations in rock magnetic susceptibilities, and hence better understand 

the regional aeromagnetic maps.

4.1 Petrography of Gneiss

4.1.1 Major Minerals

Table 4.1 contains sample location and relative abundance o f minerals as estimated from thin 

section examination of select gneiss samples. Quartz, plagioclase, and biotite are ubiquitous in the gneiss, 

and usually account for 75-90 volume % of the minerals present. Quartz constitutes between 25 and 75 

volume %, averaging about 50%. It forms 1-2 mm anhedral to subhedral grains with undulatory extinction.

Feldspars were identified and distinguished by thin section properties and chemical staining 

techniques. The overall concentration of feldspar is significantly lower than quartz, ranging from 

approximately 10 to 45 % and averaging approximately 25%. The bulk of the feldspar is plagioclase, 

with anorthite compositions o f approximately An20, as determined by Michel-Levy techniques. The 

plagioclase forms subhedral grains up to 2 mm in the longest dimension, oriented sub- parallel to biotite 

books and the overall rock foliation.

K-feldspar is sporadically present with abundance ranging from 0 to nearly 20%. It is generally 

untwinned, making identification in thin section difficult. Stained samples show that its distribution even at 

thin section scale can be highly irregular. Very weak sericitic alteration is manifested as fine dusting on 

feldspar grains.

Biotite contents are between 10 and 20 %, and average 15%. The grains display at least sub

parallel orientations in all samples. Biotite is generally fresh, but can display weak sericitic or chloritic
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Table 4 .1: Modal mineralogy o f gneisses. Values are visual estimates of percentages from 
petrographic analysis. UTMX and UTMY are UTM coordinates. Plag=plagioclase, Kspar= 
K-feldspar, Biot=biotite, Sill=sillimanite, WM=white mica, Gar=gamet, Chl=chlorite, Tr=trace.

Sample UTMX UTMY Quartz Plag Kspar Biot Opaques Sill WM Gar Chi
99GG-24 528460 7142640 27 26 20 5 15 12

122B 530250 7139050 60 20 10 2 4 4
99GG-106 527350 7139800 50 15 10 18 5 2
99GG-105 528200 7140050 45 10 19 20 5 1
99GG-43 530500 7140000 48 10 10 20 1 10 1
99GG-40 529050 7139300 60 25 14 1
99GG-31 528490 7140274 60 20 15 1 10
99GG-26 528350 7140000 50 17 7 15 5 1
99GG-13 527350 7139800 45 14 5 25 10 1
99GG-08 528200 7140040 50 17 5 20 5 2 1

122A 530250 7139050 39 35 20 5 1
99GG-09 527840 7140035 55 10 20 5 10

118A 528650 7138950 50 25 13 1 10 1
99GG-18 528410 7141750 50 15 10 2 2 15 6

123 530500 7139050 65 15 15 4 1
128 530860 7138960 30 30 19 10 10 1

124B 530650 7139000 60 20 15 5
124C 530650 7139000 60 20 10 2 10
137 531750 7140500 60 15 20 5
81 534800 7134250 62 22 15 1

142 533000 7140400 65 18 10 1 5 1
140 532900 7140450 54 23 15 3 5

99GG-094 534100 7139100 30 45 10 14 1
99GG-072 533910 7139100 25 40 20 13 1 1

122a 530250 7139050 40 40 19 1
77-187 542000 7139000 50 25 5 15 2 2 1

77W-452 525000 7143000 50 30 20 1
BK3-142 536000 7135000 45 25 5 20 4 1

77-576 526000 7137200 50 28 5 15 2 1
BK6-059 536250 7135200 40 20 15 17 2 1 5
BK5-150 536900 7135200 45 20 7 15 3 3 7
BK4-062 536100 7136100 50 25 5 15 1 5 5
BK4-263 536100 7136100 40 20 15 15 2 1 5
BR4-323 SW Buck 55 20 24 1
BR1-372 SW Buck 50 25 20 2 3
BR4-334 SW Buck 55 15 15 15 Tr.
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alteration with associated minor opaques, usually ilmenite or rutile. Coarse white mica is present in 12 

(1/3) of the samples. It usually makes up only a few percent o f the rock and in some cases may represent 

an alteration product of aluminosilicate minerals, either andalusite or sillimanite.

4.1.2 Aluminum-rich Minerals

The most abundant aluminosilicate was sillimanite, identified in 17 of 25 undifferentiated gneiss 

thin sections (Table 4.1). Sillimanite occurs predominantly as very fine elongate masses and rarely as 

coarser blades visible through a hand lens. The mineral is spatially associated with biotite and appears to 

occur as the result of a prograde reaction involving destruction o f biotite. The presence of quartz and white 

mica, often in apparent equilibrium with adjacent sillimanite, and the general absence of sillimanite + K- 

feldspar, indicates that in general the gneisses were metamorphosed at sub-granulite facies conditions. 

(Granulite facies is defined by the presence o f sillimanite + K-feldspar, formed by the reaction muscovite + 

quartz -> sillimanite + K-feldspar + H20 , (Winkler, 1976)).

Most o f the samples in the immediate field area (Table 4.1) either lack K-feldspar + sillimanite 

and (or) contain muscovite + quartz. However, several thin sections from the Buckeye and Buck Ridge 

areas contain K-feldspar + sillimanite and may have reached granulite facies conditions. In general, the 

close spatial association between biotite, sillimanite, muscovite, and quartz suggests that sillimanite in 

these samples may have formed by a reaction such as:

Al-rich biotite + quartz = Al-poor biotite + sillimanite + muscovite. This reaction would be compatible 

with the observed presence of coarse white mica books in contact with sillimanite and biotite.

Andalusite was only identified in one gneiss section (99GG-094) from the central part o f the field 

area. The grains were box-shaped, with near 90-degree cleavage, moderate relief, and ratty edges with 

incipient alteration to white mica. Kyanite was not identified in any o f the thin sections.

Garnet and coarse white micas are the other major aluminum-rich silicates present in the 

Richardson rocks. By volume, white mica is the more common mineral, constituting up to 15% of the 

gneisses, but usually only composing a few percent (Table 4.1). The highest abundances of white mica are 

present in schist, especially those on the south side o f the Richardson lineament (Fig 1.2). At least one
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fragment o f garnet was identified in 9 of the thin sections (Table 4.1). These garnets were always fractured 

porphyroblasts and often lacked typical dodecahedral morphology, but were identified by their isotropism. 

Of the nine garnet-bearing samples, 7 also contained sillimanite.

Tourmaline was found in one thin section from the western side o f the property, near the Buck 

Ridge gold prospect. This sample contained tourmaline-rich, felsic and mafic layers within the gneiss. 

This is not surprising due to the abundance of tourmaline and quartz-tourmaline veins identified in the 

Buck Ridge prospect area, some of which are at least 8 inches thick. The presence of euhedral unfractured 

tourmaline suggests it is mostly likely of secondary origin.

4.1.3 Opaque Mineralogy of Gneissic Rock Units

Textural differences between the Bald Knob and undifferentiated gneiss units are often insufficient 

to differentiate between them. The geochemical character, described later in this report, is also not always 

definitive. The opaque mineralogy is thus potentially significant, because the opaque minerals present 

dictate the magnetic character of the rock, and the gneisses are o f variable magnetic susceptibility (Figure

2.2). Opaque minerals present in the gneiss are predominantly ilmenite, with significantly less magnetite, 

pyrite, pyrrhotite, and chalcopyrite. The non-magnetic gneiss appears fairly uniform in opaque mineral 

abundance and shapes in transmitted light, and shows little indication of hydrothermal alteration. 

Recognizing this, I selected 7 undifferentiated gneiss thin sections to polish and perform reflected light 

petrography (Table 4-2). Magnetite and sulfides are found in significantly higher concentrations in some 

Bald Knob (BK) gneiss samples.

The thin sections of Bald Knob gneiss, especially from drill core, showed more intense 

hydrothermal alteration than those from the undifferentiated gneiss. They also displayed a greater opaque 

mineral abundance and variety in abundance and shapes than the undifferentiated gneiss. Given the greater 

variability, I prepared and examined 16 polished sections o f the Bald Knob gneiss (Table 4.3). 

Unweathered samples from Bald Knob core included propylitically altered gneiss that did not share 

characteristic high magnetic susceptibility of the unit as a whole. As a result, a combination of reflected
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light and subsequent transmitted light petrography was employed to better understand changes in the 

opaque mineralogy with respect to alteration and original rock type.

4.1.4 Opaque Mineralogy of the Undifferentiated Gneiss

Opaque minerals in undifferentiated gneiss (Table 4.2) vary in abundance but display a relatively 

consistent assemblage. Samples 123 and 99GG009 lacked opaque minerals (Table 4.2). In the other 

samples, the opaques occur as inclusions in biotite or in rutile. The latter suggests replacement of ilmenite 

by rutile. The assemblage of ilmenite + rutile is present both close to, and far from, the Gold Run Intrusion 

and both within and outside o f the dike swarm. Elongate ilmenite found between biotite books indicates 

that at least some of the ilmenite resulted from Ti release associated with alteration or recrystallization o f 

biotite. Partial conversion of ilmenite to rutile is presumably a result o f ilmenite instability as oxidation 

state increases and (or) temperature decreases during cooling from peak metamorphic conditions.

Table 4.2: Opaque minerals in undifferentiated gneiss
Sample number Opaque minerals Opaque mineral abundance %

122 A Ilmenite + rutile + magnetite 5
123 None 0

99GG009 None 0
118A Ilmenite 1

99GG040 Ilmenite surrounded by rutile 1
99GG024 Rutile 5
99GG018 Ilmenite surrounded by rutile 2

4.1.5 Bald Knob Gneiss Opaque Mineralogy and Hydrothermal Alteration

Six opaque minerals were identified in Bald Knob gneiss: magnetite, ilmenite, rutile, pyrrhotite, 

pyrite and chalcopyrite. These minerals occur in varying proportions and not all o f the minerals are 

necessarily in equilibrium with each other. Indeed, textural relations suggest that partial replacement of 

one assemblage by another is characteristic o f the samples.

Two different styles of alteration have been identified in Bald Knob gneiss drill core. The fresh 

rock is very hard and gray-blue in color, with up to 20% biotite. Broad-scale propylitic alteration causes 

the rock to be greenish, much softer, and to contain up to 3% disseminated and veinlet pyrite. This is the
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most profound and obvious alteration seen on Bald Knob. The second alteration style is a bleaching of 

rock, resulting in thin, irregular, centimeter-scale bands or anastamosing zones in which mafic minerals are 

completely destroyed. Such bleached rock contains quartz, feldspar, and white mica. Several polished 

sections (including 1-146, 2-98, and 2-65) contain irregular zones of bleached rock. Rocks with mixed 

propylitic and bleached alteration are not as intensely bleached as those bleached rocks lacking propylitic 

alteration.

Table 4.3 lists select opaque mineralogy, abundances, and textures seen in the predominant 

(unbleached) portion of 16 polished sections from variably altered Bald Knob gneiss, sorted by degree of 

propylitic alteration seen in hand specimen. ‘Fresh’ samples are hard and bluish in color with up to 20% 

biotite. The most altered ( ‘A ltd’, Table 4.3) samples are distinctly green, often with disseminations and 

stringers of pyrite. The ‘weakly altered’ samples fall between these end-members.

Table 4.3: Opaque minerals Bald Knob gneiss polished sections. Abundances from visual estimates.
Hole Depth Group1 Po Mag Ilm2 Py M.S.(xlO'3 SI)

1 137 Fresh 2% Tr Fresh 0 .05
1 146a Fresh 2% 1+% Fresh 0 .52
1 146b Fresh 2% 0.5% Fresh 0 .52
5 150 Fresh 2% > 1% 0 0 .38
6 59 Fresh 2% 0.5% 0 0 .06-. 14
2 73 Wk altd > 1% > 1% V. wk altd 0 .21
5 65 Wk altd 1% Tr wk. altd 0 .07
2 45 Wk altd 1% 0 V. wk altd 0 .05
2 65 Wk altd 1% Tr Fresh3 0 .21-20
4 99 Wk altd 3% Tr Altd 0 .08
4 160 Wk altd 2% Tr-1% Altd 0 .17
2 98 Altd 2% Tr Altd3 Tr .01
5 148 Altd 0 Tr Altd 1-2% ,024
2 131 Altd 1% 0 Altd Tr .01
5 98 Altd 0 0.5% Altd3 2-3% .04-.02
4 146 Altd | 0 0 Altd 2% 0.24

sulfide+oxide V ariable degrees of ilmenite destruction, Estim ated. Abbreviations: Tr = trace, altd = 
altered, wk = weakly, v. = very, Po = pyrrhotite, Mag = magnetite, ilm = ilmenite, Py = pyrite, M.S. = 
magnetic susceptibility.

In the ‘least altered’ samples, the assemblage consists of disseminated coexisting pyrrhotite + 

magnetite + ilmenite + rutile up to 1mm in size. The rutile occurs as individual euhedral grains. The 

relative abundance o f these opaques is variable, possibly a function o f original rock composition on the
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small scale. Small seeds of chalcopyrite in trace amounts sometimes form cores in pyrrhotite and only 

occasionally exist alone.

The other end-member assemblage consists o f pyrite + rutile + magnetite, in which ilmenite has 

altered to rutile + pyrite; magnetite is variably present either due to original absence or complete 

replacement by pyrite. In section BK5-148, pyrrhotite was identified as inclusions in a pyrite grain, 

indicating replacement o f pyrrhotite by pyrite. In the weakly altered rock, a wide variation in degree of 

ilmenite destruction is present, ranging from thin rinds o f rutile surrounding the grain to complete 

conversion to rutile + pyrite or pyrrhotite.

Bleaching is associated with a different opaque assemblage. For example, sample 1-146 contains 

> 2% pyrrhotite and > 1% combined magnetite and ilmenite in the unbleached portion; the opaques in the 

bleached area are pyrrhotite and minor rutile. Sample 2-65, which contains an irregular bleached zone 

within gneiss displaying weak propylitic (green) alteration, has two distinct assemblages. Pyrrhotite is 

disseminated throughout the rock, while the oxides are found only in the green portions of the rock. 

Sample 2-98 similarly contains pyrrhotite, magnetite, ilmenite, rutile, and minor pyrite (ilmenite partly 

replaced by rutile) in the green portion of the rock, but only pyrrhotite and rutile in the bleached zone.

The timing of the bleaching is unclear. However presence of some chloritically altered biotite 

inclusions within bleached zones suggest that incomplete bleaching alteration occurred (allowing for 

unaltered biotite clots) followed by subsequent large scale propylitic alteration.

Using opaque assemblages and textures in the 16 polished sections, I modeled propylitic alteration 

(assuming a constant temperature) with respect to sulfur and oxygen fugacity in the Bald Knob gneiss 

(Figure 4.1). A line connecting points 1, 2 and 3 indicates the general change in fluid characteristics needed 

to account for the observed opaque assemblages in the Bald Knob gneiss, from least (1) to most (3) altered.

The initial fS2 and f 0 2 conditions within the Bald Knob gneiss (1, possibly representing the 

conditions at the time o f regional metamorphism) were such that pyrrhotite, magnetite, ilmenite and rutile 

were stable together, as described in the bulk of the unaltered samples. The log fS2 and f 0 2 conditions 

must have compatible with ilmenite stability (Figure 4.1). (Conditions in the undifferentiated gneiss, where 

ilmenite + rutile + magnetite is present, are constrained to the high fD2 side of the ilmenite stability field,
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Figure 4 .1: Modeled hydrothermal alteration path associated with propvlitic alteration in the 
Bald Knob drill core. Locations 1, 2. and 3 represent progressively more altered rock, respectively, 
stalling with unaltered. The diagram is schematic for temperatures o f approximately 300-500°C, based 
on chemographic relations given in Tracy and Robinson (1988).
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not much different from that of unaltered Bald Knob gneiss.) The fluid responsible for the propylitic 

alteration was apparently in equilibrium with pyrite + rutile, with fS2 and f0 2 conditions near location 3 

(Figure 4.1). These conditions are seen throughout the remaining samples to varying degrees, and the final 

stable assemblage o f pyrite + rutile has been attained in sample 4-146 (Table 4.3). In this slide no other 

iron- or titanium-bearing opaques are present. Samples 2-98 and 2-131 are unique in that these are the only 

slides which contained both pyrite and pyrrhotite as distinct stable (?) phases. The ilmenite in these slides 

is partly altered to rutile + Fe sulfide. The presence o f pyrrhotite + pyrite + magnetite suggest that the 

conditions within these samples are in the vicinity of point 2 (Figure 4 .1), where pyrrhotite, pyrite and 

magnetite are stable together. Pyrite which replaces pyrrhotite in these samples is characteristically pitted; 

whereas pyrite that grows independently is well-formed and unpitted. Samples with pyrrhotite and pyrite 

in an apparent equilibrium relation not only lack pyrite-pyrrhotite intergrowths, but also contain only 

unpitted pyrite.

Thus, the hydrothermal fluid that caused the propylitic alteration in the Bald Knob gneiss was at 

somewhat higher fD2 and fS2 than the surrounding country rock. This alteration also led to the destruction 

of magnetite, as evidenced by the general decrease of the mineral in thin section and the overall decrease in 

magnetic susceptibility in the propylitic ally altered rock. The bleached zones, which are much smaller, 

similarly lack magnetite. However, pyrrhotite is still present within the zones, requiring low fD2-fS2 

formation conditions.

4.2 Igneous Rock Petrology

Two units, peraluminous felsic dikes and the Gold Run Intrusion, make up the vast majority of the 

igneous rock volume in the Richardson study area. Rhyolite, pegmatite and two different felsic dikes of 

unknown affinity round out the igneous units in the area. Each of these units is characterized by a 

somewhat different mineralogy.
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4.2.1 Felsic Dikes

Four felsic dike samples from various locations within the field area were examined in thin 

section; mineral abundances were estimated by point counting (Table 4 .4). These mineral abundances 

correspond well with qualitative abundance estimates made from feldspar-stained slabs. Petrographic 

examination suggests the four dikes represent two different magmatic suites, one (group 1) strongly 

peraluminous and the other (group 2) weakly- to non-peraluminous. Distinction between the two types 

was not made in the field, but field notes and hand specimens collected suggest that the bulk of the dikes 

present are o f the strongly peraluminous variety.

Table 4.4: Estimated modal mineral abundances (volume %) in felsic dike thin sections.
Sample Group Qtz Plag Kspar Tourm Mica Point Cnts.

73 1 36 30 32 102
143a 35 27 34 104
125 33 27 32 109

158a 36 34 26 4 * 104
Qtz-quartz, Plag=plagioclase, Kspar=K-feldspar, Tourm.-tourmaline, Mica=white mica and minor biotite, 
Point Cnts.=number of points counted. *=biotite altering to chlorite.

Quartz is the most abundant mineral in all the samples, slightly greater than K-feldspar, which in 

turn appears to be more abundant than plagioclase in group 1 rocks. The fourth sample (158a, group 2) is 

similar, but contains more plagioclase than K-feldspar. All the rocks are characterized by igneous textures, 

including compositionally zoned plagioclase, microperthite, and random mineral orientation. A fine dusting 

of sericite is present in the feldspars in each o f the slides; however, the alteration is not extensive and many 

feldspars show little ill effect. The major mineral abundances of the 4 samples are very similar, but the 

minor/accessory mineral contents are quite different.

Sample 143a contains several percent apparently magmatic andalusite, partly altered to white 

mica. White mica and chlorite away from andalusite are also present at a few percent each. Trace amounts 

of opaques are associated with alteration o f biotite to muscovite and chlorite.

Sample 73 contains abundant perthite and myrmekite. Several percent coarse white mica is 

present as well as a few small (0.5 millimeter) garnets with thin rims o f alteration chlorite. A small
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amount of andalusite is also present, largely altered to white mica. No biotite is present within this sample. 

The presence of several percent tourmaline sets this sample apart from the others.

Sample 125 also contains microperthite, but lacks andalusite and garnet. Five percent or greater 

coarse white mica is present throughout the slide, sometimes mtergrown with the 1 to 2 % biotite. Neither 

mineral is obviously corroded or rimmed by the other, suggesting both are stable phases.

The common theme in the three group 1 samples is the presence o f at least one highly aluminum- 

rich (peraluminous) phase and the absence of large amounts of biotite. The peraluminous nature o f these 

samples appears to represent primary composition rather than hydrothermal alteration due to the minerals 

present as well as the lack of extensive alteration seen in the feldspars. The absence o f garnet or andalusite 

in sample 99RD-125 is not a major concern due to the presence of significant amounts of white mica, 

which may indicate the complete alteration o f andalusite under post-magmatic conditions. (The high 

temperature assemblage andalusite + K-feldspai would retrograde to the assemblage muscovite + quartz at 

temperatures below about 600°C and relatively low pressure.)

Sample 158 (group 2, Table 4.4) has a different mineral assemblage. The higher plagioclase and 

lower K-feldspar abundances, coupled with higher biotite (partly altered to chlorite) abundance, minor 

white mica, and absence of other aluminum-rich minerals indicates a non-peraluminous composition. This 

difference in mineralogy strongly suggests that the magma responsible for this rock is of a different origin 

than that responsible for the group 1 dikes.

4.2.2 Gold Run Intrusion

Three thin sections were made of samples from the coarse-grained Gold Run granitic intrusion. 

The felsic minerals consist o f megacrystic (>2 cm long) and finer-grained (0.5cm) K-feldspar, together 

with plagioclase and quartz. Perthitic textures are prevalent in K-feldspar and the plagioclase feldspars are 

zoned. This zoning was shown best in slide GR-1, where multiple very fine rings o f contrasting extinction 

are visible, including a normal, continuously zoned rind, approximately 0.25 mm wide.

The mafic component is predominantly biotite. Trace to 1% hornblende was identified in slides 

GR-1 and GR-3. The hornblende is ratty and encased in biotite, suggesting that the hornblende was
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magmatically resorbed or hydrothermally replaced by biotite (probably the former). The biotite is partially 

altered to chlorite plus a non-cubic oxide (ilmenite?). There are no indications of primary oxide minerals in 

the Gold Run Intrusion samples and the magnetic susceptibility is uniformly low.

4.2.3 Dikes Encountered in the Bald Knob Drill Holes

Thin sections and stained slabs were examined for BK3-021 and BK3-130, dikes intercepted in 

drill core from Bald Knob. BK3-021 contained 41% quartz, 31% plagioclase, 26% K-feldspar and 2% 

biotite. It is texturally equigranular, with phenocrysts ranging from 2 to 4 mm. Only minor amounts of 

alteration to sericite or clay is present in feldspar and biotite is unaltered. One small chlorite grain was 

encapsulated within a feldspar. No accessory minerals were noted.

Sample 99BK3-130 is similarly equigranular, with slightly smaller phenocrysts up to 3mm. In 

contrast to sample 99BK3-021, the rock is not as quartz rich, with 35% K-feldspar, 28% quartz, 27% 

plagioclase, 3% biotite, 1 to 2% apatite, 3% very-fine-grained muscovite, and 2% coarser-grained white 

mica interstitial to feldspar and biotite grains. Moderate sericitic alteration predominantly affects the 

plagioclase and not the biotite. Trace amounts of coarse white mica are intergrown with biotite, and about 

1% apatite is present, usually in or with biotite.

These samples are coarser-grained than most felsic dikes exposed to the west of Bald Knob 

(Figure 2.1). Furthermore, they lack the abundant white mica ± garnet ± andalusite found in the 

peraluminous dikes. In terms of mineralogy and mineral assemblages, they resemble the group 2 (less- 

peraluminous) felsic dikes seen to the west of Bald Knob.
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Chapter 5: Geochemistry of Major Rock Units

In order to better understand the origins of geologic units, and to help classify different rock units, 

I performed XRF major and minor element analyses on representative samples of major lithologies 

encountered in the field area. Three major aspects are covered below. First, the geochemistry of the major 

metamorphic lithologies (gneiss, BK gneiss and amphibolite) are compared to determine protolith. The 

second major component o f this chapter is the data and analysis o f igneous units. This section ties in with 

other chapters (e.g. Chapter 8) to help model the evolution of igneous rocks in the area. The final section 

attempts to interpret the significance o f  migmatite in the Richardson study area, specifically the origin and 

relationship to igneous rocks in the area.

5.1 Gneissic Rocks

5.1.1 Gneiss Protolith Studies

Gneiss from the Buck Ridge prospect and the Bald Knob area look similar, containing significant 

amounts o f feldspar and weak foliation (due to low mica contents). With such high feldspar abundances, 

the rocks were initially considered ‘orthogneiss’, i.e., metamorphosed igneous rocks. Trace and major 

element analyses were undertaken to better categorize and discriminate gneisses.

Major element analyses of representative samples (Table 5.1) show that the Buck Ridge (BR) and 

Bald Knob (BK) gneisses possess very high A120 3 and low Na20  concentrations. These values are 

reflected in very high normative corundum (5.7-10.3%) and very low normative albite (6.4-13.7%) contents 

that are abnormal for igneous rocks. For example, an igneous rock study by Mutschler et al. (1981) of 

22,000 igneous rock analyses with less than 3% H20  had 98 analyses (0.4%) have more than 5% normative 

corundum. A normative igneous rock classification plot (Figure 5.1; Streikheisen and LaMaitie, 1979) 

shows that the Buck Ridge prospect and Bald Knob gneisses also contain higher normative quartz contents 

than characteristic o f igneous rocks and strikingly different than Interior Alaska intrusive rocks. These 

‘igneous-appearing’ gneisses do not have igneous compositions.



Table 5.1: XRF major oxide and normative values for gneiss samples in the Richardson study area. An=anorthite,
Q-quartz, or-orthoclase, ab=albite, C=corundum, hy=hypersthene, mt=magnetite, il=ilmenite, hem=hematite, ap=apatite.

Sample 118A 112A 123 128 124B 124C 137 140 142 81 99GG094
Si02 71.4 81.28 85.4 60.18 83.66 73.76 65.98 69.93 84.07 78.42 71.81
Ti02 0.55 0.31 0.25 0.77 0.24 0.53 0.67 0.68 0.18 0.4 0.28

AI203 13.77 9.23 6.34 20.34 7.39 12.05 16.75 14.99 7.29 9.59 14.36
Fe203 3.94 2.54 2.13 6.71 2.25 4.88 5.21 5.87 2.55 3.46 3.08
MnO 0.06 0.04 0.04 0.07 0.03 0.05 0.04 0.09 0.03 0.04 0.07
MgO 1.35 0.78 0.5 2.27 0.53 1.59 1.82 1.77 0.64 1.25 0.7
CaO 2.68 0.56 0.57 0.56 0.71 0.56 0.46 0.61 0.92 1.11 2.53
Na20 3.22 1.13 1.08 1.23 1.54 1.23 1.24 0.63 1.49 1.7 3.08
K20 1.35 1.91 0.99 3.92 1.33 2.82 3.84 2.91 1.13 2.5 2.75

P205 0.05 0.07 0.05 0.09 0.04 0.07 0.08 0.09 0.08 0.08 0.09
LOI 0.8 1.16 0.76 3.45 0.81 1.42 2.72 1.85 0.79 0.75 0.84

Total 99.2 99.02 98.14 99.61 98.56 99 98.82 99.44 99.21 99.33 99.62
%AN 32.25 19.53 21.49 17.38 20.02 18.23 14.36 31.38 24.27 25.73 31.46

Q 39.61 65.24 73.51 31.73 67.42 51.42 39.6 49.92 68.38 54.76 37.01
or 7.98 11.29 5.85 23.17 7.86 16.67 22.69 17.2 6.68 14.77 16.25
ab 27.25 9.56 9.14 10.41 13.03 10.41 10.49 5.33 12.61 14.39 26.06
an 12.97 2.32 2.5 2.19 3.26 2.32 1.76 2.44 4.04 4.98 11.96
C 2.26 4.45 2.58 13.27 2.22 6.12 9.91 9.91 2.13 2.26 1.93

______hy 4 1.94 1.25 9.97 1.32 6.21 6.73 7.75 1.59 3.54 2.09
mt 2.97 1.35 0.51 3.29 0.88 2.94 3.15 3.16 2.1 2.75 2.58
il 1.04 0.59 0.47 1.46 0.46 1.01 1.27 1.29 0.34 0.76 0.53

hem 0 0.88 1.4 0 1.13 0 0 0 0.23 0 0
_ ap 0.12 0.16 0.12 0.21 0.09 0.16 0.19 0.21 0.19 0.19 0.21



Table 5.1: XRF major oxide and normative values for gneiss samples in the Richardson study area (cont.). An=anorthite, 
Q=quartz, or=orthoclase, ab=albite, C=corundum, hy=hypersthene, mt=magnetite, il=ilmenite, hem=hematite, ap=apatite.
Sample 99GG072 99GG024 99GG031 99GG040 BK004-062 BK004-263 BK005-150 BK006-059 BR1-372 BR4-323 BR4-334

Si02 70.92 55.15 73.96 85.21 69.13 69.92 70.5 69.56 73.64 71.4 71.51
TI02 0.27 1.13 0.58 0.24 0.77 0.84 0.79 0.57 0.53 0.62 0.58

AI203 14.5 23.92 12.82 6.44 14.46 14 14.68 14.05 13.23 14.69 14.08
Fe203 2.95 7.84 4.84 2.28 5.55 5.09 6.5 4.64 4.52 5.37 4.37
MnO 0.06 0.15 0.07 0.05 0.04 0.05 0.07 0.06 0.07 0.06 0.05
MgO 0.64 2.86 1.49 0.52 1.74 1.55 1.98 1.51 1 35 1.69 1.47
CaO 2.62 0.76 0.81 0.76 1.39 1.24 0.6 1.13 0.87 0.67 0.83
Na20 2.64 1.47 1.19 1.54 1.3 1.34 0.75 1.62 0.97 0.9 1.21
K20 3.84 3.98 2.33 0.85 3.46 3.8 2.12 3.48 2.57 2.96 3.41

P205 0.09 0.09 0.08 0.06 0.09 0.1 0.08 0.1 0.09 0.09 0.11
LOI 0.66 1.95 1.28 0.74 1.46 1.2 1.72 1.45 1.86 1.64 1.07

Total 99.21 99.33 99.48 98.72 99.39 99.13 99.79 98.17 99.7 100.09 98.69
%AN 35.71 20.37 25.77 20.59 36.44 32.66 27.88 26.54 31.23 26.43 24.92

Q 34.49 23.52 53.48 70.77 41.94 42.3 52.25 41.66 53.77 49.91 47.22
or 22.69 23.52 13.77 5.02 20.45 22.46 12.53 20.57 15.19 17.49 20.15
ab 22.34 12.44 10.07 13.03 11 11.34 6.35 13.71 8.21 7.62 10.24
an 12.41 3.18 3.5 3.38 6.31 5.5 2.45 4.95 3.73 2.74 3.4
C 1.45 16.03 7.06 1.75 6.26 5.67 10.25 5.8 7.49 9 7.15
hy 1.75 11.97 5.73 1.3 6.68 5.18 8.82 5.47 5.05 6.92 4.86
mt 2.57 3.81 3.02 1.03 3.29 3.39 3.32 3 2.94 3.07 3.02
il 0.51 2.15 1.1 0.46 1.46 1.6 1.5 1.08 1.01 1.18 1.1

hem 0 0 0 1.03 0 0 0 0 0 0 0
ap 0.21 0.21 0.19 0.14 0.21 0.23 0.19 0.23 0.21 0.21 0.25
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Figure 5.1: N onnative classification o f 'ig n eo u s  appearing’ gneiss, R ichardson study area. 
Diagram, including igneous rock classification boundaries after Streckeisen and LeM aitre (1979). 
Data for M esozoic intrusive rocks from Interior Alaska for com parison from B um s et al. (1993), 
Clautice et al. (1993), Newberry (1996), and Werdon et al. (2001).
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Figure 5.2 shows concentrations of several major oxides versus S i0 2 for all gneiss samples of the 

Richardson area. The Bald Knob and Buck Ridge samples fall in a relatively restricted range at 69.1-73.6 

weight % S i0 2; in contrast, other gneiss samples range from 55.5 to 85.4 weight % S i0 2. Also shown on 

the diagram are curves showing the major element trends for typical igneous rocks, taken from Mutschler et 

al. (1981).

Linear trends for S i0 2 versus other oxide concentrations are seen for most o f the gneiss samples, 

to a certain extent because all element concentrations fall as the majority component (S i0 2) rises. Three 

samples (99GG-094, 99GG-072, and 118a) fall outside of the majority trends, showing elevated N a?0 and 

CaO and variably lower T i0 2, MgO, Fe20 3, and K20  contents. These compositional differences give rise 

to higher normative feldspar and low normative corundum values (Table 5.1). In contrast, igneous rocks 

display significantly different patterns for most of the oxides plotted, including dramatic decreases in CaO 

and MgO, significant increase in Na20  and K20 , and near constant A120 3 with increasing S i0 2 (Figure 5.2). 

Furthermore, of the >22,000 igneous rock samples with <3% H20  from Mutschler et al. (1981), only 8 

(<0.05%) contain more than 80 weight percent S i02; the five samples with very high silica contents are 

clearly not o f igneous parentage. The 3 ‘anomalous’ gneiss samples (circled on Figure 5.2) possess 

compositions closer to those of igneous rocks than the others, but contain high CaO and low Na20  and K20  

relative to typical felsic igneous rocks (Figure 5.2). This is odd, because alteration o f plagioclase feldspar 

under moderate temperature conditions typically yields muscovite + albite, causing CaO to decrease and 

Na20  and K20  to increase.

The less foliated gneiss samples from Buck Ridge and Bald Knob area fall within the scatter 

defined by all the gneiss samples (Figure 5.2). Analysis of variance performed on the Fe20 3, MgO, A120 3, 

CaO, and T i0 2 contents o f the gneiss analyses indicate that the Bald Knob gneiss and the poorly foliated 

Buck Ridge gneiss samples are not compositionally distinguishable from the surrounding undifferentiated 

gneiss at the 95% confidence interval.

In summary, the bulk o f gneissic rocks from the Richardson field area possess compositions that 

are significantly different from those of igneous rocks. The high normative corundum, high A120 3, variably 

high S i0 2, and high K20  (at low silica contents) are all compatible with a sedimentary (clay-quartz)
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Figure 5.2: Major oxide compositions o f Richardson area gneiss samples. Circle = undifferentiated 
gneiss, square = Bald Knob gneiss, star = lesser foliated, non-magnetic gneiss from Buck Ridge 
Prospect. Oxides analyzed by XRF and values given are in weight percent. Circled points are three 
samples (99GG-094. 99GG-072, and 118a) that have compositions somewhat compatible with an 
igneous protolith. Broad grey lines depict average trends for felsic igneous rocks, taken from 
Mutschler et al. (1981).
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protolith. Three o f the samples’ major oxide contents suggest possible igneous parentage, but even these 

samples resemble the compositions of sedimentary rocks more than igneous rocks. Most likely the 

Richardson area gneissic rocks are either metamorphosed sedimentary rocks (‘paragneiss’) or igneous 

rocks which have suffered extreme changes in major element composition before or during metamorphism. 

The igneous-appearing’ gneissic rocks may have this appearance because they contain less biotite than the 

others; with a lower content o f minerals (mica) that define a foliation, they appear less foliated. In part the 

lower biotite content can be related to the equilibrium:

KFe3AlSi3O 10(OH)2 +1/2 0 2 = Fe30 4 + KAlSi30 8 + H ,0

. 1 1 X(biotite) (magnetite) (K-feldspar)

which explains the higher magnetite and lower biotite content o f the Bald Knob gneiss.

5.1.2 Metamorphic Minerals in Gneissic Rocks

Garnet is variably present in gneiss of the Richardson area. It is unclear whether this is due to 

variations in degree of metamorphism or to variations in bulk composition. A standard approach to this 

problem is to consider rock compositions projected onto triangular diagrams representing different 

compositional components, e.g., AFM (= Al, Fe, Mg). On such diagrams mineral tie-lines show the 

assemblages stable for a given metamorphic grade. The compositional variations between rocks give rise 

to different mineral assemblages. Figure 5.3 is an AFM diagram modified from Winkler (1976) for meta- 

pelitic rocks in amphibolite facies conditions with excess muscovite and quartz. Compositions o f 

Richardson area gneiss samples are plotted on this diagram with letters indicating different Al2S i0 5 

polymorphs present and the presence (g or G) or absence (x) of garnet, as taken from Table 4.1. Almost all 

the samples fall in appropriate locations for equilibrium assemblages under amphibolite facies conditions. 

In particular, the garnet-bearing samples (gs and G, Figure 5.3) contain higher Fe/Mg ratios than the other 

samples, hence fall on the garnet side of the biotite-sillimanite tie-line-in the region o f garnet stability. No 

cordierite was noted in the sections, in agreement with the sample compositions plotting outside of the 

sillimanite-cordierite-biotite field.
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Figure 5.3: AFM diagram for Richardson area gneisses. Diagram topology and tie lines are shown for 
amphibolite facies conditions, modified from Winkler (1976); quartz and muscovite are in excess. AFM 
components calculated following Winkler (1976) for analyses given in Table 5.1. Symbols represent the 
mineralogy o f the analyzed rocks (Table 4.1): G=gamet, S=sillimanite, gs=gamet + sillimanite, AND= 
andalusite. x = no aluminosilicate or garnet.
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One sample (81, x on Figure 5.3) lacked both garnet and sillimanite. From its composition it is 

predicted to contain sillimanite. Perhaps the high plagioclase content o f this sample makes an AFM 

projection unsuitable to represent the actual assemblage. In contrast, sample 99GG-094 (AND) contains 

andalusite instead o f sillimanite and does not contain garnet. The very high plagioclase (hence Ca-Na) 

content o f this sample (Table 4.1) also may make the AFM projection inappropriate with respect to garnet, 

but the presence o f the lower-temperature polymorph andalusite is clearly anomalous for these samples. 

Either it is truly lower grade than the surrounding gneisses, or the andalusite failed to convert to sillimanite 

during prograde metamorphism, or the andalusite is a product o f retrograde metamorphism.

5.2 Amphibolites

Amphibolite (a hornblende-rich metamorphic rock) is conventionally viewed as a metamorphosed 

basaltic rock. Other origins are possible; one test is to compare the major and minor element composition 

to that of basalt. Two amphibolite samples from Buck Ridge (Figure 2.1) were consequently analyzed for 

major and select trace elements. The results (Table 5.2) show that the Richardson area amphibolites indeed 

possess basaltic bulk compositions, e.g., high T i0 2, MgO, CaO and Fe20 3 and low S i0 2, Na20 , and K20 .

Basaltic rocks display significant differences in major and trace element compositions depending 

on the tectonic environment in which they formed (Pearce and Cann, 1973); such differences are 

maintained through amphibolite facies metamorphism (Rollinson, 1993). Dusel-Bacon and Cooper (1999) 

further suggested that tectono-stratigraphic terranes in Interior Alaska could be identified and distinguished 

by the trace element character o f their amphibolites. They showed that amphibolites of the Lake George 

assemblage (which hosts the Richardson district) characteristically display ‘within-plate’ basalt 

characteristics. The two Richardson area amphibolite samples also plot in the within-plate basalt field 

(Figure 5.4), with compositions not very different from other amphibolites o f the Lake George assemblage. 

These samples are the western-most collected thus far in the Lake George assemblage.
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Samples 
127 158B

Si02 44.87 39.4
T i02 4.05 5.77

A1203 5.94 10.84
Fe203 13.3 15.04
MnO 0.29 0.28
MgO 15.74 8.02
CaO 11.57 13.41

N a20 0.6 0.5
K 20 0.17 0.75
P 205 0.77 2.22
LOI 1.61 3.14

Total 99.06 99.46
Ba 228 119
Sr 159 164
Y 18 34

Nb 65 92
Zr 241 336
Rb 12 21

Table 5.2: XRF Major and minor element results for amphibolite samples 127 and 158B

Figure 5.4: Tectonic discrimination diagram for Richardson area amphibolite samples. Lake George 
assemblage (a subdivision o f the Yukon-Tanana terrane) data from Dusel-Bacon and Cooper (1999); 
Richardson district data from this study. Diagram from Pearce and Cann (1973).
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5.3 Major Element Compositions of Richardson Area Igneous Rocks

Table 5.3 gives major oxide data and normative mineralogy for 14 samples of igneous and 

presumed igneous (?) rocks from the study area. These samples include three from the Gold Run Intrusion, 

six from felsic dikes, two holocrystalline dikes from drill hole BK003 on Bald Knob, and three samples of 

migmatite leucosome from drill hole BK006. Normative calculations were made employing the FeO/ 

Fe20 3 correction o f Irvine and Baragar (1971). Figure 5.5 shows this data plotted on a normative 

classification diagram (after Streckeisen and LeMaitre, 1979) and Figure 5.6 on a major oxides versus S i0 2 

diagram. The data on Figure 5.5 are compared to that of the nearby Birch Lake pluton (Figure 1.1) and that 

of Figure 5.6 are compared to data for 90 Ma Interior Alaskan granites (Bums et al., 1991).

5.3.1 Gold Run Intrusion

Three large, unweathered samples (GRI-1, GRI-2, and GRI-3) from the southwestern side of the 

Gold Run Intrusion (GRI) were analyzed for major element composition (Table 5.3). Normative 

compositions of these rocks fall within the range of the texturally similar Birch Lake pluton (BLP, Figure 

5.5). The BLP samples with the highest normative quartz values plot in the alkali feldspar granite and 

granite fields. Higher normative anorthite correlate with lower normative quartz values and three samples 

plot in the granodiorite and quartz monzodiorite fields. This trend is not unexpected, as most large felsic 

intrusions display internal compositional heterogeneity with similar trends.

The normative compositions o f GRI samples plot well within the granite field and match the rock 

modal compositions (approximately 40% K-feldspar, 30% plagioclase feldspar, and 30% quartz). The GRI 

samples plot within the linear trend defined by the BLP samples, in a compositional break of the latter. 

This break is also shown in Figure 5.6, which shows systematic changes in composition with respect to 

silica content. The compositional break indicates that the 150 square km Birch Lake Pluton (Figure 1.1) 

was a sufficiently large body to exhibit major compositional differences (e.g., through fractional 

crystallization), whereas the vastly smaller (2 sq. km) Gold Run Intrusion was too small. Further, given the 

large size o f the BLP, it is unlikely that 6 samples taken over a relatively small portion of the body would 

adequately characterize it. Thus, although the BLP compositions vary appreciably, it may be significant



Table 5.3: XRF major oxide and normative values for igneous rock samples in the Richardson study area.

Sample 73 125 158 129 135 143 BK003-021 BK003-130
Rock type Felsic dike Felsic dike Felsic dike Felsic dike Felsic dike Felsic dike Course dike Course dike

SI02 74.97 74.93 74.67 72.39 74.64 73.75 73.18 69.21
T i0 2 0.03 0.08 0.09 0.08 0.05 0.04 0.03 0.14

AI203 14.23 14.18 14.34 13.94 14.4 14.22 15.59 15.98
F e203 0.89 0.61 0.72 1.21 0.6 0.96 0.43 1.15
MnO 0.08 0.02 0.01 0.01 0 0.02 0 0.02
MgO 0.11 0.22 0.28 0.19 0.11 0.09 0.14 0.28
CaO 0.42 0.52 1.38 0.46 0.46 0.67 2.15 1.57

N a20 3.4 2.88 3.79 2.78 2.45 3.35 3.23 2.34
K 20 4.17 4.99 3.39 4.3 4.43 4.34 5.09 7.6
P 205 0.17 0.14 0.1 0.1 0.06 0.2 0.07 0.54
LOI 0.79 0.85 0.75 2.54 1.74 1.08 0.4 0.71

Total 99.26 99.42 99.52 98.00 98.94 98.72 100.31 99.54

%AN 3.27 6.4 16.18 6.48 8.36 6.64 27.19 17.71
Q 38.65 38.04 36.56 38.78 42.46 36.65 30.3 24.26
or 24.64 29.49 20.03 25.41 26.18 25.65 30.08 44.91
ab 28.77 24.37 32.07 23.52 20.73 28.35 27.33 19.8
an 0.97 1.67 6.19 1.63 1.89 2.02 10.21 4.26
C 3.77 3.43 2.17 4.12 4.88 3.27 1.03 2.34
hy 0.27 0.55 0.7 0.47 0.27 0.22 0.35 0.7
mt 0.17 0 0 0 0 0 -0.02 0.04
il 0.06 0.04 0.02 0 0 0 0.43 1.15

hem 0.77 0.61 0.72 1.21 0.6 0.96 0.16 1.25
___ ______ 0.39 0.32 0.23 0.23 0.14 0.46 0.04 0.12

ru 0 0.06 0.08 0.1 0.07 0.04 0 0



Table 5.3: (cont.) XRF major oxide and normative values for igneous rock samples in the Richardson study area.
Norm abreviations the same as for figure 5.1. *Sample BK3-125 shown for comparison to adjacent migmatite leucosomes.

Sample GRI-1 GRI-2 GRI-3 BK6-128 BK6-131 BK6-121 BK3-125
Gold Run Gold Run Gold Run Migmatite Migmatite Migmatite Gneiss*

S i0 2 71.4 72 71.54 73.01 74.01 73.01 71.07
T i0 2 0.28 0.28 0.25 0.03 0.14 0.09 0.6

AI203 14.69 14.27 14.36 14.84 13.96 14.67 13.08
F e203 2.66 2.28 2.6 0.87 0.95 1.05 4.3
MnO 0.05 0.04 0.04 0.02 0 0.01 0.07
MgO 0.66 0.6 0.59 0.4 0.41 0.42 1.47
CaO 2.2 1.85 1.92 1.15 0.9 0.81 1.2

N a20 3.06 3.07 2.98 1.86 1.79 1.91 1.89
K 2 0 4.57 4.49 4.67 6.04 5.91 6.19 4.7
P 205 0.11 0.15 0.11 0.23 0.08 0.08 0.1
LOI 0.48 0.53 0.71 1.31 1.52 1.18 1.01

Total 100.16 99.56 99.77 99.76 99.68 99.42 99.52

%AN 28.25 23.99 25.88 21.07 20.65 17.78 24.89

Q 30.73 32.53 31.65 36.67 38.67 36.08 37.14
or 27.01 26.53 27.6 35.69 34.93 36.58 27.78
ab 25.89 25.98 25.22 15.74 15.15 16.16 15.99
an 10.2 8.2 8.81 4.2 3.94 3.5 5.3
C 0.97 1.36 1.18 3.7 3.17 3.55 2.94

h i 1.64 1.49 1.47 1 1.02 1.05 4.7
mt 1.9 0.77 1.87 0 0 0 3.04
il 0.53 0.53 0.47 0.04 0 0.02 1.14

hem 0.47 1.25 0.46 0.87 0.95 1.05 0

JHL 0.25 0.35 0.25 0.53 0.19 0.19 0.23
ru 0 0 0 0.01 0.15 0.08 0
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Figure 5.5: Normative classification o f  igneous rocks o f  the Richardson study area and the 
Birch Lake pluton. Fields are: AFG-alkali feldspar granite, GR-granite, GRD=granodiorite, 
T=tonalite, QM=quartz monzonite,and QMD=quartz monzodiorite. Upright (AFG) and 
inverted (GR) triangles represent samples BK3-130 and BK 3-021, respectively. Square=felsic 
dike, open circle= Birch Lake pluton, filled circle= Gold Run intrusion, star= migmatite leucosoine. 
Diagram after Streckeisen and LeMaitre (1979). Birch Lake pluton data from Burns et al. (1993).
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et al. (1993). Newberry (1996). and Werdon et al (2001) and this study.
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that the average composition o f the BLP (as expressed by the 6 samples) is quite similar to that o f the GRI. 

Radiometric data (Chapter 8) shows that the two intrusions are of indistinguishable age. In summary, the 

Gold Run Intrusion appears to be a ‘typical’ Interior Alaskan mid-Cretaceous granite.

5.3.2 Felsic Dike Rocks

Six samples o f fine-grained, leucocratic, biotite-muscovite granite dikes from the felsic dike 

swarm (Figure 2.1) were selected for analysis (Table 5.3). Sample 73 also contains several percent 

tourmaline. These dikes are clearly not foliated and two clearly cut across foliation of the host gneiss 

confirming that they are younger than the metamorphism. Weak alteration o f biotite to white mica and (or) 

chlorite is ubiquitous, as is alteration of plagioclase to sericite. Samples 129 and 135 are sufficiently 

altered to yield appreciable LOI (loss on ignition, Table 5.3). The felsic dike samples give syeno-granite to 

alkali feldspar granite normative compositions (Figure 5.5,); two— the same that possess high LOI— 

display anomalously high normative quartz/(quartz + feldspar) values (43 - 47%) and the highest normative 

corundum contents (4.1-4.9%, Table 5.3).

Figure 5.6 shows that for most major elements the felsic dike samples follow trends displayed by 

Interior Alaska plutons— and quartz-rich felsic igneous rocks in general (cf., Figure 5.2). S i02 contents of 

74-75 weight % are not uncommon (see Bums et al., 1991), although A120 3 is elevated in the felsic dikes 

relative to rocks o f similar S i0 2 contents. K20  is relatively low in the dikes; this is unusual for alteration 

caused by weathering or hydrothermal fluids (usually replacement o f Ca-Na feldspars by K-rich micas).

The relative oxide abundances yield high normative corundum (Table 5.3), higher than values 

seen typically for igneous rocks o f Interior Alaska (Bums et al., 1993). Petrographically, these rocks also 

contain coarse-grained (hence, o f magmatic or early post-magmatic age) Al-rich minerals, such as 

andalusite, garnet, and (or) muscovite, as described in Chapter 4. Hydrothermal alteration causes increase 

in normative cordundum because the conversion of feldspar to fine-grained muscovite requires the loss of 

Ca2+, Na+, and (or) K+ counterbalanced by gain in H+. Hence, the rock becomes richer in A120 3 relative to 

(Na20  + K20  + CaO) by loss of the latter components into solution. If  this is the case, one would expect 

that the amount o f ‘excess’ Al (= normative corundum) should increase along with the amount o f H+ in the
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rock (present as H2O). Water contents of the rocks was measured as ‘loss on ignition’= sum of all volatile 

components, which is normally H20  + C 0 2. Given that calcite was not observed in the rocks and sulfide 

minerals are also virtually absent, LOI is a good approximation to H20  content. Plotting normative 

corundum versus LOI for samples of igneous rocks from the Richardson area (Figure 5.7) shows that 

relative to unaltered and altered granitic rocks from the Fairbanks district (Newberry, 1996) and the Donlin 

Creek deposit (Szumigala, 1996), most of the Richardson felsic dikes contain anomalously high normative 

corundum without associated high LOI.

According to this reasoning, one sample from the Birch Lake pluton displays significant 

hydrothermal alteration, as do the two high-LOI felsic dike samples (129 and 135, Table 5.3). As these two 

samples are the spatially closest to the Gold Run Intrusion (both within the dike swarm, ~1 km east o f the 

GRI, Figure 2.1) their greater degree of hydrothermal alteration seems reasonable. In contrast, the other 4 

felsic dikes possess compositions (Figure 5.7) that suggest their excess normative corundum may be a 

product o f the magmatic composition and not o f hydrothermal alteration.

In summary, the mineralogy and compositions of the felsic dikes indicates that they are derived 

from a strongly peraluminous magma, different from that typical o f Interior Alaskan igneous rocks and are 

not simply the product o f hydrothermal alteration. Strongly peraluminous granites are commonly classified 

as ‘ S -typem ean ing  derived from melting of crustal (sedimentary) materials, and not from fractionation o f 

more mafic melts (White and Chappell, 1983). The high SiO? and low T i0 2 of these dikes further suggests 

strong fractionation of a parental peraluminous melt or low degree of partial melting o f a sedimentary 

source. Elevated P20 5 is a characteristic of this S-type magmatism, as described by Sawka et al. (1990), 

and seems true for the peraluminous Richardson district felsic dikes as well (Figure 5.6).

Major oxide analyses of the six felsic dike samples are compared to other known interior 

peraluminous granites and Fairbanks area metaluminous rocks in Figure 5.8. The data range, excluding 

one anomalously high and low sample each, between 68 and 76% S i0 2. The inverse relationship of S i0 2 to 

Fe20 3, MgO, CaO, and T i0 2 following the overall trend expected during magmatic differentiation is well 

demonstrated. These values are even further depleted than metaluminous rocks o f the same S i0 2 content.
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Figure 5.7: Normative corundum vs LOI plot modeling alteration in granitic rocks. Black solid circle=Gold 
Run intrusion, open circle=Birch Lake pluton, square=felsic dike, black inverted triangle=BK3-021, upright 
triangle=BK3-130, grey filled circle -visibly altered Fairbanks area igneous rock, star=migmatite leucosome. 
Felsic dikes form 2 distinct clusters, ‘altered’ (dashed oval) and unaltered (solid polygon). Birch Lake 
pluton data from Bums et al. (1993); field for unaltered granitic rocks from data in Mutschler et al. (1981); 
altered plutonic rock data from Newberry (1996); other data from this study.
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SiO 2 S i0 2

Figure 5.8: Major oxide plots comparing interior Alaska peraluminous granites with granites from the 
Fairbanks area. Solid circle=interior Alaska peraluminous granite, P^Pogo area peraluminous granite, 
square=Richardson area felsic dike, upright triarigle=BK3-130, black inverted triangle^BK3-021, open 
circle = Fairbanks area granite. Arrows indicate general fractionation trend. Data from Bums et al.
(1993), Clautice et al. (1993), Newberry (1996), Werdon et al.('2001) and this study.
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Relative to the Pogo peraluminous samples, the Richardson felsic dikes have a high, narrow range 

o f S i0 2 concentrations. These samples correspond to the more S i0 2-rich Pogo (and unspecified Interior 

Alaska peraluminous granite) samples. The Na20  and K20  plots have significantly more spread in the data 

for all samples, a result o f both only slight overall enrichment in high S i0 2 rocks and effects o f weathering 

and alteration. The conclusion from this data is that the felsic dikes have major oxide characteristics 

compatible with other peraluminous granites in interior Alaska.

5.3.3 Bald Knob Dike 1 (BK3-021)

Although the dike represented by sample BK3-021 was highly fractured in core and the fractures 

were coated with bright white clay, petrographic examination showed that the igneous minerals were only 

weakly altered, and thus the chemical analysis is representative o f the unweathered rock (cf., Figure 5.7). 

This sample, a monzogranite (Figure 5.5) has quartz and feldspar chemistry similar to the rocks from the 

Gold Run Intrusion (Table 5.3, Figure 5.7). In detail, sample BK3-021 has lower Fe20 3 and T i0 2 and 

higher A120 3 S i0 2 contents than the GRI samples (Figure 5.6), which can be plausibly ascribed to a greater 

degree o f fractionation for this dike than typical o f the GRI. An independent samples t-test comparing the 

major oxides Fe20 3, A120 3, MgO, K20 , and CaO, Na20  and T i0 2 independently to values of ‘normal 

Interior Alaska intrusions, shows that all oxides were indistinguishable at the 99% confidence interval (Cl). 

As seen on Figure 5.6, A120 3 (sig. value = 0.013 at the 95% Cl) is the only oxide showing significant 

departure from the expected value; it is ‘distinguishable’ at the 95% Cl. Thus, although not conclusive, the 

major element and petrographic data for this dike strongly suggest it is part o f the ‘normal’ 90 Ma Interior 

Alaskan granitic suite, and likely to be an offshoot o f a GRI-like body.

5.3.4 Bald Knob Dike 2 (BK3-130)

Sample BK3-130, intersected approximately 100 meters below sample BK3-021, is 

mineralogically and compositionally distinguishable from the latter (Table 5.3, Figures 5.5-5.8). Sample 

BK3-130 is classified as an alkali granite (Figure 5.5), with less than one-half the normative An/An+Or of 

BK3-021. It contains elevated A120 3 and P20 3 and extremely high K20  combined with low values for the
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remaining elements (CaO, MnO, MgO, T i02 , Na20 , and Fe20 3. (Table 5.3, Figure 5.6). These data 

correspond well with petrographic evidence for a leucocratic, peraluminous mineralogy (Chapter 4). In 

terms of composition and mineralogy this dike more closely resembles the peraluminous felsic dikes than 

any other igneous lithologie in the Richardson study area.

5.3.5 Migmatite Leucosomes

Migmatite is a ‘mixed rock’ consisting of felsic rock (igneous appearing, = ‘leucosome’) 

intermixed with mafic gneissic rock (metamorphic-looking). The felsic portions are commonly interpreted 

as either in situ products of partial melting (and the mafic as the residual, unmelted portions) or as 

injections of exotic felsic melts into metamorphic rocks.

Normatite compositions of the migmatite leucosomes are consistent with igneous rocks, plotting 

as alkali granite (Figure 5.5) and generally with other igneous rocks (Figure 5.6), although Na20  contents 

are anomalously low. These low Na20  values (Table 5.3, Figure 5.5) are the only reason to question the 

igneous parentage o f the migmatite. On the alteration diagram (Figure 5.6) the migmatite leucosomes plot 

between the points for unaltered and altered felsic dikes, suggesting that their compositions have been 

slightly modified by hydrothermal alteration.

Independent samples T-test comparison of major oxides from the migmatite leucosomes and felsic 

dikes indicate that at the 95% confidence interval Na20 , KzO and MgO contents fail the hypothesis that the 

two units are from the same population. If  from the same population, significantly greater alteration would 

have been experienced by the migmatite leucosomes to acquire the K20-N a20  ratios actually present. 

Such a degree of alteration is not suggested by the relatively low LOI values for these samples (Figure 5.6).

If the migmatite leucosomes represent the products o f local partial melting, then their 

compositions should match those to be expected for partial melting, that is, the lowest-temperature melts 

that can be formed under the prevailing metamorphic conditions. Pressure-temperature estimates for the 

metamorphic rocks (Chapter 6) indicates maximum temperatures o f about 620°C and pressures o f 2-4 kb; 

under these conditions the minimum temperature for a water-saturated granitic melt is about 640-660°C, 

slightly higher temperature than the metamorphic temperatures. More importantly, the composition of the
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‘minimum temperature’ granitic melt under water saturated conditions is independent of the source 

composition and only depends on the prevailing pressure, allowing for direct comparison with the observed 

compositions. This data (Figure 5.9) shows that the migmatite leucosome compositions are nowhere near 

the ‘minimum melt’ composition line; they are much too rich in K2O (orthoclase component) and poor in 

Na20  (albite component) to represent anything like a high-pressure minimum temperature melt 

composition. In contrast, the felsic dike samples plot close to the expected eutectic line, with pressures 

around 0.5 kb, as do samples from the Richardson dike (just south of the map area, Figure 2.1). Felsic 

dikes from the Birch Lake pluton similarly plot in the appropriate place on the minimum melt curve, with 

composition suggesting extreme fractionation at a pressure compatible with the large size (hence significant 

depth) o f the body.

The compositional incompatibility with melting at likely local metamorphic pressures (2-4 kb) 

indicate it is unlikely that the leucosomes represent the products of local partial melting. However, their 

compositions indicate that they do represent igneous protoliths. An obvious possibility is that they were 

intruded into the gneiss at a time when the gneiss was at high enough pressure to deform plastically (i.e., 

not readily fracture and form dikes) and yet sufficiently low pressure to not cause foliation in the igneous 

material. Hence, they most likely intruded at a time following peak metamorphism, but prior to felsic dike 

and GRI emplacement. The source of the melt responsible for the leucosomes is unknown, but it is clearly 

not locally derived.

5.4 Trace Element Geochemistry of Igneous Rocks

Trace elements compositions provide clues to the origins of igneous rocks and means of assessing 

similarities and differences in igneous rock suites. Table 5.4 gives trace element compositions for selected 

igneous rocks from the Richardson study area.
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Figure 5.9: G ranite com positions projected  onto the granite  ternary' diagram . Location o f  the 
w ater-saturated  ternary' eutectic in the haplogran ite  system  from  Tuttle and B ow en (1958). 
G ranite data from  Burns et al. (1993), W erdon et al. (2001) and th is study.
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5.4.1 Trace Element Fractionation Patterns

The distribution of trace elements in a rock is controlled by three factors (1) the composition of the 

parental melt, (2) original igneous rock mineralogy, and (3) the degree to which the igneous minerals have 

been replaced by secondary minerals. Table 5.5 gives the distribution coefficients (concentration in 

mineral/concentration in melt) for several trace elements and common igneous minerals. As suggested by 

Table 5.5, once significant amounts of feldspar are removed (by factional crystallization), the residual melt 

should be depleted in both Ba and Sr, as both are strongly fractionated from melt to feldspar.

Table 5.4: Trace element compositions (in ppm) of igneous rocks from the Richardson study area
Sample # Unit Ba Nb Rb Sr Y Zr Nb+Y

GRI-3 Gold Run Intrusion 1319 15 204 329 24 146 39
GRI-1 Gold Run Intrusion 1194 15 201 311 25 143 40
GRI-2 Gold Run Intrusion 1200 14 203 314 22 145 36

BR3-021 BK dike 1 1284 3 103 299 10 62 13
BK3-130 BK dike 2 2013 6 184 364 31 29 37

125 Felsic dike 487 5 113 136 15 41 20
158 Felsic dike 1763 5 68 402 14 34 19
73 Felsic dike 236 30 298 33 18 28 48
129 Altered felsic dike 372 12 133 133 21 47 33
135 Altered felsic dike 239 22 159 119 19 44 41
143 Felsic dike 201 25 263 53 17 39 42

BK6-121 Migmatite Ieucosome 1824 3 140 313 15 102 18
BK6-129 Migmatite Ieucosome 1630 1 134 299 16 56 17
BK6-131 Migmatite Ieucosome 1470 5 139 273 23 56 28

Unless very large amounts of biotite also crystallize, the residual melt should be enriched in the remaining 

elements (Rb, Nb, Y, and Zr). If  the minerals apatite and zircon also crystallize in significant amounts then 

Y and Zr will be depleted from the residual melt. One would generally expect relatively coherent patterns 

for compositional changes within a single suite of related igneous rocks, and incoherent patterns for 

unrelated suites. Hydrothermal alteration would allow the removal of elements such as Sr from plagioclase 

and Rb from biotite.

Figure 5.10 compares the trace element compositions to the T i0 2 contents o f the igneous samples. 

These plots show complex patterns that indicate the presence o f several different igneous suites in the study
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vvt % Ti02 • wt % Ti02

Figure 5.10: Trace element vs T i0 2 plots for igneous rocks o f  the Richardson study area. Circled groups 
indicate samples that follow an expected fractionation trend. Arrow shows general fractionation trend 
for felsic igneous rocks (from Krauskopf, 1979). Square=felsic dike, solid circle=Gold Run intrusion, 
upright triangle=BK3-130, black inverted triangle=BK3-021, star migmatite leucosonie. Data is from 
this study.
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area. In particular, the three GRI samples taken from different locations possess virtually identical trace 

element compositions; these are both quite different from the others and quite consistent within themselves. 

Table 5.5: Typical trace element distribution coefficients for common minerals. From Rollinson (1993)
Mineral Ba Rb Sr Y Nb Zr

Plagioclase 0.3 0.04 4.4 0.1 0.06 0.1

Biotite 10 3-4 0.2 0.1 6.4 1.2

K-feldspar 6 0.4 4 0.01 0.01 0.03

Apatite 0.1 0.03 5 40 0.1 0.3

In general, the felsic dike samples define trends that can be rationalized in terms of fractionation 

o f a single parent magma; for most elements sample BK3-130 is easily grouped with the felsic dikes. For 

the compatible elements Ba and Sr, decreasing contents with decreasing T i0 2 is a reasonable pattern for 

igneous rocks that crystallize significant amounts of feldspar. For the relatively incompatible elements Nb 

and Rb, increasing concentrations with decreasing T i0 2 also represents an expected trend. For the elements 

Y and Zr, whose concentration trends depend strongly on the amount o f apatite (Y) and zircon (Zr) 

crystallized, the trends are reasonable, especially considering the relative high apatite contents noted in the 

felsic dikes (Chapter 4). In general, this data— like that for major elements— supports the existence of a 

peraluminous magmatic suite that includes the felsic dikes and BK3-130. Based on field evidence these 

dikes, apparently cut by the Gold Run Intrusion, are older than the GRI; based on the geochemical 

evidence, they are o f completely different origins.

A further connection can be drawn between the felsic dikes and the migmatite leucosomes. The 

higher T i0 2 content migmatite leucosomes consistently fall along the ‘evolution path’ modeled for the 

felsic dikes and sample BK3-130, with values corresponding to more ‘primitive’ melt (i.e. modeled higher 

Ba and lower Nb, Sr, Y, and Zr) than many o f the felsic dikes. This data in conjunction with the similar 

major oxide analyses (Table 5.3) support a genetic relationship between the migmatite leucosomes and 

felsic dikes, and the relative age is supported by deformed migmatite leucosome and non-deformed felsic 

dikes within the field.

For some elements, sample BK3-021 shows patterns compatible with derivation from the GRI. 

These elements include Ba, Sr, Y (assuming large amounts o f apatite crystallization) and Zr (assuming
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significant amounts o f zircon crystallized). The trends for Rb are mysterious, as Rb really ought to increase 

with increasing fractionation, hence sample BK3-021, with lower T i0 2 contents than the GRI samples, 

really should contain more, not less, Rb than the GRI samples. A comparison with the lowest T i0 2-content 

migmatite sample indicates virtually identical trace element and T i0 2 values for the two samples. 

However, the major oxide data (Table 5.3) suggest that there is no relationship and although age must be 

significantly different (deformed migmatite versus undeformed dike) there is no differentiation trend. 

Given this data, an obvious possibility is that, based on the bulk of the trace element data, as well as the 

major element data sample BK3-021 was fractionated from the GRI intrusion, but somehow lost Rb 

(through hydrothermal alteration?).

The trace element data indicate that there are at least two and maybe three magmatic suites in the 

Richardson study area. The trace element data, in conjunction with major oxide data and field 

relationships, indicate that one suite consists o f migmatite Ieucosome evolved to felsic dikes and perhaps 

sample BK3-130. The Gold Run Intrusion represents a second suite, to which sample BK3-021 may 

belong. A second possibility is that the migmatite Ieucosome and sample BK3-021 are related. This does 

not seem likely due to the bulk compositional differences, lack of evolutionary trend and disparity with 

other migmatite Ieucosome analyses. The third possibility is that sample BK3-021 represents a third 

magmatic event o f unknown age and origins.

5.4.2 Igneous Tectonic Settings

Figure 5.11 is a trace classification diagram for felsic granitic rocks which shows empirical fields 

for volcanic arc (VAG), within-plate (WPG) and syn-collisional (SCG) granites. Also shown for 

comparison are fields that encompass the bulk of data for early Cretaceous (syn-collisional) and mid- 

Cretaceous (volcanic-arc) granitic rocks of Interior Alaska.

Samples from the Gold Run Intrusion (GRI) plot in a cluster within the volcanic arc granite field 

and within the cluster defined by mid-Cretaceous igneous rocks in Interior Alaska. These chemically 

unaltered GRI samples are best described as volcanic arc related. Sample BK3-021 clearly does not plot 

with this group, although it does fall into the worldwide field for arc-related granites.
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Figure 5.11: Granite tectonic setting discriminant plot for Richardson study area igneous rocks. 
Solid arrows point in direction o f  probable Rb content prior to alteration: hollow arrows to 
hypothetical Rb content prior to conversion o f  biotite to coarse muscovite. Solid field 
boundaries from Pearce et al. (1984) for world-wide granites o f  known tectonic setting; 
ovals represent general data ranges for peraluminous granites (dotted) and mid-Cretaceous 
granites (dashed) o f  Interior Alaska, from Newberry (2000). Data from this study.
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World-wide, peraluminous granites are either strongly fractionated from arc types or are of non- 

volcanic arc origins, either collisional or within-plate. Among the Richardson peraluminous granite (felsic 

dike) samples, two plot within the syn-collisional granite field (Figure 5.11). Samples 129, 135, and BK3- 

130, previously identified as hydrothermally altered (e.g., Figure 5.7), possess Rb values too low to be 

considered syn-collisional. However, given that the bulk o f the Rb in a granitic rock is present in biotite 

(cf., Table 5.5) and hence, would be released during alteration o f the biotite, the original Rb contents of 

samples 129, 135, and BK3-130 were likely significantly higher prior to alteration. Postulated original Rb 

contents of these samples (illustrated by solid arrows on Figure 5.11) would fall in the syn-collisional 

granite field. This is also potentially true for samples 125 and 158 (felsic dike samples with very low 

Nb+Y contents, Figure 5.11). Although not obviously altered, if  some of the muscovite in those samples 

was derived from alteration of original biotite, one would again expect loss o f Rb. If these samples 

originally contained 5% biotite, nearly two-thirds of the Rb in the rock would be present in biotite, 

potentially lost during alteration to muscovite. Restoring such hypothetical original Rb concentrations to 

these samples places 125 and 158 in or near the SCG field as well. The felsic dikes as a group represent a 

different tectonic setting than the GRI, and most likely a syn-collisional one.
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Chapter 6: Geothermometry and Geobarometry

6.1 Introduction

In order to bet er determine the P-T conditions experienced by metamorphic rocks in the 

Richardson area, and in in  attempt to determine relative motion of faults within the structurally complex 

study area, I employed mi leral compositional geothermometry and geobarometry.

To estimate temperatures, I used gamet-biotite geothermometry, a technique based on Fe/Mg 

distribution between coex isting garnet and biotite. The first widely accepted calibration was developed by 

Ferry and Spear (1978) using experimental data for pure Fe and Mg garnet and biotite. However, this 

calibration does not descr be most natural garnets (which also contain significant Ca, Mn, Ti, Cr) or natural 

biotites (which contain octahedral Al and Ti). Several investigators have since attempted to correct for the 

effects o f these other elements on calculated equilibrium temperatures, summarized, for example, in Spear 

(1993). However, there is no accepted ‘best’ formulation. Such corrections are critical to this study 

because the metamorphic garnets in the Richardson area are particularly Mn-rich.

For this study, I tried twelve different gamet-biotite geothermometer formulations. Most yielded 

temperatures that were obviously too high or too low for at least one of my gamet-biotite pairs. The most 

consistent results were gi 'en by using a model by Perchuk and Lavrenteva (1984) (an experimental study 

using garnet and biotite with realistic compositions) and by using the biotite model o f Kleeman and 

Reinhardt (1994) combiied with the garnet model of Berman (1990). Both o f these models yielded 

temperatures that are compatible with the presence o f sillimanite and with muscovite + quartz. In all cases 

these two different model > yielded slightly different temperatures, the range given by these two models is 

used as a measure o f the u icertainty in temperature.

The general pre ence o f sillimanite in metamorphic rocks o f the Richardson area (Table 4.1) 

provides an important re triction on pressure estimates, given that one knows the temperature. Further 

refinement o f pressure is >ased on geobarometry involving the minerals quartz-biotite-plagioclase-gamet + 

sillimanite + muscovite, i elating the composition of plagioclase in equilibrium with these other minerals. 

Five different geobarome ers are currently available for combinations o f these 6 minerals (Spear, 1993),
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each of which has been separately calibrated by one to five investigators (Table 6.1). Only one o f the 

samples used for geoth srmometry possessed all 6 minerals; the others lacked either muscovite or 

sillimanite (Table 6.1). In all cases, at least two geobarometers and (or) calibrations of the same 

geobarometer were available, providing at least an upper and lower pressure estimate for a given 

temperature. The range o f estimated pressure is based on the lowest and highest realistic (e.g., compatible 

with sillimanite or andalusite) pressure estimate using all the available geobarometers and calibrations. For 

those cases where the different calibrations or geobarometers provided a significant range o f solutions there 

is a greater uncertainty in the estimated pressure. The net result o f uncertainty in both temperature and 

pressure yields a parallelogram instead of a point representing the P-T conditions experienced by a given 

sample.

6.2 Sample Selection

Six samples f fon  different fault blocks within and adjacent to the Richardson study area were 

selected (Table 6.1) bastd on the minimum requirement of coexisting biotite-gamet pairs in contact with 

one another for geothem ometric measurements, and presence of sillimanite, muscovite and plagioclase (if 

present) in contact or within 1mm for geobarometric estimates. Florence Weber of the U.S. Geological 

survey provided two sanples (77-187 and 77-576); the other three samples were previously employed for 

thin section petrography Table 4-1). For each sample two different gamet-biotite-(plagioclase, muscovite) 

sites where chosen for an ilysis and each analysis was repeated at least 4 times.

Table 6.1: Samples employed for Geothermometry and Geobarometry from Richardson field area.
Sample
number

U TM N liTM  E Fault
block

Mineral Assemblage present Geobarometer(s)
employed

77-187 7139000 542000 NE Quartz-plagioclase-bio-musc-sillimanite-gamet 1 ,2 , 3, 4, 5
BK3-142 7135000 536000 E Quartz-plagioclase-biotite-sillimanite-gamet 1
122a 7139050 530250 W Quartz-plagiclase-biotite-gamet-sillimanite 1
77-576 7137200 536000 S Quartz-plagioclase-biotite-sillimanite-gamet 1
77-452 7143000 535000 NW Quartz-plagioclase-biotite-gamet-muscovite 2 ,3
Geobarometers: l=gamet-sillimanite-plagioclase-quartz (Hodges and Spear, 1982; Hodges and Crowley, 
1985; Newton and Haselton, 1981, Ganguly and Saxena, 1984), 2=gamet-muscovite-plagioclase-biotite 
(Hodges and Crowley, 1985; Ghent and Stout, 1981; Hoisch, 1990), 3 = gamet-muscovite-plagioclase- 
quartz (Hoisch, 1990), 4 = gamet-muscovite-sillimanite-quartz (Hodges and Crowley, 1985), 5 = gamet- 
muscovite-biotite-sillima rite (Hodges and Crowley, 1985).
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6.3 Results

Table 6.2 lists average (each for 5 analyses, Chapter 1) microprobe data acquired for this study. 

Analytical totals for the anhydrous minerals are generally good (99-101%). However, stochiometries (as 

expressed by number of 3i per formula unit for garnet (should be 3.00) and total cations in the Ca site 

(should be 2.00 for plagicclase and 3.00 for garnet) are significantly different from ideal conditions. In the 

case o f both garnet and plagioclase the ‘culprit’ appears to be excess apparent Al (e.g., cation Al should be 

< 2.0 for garnet), perhaps caused by faulty standardization. Although these results do not effect the Fe- 

Mg-Ca-Mn distribution in garnet or Ca-Na distribution in plagioclase (which are critical to the 

geothermobarometry) they do make refinement of Fe2+/Fe3+ distribution in garnet (and presumably, biotite) 

not possible. Consequently, geothermometers that depend strongly on Fe2+/Fe3+ distribution in garnet 

cannot be used.

In contrast, many of the micas yielded significantly low totals (< 97% to 89%) indicating 

analytical problems. Examination of atomic proportions indicates that such low totals for the mica 

analyses are invariably c<used by insufficient K20  (cation K of 1.64-1.91, Table 6.2; cf. 2.00 for perfect 

mica) in the analysis, eitier due to preferential loss of K during analysis or to incipient replacement of 

biotite by (K-absent) chlorite. Especially if  the former is the case, then the Fe/Mg atomic ratios are 

unaffected by the low tote Is. However, as with the garnet, these analytical problems prohibit use o f highly 

sophisticated biotite models that strongly depend on Al abundance in octahedral coordination.

Despite apparen analytical problems with the data, values for -InK  for the biotite-gamet Fe-Mg 

exchange reaction (-InKb-g, Table 6.2) show remarkable consistency for the two different sites for samples 

77-576 and 122a, yieldi lg average temperatures (average o f the two models employed) of 565-585°C. 

There is no pattern shov n between calculated temperature and analytical totals or sum of cations in the Ca

site (Table 6.2), suggest ng that the analytical errors described above do not cause significant variations in
V

calculated temperature. For sample BK3-142 the values o f -InKb-g given by the two different pair 

analyzed are indistinguishable, despite differences in analytical totals for the analyses (Table 6.2). 

Differences in calculated pressure are due to significant differences in anorthite component in the



Table 6.2: Averaged Microprobe data for geothermobarometric measurements.
sample 452c-1 452c-1 452c-2 452c-2 452c-2 452c-2 77187-1 77187-1 77187-1 77187-2 77187-2 77187-2 77187-2
mineral . 1  I S b T  1 b wm P 8 P b P g b wm
Na20 0.05 0.11 0.03 0.07 1.01 9.49 0.05 7.94 0.13 7.78 0.02 0.14 0.61
MgO 2.46 8.77 2.57 7.90 0.51 0.00 1.90 0.01 6.20 0.00 1.55 6.74 0.54

A1203 21.74 19.71 22.02 20.68 36.39 23.29 21.70 24.87 21.12 25.57 21.66 21.61 37.39
Si02 36.83 34.26 37.07 35.23 43.62 63.85 36.80 61.26 33.93 60.23 36.79 34.53 45.08
K20 0.05 8.91 0.01 8.36 9.58 0.15 0.01 0.35 8.76 0.25 0.02 8.84 10.32
CaO 1.19 0.05 1.30 0.09 0.02 3.33 1.62 5.37 0.05 5.98 1.49 0.04 0.05
Ti02 0.04 1.75 0.05 1.10 0.31 0.07 0.02 0.01 1.67 0.07 0.00 1.40 0.19
FeO 32.06 19.30 33.49 19.90 1.18 0.01 30.37 0.03 21.38 0.06 28.57 20.26 1.12
MnO 6.09 0.18 4.20 0.16 0.04 0.02 8.43 0.01 0.42 0.01 10.32 0.48 0.08
H20c 3.85 3.89 4.38 3.84 3.88 4.51
Total 100.50 96.89 100.72 97.36 97.05 100.21 100.89 99.84 97.50 99.95 100.43 97.91 99.90

cations per formula unit
Na 0.01 0.03 0.00 0.02 0.27 1.62 0.01 1.37 0.04 1.34 0.00 0.04 0.16
Mg 0.30 2.04 0.31 1.82 0.10 0.00 0.23 0.00 1.44 0.00 0.19 1.55 0.11
A1 2.06 3.62 2.08 3.76 5.86 2.41 2.06 2.60 3.89 2.68 2.06 3.93 5.85
Si 2.96 5.34 2.97 5.43 5.96 5.62 2.96 5.44 5.29 5.36 2.97 5.33 5.99
K 0.00 1.77 0.00 1.64 1.67 0.02 0.00 0.04 1.74 0.03 0.00 1.74 1.75
Ca 0.10 0.01 0.11 0.01 0.00 0.31 0.14 0.51 0.01 0.57 0.13 0.01 0.01
Ti 0.00 0.20 0.00 0.13 0.03 0.00 0.00 0.00 0.20 0.00 0.00 0.16 0.02
Fe 2.16 2.51 2.24 2.57 0.14 0.00 2.04 0.00 2.79 0.00 1.93 2.61 0.12
Mn 0.41 0.02 0.28 0.02 0.00 0.00 0.57 0.00 0.06 0.00 0.71 0.06 0.01

Ca site tot 2.97 2.95 1.93 2.99 1.88 1.91 2.95
0 12.00 22.00 12.00 22.00 22.00 16.00 12.00 16.00 22.00 16.00 12.00 22.00 22.00

Fe/Mg 7.30 1.23 7.32 1.41 8.95 1.93 10.32 1.69
% An 16 27 30

-InKb-g 1.78 1.64 1.53 1.81
avg T,P 570C, 2.7 kb 590C, 4.2 kb 605C, 3.6 kb 560C, 3.2 kb

See Chapter 1 for analytical conditions. H 20c = calculated water content; Ca site tot = # cations in site containing Ca;
O = total oxygen per formula unit; P,T from techniques described in text; b^biotite, g=gamet, p=plagioclase, wm=white mica 
-InKb-g = negatibe log of (Fe/Mg cations (biotite)-Fe/Mg cations (garnet)).



sample BK3-142-1 BK3-142-1
2. _ .
BK3-142-1 BK3-142-2 BK3-142-2

----------- - —

BK3-142-2 77-576-1 77-576-1 77-576-1 77-576-2 77-576-2
mineral | b P . L b P g b P g b
Na20 0.04 0.09 7.51 0.05 0.14 6.62 0.05 0.19 8.29 0.04 0.15
MgO 2.42 7.18 0.01 2.21 6.92 0.01 2.14 7.99 0.01 2.38 7.96

A1203 22.07 19.85 25.93 21.72 19.85 27.63 21.73 21.25 24.93 21.70 21.78
Si02 37.24 34.01 59.40 36.66 33.79 57.52 36.86 34.30 60.77 36.74 34.47
K20 0.01 9.40 0.38 0.03 9.65 0.20 0.05 9.49 0.33 0.04 9.78
CaO 1.38 0.06 6.57 1.20 0.03 8.18 0.94 0.01 5.27 1.13 0.01
Ti02 0.03 2.43 0.02 0.05 2.64 0.02 0.00 1.88 0.05 0.06 1.29
FeO 30.88 20.87 0.03 30.34 21.68 0.08 30.48 19.16 0.07 30.19 19.00
MnO 7.42 0.33 0.03 8.19 0.41 0.05 8.86 0.19 0.04 7.92 0.23
H20c 3.85 3.86 3.90 3.91
Total 101.51 98.08 99.88 100.45 98.99 100.30 101.10 98.37 99.76 100.21 98.59

cations per formula unit
Na 0.01 0.03 1.30 0.01 0.04 1.15 0.01 0.06 1.43 0.01 0.05
Mg 0.29 1.66 0.00 0.27 1.60 0.00 0.26 1.83 0.00 0.29 1.82
A1 2.07 3.64 2.73 2.06 3.63 2.90 2.06 3.84 2.62 2.06 3.93
Si 2.96 5.29 5.30 2.96 5.24 5.13 2.96 5.26 5.41 2.96 5.28
K 0.00 1.87 0.04 0.00 1.91 0.02 0.00 1.86 0.04 0.00 1.91
Ca 0.12 0.01 0.63 0.10 0.01 0.78 0.08 0.00 0.50 0.10 0.00
Ti 0.00 0.28 0.00 0.00 0.31 0.00 0.00 0.22 0.00 0.00 0.15
Fe 2.06 2.72 0.00 2.05 2.81 0.01 2.05 2.46 0.01 2.04 2.43
Mn 0.50 0.04 0.00 0.56 0.05 0.00 0.60 0.02 0.00 0.54 0.03

Ca site tot 2.96 1.93 2.98 1.93 2.99 1.93 2.97
O 12.00 22.00 16.00 12.00 22.00 16.00 12.00 22.00 16.00 12.00 22.00

Fe/Mg 7.15 1.63 7.71 1.76 8.01 1.35 7.12 1.34
% An 33 41 26

-InKb-g 1.48 1.48 1.78 1.67
avg T,P 620C, 3.6 kb 615C, 2.4 kb 565C, 2.8 kb 580C, 3.2 kb



Table 6.2: Average Microprobe data for geothermobarometric measurements, cont.
sample 122a-1 122a-1 122a-l 122a-2 122a-2 122a-2
mineral s 1 b P P g b
Na20 0.02 0.14 8.04 7.81 0.04 0.16
MgO 2.17 7.68 0.00 0.00 2.07 8.08

A1203 21.41 19.68 25.16 25.54 21.77 18.94
Si02 36.18 34.17 59.92 59.26 36.75 33.55
K20 0.02 9.06 0.16 0.16 0.00 8.91
CaO 1.15 0.03 5.65 6.32 1.33 0.08
Ti02 0.06 2.63 0.01 0.02 0.09 2.72
FeO 28.30 19.33 0.14 0.08 27.85 19.31
MnO 8.33 0.21 0.05 0.01 9.87 0.26
H20c 3.84 3.79
Total 97.64 96.76 99.14 99.20 99.77 95.80

cations per formula unit
Na 0.00 0.04 1.40 1.36 0.01 0.05
Mg 0.27 1.79 0.00 0.00 0.25 1.91
A1 2.08 3.62 2.66 2.70 2.08 3.53
Si 2.98 5.34 5.37 5.32 2.97 5.31
K 0.00 1.80 0.02 0.02 0.00 1.80
Ca 0.10 0.01 0.54 0.61 0.12 0.01
Ti 0.00 0.31 0.00 0.00 0.01 0.32
Fe 1.95 2.52 0.01 0.01 1.88 2.56
Mn 0.58 0.03 0.00 0.00 0.68 0.04

Ca site tot 2.91 1.94 1.97 2.93
0 12.00 22.00 16.00 16.00 12.00 22.00

Fe/Mg 7.31 1.41 7.54 1.34
% An 28 31

-InKb-g 1.64 1.73
avg T,P 585C, 3 kb 570C, 3.2 kb
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associated plagioclase, for which there are compensating changes in Ca and Na in the analyses. For the 

remaining two samples (77-452 and 77-187) the two different gamet-biotite pairs examined in each yield 

significantly different values of -InK, hence different calculated temperatures. For each o f these, the 

higher -InK  value gives a temperature essentially indistinguishable from those o f samples 122a and 77- 

576; the other yields a temperature approximately 20-50°C higher (Table 6.2). In both cases the apparently 

higher-temperature pair has a higher-Mg biotite; for 77-178 the garnet is also higher in Mg, for 77-452 the 

garnets are indistinguishable. The differences in biotite compositions between the two sites are not clearly 

related to differences in analytical totals or cation K, and may well be real. Sample 77-452 also gives much 

higher pressures (due to the much lower-Ca plagioclase in the sample, Table 6.2) and a much greater range 

in calculated pressure since sillimanite was not present, and hence geobarometers involving sillimanite 

(numbers 1, 4, 5; Table 6.1) could not be employed.

Figure 6.1 shows estimated temperature and pressure ranges for each gamet-biotite pair from each 

sample investigated. Sample BK3-142 clearly stands out from the other samples in terms o f calculated 

equilibrium temperature (~620°C). All other samples contain at least 1 gamet-biotite pair that yields a 

temperature o f 575+15°C (Figure 6.1). Many of the samples contain mineral compositions consistent with 

the occurrence of sillimanite alone; those samples with lower-temperature gamet-biotite pairs also yield 

pressures suggesting conditions at the equilibrium boundary between sillimanite and andalusite, consistent 

with the local presence of andalusite in the Richardson area (Chapter 4). The calculated pressure at last 

equilibrium was approximately 3 + 0.5 kb, much lower than expected for a normal geothermal gradient 

(Figure 6.1) o f 30°C/km or approximately 100°C/kbar.

6.4 Discussion

Sample locations with calculated average temperature and pressure and mineral assemblage data 

(Figure 6.2) show that the Bald Knob block contains assemblages on the high temperature side of the 

muscovite + quartz reaction (Figure 6.1) and the highest calculated temperature. These data suggests uplift 

o f the Bald Knob block after metamorphism relative to the surrounding blocks, and is consistent with the
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Temperature (°C)

Figure 6.1: T-P diagram for samples in and around the R ichardson study area. The boxes indicate individual 
tem perature and pressure estim ates with uncertainties using m odels described in the text. A lso shown are the 
range o f tem peratures and pressures calculated by mineral assem blages from m etam orphic rocks o f the 
Fairbanks (Joy et al., 1996) and Eagle (D usel-Bacon et al., 1995) quadrangles. A L S i05 phase relations from 
Holdaway (1971).
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presence of andalusite in the central fault block. Model temperatures show no systematic pattern over the 

broad area investigated and are consistent with the variable presence of sillimanite in most of the rocks.

The sillimanite isograd, noted previously as essentially bisecting the Richardson area (Figure 1.1; Dusel- 

Bacon et al., 1993) in fact must be located south of the Richardson area, with complications due to post- 

metamorphic high-angle faulting.

Sample BK3-142 yields a pressure about 0.3 kb higher than the other samples (Figure 6.1), 

equivalent to about 1 km vertical depth. This is consistent with the approximately 30-40°C higher 

temperature for sample BK3-142 and a normal geothermal gradient o f about 30°C per km. Hence, the 

likely vertical displacements on the high-angle faults that bound the Bald Knob block are on the order of a 

kilometer. In addition, the andalusite-bearing central fault block (Figure 6.2) must be bounded by high- 

angle faults with relative vertical displacements such that the central block has been down-dropped relative 

to other blocks in the region.

Samples 77-452 and 77-576 were taken from structural blocks dominated by quartz-white mica 

schist. The schist consists o f quartz, plagioclase, orthoclase, and varying proportions of muscovite and 

biotite and minor chlorite (Swainbank et al., 1984). Calculated temperatures and pressures are not 

significantly different between samples hosted in schist and in gneiss, indicating that these rocks have 

experienced the same metamorphic conditions. Furthermore, the juxtaposed units have not experienced 

significant vertical movement relative to one another. The general absence of aluminosilicates in schist in 

spite o f indistinguishable P-T conditions for schist and gneiss (Figure 6.1) indicates that the composition of 

schist is not appropriate for making aluminosilicates. Thus, in this region, the distinction between 'schist’ 

and ‘gneiss’ has no metamorphic grade connotations, but simply indicates a change in protolith bulk 

composition. This, in turn, indicates that the Richardson lineament, which hosts the Democrat Dike and the 

Democrat gold deposit, and marks the southern (fault) boundary between schist and gneiss, could have 

insignificant (< 1 km-scale) vertical and horizontal displacement.
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6.5 Relation to Migmatite

The Richardson study area contains varying densities o f peraluminous felsic dikes and locally 

(Bald Knob drill holes, chapter 4) migmatitic rocks. One potential source o f the dikes and the migmatite 

leucosome is from partial melting during metamorphism. The melting curve of Clemens and Wall (1981) 

for a water-saturated granite minimum temperature melt (Figure 6.1) approaches, but never overlaps, the P- 

T conditions for metamorphism in the Richardson study area. The 620°C temperature for sample BK3-142 

(Figure 6.1) is the closest temperature to the ~650°C minimum required for melting at 3-4 Kb pressure. 

This sample is only ~200 meters from hole BK6, where several intervals o f migmatite were intercepted. 

The major oxide analyses of three migmatite leucosome samples collected from hole BK6 (Table 5.5) 

corroborate that these rocks are NOT the products o f local eutectic melting at pressures o f 3-4 kbars. 

Relative to the P-T conditions recorded by sample BK3-142, local eutectic, water-saturated melting could 

take place at approximately 1 km below the sample location (assuming a normal geothermal gradient o f 

30°C per km). However, given that the leucosome compositions are far from the minimum melt 

composition (Figure 5.9) the temperature of melting must have been significantly above the minimum, 

hence the source of the leucosomes must have been a depth significantly greater than a kilometer below 

their current locations.

6.6 Regional Implications

Metamorphism in the Richardson study areas falls well off the ‘normal’ geothermal gradient of 

~30°C per km. Such a gradient would have resulted in the formation of kyanite rather than sillimanite 

(Figure 6.1) and represents metamorphism as seen to the east (Eagle quadrangle) and west (Fairbanks area) 

of the study area (Werdon et al., 2001, Newberry et al, 1996). Most likely, the metamorphic event 

documented in the Richardson area either was caused by re-equilibration following uplift (hence decrease 

in pressure) from metamorphism conditions characteristic o f a ‘normal’ geothermal gradient (Figure 6.3, 

model 1) or by an unusually high geothermal gradient, akin to contact metamorphism (Figure 6.3, model 

2).
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Figure 6.3: M odels for producing P-T conditions recorded in metam orphic rocks o f  the 
Richardson study area. Alum inosilicate mineral boundaries from H oldaw ay (1971). 
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Model 1 requires an external source of fluids necessary to allow ionic diffusion (hence, mineral 

growth and destruction) to take place. These fluids must have been added after pressure loss to promote 

changes in mineralogy and mineral compositions from originally higher-pressure peak metamorphic 

conditions. The fluids could not be internally derived because the rocks would have been previously 

dehydrated during peak metamorphic reactions. The lack of evidence for replacement o f kyanite by 

sillimanite would seemingly contradict such a model, except that (as pointed out by Carmichael, 1969) 

sillimanite never directly replaces kyanite; rather, sillimanite replaces biotite (as seen in the Richardson 

area rocks, Chapter 4) while simultaneously kyanite is replaced by muscovite (Carmichael, 1969). The 

source for necessary fluids is unknown, but since collisional-related granitic rocks are present (chapter 5), a 

collisional tectonic event most likely occurred. If  this collision placed higher-grade (e.g., Richardson area) 

rocks over lower-grade rocks, then dehydration o f the lower grade rocks could give rise to the needed 

fluids.

Model 2 (Figure 6.3) requires an unusually large thermal gradient, i.e., considerably greater 

increase in temperature with depth than normally observed. The most likely source o f the anomalous heat 

would be a large, syn-metamorphic, igneous body. This hypothetical body must be enormous, as low P- 

high T conditions are present throughout the entire 1200 sq km area of sillimanite gneiss in the central Big 

Delta quadrangle (Figure 1.1). Further, these rocks must have not been previously metamorphosed, 

otherwise an external source of fluids is required to promote the required mineral reactions. The significant 

problem with this model is that no large-scale, syn-metamorphic heat source (e.g. buried batholith) has 

been identified to date. The abundant dikes and the Gold Run Intrusion in the field area certainly indicate 

that buried intrusions are present, however the lack of metamorphism of the dikes and their cross-cutting 

relations to metamorphic rocks indicates that such intrusions took place following, not during, regional 

metamorphism. Further, compositions o f the dikes (Figure 5.9) indicate that they were intruded at 

relatively shallow depths (pressure of 0.5 -  1 kb), again, incongruent with metamorphism at approximately 

3 kb (Figure 6.1).

Based on these considerations, I favor model 1: that the rocks of the central Big Delta quadrangle 

initially experienced metamorphic conditions similar to those experienced elsewhere in interior Alaska, and



8 6

subsequently recrystallized under conditions o f sufficiently high pressure to maintain foliation, but 

changing aluminosilicate mineralogy and co-existing gamet-biotite rim compositions. Perhaps the absence 

of strong foliation in the Bald Knob and other low-mica gneisses in part resulted from such lower-pressure 

metamorphic conditions. If this is the case, one might reasonably expect the required externally derived 

fluids to be involved in gold mineralization, an hypothesis best tested through radiometric dating (Chapter 

8).
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Chapter 7: Lode Gold Mineralization

7.1 Introduction

One lode gold deposit and two lode prospects have been identified in the Richardson study area: 

the Democrat lode deposit and the Bald Knob and Buck Ridge prospects (Figure 1.2). The newly- 

discovered Bald Knob prospect is the focus of this chapter, with comparisons to the other two. The 

Democrat lode deposit is hosted by the mid-Cretaceous Democrat granite porphyry dike. It is cross-cut by 

stockwork veins and shears. Alteration assemblages consist o f quartz, sericite, albite and tourmaline. Ore 

minerals include visible gold in quartz veins, arsenopyrite, pyrite and Pb-Sb sulfosalts (McCoy et al, 1997).

The Buck Ridge prospect is poorly understood. It consists o f bleached (sericitized) gneiss with 

quartz veining. Large areas o f altered rock consisting o f quartz and sericitized feldspar are exposed in 

trenches dug in the late 1990 s. Drill logs indicate that mineralization was hosted in arsenopyrite-pyrite- 

quartz veins and also in gossanous zones o f heavily oxidized pumice-like giunge rock. Massive boulders 

o f >50% tourmaline and quartz contained sporadic amounts o f gold as well.

The Bald Knob and Buckeye prospects are located in the vicinity of an unnamed ridge herein 

named Bald Knob (Figures 1.2, 2.1), located ~8 kilometers northeast o f the Richardson Roadhouse and 

approximately 4 kilometers east o f the Democrat lode deposit. The ridge is the headwaters for two major 

streams: Banner Creek, which flows initially to the northwest, and Buckeye Creek, which flows due south. 

There is evidence o f  very minor trenching o f unknown age in Buckeye Creek, approximately 1 kilometer 

south o f Bald Knob. However, no gold production has been reported from Buckeye or upper Banner 

Creek. Interest in the area was sparked in 1998 when the Tri-Valley Corporation reported that TsNIGRI 

geologists had located quartz fragments containing up to 53 ppm Au from test-pits on Bald Knob and in a 

tributary of Buckeye Creek (Vartanyan et al., 1991).

Follow-up soil sampling by Placer Dome Exploration Corporation (PDX) in 1999 yielded a 

northwest trending zone of anomalous gold values and several sporadic high gold values. Subsequently 

PDX drilled 6 holes of 160 to 270 meters depth, for a total o f 1140 meters in the Buckeye-Bald Knob area.
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The drill core was sawed in half; half was assayed at 2-meter intervals, the remainder examined and logged. 

Very little gold mineralization was encountered in the drill holes and the project was dropped in 2000.

7.2 Alteration and Veining

Surface exposures in the northern Bald Knob area containing areas of weakly to moderately 

chloritized Bald Knob gneiss were first identified in 1999. A ground-based induced polarization (IP) 

survey run during the 2000 field season identified sub-horizontal lenses and bodies of unknown thickness 

that showed strong polarization. This body/bodies reached the surface in only two places.

Subsequent drilling proved the polarization corresponded very closely to pyritiferous zones at two 

different locations on and south o f Bald Knob. This secondary pyrite is associated with propylitic 

alteration, as identified on the surface. Unlike the surface exposures, the intensity of alteration in drill core 

ranged from weak to intense, with intense ‘greenification’ of the rock from chloritization with disseminated 

and anastamosing hairline stringers o f pyrite up to several percent by volume. Pyrite was also noted as a 

lesser constituent (up to -5% ) in thicker (up to 3mm) quartz-carbonate veins.

Possible sericitic alteration (possibly just intense weathering) was also identified in the Bald Knob 

area; it is apparently not widely distributed. Several small (meter-scale) zones of quartz-punky feldspar- 

white mica (altered gneiss?) were intersected in drill hole BK1, along the Banana Creek fault (NW fault 

that bisects Bald Knob (Figure 2.1)); these do not contain anomalous gold concentrations. Similarly altered 

rocks were identified in float in small amounts across the Richardson study area, and may follow linear 

east-southeast trends, sub-parallel to several high-angle faults (Figure 2.1).

Sericitized(?) intercepts in drill core from the Bald Knob area were all located in the near-surface, 

oxidized zone. The altered rock presently contains no sulfides and it is unclear whether the alteration is due 

to hydrothermal fluids or simply intense weathering. Locally present quartz + tourmaline veins in the 

altered rock suggest that at least some o f the alteration is hydrothermal. Quartz + tourmaline veins locally 

associated with altered feldspars are also present on Buck Ridge, several km to the west (Figure 2-1). 

Secondary feldspars and coarse white mica are also locally present with quartz veins; they are restricted to 

immediate vein selvages.
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In contrast to the barren sericitic alteration in the Bald Knob core, at least some of the gold- 

bearing rocks at the Buck Ridge prospect and Democrat lode deposit display intense sericitic alteration. 

Gold-bearing rocks in the Democrat Dike are pervasively altered to fine- to medium-grained white mica; 

the presence of fresh pyrite and arsenopyrite with the mica indicates a hydrothermal origin. The Buck 

Ridge gold is at least partially hosted in pervasively sericite-altered arsenopyrite-pyrite rock. Extensive 

trenching on the southern side of Buck Ridge intersected smaller, more weakly sericitized zones and a large 

zone o f clay altered (weathered?) feldspathic quartzite or altered felsic dike with sporadic gossaneous gold- 

bearing (up to several ppm) zones.

Abundant quartz veining (barren joint-lining quartz up to 5 mm thick) is present north of Bald 

Knob and in the Bald Knob drill core. The Buckeye Discovery, in the eastem-most tributary of Buckeye 

Creek, contained quartz fragments with high gold grades in the creek bed. No outcrop source was found 

for these locally present vein fragments.

Five major types of quartz veins are present in the Bald Knob drill core: quartz, quartz-tourmaline, 

quartz-K-feldspar, quartz-carbonate-pyrite, and quartz-muscovite. Sub-horizontal, 3-5 mm quartz veins 

lacking significant alteration are the dominant type; these are similar to those found in outcrop north of 

Bald Knob. Some sub-horizontal quartz veins from drill core also contained dark brown tourmaline. At 

least two o f these veins were wider than 2 cm. These veins contained no other minerals and did not contain 

appreciable gold values.

Quartz-K-feldspar veins are present in at least one drill hole, recognized by feldspar staining 

techniques on veins with both bright white and gray portions. These veins were wispy (1-2 mm wide) and 

ran sub-parallel to the core axis. Only a handful were identified and showed no relation to mineralization.

Quartz-carbonate + pyrite veins proved to be more abundant. These veins were generally through- 

going with thickness up to 3mm and were found within propylitically altered rock. The quartz was 

generally gray and carbonate constituted less than 20 percent o f the vein volume. More carbonate-rich 

veins were associated with the most heavily propylitic alteration and generally were wispy. These veins 

appear to be late and have filled any fractures associated with more recent shearing. Orientation is 

generally subparallel to the core axis.
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One 3-cm thick gold-bearing vein with a narrow selvage of white mica was intersected in the Bald 

Knob drill core. The vein is apparently a composite of two parallel veins which run subnormal to the core

axis (sub-horizontal to ground surface) and are segregated by a hairline, oxidized, healed fracture with 

white mica. On one side of this fracture was up to 1% unevenly distributed gold with a soft metallic silver 

mineral, originally identified as bismuthinite. Qualitative microprobe analyses (EDS) indicated two Bi

bearing minerals: Native bismuth is present as isolated grains and as a rind around hedylite (Bi7Te3). Both 

Bi-minerals are spatially associated with minute gold grains with fineness (1000 * wt % Au/Au+Ag) of 

approximately 960.

Bismuth and gold are absent from the other side o f the vein, while scheelite is present as several 

fine grains (2%) in thin section. The composition was verified using the electron microprobe during the 

EDS analysis described above. This vein contains the only identified occurrence o f scheelite in this study 

and the discrete segregation of these ‘sub-veins’ in thin section indicates that the tungsten mineralization is 

unrelated to gold deposition. Unfortunately, I did not identify other scheelite-bearing veins in the area and 

consequently have no additional information about age and genesis o f this mineralization.

7.3 Geochemistry of Mineralization

Select metal correlations for the Buckeye/Bald Knob, Democrat, and Buck Ridge prospects are 

shown in Figure 7.1. Gold-bearing Buckeye/Bald Knob quartz float, drill core, and rubble samples show a 

generally strong correlation of gold with bismuth and tellurium, and a weaker correlation with arsenic. 

Silver and other metals do not show clear correlations with gold, reflecting the low sulfide contents of the 

known gold-bearing veins at this prospect. The low and sporadic Ag values are consistent both with the 

low silver contents o f gold grains (section 7.2) and with the low sulfide mineral abundances. These metal 

associations are typical of gold-bearing veins that are within or close to a causative pluton, based on studies 

by Flanigan et al. (2000). In addition these correlations are characteristic of the gold mineralization at the 

Pogo deposit in central Big Delta quadrangle; Pogo is suspected to be proximal to a causative pluton (Smith 

et al., 2000) although there is no direct evidence for such.



A: Bald Knob and Buckeye quartz veins

Au

Ag Bi As Te
Ore minerals: native Bi, hedlyite, Au 
No sulfide minerals in veins; but pyrrhotite is in 

the surrounding rocks

B: Democrat Dike

Au

Ore minerals: pyrite, arsenopyrite, sphalerite, stibnite. 
No correlation of Au with Bi.

C: Buck Ridge Prospect

Ore minerals: pyrite and arsenopyrite.

Figure 7.1: Geochemical comparison o f  three gold prospects o f  the Richardson study 
area. Arrows show statistically significant trends. Data from PDX (unpublished data) and 
TnValley Corporation (unpublished data).



92

The geochemical signature o f the Bald Knob-Buckeye area mineralization is different from that o f the 

Democrat lode deposit and Buck Ridge prospect. Democrat lode deposit data indicates strong correlation 

between Au, As, and Sb, and weaker correlations between Au, Zn, and Ag (Figure 7.1b). Bismuth 

concentrations are predominantly below detection limits, with sporadic values up to several hundred ppm and 

no statistical correlation with gold (unpublished proprietary data, Tri-Valley Corporation). The high silver 

values and weak correlation with gold are consistent with the high sulfide abundance at this prospect and with 

the low-fineness gold seen in placers downstream from the Democrat lode deposit (Bundtzen and Reger,

1977).

Buck Ridge appears to display two different types o f geochemical associations: gold alone and 

gold with other sulfide-related elements ((unpublished proprietary data, Tri-Valley Corporation; Figure 

7.1c). Some samples display a strong correlation of gold with silver and arsenic, whereas other samples 

indicate no correlation with any metals. Bismuth was detected in only a handful o f  samples. This pattern 

may indicate more than one type or age o f gold deposition in the Buck Ridge area. The association o f 

gold with As (+ Ag, Sb, Zn) at the Democrat lode deposit and Buck Ridge prospect is characteristic o f gold 

mineralization that is distal to a causative pluton (Flanigan et al., 2000).

7.4 Fluid Inclusion Study

One o f the goals o f this thesis is to compare and contrast the gold mineralization at the Bald Knob 

prospect to that o f the Democrat lode deposit. The geochemistry (Figure 7.1) is clearly different, as is the 

age o f mineralization (Chapter 8). One way to quantify a hydrothermal system is by way o f the fluids 

responsible for quartz deposition, through the study of fluid inclusions. Pakhomova et al. (1995) described 

fluid inclusions from the Democrat lode deposit; I investigated fluid inclusions from gold-bearing and 

barren vein quartz from the Bald Knob prospect area.

The fluid inclusion samples employed in this study are described in Table 7.1. Each o f the samples is 

classified into one o f four groups: -  high grade gold, significant gold interval, gold-bearing interval, and 

gold below detection limit (4, 3, 2, and 1, respectively)—based on the assay value o f the entire interval
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containing the quartz vein. For samples BK2-047, BK2-152, and Buckeye, vein-specific assays indicated 

the quartz veins sampled were gold-bearing.

The fluid inclusions range in diameter from about 7 to 20 microns. Vapor contents vary 

between 25 and 60 percent by area; no significant differences are present between the slides examined. 

Most inclusions display dark rims on the vapor phase and one-third o f those measured had high enough 

C 0 2 contents to show a double bubble (liquid C 0 2) and allow for C 0 2 homogenization measurements. No 

daughter minerals are apparent in any fluid inclusion. Inclusions in both sparsely and densely populated 

areas were selected for thermometric measurements.

Table 7.1 Fluid inclusion samples, locations, and assay values o f sampled interval.
Slide

(JGA-)
site UTM E U TM N Assay value 

(ppm)
gold

group
AKA

11 BK2-047 7135800 536830 >1 3 ‘AuVn’
15 BK2-152 7135800 536830 0.115 3 si 5
2 BK1-65 7136400 536600 .040 2
1 BK 1-035 7136400 536600 .095 2
4 BK 1-082 7136400 536600 <0.02 1
12 BK2-012 7135800 536830 <0.02 1
13 BK2-135 7135800 536830 <0.02 1
B3 Buckeye

Discovery
7134900 536330 up to 53 4 Buckeye

7.4.1 Fluid Inclusion Data

The raw data and subsequent estimations are listed in Table 7.2. Figures 7.2-7.4 are plots using 

the raw data measured for C 0 2 and clathrate melting temperatures, and C 0 2 and final homogenization 

temperatures. The points on Figure 7.2 indicate a sub-linear trend between clathrate melt temperature and 

the C 0 2 melting temperature. For the pure H20 -C 0 2 system, C 0 2 melting occurs at -56.6°C and clathrate 

melting at +10°C (Roedder, 1984). Addition of methane (CH4) causes the C 0 2 melting temperature to 

decrease and the clathrate melting temperature to increase; addition of NaCl causes the clathrate melting 

temperature to decrease (Collins, 1979). If  the fluid inclusions consisted entirely o f H20 , C 0 2, and CH4, 

the data should plot along a straight line emanating from the pure C 0 2-H20  point on Figure 7.2; if  they 

consist entirely o f H20 , C 0 2, CH4, and NaCl, then they should plot along and to the left of that line. Since 

the points plot both within the NaCl field (circled samples) and CH4 field (northeast quadrant above circled



Table 7.2: Fluid inclusion data and estimated fluid parameters.
Hole Slide Inclusion C 02 Clath Cohom Homog Au group Volume Bars Density Moleh20 Est. Press

1 1 2 -60.2 12.4 336 3 40
1 1 3 -62.3 13.3 325 3 25
1 1 4 -61.5 12.6 320 3 30
1 1 5 -58.3 12.5 335 3 45
1 1 6 -61.5 13.6 325 3 50
1 1 7 -57.3 10.9 320 3 60
1 1 8 -62.9 14.2 325 3 35
1 1 -58.7 10.6 270 2 30
1 2 -57.5 11 350 2 45
1 2 3 -58.6 12.7 310 2 35
1 2 4 -57.5 11.5 350 2 40
1 5 -57.8 11 340 2 40
1 2 6 -57.5 10.6 23 2 40 70 0.2 92 200 Bars
1 4 1 -56.6 10.9 3 45
1 4 2 -56.6 10.4 27 340 3 45 70 0.23 90 200 Bars
1 3 -56.7 10.8 330 3 40
1 4 4 -57 10.6 335 3 30
1 4 5 -56.9 10.9 330 3 30
2 11 1 -57.3 10.9 330 1 40
2 11 2 -57.5 10.8 25.9 1 30 70 0.22 85 200 Bars
2 11 3 -57.8 11.8 25.2 1 25 70 0.22 95 200 Bars
2 11 4 -57.6 10.9 25* 1 45 150 0.78 82 >1 kbar
2 11 5 -57.4 10.8 26.9* 280 1 50 150 0.76 80 > 1 kbar
2 11 6 -61.4 11.1 1
2 11 7 -58 11.5 330 1 40
2 11 8 -56.8 11.2 320 1 25
2 11 9 -58 11.7 325 1 30
2 11 10 -59.1 10.6 315 1 40



Hole Slide Inclusion C 02 Clath Cohom Homog Au group Volume Bars Density Moleh20 Est. Press
2 11 11 -58.1 11 1 30
2 11 12 -57 10.9 325 1 30
2 11 13 -57 11.2 310 1 20
2 11 14 -57 10.4 310 1 25
2 11 15 -57.6 11.7 310 1 35
2 11 16 -59.6 13.1 295 1
2 12 1 -58 11.8 19 3 50 65 0.17 90 200 Bars
2 12 2 -57.5 11.6 23 330 3 75 70 0.2 75 200 Bars
2 12 3 -61.6 13.5 345 3 40
2 13 1 -58.8 12.9 320 3 20
2 13 2 -57 10.7 24.5 293 3 20 75 0.22 95 200 Bars
2 15 1 -57.6 11.7 1 15
2 15 2 -57 10.8 26.5 319** 1 40 75 0.23 93 200 Bars
2 15 3 -57 10.9 27 312.5 1 30 75 0.23 94 200 Bars
2 15 4 -57 10.8 1 35
2 15 5 -56.6 10.7 310 1
2 15 6 -56.7 10.8 26.6 1 40 75 0.23 95 200 Bars
2 15 9 -57 10.8 30 1 20 80 0.3 95 200 Bars
2 15 10 -57 10.8 1 15
2 15 11 -56.6 10.3 29 300 1 30 75 0.25 92 200 Bars
2 15 12 -56.6 10.5 305 1 20
2 15 13 -56.8 10.9 28.5* 1 35 120 0.75 82 > 800 bars
Buckeye 1 -65 15.6 335 60
Buckeye 2 -61.9 13.9 50
Buckeye 3 -57.6 330 50
Buckeye 4 -57.5 10.1 330 60
Buckeye 5 -56.7 10.1 340 50



Table 7.2: Fluid inclusion data and estimated fluid parameters (cont.).

Hole | Slide Inclusion C 02 Clath Cohom Homog Au group Volume Bars Density Moleh20 Est. Press
Buckeye 6 61.7 13.3 335 35
Buckeye 7 -58.6 12.2 16.2 337 35 50 0.17 94 200 Bars
Buckeye 8 -57.6 11 21.7 330 35 60 0.19 95 200 Bars
Buckeye 9 -58.2 10.9 22 325 50 60 0.19 90 200 Bars
Buckeye 10 -57.4 11 23.9 325 35 68 0.2 94 200 Bars
Buckeye 11 -65.4 14.1 350 60

* = C02 homogenized to liquid **=critical value
Calculations are based procedures discussed in Roedder (1984).
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Figure 7.2: C 0 2 vs clathrate melt temperature plot for Bald Knob and Buckeye fluid inclusions. Filled 
square=Buckeye, circle=AuVn, filled triangle=slide 15, open triangle=vein with detectable gold, x= 
barren vein. C 0 2 melt temperature data for 90 Ma interior Alaska gold deposits from McCoy et al. (1997).

C 0 2 homogenization temp. CC)
Figure 7.3: C 0 2 melting vs C 0 2 homogenization temperature plot for Bald Knob and Buckeye 
fluid inclusions. Symbols represent groups as identified in Figure 7.2 and described in table 8.1.
Open squares enclose those inclusions that homogenized to a liquid; all others homogenized to a vapor.

Figure 7.4: C 0 2 melt vs final homogenization temperature plot for Bald Knob and Buckeye fluid 
inclusions. Symbols as in figure 7.2. Two groups show disparity in C 0 2 melting temperatures for the 
Buckeye quartz sample. Dashed line indicates lower limit of ‘normal’ C 0 2 melting temperatures (from 
McCoy et al., 1997). Inclusion symbol enclosed by open square indicates C 0 2 phase homogenized to a 
liquid; enclosed by an open circle indicates phase homogenized to a vapor.
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samples): (a) additional components are present that effect the clathrate melting, (b) clathrate melting took 

place under non-equilibrium conditions, or (c) clathrate melting temperatures were not accurately 

measured. Given any or all o f these possibilities, it is not possible to quantify either the amount o f CH4 or 

NaCl in the fluid inclusions, but it is certain that many of the inclusions contain high concentrations of 

CH4. Notably, fluid inclusions from a wide variety o f mid-Cretaceous gold deposits in Interior Alaska 

(McCoy et al., 1997) display C 0 2 melting temperatures o f -56 .6  to -59°C; hence, some fluid inclusions 

from the Bald Knob area contain anomalously high CH4 contents.

Both the low-grade gold and Buckeye Discovery quartz fluid inclusions plot across a large range 

of C 0 2 melting temperatures and clathrate temperatures (Figure 7.2). Whereas the low-grade samples are 

scattered, the Buckeye inclusions show a bimodal distribution, one cluster near the pure water-C02 system 

and the other showing very low C 0 2 melting temperatures and consequently high methane contents. In 

contrast, the bulk of the barren samples and elevated Au samples plot in the area indicative o f minor 

methane contents. Two AuVn fluid inclusions plot within an area suggesting a mixture of methane and 

significant NaCl. O f the three significantly gold-bearing veins, the vein with the lowest gold content (slide 

15, BK2-152) shows no evidence for methane; the vein with abundant Au-Bi (AuVn, slide 11, BK2-047) 

displays evidence for intermediate methane contents; and the highest-grade vein (Buckeye) has the highest 

methane contents.

Figure 7.3 shows a positive correlation between C 0 2 melting and C 0 2 homogenization 

temperatures for data from this study. (Note that C 0 2 homogenization could only be measured for those 

inclusions with relatively low methane contents, that is C 0 2 melting temperatures o f  < -59°C.) For fluid 

inclusions in which the C 0 2 homogenizes to a gas phase (the bulk of those measured, Table 7.2) lower C 0 2 

homogenization temperatures correspond to lower density o f the C 0 2 phase (Roedder, 1984). The density 

o f the C 0 2 phase varies with its composition, and the pressure and temperature at which the fluid was 

trapped in quartz. Because adding CH4 decreases the density of the C 0 2 phase, a linear variation in C 0 2 

melting and homogenization temperatures implies that the inclusions were trapped under similar P-T 

conditions but with variable methane contents (Roedder, 1984). Such appears to be the case for the
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Buckeye, ‘barren’, and possibly the AuVn inclusions. In contrast, the low-methane fluid inclusions 

characteristic o f gold-bearing slide 15 display variations in C 0 2 density that must be due to variations in 

fluid P-T at the time of fluid trapping.

Figure 7.4 is a plot of C 0 2 melting temperatures versus final homogenization temperatures. This 

plot must be viewed with caution, since trapping temperatures are necessarily > homogenization 

temperatures; the amount of ‘correction’ added to the trapping temperature increases for increasing 

pressure at the time o f fluid trapping. For example, for fluid pressures of 1-2 kb, an additional 100-200°C 

must be added to the homogenization temperature to calculate the trapping temperature. Those inclusions 

with higher final homogenization temperatures (>320°C) have a wider range o f C 0 2 homogenization 

temperatures (up to -6 6  degrees Celsius), indicating variable methane contents. The gold-bearing veins 

yield homogenization temperatures that generally fall between 300 and 330 degrees Celsius, and overlap 

with the slightly higher temperature Buckeye Discovery and gold deficient samples, ranging from 300- 

340°C. Because fluid trapping pressures (and thus trapping temperatures) cannot be estimated for the 

majority o f the inclusions, little can be said about vein formation temperatures except that minimum 

temperatures are approximately 320°C.

7.4.2 Fluid Inclusion Calculations

I manipulated the raw data in Table 7.2 to calculate current pressure, density, and mole % H20 , 

and original fluid pressure. Current fluid inclusion pressures were estimated assuming a pure C 0 2-H20  

system and a pressure-temperature plot for C 0 2 homogenization after Angus et al. (1976). Table 7.2 data 

shows that the pressures fell into two groups: 50-80 and 120-150 bars.

C 0 2 densities of the inclusions were estimated after Burruss (1981) from the C 0 2 homogenization 

temperatures (L+ V = V or L+V = L) combined with estimates o f volume occupied by the C 0 2-rich phase. 

Densities could thus only be estimated for those inclusions with sufficiently large C 0 2 contents to contain 

observable liquid C 0 2; most o f the inclusions did not and their bulk densities could not be calculated. For 

most of the high-C 02 inclusions the C 0 2 L+V homogenized to a vapor, yielding low C 0 2 densities of about 

0.17 to 0.25 grams/cm3. This data, in conjunction with final homogenization temperature data, was used to

RASMUS0N LIBRARY
UNIVERSITY OF ALASKA-FAIRBANKS
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estimate minimum pressures at formation (employing P-T density isochores .from Kennedy, 1954) of 200- 

400 bars for low-density inclusions and 1-2 kb for the higher density inclusions (using diagrams from 

Brown and Lamb, 1989). Calculated mole percent water in the fluids ranged from 75 to 95 %, with greater 

than 90% water (after Burress, 1981). One phase critical point measurement was taken (sample 15-2). The 

pressure is estimated to be around 200 bars, similar to that for the Ryan Lode (McCoy et. al., 1997). All 

these calculated pressures must be considered minimum pressures because they are based on diagrams for 

which the effects of NaCl and CH4 in fluids have not been considered.

In sum, the fluid inclusion data from the Buckeye-Bald Knob prospect can be divided into several 

different populations based on inclusion contents and thermometric data. Observed contents and calculated 

data need to be treated separately in terms o f implications for mineral deposition.

A first group is defined by those inclusions with C 0 2 melting temperatures o f <-59°C (below the 

dotted lines in Figures 7.2 and 7.4); these necessarily possess relatively high CH4: C 0 2 ratios, greater than 

observed in other Interior Alaskan vein gold deposits. This group includes some inclusions from the 

Buckeye vein, from quartz veins with low (but detectable) gold, and from the Au-Bi bearing vein (BK2- 

047). The high CH4: C 0 2 ratios indicate a low oxidation state in the fluid (necessary for appreciable 

quantities o f the reduced carbon species methane). Because these inclusions posses insufficient CO? to 

measure C 0 2 homogenization, the fluid pressures at formation are unknown, hence an unknown correction 

must be added to the homogenization temperature to give the trapping temperature.

A second group consists o f those inclusions with C 0 2 melting temperature >-59°C; these include 

several sub-groups. A major subgroup consists o f those inclusions for which C 0 2 homogenized to a vapor 

(enclosed by circles, Figure 7.4); this group necessarily has low fluid density and consequently formed at 

relatively low pressure (200-400 bars). Such low pressures require a small (30-40°C) addition to the 

homogenization temperature to yield trapping temperature and consequently give trapping temperatures o f 

approximately 340°C to 380°C (Figure 7.4). This group, as shown on Figure 7.3, includes all vein types 

and accounts for nearly one-quarter of the inclusions examined (Table 7.2). A volumetrically minor, but 

important sub-group consists o f those three inclusions for which the C 0 2 homogenized to a liquid: 

necessarily these inclusions possess high C 0 2 density and require high pressures o f formation. Pressures o f



1 0 1

1-2 kb require addition of 100-200°C to the homogenization temperature to give the trapping temperature. 

Unfortunately, the homogenization temperature of only one of the three inclusions was measured (Table 

7.2); if  its relatively low Th o f 280°C (Figure 7.4) is representative, then these inclusions formed at 

temperatures of approximately 400-500°C.

Nearly half of the inclusions measured (the most common type measured) possess both low 

CH4:C 02 ratios and insufficient C 0 2 for determination o f  trapping pressure. The vast bulk of the inclusions 

from ‘barren’ quartz and from the Au-Bi-rich quartz vein (AuVn, BK3-047) fall into this category (Table 

7.2, Figure 7.4). There is no way to know whether these inclusions fall into the high-pressure or low- 

pressure group or into a different group o f their own. The homogenization temperatures for these 

inclusions are minimum trapping temperatures; the actual trapping temperatures cannot be determined.

The two distinct pressures of formation for fluid inclusions agree with two different types 

hydrothermal events recorded in sample AuVn (BK2-047) manifested by two different mineral 

assemblages and different mineralization ages, both discussed in chapter 8. The -1 -2  kb pressure estimated 

for two inclusions in the gold vein and slide 15 (BK2-152) may represent true primary inclusions, while the 

bulk o f the inclusions measured may represent secondary inclusions formed at lower pressures, unrelated to 

any gold-bearing hydrothermal event. Since it is apparent that there are at least two different hydrothermal 

events, it is possible that only a few of the measured inclusions are representative o f the fluid(s) associated 

with the gold deposition. None of the high-pressure fluid inclusions were found in the Buckeye quartz 

sample (only the low pressure and unknown pressure type were identified) and it is unclear whether the 

hydrothermal system responsible for gold bearing veins at Bald Knob was also responsible for the Buckeye 

quartz vein float.

Notably, the higher-pressure fluid inclusions grossly resemble those seen at the Fort Knox 

intrusion-hosted deposit; this deposit displays strong Au-Bi correlations (McCoy et al., 1997) like those 

seen in the Bald Knob area (Figure 7.1 A). The lower-pressure inclusions in the study area resemble those 

seen in the Ryan Lode shear vein system, which possesses a metallogeny similar to that seen at the Buck 

Ridge prospect (Figure 7.1C; McCoy et al., 1997). It is unclear how the CH4-rich fluid inclusions fit into 

Interior Alaska gold metallogeny, as no other examples o f this type are currently known in Interior Alaska.
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It is also unclear which fluid inclusion population, if  any, is related to the propylitic alteration seen at Bald 

Knob.

The commonly low oxidation state o f the hydrothermal fluids— as indicated by significant CH4 

contents— combined with the lack o f  evidence for significant NaCl— indicates that the gold complexing 

agent must have been HS', as relatively high oxidation state and high salinity is required to transport gold 

as a chloride complex (Barnes, 1979). Thus, gold could be precipitated by decrease in pH or increase in 

oxidation state. The general decrease in methane content o f fluid inclusions from the highest-grade 

Buckeye quartz sample to sample AuVn to lowest-grade (but still significantly Au-bearing) section 15 

suggests that decrease in oxidation state—perhaps by reaction with the surrounding gneiss— could have 

been responsible for gold deposition from the high-pressure fluids.

7.4.3 Comparison to Democrat and Ryan Lode Fluid Inclusions

Pakhomova et al. (1995) published magmatic and hydrothermal fluid inclusion data from four 

Democrat lode deposit mineralized rhyolite samples. The authors identified two different hydrothermal 

inclusion types. The early stage fluid inclusions were higher temperature (Th = 340-360°C), with variable 

C 0 2 contents (but always lacking CH4) and with daughter minerals including NaCl and possible FeCl2 or 

KC1 (Pakhomova et al., 1995). Vapor volume, daughter abundance, C 0 2 and salinity (32-64 wt % NaCl) 

were highly variable, highly suggestive o f boiling conditions (Table 7.3). If boiling did occur, then the 

homogenization temperatures are trapping temperatures. Based on these characteristics, Pakhomova et al. 

(1995) hypothesized that these fluids transported gold via gold-chloride complexes and deposited gold 

through a combination o f fluid cooling, boiling, and reaction with wall rocks.

The late phase hydrothermal-associated inclusions yielded homogenization temperatures (Th) of 

155-165°C, had variable C 0 2 (again, with no evidence for CH4), and lacked saline daughter minerals. 

Hydromicas were tentatively identified within the inclusions. Salinities were determined as 8-11.7% NaCl; 

no C 0 2 homogenization temperatures were measured for any o f the inclusions and thus pressures could not 

be estimated. It is not clear that these apparently lower-temperature fluids were related to gold deposition.



103

Table 7.3 : Comparison between Bald Knob, Democrat, Ryan Lode fluid inclusion data
Size (p) TmC02

(°C)
Clathrate
Tm(°C)

Th(°C) Volume 
% vapor

Salinity 
(% NaCl)

Mol % 
C02

Trap P 
(bars)

Demo 1 20-60 -56.6 not meas 340-360 10-90 32-65 Variable unknown
Demo 2 50-100 -56.6 not meas 155-165 10-90 8-11.7 Variable unknown
BK hiP 10-20 -56.8-57.6 10.9 >280 35-50 Low 20 >1000
BK loP 10-20 -56.6-62.9 10.4-13.6 300-345 25-50 Low 10 avg 250-400

Ryan
Lode

5-35 -56.6 to 
-58.4

9.3-12.5 206-325 10-90 Low 12 250-300

Byeye 1 10-20 -61 to -65.4 not meas 330-350 50-60 Low? unknown unknown
Bkeye2 10-20 -57 to -65.4 10-15.5 325-337 35-50 Low 5-10% 250

Demo 1, Demo 2 = Democrat (Pakhomova et al., 1995); BKhiP, BKloP = Bald Knob, high Pressure and 
low Pressure types (this study); Ryan Lode = Ryan Lode deposit, Fairbanks district (McCoy et al., 1997); 
Bkeyel,2 = Buckeye high grade vein (this study).

Comparison of the fluid inclusion data from the Democrat lode deposit and the Bald Knob 

prospect shows that very different fluids were present at each. While the Democrat lode deposit inclusions 

indicate a high C1-C02, low CH4, boiling system, with highly variable fluid compositions, the inclusions 

from the Bald Knob prospect are low salinity, less variable in overall composition, and contain generally 

elevated CH4. The Bald Knob inclusions show no convincing evidence of boiling but they do show 

evidence for at least two distinctly different fluid conditions— one at high pressure and one at low pressure. 

Combined with the radiometric age data which shows a minimum age for the Bald Knob Au-Bi vein o f 105 

Ma in comparison to the ~ 90 Ma ages for Democrat lode deposit and Buck Ridge mineralization (Chapter 

8), it is clear that two very different gold-depositing hydrothermal systems were present in the Richardson 

district.

Among Interior Alaskan gold deposits with fluid inclusion data, the closest match for composition 

and character of the low-pressure fluid inclusions o f the Bald Knob area appear to be those seen at the Ryan 

Lode, in the Fairbanks district (McCoy et al., 1997). The closest match for the Bald Knob high-pressure 

fluid inclusions are those seen at the intrusion-hosted Fort Knox deposit (McCoy et al., 1997). The 

Buckeye quartz sample contains fluid inclusions with CH4 contents that do not match any fluid inclusions 

now known in Interior Alaskan gold deposits.
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7.5 Stable Isotopic Ratios

Oxygen isotope values (6 0 18) were measured for three gold-bearing quartz vein samples. Bulk 

quartz from the Buckeye prospect, slide 11 (AuVn), which contained visible gold and bismuth minerals, 

Buckeye prospect, slide 15, and Buckeye 3 yielded 5 0 18 values of 13.6 per mil, 13.2 per mil, 13.0 per mil, 

respectively. Calculation of fluid 5 0 18 requires knowing the temperature of quartz deposition; for 

temperatures o f 300-400°C (suggested by the fluid inclusion data) calculated fluid SO18 values are 6.2-9, 

5.8-8.6, and 5.7-8.4, respectively (using quartz-water fractionation equation from Taylor, 1979). These 

values fall within both the metamorphic and igneous fluid SO18 fields (Taylor, 1979), and, hence, suggest 

that there was little or no influx of unaltered meteoric water when these inclusions were formed (Figure

7.5). McCoy et al. (1997) report 5 0 18 and 5D values from the Democrat lode deposit o f 14 per mil and -  

99 per mil, which yield fluid ranges of 6.6 to 9.4 per mil ( 5 0 18) and -6 9  to -51 per mil (5D). These values 

(especially the 5D) are more consistent with an igneous than a metamorphic source for the fluid (Taylor, 

1979).

7.6 Interpretation

The Richardson study area experienced at least two gold-related hydrothermal events and possibly 

several additional hydrothermal events not directly related to gold deposition. The first gold-related event 

(minimum age 105 Ma, Chapter 8) was associated with formation of the Bi-Au vein found in Bald Knob 

drill hole 2 (BK2-047). Temperatures were high enough to allow for formation of white mica. Fluids were 

reduced with low salinity and characterized by low sulfur fugacity (Figure 7.6). The presence of native 

bismuth, relatively high CH4:C 02 ratios (as indicated by low C 0 2 melt temperatures) and the presence of 

pyrrhotite and biotite in the surrounding Bald Knob gneiss restrict fluid conditions to a restricted fC2-fS2 

regime (Figure 7.6). The high-methane fluid inclusions seen in quartz from the Buckeye prospect suggest 

that this gold-quartz vein formed under similar conditions, potentially at the same time.

A second gold mineralizing event took place at ~  90 Ma (McCoy et al, 1997; Chapter 8) and was 

responsible for gold deposition at the Democrat lode deposit and Buck Ridge prospect. Fluid conditions at
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the Democrat lode deposit were considerably more oxidizing, as indicated by extremely high C 0 2:CH4 

ratios (C 0 2 melting temperature measured was that o f pure C 0 2, Pakhomova et al., 1995); the fluids 

themselves were extremely saline (Table 7.3). The presence o f pyrite and arsenopyrite at the Democrat 

lode deposit and Buck Ridge prospect, combined with low methane fluids, restricts the fluid conditions to a 

relatively restricted f0 2-fS2 region, significantly different from that o f the Bald Knob Au-Bi vein (Figure

7.6). Visual inspection o f quartz from the Buck Ridge prospect indicates that the fluid inclusions were not 

strongly saline (no daughter minerals are present); either the low-grade Buck Ridge mineralization was 

caused by significantly modified Democrat-type fluids or represents a completely different -9 0  Ma 

hydrothermal system.

It is tempting to relate the gold-absent propylitic alteration observed in the Bald Knob area to a 

-9 0  Ma hydrothermal system, as the alteration assemblage reflects fS2-f0 2 conditions (Figure 4.1) similar 

to that inferred for Democrat lode deposit and Buck Ridge prospect (Figure 7.6). However, the elevated 

methane contents o f the low-pressure fluid inclusions recorded from the Bald Knob prospect are not 

compatible with this assemblage; perhaps these fluid inclusions are instead related to the ‘bleaching’ 

alteration o f Bald Knob gneiss (section 4.2.2). The presence of two completely different—both in age and 

chemical characteristics- mineralizing fluids certainly raises the possibility o f additional hydrothermal 

events in the area.

The two different hydrothermal systems deposited quartz with oxygen isotopic characteristics 

compatible with an igneous fluid source (Figure 7.5); certainly, the highly saline Democrat lode deposit 

fluids virtually require such a source. A possible mechanism for producing fluids o f  such contrasting 

oxidation states arises from possible differences in oxidation states of the source plutons. Most calc- 

alkaline plutons crystallize under conditions approximated by the Nickel-Nickel Oxide (NNO) buffer; 

reduced plutons can crystallize under conditions approaching the Quartz-Magnetite-Fayalite (QMF) buffer 

(Burnham and Ohmoto, 1980). Further, the more oxidized calc-alkalic melts commonly give rise to Cl-rich 

hydrothermal fluids, as seen in porphyry copper deposits (Burnham and Ohmoto, 1980). Thus, the two 

different gold mineralizing systems may simply reflect differences in the intrusions that gave to the 

hydrothermal fluids.
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18
Figure 7.5: Del O values for Richardson area gold-bearing quartz and calculated fluids. Fluid 
del O values are calculated for temperatures of 300 - 400°C using fractionation factors from Taylor 
(1979). Values for igneous and metamorphic fluids are from Hedenquist and Lowenstem (1994). 
Because meteoric water del 180  values depend on climate, elevation, and distance from the ocean 
in addition to latitude, values for mid-Cretaceous meteoric water in the Richardson area cannot be 
specified, but were presumably in the general vicinity o f modem values (< -20 permil, Taylor, 1979). 
Democrat quartz data from McCoy et al. (1997); Bald Knob-Buckeye data from this study.
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Figure 7.6: LogfS2-logfC>2 diagram contrasting Democrat and Bald Knob mineralization conditions. 
Diagram constructed for 300° C and saturation with respect to Quartz + Muscovite + K-feldspar. 
Democrat Lode and Bald Knob vein fS2-f02 conditions are based on the observed vein mineralogy 
and fluid inclusion characteristics. Diagram calculated using Geochemists Workbench (Bethke, 1998) 
and thermodynamic data of Delany and Lundeen (1990).
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The relationship between f0 2 and fS2 seen (high f 0 2 corresponding to high fS2; Figure 7.6) can be 

related to simple changes in solution chemistry. In both of the Richardson area gold-related hydrothermal 

systems the principal sulfur species was most likely H2S (aq), because reduced S species are stable in the 

region of interest (Figure 7.6) and pH ’s well in excess o f neutrality are required for significant HS' 

(Burnham and Ohmoto, 1980). In such circumstances, the equilibrium H2S + 0 2 = H20  + S2 governs the 

system. For a given temperature, this equilibrium yields logf S2 = logf02 + log aH2S + Keq. Thus, for 

fluids of approximately equal dissolved sulfur content (= aH2S), raising f0 2 causes an equal increase in fS2. 

Thus different magmas o f different initial oxidation states could have given rise to the two very contrasting 

Democrat and Bald Knob hydrothermal systems.
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Chapter 8: Geochronology

8.1 Introduction

Unlike many of the deposits in the Fairbanks district, which clearly show temporal relationships 

between gold deposition and emplacement of nearby plutons, relative ages of most igneous rocks and gold 

deposits in the Richardson study area have not been established. Previously established ages include those 

of the granite porphyry and gold-related alteration at Democrat lode deposit (both yield cooling ages of 

approximately 89 Ma (40Ar/39Ar); McCoy et al., 1997), the nearby Birch Lake pluton (Figure 2.1; also 

approximately 89 Ma (K-Ar); Wilson et al., 1985), and hornblende from amphibolite (106+ 3 Ma and 116+ 

3 Ma on two K-Ar determination for the same sample; Bundtzen and Reger, 1977). Interior Alaskan mid- 

Cretaceous magmatism has been described extensively in the literature and is the current center o f attention 

for industry exploration intrusion-related gold deposits o f Interior Alaska, but other ages both for igneous 

rocks and gold deposits are known in Interior Alaska (e.g., Newberry et al., 1998). In the course of this 

study I found and described several igneous suites not previously identified in the Richardson and I helped 

identify a new gold-bearing zone. The object of the radiometric dating described in this chapter is to 

constrain age relationships between igneous rocks and mineralization in the Richardson field area and to 

better understand the overall geology of the area.

The K-Ar dating technique was the predecessor o f the 40Ar/39Ar technique employed in this study. 

The K-Ar method is based on determining the ratio of 40Ar (daughter isotope) to 40K (parent isotope) in a 

K-bearing mineral sample: the higher the ratio of 40Ar to 40K, the older the mineral. The 40Ar/39Ar method 

is a modification o f the K-Ar technique that involves irradiation of the sample in a nuclear reactor to 

produce 39Ar from 39K, which, in turn, serves as a proxy for 40K. Hence, the ratio o f 40Ar to 39Ar increases 

with age of the sample; using this ratio to determine age requires making measurements on standards of 

known age that are irradiated in the reactor under the same conditions as the samples.

One complication of any dating technique involving 40Ar is that argon is capable of significant 

diffusion in and out of K-bearing minerals while they remain hotter than their ‘closure temperature’. The 

closure temperature is the temperature at which argon becomes essentially locked into the lattice structure,
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and varies with mineral, mineral composition, and cooling rate. For typical hornblende, muscovite, and 

biotite, o f moderate grain size, and cooling at rates appropriate for plutons intruded well below the surface, 

these temperatures are approximately 450°C, 350°C, and 300°C, respectively (McDougall and Harrison, 

1988). In simple circumstances, the age o f a mineral reflects the amount o f time elapsed since the mineral 

cooled to its closure temperature: ideally, where these minerals are present in the same rock, the hornblende 

is ‘older’ than the muscovite, which is ‘older’ than the biotite.

A more complicated case is one in which minerals in a rock experience repeated heating to 

temperatures above their closure temperatures. There are three possible end-member consequences to a re

heating event relative to argon retention (and hence apparent ‘age’). First, if  temperatures are high enough 

for a long enough time, all the argon in the mineral is lost during the re-heating event, and the present-day 

Ar/K ratio in the mineral reflects the amount o f time elapsed since cooling after the re-heating event. 

Second, if  exposure to only slightly elevated temperatures or duration at high temperatures is brief, partial 

Ar loss occurs, with potentially little change in the apparent age. The edge o f the mineral grain(s) and areas 

with lattice defects re-equilibrate to the new conditions while ‘inner’ portions of the crystal retain their 

radiogenic argon. Finally, multiple thermal events or moderate Ar loss from damaged or very small grains 

can yield intermediate apparent ages which do not reflect any specific event in time but represent a mix of 

grain sectors that lost different amounts of argon. This final end-member possibility yields a ‘date’ that has 

no geologic significance.

One way around the problem of partial argon loss from a mineral involves the 40Ar/39Ar technique 

combined with ‘step heating’, a procedure in which a mineral is heated in increments (usually with a 

focused laser beam). After each heating event Ar (and other contained gasses in the mineral) that have 

been released by the heating are extracted, the Ar is separated from the other gasses, and Ar isotopic ratios 

are measured. Hence, each heating ‘step’ yields an apparent age. Apparent ages yielded from heating at 

low temperature (“low-temperature fraction ages”) presumably are caused by Ar loosely held in the 

mineral; apparent ages yielded from heating at high temperature (“high-temperature fraction ages”) reflect 

Ar tightly held in the mineral, and presumably less affected by younger heating events. If  more than 60 

consecutive percent of the Ar in a mineral yields the same age (± 2 standard deviations), the ages are said to
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define a ‘plateau’ and a plateau age is considered a reliable measure of the time elapsed since the mineral 

cooled to below its closure temperature. An integrated age is the weighted average of all the Ar fractions 

released and is equivalent to a conventional K-Ar age. Plotting the apparent age against the fraction o f 39Ar 

released produces an ‘age spectrum’. Such a spectrum provides a highly visual depiction o f argon losses 

and gains.

8.2 Sample Selection

Mineral separates were made from 5 different samples, including two samples o f peraluminous 

felsic dike, one o f the Gold Run Intrusion, and samples of quartz veins from the Buck Ridge and the Bald 

Knob gold prospects. Visually clean biotite or white mica, were separated from each sample using 

standard crushing and separation techniques (Chapter 1).

The three igneous samples were 125, 143, and GRI-1; their petrography (Chapter 4) and 

geochemistry (Chapter 5) were previously described. Samples 125 and 143 are peraluminous felsic dikes, 

GRI-1 is from the Gold Run Intrusion. Sample 125 was taken from Buck Ridge, in a fault block south o f 

the Gold Run Intrusion; coarse white mica was separated for dating. Sample 143 is from a fault block that 

includes the Gold Run Intrusion (Figure 8.1); slightly chloritized biotite was separated for dating. Coarse, 

dark biotites were separated from sample GRI-1.

The two mineralized samples were AuVn and BR4-328. Sample AuVn was taken from drill core 

on Bald Knob (BK3-047), in the eastern part of the field area. A white mica separate was taken from the 

quartz-white mica selvage on the edge o f a quartz vein with visible Au-Te (see Chapter 8) in oxidized 

biotite feldspar quartz gneiss. Sample BR4-328 was taken from a >5 mm thick quartz vein with a selvage 

of white mica, hosted in gneiss. The 5-foot interval o f core from which the vein was taken assayed > 1 

gram per ton Au. This vein represented the only visual indication that hydrothermal solutions had passed 

through and had mineralized the gneiss.



Figure 8.1: Map showing locations of dated igneous samples and corresponding4! ^ / 3̂  spectra.
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8.3 Results

Table 8.1 lists the integrated and plateau ages and other age information for the five samples 

described above. The complete spectrometer data are given in appendix B.

Table 8.1: Interpreted 4QAr/39Ar ages (in Ma) for Richardson area samples._____________________________
Sample number 
(mineral)

Low-temp fraction(s) 
age (% Ar)

High-temp fraction(s) 
age (% Ar)

Plateau age (% Ar) Interpreted age

125 (WM) 87 + 32(1.5% ) 104.6+1.6(11.6% ) 102.0 ± 0 .5  (81.4%) > 105 Ma

143 (B) 80 .5+ 1 .6 (19% ) 114.0 + 9(1.0% ) 92.2+ 0.6 (76%) 114 + 9 Ma

GRI-1 (B) 56.9 + 3.3 (0.6%) 91 .6 + 1 .7  (6.5%) 90.7+/-0.9 (78.3%) 92 + 2 Ma

AuVn (WM) excess Ar 105.6+1.8(1 .4% ) 104.8+1.0  (51.4%) -  105 Ma

BR4-328 (WM) 77.5 + 1.1 (5.9%) 96.6+ 8.7 (0.8%) 84.3+ 0.5 (82.2%) 85Ma<age< 97Ma

(B) -  biotite, (WM) — White mica. (%Ar) — % total Ar released in the ffaction(s). Spectrometer data in 
appendix B.

8.3.1 Interpretation of Igneous Sample Ages

Figure 8.1 shows locations and spectra for samples 125, 143, and GRI-1; the last is the simplest 

and most easily explained. The spectrum for GRI-1 is relatively flat, with evidence for a slight reset at 

about 57 Ma. A plateau age o f 90.7 + 0.9 Ma takes into account 78.3% of the total 39Ar released. The last 

three fractions yield a slightly older age of 91.6 + 1.7 Ma; this may be a slightly better approximation to the 

pluton emplacement age. Based on these slightly older higher temperature fractions, I interpret the biotite 

cooling age of the Gold Run Intrusion as 92 + 2 Ma (Table 8.1)

Field evidence indicates that the peraluminous dikes are cut by the Gold Run Intrusion (GRI); thus 

their age spectra are expected to show at least some effects o f heating from the GRI. Sample 143 (biotite) 

is located approximately 3 km from the GRI; sample 125 (muscovite) is currently about 2 km away from 

the GRI, on the other side of a fault with unknown displacement. Biotites have lower closure temperatures 

than muscovites (McDougall and Harrison, 1988), if the two dike samples were initially the same distance 

from the GRI, one would expect 143 to have lost more of its radiogenic argon than 125. The two spectra 

display in part the differing responses of muscovite and of biotite to reheating events.



114

The spectrum for sample 125 is flat, indicating either no argon loss or considerable argon loss. 

The lower temperature fractions are highly imprecise, and suggest slight reheating during the early 

Tertiary. A plateau age of 102.0 + 0.5 Ma accounts for 81.4% o f the total 39Ar released and at first glance 

appears to represent the dike age. However, the three highest temperature fractions, which account for 

11.6% of the total 39Ar released, yield an age of 104.6+ 1.6 Ma. Although this latter age is not significantly 

older than the plateau, it suggests that the real age of the muscovite is greater than the plateau age, and that 

the highest-temperature fractions yield a hint of the actual age. If  this is the case, the plateau age represents 

a partial reset from the original age o f >105 Ma to an age intermediate between its original age and the age 

of the re-heating event (intrusion o f the GRI, ~ 92 Ma) and has no geologic significance. The alternative is 

that the muscovite o f sample 125 has not experienced thermal effects from the nearby GRI and the 

apparently older highest-temperature fractions are spurious.

Biotite from sample 143 yields a plateau age of 92.2 + 0.6 Ma that accounts for 76% of the 39Ar 

released. The last 5% of 39Ar released came out in 5 steps, each with errors of 6.8 Ma or greater, and 

displaying a sub-continuous increase in apparent age with increasing sample heating. The final step, which 

accounts for approximately 1% of total 39Ar released, returned a significantly older age (114 ± 9 Ma) than 

the plateau and the previous step ages. The upward-stepping character of the higher-temperature fractions, 

and the plateau age statistically indistinguishable from the GRI sample indicates that the biotite from 

sample 143 has been almost completely reset by heating from the GRI. Thus, the highest-temperature 

fraction age, although imprecise, is the best approximation to the original cooling age o f this dike.

8.3.2 Interpretation of Mineralization Sample Ages

The age spectra and locations for samples AuVn and BR4-328 are shown on Figure 8.2. The 

AuVn spectrum shows argon loss and excess at the lowest temperature fractions. AuVn yielded a ‘pseudo

plateau’ (accounting for only 51.4% of the total 39Ar released; i.e., not enough Ar to constitute a plateau) 

age of 104.8 ± 1 .0  Ma. The highest temperature fraction yields a slightly, but not statistically significant, 

older age o f 105.6 ± 1.8 Ma. The saddle-shaped spectrum, with excess Ar in the lower-temperature 

fractions and older apparent ages yielded by the higher-temperature fractions, suggests some minor reset
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has occurred. Given the considerable distance that this sample is located away from the GRI, with only one 

dike of possible GRI affiliation known on the surface or in drill core, there is no geologic evidence for 

considering significant thermal reset. 105 Ma is consequently a good approximation to the age of this gold- 

bearing vein.

The spectrum for sample BR4-328 is complex, reflecting several thermal reset events. The 

spectrum displays a broad hump with a spike of older ages from the highest temperature fractions. The 

lower-temperature fractions step down to a lowest-temperature fraction age of 77.5 + 1.1 Ma. The same 

early Tertiary heating that affected several other spectra from the Richardson area plausibly caused this 

reset. A plateau age of 84.3 + 0.5 Ma employs 82.2% of the 39Ar released and has an MSWD of 2.1. The 

MSWD > 1 reflects the step-like patterns present and indicates that deviations from the mean value are not 

statistically random. Previous experience with Ar spectra suggests that the ‘top’ o f the hump ( -  85 Ma) is a 

better approximation to the ‘age’ than is the plateau itself (McDougal and Harrison, 1988). The highest 

temperature fractions, which incorporate 0.8% of the 39Ar released, yield an age o f 96.6 + 8.7 Ma and most 

likely reflect partial resetting from an original cooling age. Because (white mica) sample BR4-328 is 

located considerably farther from the GRI than is (white mica) sample 125 (Figures 8.1, 8.2), and because 

sample 125 shows at most partial reset due to the GRI, it is highly unlikely that the -85  Ma ‘top of the 

hump’ age is a reset caused by the GRI. It is much more likely that this reset was caused by hydrothermal 

fluids that also caused the gold-quartz vein in the sample. The age of hydrothermal alteration is thus 

interpreted to lie between the ‘top of the hump’ age (85 Ma) and the partly reset original mica age ( -  97 

Ma), most likely closer to the former than the latter.

8.4 Discussion

I propose five discrete geologic events in the Richardson study area using a combination of 

previous radiometric dates and plateau, high-temperature fraction, and low-temperature fraction ages from 

this study. Based on the interpretation o f the age spectrum, a single sample might record several of these 

proposed events (or, due to partial resetting) none of them. I propose that the 40Ar/39Ar data record these 

events: (1) peak metamorphism (before 115 Ma), (2) intrusion of the peraluminous dikes (-115 Ma); (3)



117

first gold mineralization event (-105 Ma), (4) emplacement of the Gold Run Intrusion and the Democrat 

dike, and the second gold mineralization event (-90  Ma), and (5) local heating due to early Tertiary bi- 

modal magmatism ( -  57 Ma). These ages are summarized on Table 8.2.

Estimation of the age for peraluminous felsic dike emplacement is based on three major 

presumptions: (1) the peraluminous dikes appear to represent a single magmatic suite (Chapter 5), both 

dated dikes were intruded at approximately the same time; (2) the micas from each dated dike were 

thermally reset by the nearby and younger Gold Run Intrusion (GRI); (3) the two dikes are at different 

distances from the GRI and because biotite was dated from one and muscovite from the other, the samples 

record different responses to the reheating event. In particular, the biotite from sample 143 records a 

highest-temperature fraction age o f 114 + 9 Ma but yields a plateau age indistinguishable from the plateau 

age for the GRI (Table 8.1). Conversely, the highest-temperature fraction for the muscovite from sample 

125 (-105 Ma) is not as old as that from the biotite, but the plateau age is (-102 Ma) is significantly older 

than the biotite plateau. If both micas were formed at the same time, then the muscovite uniformly lost 

approximately one-half of its radiogenic argon during the 92 Ma thermal event. The biotite lost the vast 

bulk o f its radiogenic argon, but a small domain of the biotite retained nearly all o f its accumulated 

radiogenic argon.

In support o f the -114 Ma proposed age for the Richardson peraluminous dikes, Newberry (2000) 

notes that pre-90 Ma peraluminous magmatism in Interior Alaska is restricted to approximately 110-116 

Ma. For example, a body of peraluminous granite with a collisional trace element signature (Aleinikoff et 

al., 2000) and a zircon U-Pb age o f 116 Ma Aleinikoff et al., 1986) occurs 40 km NE of the Richardson 

area (Figure 1.1). More regionally, the Ruby batholith, also chemically similar to the felsic dikes and 

approximately 170 km NW of the Richardson area, has 40Ar/39Ar and U-Pb ages of 110-115 Ma (Patton et. 

al, 1987; Flanigan, 1998). Arc-type, subduction-related metaluminous magmatism in Interior Alaska 

ranges in age from 106 to 98 Ma (Newberry, 2000) and it is difficult to envision such a period of 

magmatism punctuated by collisional magmatism in the Richardson district.

Sample AuVn, located considerably farther from the GRI or other similar-aged magmatic bodies is 

much less likely to have been reset by GRI-related reheating. The plateau age of -  105 Ma is likely to
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Table 8.2: Ages of geologic events in the Richardson area as suggested by radiometric dating.
Event Interpreted age Evidence
Cooling from peak metamorphism -  116 Ma K-Ar age o f hornblende from amphibolite 

(Bundtzen and Reger, 1977)
Emplacement o f peraluminous felsic 
dikes following a collisional event

-  114M a Highest-temperature fraction age of o f sample 
143; regional correlations

First Gold veining event -1 0 5  Ma Sample AuVn; regional correlations
Subduction-related magmatism 
(Gold Run Intrusion)

-9 2  Ma GRI-1 spectrum; regional correlations

Second Gold veining event -9 0  Ma Democrat lode deposit age; regional correlations
Early Tertiary magmatism -5 7  Ma Post-90 Ma thermal resets to most spectra, 

especially GRI-1

represent the true age of Au-Bi veining in the Bald Knob area. This age corresponds well to the 104 Ma 

Re-Os age o f gold mineralization at the Pogo deposit (Selby et al., in press) approximately 55 km NE o f the 

Richardson district (Figure 1.1). The Blue Lead gold deposit, with an 40Ar/39Ar muscovite age of 105 Ma 

(Newberry et al., 1998) located 120 km east of the Richardson area, is another example o f -105 Ma Interior 

Alaska gold mineralization.

Sample GRI-1 appears to record the same -9 0  Ma magmatic event as indicated for the Richardson 

Dike, the Birch Lake pluton, the Fairbanks district plutons, and many other plutons of Interior Alaska 

(Newberry et al., 1998). The -9 0  Ma 40Ar/39Ar age for mineralization at the Democrat lode deposit 

(McCoy et al., 1997) documents that gold deposition also took place at this time in the Richardson area. 

Similar ages for gold mineralization are noted in the Fairbanks district and throughout Interior Alaska 

(McCoy et al., 1997). None of the fractions (highest, lowest, or mid-temperature) for sample BR4-328 

correlate with any of the preceding thermal events, but given the ‘humpy’ spectrum, the age for the top o f 

the hump (-85 Ma) is a minimum age for the gold vein formation. The muscovite from this sample records 

a younger reset event, and the true age of gold mineralization for this sample could easily be a few Ma 

older than the hump age, i.e., -  90 Ma.

All of the spectra generated for this study show evidence for a post-90 Ma thermal reset event, 

seen either as argon loss (most of the spectra) or argon gain (AuVn) in the lower-temperature fractions. 

The lowest-temperature fraction age represents an approximation to the age o f reset; ideally a sample with 

the smallest fraction of Ar released from the first heating step yields the best approximation to the reset age.
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Such is the case for sample GRI-1 (Table 8.1), with a lowest temperature fraction age o f 57 + 3 Ma 

representing 0.6% o f the total Ar release from the sample. This age corresponds well with that o f Tertiary 

bi-modal magmatism seen sporadically throughout Interior Alaska (Newberry et al., 1998). Although not 

mapped within the field area, andesite and basalt (dike?) rubble was mapped (but not analyzed or dated) 

locally east and north of Birch Lake, 10 km west of the Gold Run Intrusion (Swainbank et al., 1984), 

providing evidence that such magmatism was experienced in the general area.

In summary, 40Ar/39Ar dating in the Richardson area yields complex age spectra, apparently 

reflecting the variety of thermal events known in Interior Alaska. This study is the first to document both 

intrusions and gold mineralization older than -9 0  Ma in the Richardson area and shows how much 

40Ar/39Ar dates can be modified by a plutonic body several km away from a given sample. As many as 5 

significant thermal events are recorded within the samples examined for this study. No obvious plutonic 

source for the Bald Knob mineralization has been dated by this or previous studies; such a body 

presumably lies under Bald Knob.
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Chapter 9: Discussion

The goals of this project were to better understand the geology and mineralization of the 

Richardson district and to put that information into a regional context. In the previous chapters I have 

presented mineralogic, petrolographic, geochemical, P-T, fluid inclusion, isotopic, and radiometric age 

information on the Richardson district. In this chapter I attempt a synthesis of the information presented. 

The reader is reminded that the information drawn from each chapter is commonly ambiguous and subject 

to multiple interpretations. Rather than repeating the reasons for each inference drawn in previous 

chapters, I simply present those inferences and conclusions in this chapter. The sequence o f hypothetical 

events recorded in the Richardson district are schematically shown on Figure 9.1.

The earliest recorded event in the Richardson area is the regional metamorphism, which produced 

the characteristic foliated fabrics and mineralogies observed. In terms of metamorphic rock packages, the 

amphibolites of the Richardson area display the same ‘within-plate’ compositions (Figure 5.4) as seen 

elsewhere in the Big Delta quadrangle, and notably, in the Fairbanks area (Dusel-Bacon and Cooper, 1999). 

The occurrence of migmatite— intimately mixed felsic (granitic?) and mafic (metamorphic) rocks— on Bald 

Knob could suggest that metamorphic conditions locally reached conditions where pelitic-composition 

rocks underwent partial melting. However, the migmatite leucosomes do not possess compositions 

appropriate to partial melting at high pressure (Figure 5.8) and rocks of the Richardson area do not record 

P-T conditions required for partial melting (Figure 6.1). Their textures suggest formation by injection 

under ductile (high-pressure) conditions; their source was presumably a deeper melt; the timing of 

emplacement is unknown, but presumably syn- or post-peak metamorphic conditions.

Metamorphic conditions in the Richardson area, as recorded by aluminosilicate minerals 

sillimanite and andalusite without kyanite and by calculated P-T from mineral compositions, fall well off 

conditions expected for ‘normal’ regional metamorphism (Figure 6.1) and differ considerably from 

metamorphic conditions recorded by metamorphic rocks both east and west of the study area. There is no 

easy way to explain this anomaly. The one suggested herein follows from the documentation of a 

collisional event at about 120 Ma recorded in the Fairbanks area (Figure 1.1) which placed eclogite facies
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Figure 9.1: Summary diagram of postulated geological evolution of the Richardson study area. 
Black box represents plutonic event, grey pentagon represents metamorphic event, and grey 
asterisk represents mineralization event. Detailed description is in text.
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rocks over amphibolite facies rocks and, in turn, amphibolite facies above greenschist facies rocks 

(Douglas, 1996). Evidence for low-angle faulting is seen in metamorphic rocks throughout Interior Alaska 

(e.g., Hansen and Dusel-Bacon, 1998) and it is plausible that thrusting documented in the Fairbanks area 

also occurred in the Richardson area.

One effect of collision-related thrusting can be to take metamorphic rocks at depth and rapidly 

bring them towards the surface (unroofing). As long as thrusting is rapid, pressure drops quickly while 

temperature remains constant, which is compatible with conditions possibly recorded in areas to the east 

and west of the Richardson area. As long as the overthrust metamorphic rocks remain ‘dry’ then no 

recrystallization occurs, and the rocks record approximate peak metamorphic temperatures and pressures, 

as possibly recorded in rocks like those o f Fairbanks. In contrast, if  hot fluids are present, the gneisses 

could recrystallize to assemblages stable at the similar temperatures and lower pressures, as is seen the 

Richardson area. The fluids necessary for such recrystallization could be derived by de-watering of 

underlying lower-grade rocks, and might be manifested as low-angle, gold-barren quartz veins seen 

sporadically in drill core and in the Bald Knob area.

These postulated events are listed as numbers 1 to 3 on Figure 9.1. The area effected by this 

postulated recrystallization event is huge, and includes the area within the sillimanite isograd on Figure 1.1. 

If this scenario is correct, it remains to be explained why fluid-induced recrystallization occurred in the 

central Big Delta quadrangle but not in the Fairbanks (to the west) or Eagle (to the east) quadrangles.

Whatever the causes, peak metamorphism ended by approximately 116 M a—the age given by 

hornblende in amphibolite o f the Banner Creek area (Bundtzen and Reger, 1977). Crosscutting 

relationships o f the peraluminous felsic dikes indicate their emplacement in the Richardson peak 

metamorphism. 40Ar/39Ar dating of the felsic dikes (Tables 8.1, 8.2) suggests they were emplaced at 

approximately 115 Ma. The peraluminous felsic dikes represent their own enigma, as they possess major 

and minor chemical compositions suggestive of a syn-collisional origin (e.g., Figure 5.10). Their highly 

peraluminous composition (as indicated, for example, by the presence of magmatic andalusite) requires an 

origin completely different from that of the typical mid-Cretaceous metaluminous granitic rocks in Interior 

Alaska. Exactly how peraluminous granite melts form in collisional environments is not known, but they
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are common as bodies that intrude collided rocks, but are themselves undeformed, as for example, in the 

high Himalayan collisional zone (e.g., Pearce et al., 1984). Because felsic silicate melts are highly viscous, 

one would expect such bodies of magma to move upwards quite slowly, and certainly more slowly than 

hydrothermal fluids. It is consequently reasonable to expect granitic melts formed through collisional 

processes to reach their final emplacement position in the crust several Ma following the collisional event 

itself.

A final problem regarding the peraluminous felsic dikes concerns their conditions of 

emplacement. The peraluminous magma was emplaced as dikes—magma rose along faults formed under 

brittle conditions. Geobarometry on the dikes (Figure 5.8) suggests they were emplaced at a pressure of 

approximately 0.5 kb, consistent with their dike morphology, but grossly inconsistent with metamorphic 

pressures o f about 3 kb (Figure 6.1). A tremendous drop in pressure is required, presumably caused by 

removal o f approximately 7 kilometers of overlying rock. An obvious mechanism for doing so is erosion, 

coincident with— and caused by— collision-induced mountain building. Relaxation and extension 

following the collisional event would also aid in removing overlying rock. The dikes themselves record the 

oldest documentable high-angle faults seen in the Richardson area; unfortunately, none were identified in 

outcrop in the dike swarm fault block. The shear volume o f felsic dikes in the dike swarm indicates 

massive magma influx. An exposure of thinner felsic dikes near the Democrat Dike consists of 

interconnected vertical and horizontal dikes, crosscutting augen gneiss and paragneiss.

The interpreted radiometric age of -115 Ma for the peraluminous felsic dikes (chapter 8) fits well 

with data for other peraluminous granites with collisional geochemical signatures in Interior Alaska (e.g., 

Aleinikoff et al., 2000), especially the body located 40 km north of the Richardson area (Figure 1.1). 

Several additional (undated) peraluminous granite bodies of various sizes and shapes and with collisional 

geochemical signatures have recently been found in the central Big Delta quadrangle (Werdon et al., 2001).

Gold deposition in the Richardson area first took place at approximately 105 Ma (Chapter 8), as 

evidenced by a quartz vein with Au, Bi, and Bi-Te minerals encountered in the Bald Knob drill core. The 

mineralogy o f this vein suggests it is o f intrusion-related origin (Thompson and Newberry, 2001); the 

general geochemistry suggests the vein is ‘deep’ and/or proximal to the causative pluton (employing the
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criteria of McCoy (2000) and Flanigan et al. (2001). The fluid inclusion data for this vein suggest 

formation at a pressure o f 1-2 kb (Chapter 7), at minimum temperature o f 400°C, and from fluids with high 

methane: carbon dioxide ratios (i.e., strongly reduced) and with a low sulfidation state (Figure 7.6).

Gold-associated veins in the Bald Knob area are characterized by 8 lsO values o f ~13%o, yielding 

calculated fluid 5 lsO values o f approximately 6-9 per mil (Chapter 7). These values are similar to those 

found in Fairbanks area gold deposits and the Pogo deposit (McCoy et al, 1997; Smith et al, 2000) and are 

compatible with an igneous-related fluid origin (Figure 7.5).

No pluton has been found in the Bald Knob area that could act as a source for the apparently 

intrusion-related gold mineralization. O f two dikes encountered in drilling on Bald Knob, one is 

peraluminous and plausibly related to the peraluminous felsic dikes (Chapter 5); the other is metaluminous, 

volcanic arc type, and compositionally resembles rocks from the -9 0  Ma Gold Run Intrusion (Chapter 5). 

This latter dike is sufficiently dissimilar from rocks of the GRI to suggest it is not part o f the 90 Ma suite; it 

might instead be an offshoot o f a larger body under Bald Knob. If  so, it is the only known link between 

igneous activity and Bald Knob gold mineralization.

The next recorded events are -9 0  Ma magmatism and coeval high-angle faulting. The Gold Run 

Intrusion, the Democrat granite porphyry, and the Birch Lake pluton have essentially the same age -  90 Ma 

(Table 8.2; McCoy et al., 1997). Northwest trending high-angle faults were active during emplacement o f 

the Democrat Dike, as indicated by its NW trend and brecciated margins. Small pods or lenses o f rhyolite 

found in the Richardson area correspond well with smaller NW-trending faults. NE-trending high-angle 

faults may also have been active at this time. A central, andalusite-bearing structural block (Figure 6.2) is 

juxtaposed with sillimanite + K-feldspar-bearing blocks to the east and west. The block to the west 

includes the Bald Knob area, for which the highest gamet-biotite temperatures in the Richardson area are 

recorded (Figure 6.2); the block to the east contains abundant peraluminous felsic dikes. The 

geobarometric considerations indicate some vertical movement has taken place on the faults bounding these 

blocks. Their conjugate geometry relative to the NW-trending faults suggests these two fault sets could be 

contemporaneous.
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Although the GRI and the Democrat dike are age-equivalent, they differ considerably in texture: 

the dike is granite porphyry, the GRI is an equigranular, coarse-grained granite. These textural differences 

are clearly caused by faster cooling for the Democrat dike, which is compatible with a greater depth of 

emplacement for the GRI. However, it is also possible that the faster cooling of the Democrat dike is 

related to its narrow width and consequent rapid loss of heat from its margins and that both intrusions were 

emplaced at a similar depth. There is certainly no evidence from the geothermometry (Figure 6.2) for 

substantial post-metamorphic vertical displacements except along faults between the andalusite-bearing 

block and the adjacent blocks.

The gold deposition in the Democrat lode deposit took place at approximately 90 Ma (McCoy et 

al., 1997), essentially contemporaneous with dike emplacement. A minimum age of 85 Ma for weak gold 

mineralization in the Buck Ridge suggests that this hydrothermal system operated at about the same time. 

The southwestern margin of the Gold Run Intrusion is a high-angle fault with apparent ‘down’ on the south 

side (Figure 6.2); thus an extension of the GRI could well underlie Buck Ridge and be responsible for the 

observed mineralization.

The -  90 Ma gold mineralization in the Richardson area contrasts considerably with the -105  Ma 

mineralization: the former is characterized by elevated As, Sb, and Ag and abundant pyrite; the latter by Bi- 

Te and no vein-associated sulfide but pyrrhotite in the surrounding rocks. These differences, expressed in 

terms o f fS2 and f 0 2 (Figure 7.6) are expressions o f fundamental differences in the chemical systems. In 

addition, very high-Cl fluids were present at the Democrat lode deposit. These chemical differences 

virtually require that gold was transported as a AuniCl4 complex in the Democrat hydrothermal system and 

as a Au'(HS)2" complex in the Bald Knob hydrothermal system (Pakhomova et al., 1995). The 

requirements for gold deposition are different for the two as are the expected suite o f accompanying 

elements and the zoning pattern to be expected away from the fluid source. Consequently, no one geologic 

model is appropriate to all the gold prospects in the Richardson district.

One additional hydrothermal alteration type is o f unknown age and origin: propylitic alteration 

in the Bald Knob area. Gneissic rocks from Bald Knob contain an opaque assemblage of magnetite + 

ilmenite + pyrrhotite, which is variably replaced by pyrite + rutile accompanied by vein and disseminated
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chloritization of biotite. Associated veins contain quartz + pyrite + chlorite. The sulfide assemblage is 

sufficiently similar to that o f the 90 Ma hydrothermal systems to suggest that the propylitic alteration is part 

of a post-105 Ma hydrothermal event. Until or unless the propylitic alteration is found to be associated 

with ore, such speculations will remain academic, however.

Brecciation of rhyolite in Hinkley Gulch (Swainbank et al, 1984), and the faulted southwestern 

contact o f the GRI indicate some post-90 Ma movement along NW-trending high-angle faults. Post-90 Ma 

thermal resets visible in the Ar age spectra for all Richardson samples indicates a younger thermal event, 

ascribed to the early Tertiary bimodal magmatism seen sporadically throughout Interior Alaska (Newberry 

et al., 1998). Such magmatism is commonly associated with extensional deformation, e.g., horst-and- 

graben faulting. Much of the high-angle faulting in the Richardson area evidenced by abrupt contacts o f 

different metamorphic and igneous map units (Figure 2.1) could have taken place in Tertiary time, through 

a combination of reactivation of older, NW-trending (and conjugate NE-trending?) faults and movement 

along younger (?) N-S and E-W trending faults. The present geomorphology and distribution of placer and 

lode prospects (Figure 1.2) presumably reflects some high-angle movement along the Richardson 

Lineament in late Tertiary time, with placers present on the SW (down-dropped) and lodes on the NE 

(uplifted?) sides.
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Chapter 10: Conclusions

10.1 Conclusions

During the field and analytical portions o f this study, numerous interpretations and conclusions 

have been drawn in regards to the geologic evolution o f the Richardson district and new mineralization 

identified in the study area. A summary o f several conclusions is given below:

1) The 1:70,000-scale map produced during this study is the first at a scale larger than 1:250,000 (Foster 

et al., 1978). This more focused mapping effort resulted in the identification o f two new mappable 

igneous units: a) the Gold Run Intrusion and b) felsic dike swarms. Samples from the 2 km2 Gold Run 

Intrusion have ages and compositions characteristic o f ‘classic’ 90 Ma Alaskan volcanic arc-related 

plutons, the closest of which is the Birch Lake Pluton. In contrast, the felsic dikes are fine-grained 

leucocratic granites with significantly older (-114 Ma) ages with syn-collisional trace element 

signatures.

2) The igneous units mentioned above are associated with two of at least three peak to post-peak 

metamorphic magmatic events in the Richardson field area, as recorded oldest to youngest by pre-peak 

metamorphic leucocratic migmatite (unknown age), undeformed peraluminous dikes (105-115 Ma, 

pressure o f formation -0 .5  kbars), and 90 Ma Gold Run Intrusion and Democrat Dike (0.5 kbar 

pressure o f formation). 40Ar/39Ar spectra show low-temperature argon loss that may be analogous to 

55 Ma basalt event as well.

3) Geothermobarometric model temperatures and pressures for gneiss samples fall above the geothermal 

gradient, ranging from 560-620°C and 3-4 kbars, respectively which contrast with similar temperatures 

but higher pressures recorded in Fairbanks-area rocks. However, these values do not necessarily 

require different peak metamorphic conditions. Rather, both areas indicate heating along the 

geothermal gradient. Where the rocks in Fairbanks reflect highest pressure conditions, the
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temperature-pressure-water regime in the Richardson area allowed for recrystallization of mineral 

assemblages to newer, intermediate conditions. Assuming peak metamorphism occurred at -125 Ma, 

this is necessarily the case to allow for emplacement o f the felsic dikes and subsequent 90 Ma granitic 

rocks at pressures closer to 0.5 Ma. The crustal thickening model is further supported by the presence 

of migmatite and felsic dikes with syn-collisional-character.

4) Sericite from the selvage of a gold-bearing quartz vein yielded a 40Ar/39Ar age o f 105 Ma, significantly 

older than the classic -9 0  Ma ages commonly associated with other gold systems in Interior Alaska, 

including the Democrat Dike. Petrography and fluid inclusion work indicates that the ore-bearing fluid 

was highly reduced (methane in fluid inclusions) and had low fS2 (lack o f sulfide minerals in the 

presence of native bismuth, hedlyite, and gold.) Temperature of formation is estimated between 400 

and 500°C. 8 lsO values are compatible with either igneous or metamorphic origin without influence 

from meteoric waters. A second hydrothermal pulse of unknown age and conditions deposited only 

scheelite in an adjacent vein. The mineralogy and fluid inclusion chemistry associated with gold 

deposition is radically different from the younger Democrat lode deposit. The -105  Ma age suggests a 

possibility for a genetic relationship between gold mineralization and emplacement of the felsic dikes 

described above.

5) The Bald Knob gneiss is similar to the undifferentiated gneiss, with the exception o f containing the 

reduced assemblage magnetite, ilmenite, and pyrrhotite, giving it the relative magnetic high signature. 

This assemblage is concentrated in the eastern fault blocks (with highest geothermobarometric 

temperatures o f 620°C). This ‘reduced’ gneiss, which hosts the low f 0 2_fS2 mineralization, is 

overprinted by propyllitic alteration with associated high sulfidation and oxidation state fluids 

incompatible with the above ore-forming fluids. The causative plutons for either of these alteration 

types have not been identified.
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10.2 Further Work

This study has only scratched the surface for understanding the geology o f the Richardson District. 

Even as this work was being done, concerted efforts were being made toward exploration in nearby areas. 

Detailed mapping and geochemical information from these different areas need to be compiled to increase 

the understanding o f the local geology and putting it into regional context. Some aspects I think warrant 

further study area:

1) What insight might further geothermobarometric work around the Richardson District (particularly 

east o f the Shaw Creek fault) and more south of the Richardson lineament) yield to regional structure 

regime and mineral exploration in the Big Delta Quadrangle?

2) Where is the 105 Ma gold-system causative pluton (if any) that yielded the low sulfidation quartz 

veining? What, if anything, does scheelite have to do with the whole picture? With the seemingly 

wide distribution o f felsic dikes in historic literature (particularly to the north) perhaps a 105 Ma 

deposit is exposed nearby and is just waiting for discovery, or is this an anomaly?

3) How does the Buck Ridge prospect tie into the Richardson district? Might it be affected by both 105 

and 90 Ma mineralization?

4) How do mineral prospects to the north relate to the Richardson District? Might these prove to be 

associated with older mineralization than the classic 90 Ma?

More work in the Big Delta quadrangle and surrounding areas may yield classification o f a new Interior 

Alaska gold deposit type, characterized by the older hydrothermal systems with radically reduced 

geochemical signatures.
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Appendix A: List of grab samples, approximate locations assigned rock type and analyses.
T.S. = thin section, P.S. = polished section, WRA = whole rock analysis, Geotherm = microprobe 
geothermobarometric analysis, FI = fluid inclusion study, Ar/Ar = Argon/Argon radiometric age 
dating. Rock unit key listed on First page._______________________________________________

Sample# UTM X UTM Y Rock type
Mag. Susc. 
(*10A-3 SD T.S, P.S. WRA Geo therm

:
FI Ar/Ar

1 537115 7137230 MTR 0.02
2 537015 7137040 MTR
3 537015 7137000 BLG
4 536900 7136900 MTR legend:

MTR, MI, BLG = Bald knob gneiss
GN = undifferentiated gneiss
SKN = marble
QFR = felsic dike
SCH= schistose rock
SGN=schistose gneiss (undifferentiated)
HFL=homfels
QFT= tourmaline bearing felsic gneiss 
ALT=bleached gneissic rock 

(predom on Buck Ridge) 
RHY=rhyolite 
AGN=augen gneiss 
PEG=pegmatite 
AMPH=amphibolite

5 536900 7136900 MI
6 536875 7136850 MTR
7 536830 7136780 MI
8 536940 7136715 MTR
9 537200 7136920 BLG
10 537220 7137020 BLG
11 537400 7137000 MI 0.25
12 537400 7137050 MI
14 537100 7137300 MTR
15 537100 7137600 MTR
16 537200 7135950 MTR 0.15
17 537050 7135850 MI 0.14
17 537050 7135850 MTR
18 537030 7135830 QFR
19 537100 7135800 HFL 0.2
19 537100 7135800 BLG 0.02
20 537150 7135800 MI
21 537200 7135700 MTR
22 537170 7135500 GN
23 536650 7135830 MTR 0.1
24 536450 7135650 MTR
25 536600 7135600 BLG
26 536630 7134590 MTR 0.11
27 536850 7135350 MTR 0.15
28 536950 7135350 GN
29 537050 7135200 BLG
30 537100 7135100 MTR 0.12
31 537200 7135150 BLG 0.15
32 537750 7135300 MTR 0.14
33 536590 7136150 MTR
34 536450 7135900 FGN
35 536300 7135450 MI 0.12
36 535650 7134850 SKN 0.18
37 535450 7134300 QFR 0
38 535750 7134400 GN
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Appendix A:

Sample#
- v . . V  -

UTMX UTMY
;

Rock type
Mag. Susc. 
(*10A-3 SI) T.S. P.S. WRA Geotherm FI Ar/Ar

39 535850 7134450 SCH
40 536050 7134350 SGN
41 536050 7134400 GN
42 536050 7134450 FBQ
43 536200 7134600 QFR
44 536200 7134800 GN,HFL
45 536250 7134850 HFL, GN 0.3,0.15
46 536250 7134850 FGN
47 536250 7134850 HFL
48 536200 7134950 QFR
49 536200 7134950 SGN
50 536250 7135500 BLG
51 536300 7135350 MTR
52 536300 7135150 GN
53 536300 7135000 INT
54 536300 7134900 GN 0.03
55 536330 7134940 GN
56 536300 7134850 GN
57 536300 7134780 PEG
58 536250 7134750 QFR 0.01
59 536200 7134700 QTZ
60 536200 7134700 HFL
61 536300 7134700 FGN
62 536300 7134600 GN
63 536500 7134700 GN
64 536450 7134750 BLG

65 536050 7135100
AMPH,

GN —,0.15
66 535950 7135000 SGN
67 535830 7134975 SGN
68 535600 7134850 SKN
69 535450 7134750 SGN 0.2
70 535450 7134700 SGN
71 535450 7134450 GGE
72 535450 7134450 QTZ
73 535450 7134450 QFT X X

74 535450 7134450 ALT
75 535500 7134300 ALT
76 535650 7134250 SGN
78 535350 7134260 SCH
79 535000 7134130 PEG
80 534900 7134250 GN
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Appendix A:

Sample#
Mag. Susc. 
(*10A-3 SI) P.S. WRA Geotherm FI

lllll'X : 

Ax I At
81 534800 7134250 GN 0.2 X X

82 534650 7134250 SGN 0.06
83 534350 7134150 SGN 0.15
84 533800 7134250 GN 0
85 533800 7134450 MI 0.1
86 533800 7134550 BLG
87 533850 7134550 BLG
88 534000 7134650 BLG
89 534100 7134850 GN
90 534100 7134850 BLG
91 534200 7135200 MI 0.1
92 534200 7135400 MTR
93 534150 7135650 MI 0.09
94 534650 7135950 QFR
95 534850 7136100 ALT
96 535300 7136450 ALT
97 535400 7136400 MI 0.12
98 535750 7136650 MI

536000 7136700 BLG
536350 7136500 MI

100 535650 7137300 MI
101 535550 7137400 MI
102 535500 7137450 MI
103 535150 7137900 MI
104 535000 7138000 MI
105 534750 7138300 SGN
106 534750 7138400 BLG
107 534750 7138500 GN

534850 7138550 SGN
108 534350 7138750 GN
109 534250 7138700 MI
110 534250 7138700 SGN
111 534250 7138750 SGN
112 529900 7139200 GN X X

113 529900 7139180 GN
114 528950 7139150 GN
115 528800 7139050 QFR
116 528750 7139100 ALT
117 528750 7139050 FGN
118 528650 7138950 GN X X X

119 528500 7138850 ALT
120 528200 7138750 ALT
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Appendix A:

Sample# UTMX UTMY Rock type
Mag. Susc. 
(*10A-3SI) T.S.

...........
PJSL WRA

; ; * 
Geotherm

' f  J .
FI Ar/Ar

121 528150 7138750 RHY
122 530250 7139050 GN X X X

123 530500 7139050 GN X X X

124 530650 7139000 GN X X

125 530750 7139000 GN+QFR X X X

126 530860 7138960 GN
127 530860 7138960 AMPH X

128 530860 7138960 GN X X

129 531150 7139100 GN X

130 531350 7139400 QFR
131 531350 7139450 GN
132 531350 7139450 QFR

531350 7139450 QFR
133 531600 7140200 QFR

531600 7140200 SGN
134 531700 7140200 ALT

531700 7140200 RHY
531700 7140200 FGN

135 531650 7140250 SGN X

136 531750 7140500 QFR
137 531750 7140500 GN X X

138 531900 7140800 QFR
139 532050 7141000 QFR

532350 7140700 QFR
140 532900 7140450 QFR X X

141 533000 7140400 GN
533000 7140400 QFR
533000 7140400 PEG

142 533000 7140400 GN X X

533050 7140300 QFR
143 533100 7140350 QFR X X X

144 533100 7140050 GN
145 533050 7139750 QFR
146 533050 7139700 QFR
147 533000 7139350 GN
148 532750 7139100 QFR
149 532600 7138950 GN
150 532600 7138850 GN
151 532500 7138350 QFR
152 532350 7138300 GN
153 532300 7138200 GN
154 532000 7138200 QFR
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oaixipictf'
155 531900

^ 7
7138200

L k tv n e
SGN

-

„

■ i
Lo_

156 531500 7138600 AMPH
157 531650 7137500 GN

158 531650 7137350
QFR+GN+

AMPH x ,x X

159 531200 7136800 SGN
160 537400 7133650 GN
161 537350 7134050 SGN
163 537650 7135500 MTR
164 537350 7136100 MTR
165 537550 7136050 BLG
166 537550 7135900 MTR
167 537630 7135865 GN
168 537800 7135830 GN
169 537900 7135700 GN
170 537850 7135500 BLG
171 538000 7135400 MTR
172 538100 7135250 GN
173 538050 7135050 MTR
174 538040 7135000 GN
175 537750 7134450 ... QFR
176 537525 7134300 MI
177 538300 7138000 MTR
178 531500 7134500 MI
179 531550 7134450 GN
180 531550 7135150 GN

99GG001 525760 7141860 PEG -0.03
99GG002 526100 7142150 MI -0.02
99GG003 526900 7145500 QFR 0 X

99GG004 526600 7143900 SGN 0.08
99GG005 527700 7143350 QFR 0.03
99GG006 527525 7141700 MI 0.08
99GG007 527890 7141290 PEG -0.02
99GG008 528200 7140040 MI 0.1 X X

99GG009 527840 7140035 MI 0.05 X X

99GG010 528000 7140000 MI 0.06
99GG011 527500 7139950 MI 0.06
99GG012 527350 7139870 MI 0.15
99GG013 527350 7139800 GN 0.1 X

99GG014 528200 7140400 GN 0.02
99GG015 528825 7139670 GN 0.02
99GG016 528360 7141760 QFR 0.02
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Appendix A:

Sample# UTMX unviY Rock type
Mag. Susc. 
(*10A-3 SI)

'
T.S. P.S. WRA Geotherm Wl Ar/Ar

99GG017 528400 7141750 GN 0.06
99GG018 528410 7141750 MGN 0.12 X X

99GG019 528300 7140040 MI 0.1
99GG020 528400 7141900 QFR 0.02
99GG021 528460 7140900 MI -0.2
99GG022 528200 7141060 QFR 0
99GG023 528400 7141900 AGN -0.02
99GG024 528460 7142640 SGN 0.15 X X X

99GG025 528270 7140760 GN 0.02
99GG026 528350 7140000 GN 0.05 X

99GG027 528110 7141060 SGN 0.1
99GG028 528150 7141340 QTZ 0
99GG029 528400 7140270 QFR 0
99GG030 528360 7142050 QFR 0
99GG031 528490 7140274 GN 0.08 X X

99GG032 528110 7141060 ALT 0
99GG033 528750 7140800 MI 0
99GG034 528480 7140780 SGN 0.06
99GG035 528290 7140750 RHY 0
99GG036 530520 7140200 QFR -0.02
99GG037 528400 7141750 QFR -0.05
99GG038 528825 7139670 ALT -0.03
99GG039 529500 7140700 MTR 0
99GG040 529050 7139300 GN 0 X X X

99GG041 529550 7140700 QFR 0.04
99GG042 529800 7137900 MI -0.02
99GG043 530500 7140000 GN 0.08 X

99GG044 529730 7139500 BLG 0.02
99GG045 529800 7138700 GN 0.01
99GG046 530850 7139630 AMPH 0.6
99GG047 530270 7140450 PEG -0.03
99GG048 530300 7142000 QFR 0
99GG049 530725 7138900 QTZ 0
99GG050 530530 7140230 GN 0
99GG051 530530 7140230 QFR 0
99GG052 530775 7138900 QTZ 0
99GG053 530350 7140550 AGN 0
99GG054 531300 7137100 RHY -0.05
99GG055 531250 7138700 AMPH 0.25
99GG056 531375 7137700 QFR 0
99GG057 531250 7138700 GN 0
99GG058 531000 7137200 QFR 0
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Appendix A:

Sample# UTMX UTMY Rock type
Mag. Suse. 
(*10A-3 SD T.S. VS. WRA Geotherm FI Ar/Ar

99GG059 531375 7137700 FGN 0.03
99GG060 532175 7138100 QFR 0
99GG061 530300 7140550 FGN 0
99GG062 530300 7140550 QFR 0
99GG063 528450 7142660 SKN 0.2
99GG064 531300 7137700 RHY 0
99GG065 532150 7137300 QFR 0
99GG066 532175 7138100 SGN 0.1
99GG067 528270 7140760 RHY 0.01
99GG068 535000 7137480 MI 0.06
99GG069 536630 7137230 MI 0.09
99GG070 536600 7137700 MI 0.08
99GG071 536000 7137300 QFR 0
99GG072 533910 7139100 GN 0.06 X X

99GG073 535270 7134050 GN 0.22
99GG074 534900 7138450 GN 0.05
99GG075 536100 7137000 MI 0.08
99GG077 536000 7137750 MTR 0.05
99GG078 536950 7136200 QFR 0
99GG079 536100 7137150 MTR 0.03
99GG080 534100 7139100 QFR 0
99GG081 536100 7137150 MI 0.08
99GG082 537200 7135700 QFR 0
99GG083 537500 7135700 MTR 0.06
99GG084 537100 7134700 MTR 0.08
99GG085 534400 7133700 SGN 0.04
99GG086 537200 7135700 MTR 0.08
99GG087 537200 7135450 ALT 0
99GG088 537130 7135730 BLG 0.4
99GG089 538000 7135600 ALT 0
99GG090 537300 7133650 MTR 0.09
99GG091 535350 7133900 QFR 0
99GG092 536000 7137650 MI 0.06
99GG093 537200 7134900 GN 0.06
99GG094 534100 7139100 GN 0.05 X X

99GG095 536150 7137100 BLG 1.3
99GG096 536600 7137130 QFR 0
99GG097 537200 7136800 MI 0.03
99GG098 537750 7137400 BLG 0.15
99GG099 537750 7137400 ALT 0
99GG100 536200 7137000 MI 0.05
99GG101 536630 7137230 MI 0.08
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Appendix A:
■ ...V .

Sample# CTMX UTMY JV  .
Mag, Susc, 
{*10A~3 SI) T.S. P S . WKA Geotherm f l Ar/Ar

99GG102 536500 7135000 MGN 0.25
99GG103 533850 7133250 GN 0.06
99GG104 536140 7137090 MI 0
99GG105 528200 7140050 MI 0.06 X

99GG106 527350 7139800 MI 0.08 X

99GG107 533850 7133090 SKN 0.03
99GG108 530600 7139900 GN 0.1
99GG109 530600 7139900 QFR 0.02
99GG110 528000 7141300 AGN 0.02
99GG111 536200 7137000 BLG 0.1

Drill hole samples and USGS sampies

77-187
(USGS) 542000 7139000 GN X X

77-452
(USGS) 525000 7143000 GN X X

77-576
(USGS) 526000 7137200 GN X X

BK 1-035 536600 7136400 BLG 0.01 X

BK 1-082 536600 7136400 BLG 0.02 X

BK1-65 536600 7136400 BLG 0.02 X

BK1-137 536600 7136400 BLG 0.05 X

BK1-146 536600 7136400 BLG 0.52 X X

BK2-012 536830 7135800 BLG X

BK2-047 536830 7135800 BLG+VN 0.05 X X

BK2-65 536830 7135800 BLG 0.27-0.20 X

BK2-45 536830 7135800 BLG 0.05 X

BK2-73 536830 7135800 BLG 0.21 X X

BK2-98 536830 7135800 BLG 0.01 X

BK2-131 536830 7135800 BLG 0.01 X

BK2-135 536830 7135800 BLG 0 X

BK2-152 536830 7135800 BLG 0.01 X

BK3-021 536000 7135000 BK dike 1 0 X X

BK3-130 536000 7135000 BK dike 2 0.01 X X

BK3-142 536000 7135000 GN 0.04 X

BK4-062 536100 7136100 BLG 0.11 X X

BK4-263 536100 7136100 BLG 0.22 X X

BK4-99 536100 7136100 BLG 0.08 X

BK4-160 536100 7136100 BLG 0.17 X

BK4-146 536100 7136100 BLG 0.2 X

BK5-65 536900 7135200 BLG 0.07 X

BK5-98 536900 7135200 BLG 0.04-0.02 X
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Sample# UTMX UTM Y Rode type
Mag. Susc.

TJS*

■ u

m Geotherm La. Ar/Ar
BK5-148 536900 7135200 BLG 0.02 X

BK6-59 536250 7135200 BLG 0.06 X

BK5-150 536900 7135200 BLG 0.38 X X X

BK6-059 536250 7135200 BLG 0.06-0.14 X X X

BK6-121 536250 7195200
Migmatite
leucosome 0 X

BK6-125 536250 7195200 GN 0.04 X

BK6-129 536250 7195200
Migmatite
leucosome 0.01 X

BK6-131 536250 7195200
Migmatite
leucosome 0.01 X

B R 1-372 SW Buck GN X X
'

BR4-323 SW Buck GN X X

BR4-328 SW Buck GN+VN X X X

BR4-334 SW Buck GN X X

Buckeye
Discovery 536330 7134900

Quartz, 
GN, PEG, 

AGN X X

GRI-1 528200 7141500
Gold Run 
Intrusion 0.01 X X X

GRI-2 528630 7141175
Gold Run 
Intrusion 0.01 X X

GRI-3 528400 7141350
Gold Run 
Intrusion 0.01 X X



Appendix B: 40Ar/39Ar step-heating results and data.
NOTES:
Weighted average J (irradiation parameter) calculated from standard MMhb-1 (513.9 Ma)
Runs are step heat analyses of 1 -3 single crystals of a mineral phase.
Laser power (in milliwatts) is the heating step from a defocussed argon-ion laser: 8700 mW represents the fusion step in most cases 
% 39Ar: the proportion of39 Ar released in each step of a run
Measured isotopic ratios (and 1-sigma error) are corrected for reactor induced interferences and decay of 37Ar and 39Ar 
% Atm.40Ar*: percent of atmospheric 40Ar in the sample assuming an initial 40Ar/36Ar ratio of 295.5
40Ar*/39ArK (40*/39K) and ages (and 1 -sigma error) calculated using the equations and constants quoted in McDougall and Harrison (1988)

UAF084-55 BR4-328 WM 02-14-01 RICHARDSON Weighted average of J from standards = 0.001380 +/- 0.000006
Laser %39Ar 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K Cl/K 40*/39K Age +/-
Power measured measured measured 40Ar (Ma) (Ma)

0 0.059 40.506 0.366 -0.0012 0.0033 0.0294 0.0013 21.4 -0.002 0.0004 31.80 77.5 1.1
150 0.098 33.700 0.229 -0.0016 0.0057 0.0012 0.0015 l.l -0.003 -0.0003 33.31 81.1 1.2
200 0.159 33.581 0.227 0.0020 0.0059 -0.0010 0.0021 -0.9 0.004 -0.0002 33.84 82.4 1.6
300 0.260 33.915 0.272 -0.0028 0.0016 -0.0002 0.0005 -0.2 -0.005 0.0002 33.95 82.6 0.7
600 0.518 35.631 0.204 -0.0004 0.0011 0.0014 0.0005 1.1 -0.001 0.0004 35.20 85.6 0.6
750 0.691 35.324 0.195 0.0005 0.0015 0.0009 0.0005 0.8 0.001 0.0004 35.02 85.2 0.6
900 0.748 34.413 0.266 0.0032 0.0054 0.0013 0.0017 1.1 0.006 0.0000 33.99 82.7 1.4
1050 0.792 35.069 0.158 -0.0005 0.0056 0.0014 0.0017 1.2 -0.001 0.0001 34.63 84.2 1.2
1200 0.837 35.506 0.175 0.0084 0.0046 0.0025 0.0018 2.1 0.015 0.0004 34.74 84.5 1.3
1350 0.877 35.117 0.260 -0.0033 0.0044 0.0023 0.0019 2.0 -0.006 0.0004 34.40 83.7 1.5
1500 0.920 34.083 0.254 -0.0011 0.0049 0.0004 0.0016 0.3 -0.002 0.0008 33.95 82.6 1.3
2000 0.984 32.664 0.334 0.0066 0.0028 0.0015 0.0013 1.4 0.012 0.0007 32.18 78.4 1.2
2500 0.992 37.260 0.794 0.0219 0.0180 0.0040 0.0100 3.2 0.040 0.0020 36.05 87.6 7.2
3000 0.997 40.401 0.751 -0.0388 0.0236 -0.0005 0.0116 -0.4 -0.071 0.0018 40.52 98.2 8.3
8000 1.000 42.068 2.344 0.0005 0.0743 0.0119 0.0279 8.4 0.001 0.0018 38.52 93.5 20.1

Integrated 35.170 0.080 0.0004 0.0009 0.0027 0.0003 2.3 0.001 0.0003 34.34 83.5 0.5



Appendix B: 40Ar/39Ar step-heating results and data.

UAF084-54 AuVn WM 02-13-01 RICHARDSON Weighted average of J from standards = 0.001380 +/- 0.000006
Laser %39Ar 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm Ca/K Cl/K 40*/39K Age +/-
Power measured measured measured 40Ar (Ma) (Ma)

100 0.014 48.057 0.453 0.0091 0.0040 0.1409 0.0041 86.7 0.017 0.0014 6.41 15.9 2.9
150 0.016 90.431 1.718 -0.0289 0.0371 0.1641 0.0169 53.7 -0.053 0.0004 41.89 101.4 11.8
200 0.019 70.330 1.379 -0.0042 0.0273 0.0743 0.0119 31.2 -0.008 -0.0026 48.35 116.6 8.5
300 0.027 52.032 0.410 0.0075 0.0088 0.0262 0.0031 14.9 0.014 0.0010 44.26 107.0 2.3
450 0.049 50.224 0.398 -0.0023 0.0031 0.0195 0.0013 11.5 -0.004 0.0006 44.44 107.4 1.3
600 0.091 45.507 0.247 -0.0013 0.0020 0.0088 0.0008 5.7 -0.002 0.0005 42.89 103.8 0.8
750 0.176 43.320 0.174 -0.0022 0.0019 0.0022 0.0005 1.5 -0.004 0.0006 42.63 103.1 0.5
900 0.285 42.725 0.228 0.0000 0.0008 0.0009 0.0004 0.6 0.000 0.0006 42.42 102.7 0.6
1050 0.400 42.917 0.238 -0.0017 0.0007 0.0006 0.0003 0.4 -0.003 0.0004 42.71 103.3 0.6
1200 0.486 42.626 0.167 0.0002 0.0010 0.0012 0.0005 0.8 0.000 0.0006 42.25 102.3 0.5
2000 0.758 43.874 0.487 0.0007 0.0004 0.0014 0.0001 1.0 0.001 0.0005 43.42 105.0 1.2
8000 0.986 43.635 0.602 -0.0001 0.0005 0.0012 0.0002 0.8 0.000 0.0005 43.25 104.6 1.4
8700 1.000 45.057 0.389 -0.0028 0.0038 0.0046 0.0022 3.0 -0.005 -0.0003 43.67 105.6 1.8

Integrated 43.949 0.196 -0.0003 0.0003 0.0047 0.0001 3.1 0.000 0.0005 42.54 102.9 0.7

UAF084-52 125 WM 02-13-01 RICHARDSON Weighted average of J from standards = 0.001380 +/- 0.000006
Laser %39Ar 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K Cl/K 40*/39K Age +/-
Power measured measured measured 40Ar (Ma) (Ma)

150 0.002 82.592 10.071 -0.0025 0.2330 0.1381 0.1096 49.4 -0.005 -0.0060 41.77 101.1 76.3
200 0.002 37.192 8.150 -0.0883 0.1996 0.0743 0.1810 59.1 -0.162 -0.0281 15.19 37.4 130.2
300 0.006 51.133 3.018 0.0824 0.0679 0.0648 0.0549 37.5 0.151 0.0062 31.96 77.9 38.9
450 0.015 50.404 0.995 0.0155 0.0273 0.0319 0.0139 18.7 0.028 -0.0011 40.95 99.2 9.9
600 0.070 46.095 0.292 -0.0145 0.0047 0.0084 0.0019 5.4 -0.027 0.0014 43.57 105.4 1.5
750 0.260 44.017 0.174 -0.0062 0.0014 0.0051 0.0007 3.4 -0.011 0.0004 42.48 102.8 0.6
900 0.602 43.622 0.199 -0.0028 0.0012 0.0051 0.0005 3.4 -0.005 0.0004 42.10 101.9 0.6
1050 0.884 42.898 0.169 -0.0016 0.0009 0.0029 0.0003 2.0 -0.003 0.0005 42.01 101.7 0.4
1200 0.919 43.009 0.449 -0.0153 0.0083 -0.0034 0.0031 -2.4 -0.028 0.0005 43.99 106.4 2.4
2000 0.977 43.055 0.333 -0.0071 0.0078 -0.0001 0.0024 0.0 -0.013 0.0002 43.05 104.1 1.9
8000 1.000 43.965 0.574 0.0090 0.0244 0.0044 0.0067 2.9 0.016 0.0002 42.65 103.2 4.8

Integrated 43.724 0.097 -0.0038 0.0011 0.0047 0.0005 3.2 -0.007 0.0005 42.30 102.4 0.6
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Appendix B: 40Ar/39Ar step-heating results and data.

UAF084-53 143 Bl 02-14-01 RICHARDSON Weighted average of J from standards = 0.001380 +/-0.000006
Laser %39Ar 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K Cl/K 40739K Age +/-
Power measured measured measured 40Ar (Ma) (Ma)

0 0.000 -58.624 91.623 0.8905 3.5216 0.7584 1.8822 -382.0 1.635 0.3167 -282.86 -892.4 2525.'
150 0.190 36.220 0.650 0.0080 0.0024 0.0106 0.0007 8.6 0.015 0.0283 33.08 80.5 1.6
200 0.370 38.493 0.224 0.0008 0.0031 0.0015 0.0008 1.1 0.001 0.0242 38.03 92.3 0.8
300 0.519 38.055 0.215 0.0012 0.0028 0.0009 0.0008 0.7 0.002 0.0180 37.76 91.7 0.8
450 0.718 38.434 0.377 0.0017 0.0028 0.0008 0.0009 0.6 0.003 0.0201 38.17 92.6 1.1
600 0.869 38.003 0.308 0.0001 0.0030 0.0000 0.0011 0.0 0.000 0.0211 37.98 92.2 1.1
750 0.926 38.229 0.271 -0.0069 0.0088 -0.0004 0.0026 -0.3 -0.013 0.0193 38.32 93.0 1.9
900 0.950 37.771 0.385 -0.0123 0.0194 0.0017 0.0060 1.4 -0.022 0.0156 37.23 90.4 4.3
1050 0.962 37.966 0.542 -0.0394 0.0324 -0.0144 0.0110 -11.2 -0.072 0.0133 42.20 102.1 7.8
1200 0.972 37.980 0.731 -0.0295 0.0433 0.0196 0.0166 15.3 -0.054 0.0145 32.15 78.3 11.8
1500 0.980 38.910 0.738 -0.0096 0.0542 0.0071 0.0198 5.4 -0.018 0.0152 36.78 89.3 13.9
2000 0.991 38.251 0.559 0.0179 0.0244 0.0033 0.0096 2.5 0.033 0.0171 37.25 90.5 6.8
8800 1.000 41.606 1.222 -0.0027 0.0518 -0.0192 0.0117 -13.6 -0.005 0.0108 47.24 114.0 8.7

Integrated 37.909 0.164 0.0007 0.0016 0.0024 0.0005 1.9 0.001 0.0218 37.17 90.3 0.7

UAF083-56 GRI -1 Bl#1 02-04-01 RICHARDSON Weighted average of J from standards = 0.001380 +/- 0.000006
Laser %39Ar 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K Cl/K 40739K Age +/-
Power measured measured measured 40Ar (Ma) (Ma)

150 0.006 37.907 0.636 0.1028 0.0144 0.0496 0.0044 38.7 0.189 0.0286 23.23 56.9 3.3
200 0.019 39.946 0.255 0.0241 0.0078 0.0113 0.0028 8.3 0.044 0.0367 36.59 88.9 2.0
300 0.076 37.656 0.171 0.0082 0.0010 0.0021 0.0005 1.6 0.015 0.0378 37.01 89.9 0.5
450 0.221 37.430 0.439 0.0066 0.0006 -0.0001 0.0002 -0.1 0.012 0.0384 37.42 90.9 1.1
600 0.364 37.589 0.504 0.0066 0.0011 -0.0006 0.0005 -0.5 0.012 0.0379 37.73 91.6 1.3
750 0.544 37.470 0.855 0.0127 0.0009 0.0006 0.0003 0.5 0.023 0.0376 37.26 90.5 2.0
900 0.802 37.497 0.730 0.0295 0.0006 0.0006 0.0003 0.4 0.054 0.0379 37.30 90.6 1.7
1050 0.935 37.144 0.211 0.1014 0.0015 -0.0005 0.0005 -0.4 0.186 0.0383 37.27 90.5 0.6
1200 0.980 37.649 0.221 0.3201 0.0044 -0.0011 0.0015 -0.9 0.587 0.0379 37.98 92.2 1.2
1500 0.990 37.298 0.297 0.9425 0.0143 -0.0004 0.0029 -0.5 1.730 0.0342 37.48 91.0 2.1
2000 0.996 37.261 0.359 0.5345 0.0238 0.0003 0.0053 0.1 0.981 0.0232 37.20 90.3 3.8
8800 1.000 51.353 0.565 0.2672 0.0186 0.0502 0.0060 28.8 0.490 0.0142 36.53 88.7 4.3

Integrated 37.554 0.264 0.0549 0.0005 0.0008 0.0002 0.6 0.101 0.0377 37.29 90.5 0.8
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