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ABSTRACT

The existence of well-preserved Late Neoproterozoic high- and low-sulphidation
systems within the previously unseparated Manuels Volcanic Suite are hallmarks of the
eastern Avalon high-alumina belt. These systems occur in a regionally extensive (15 x
1km) belt of hydrothermal alteration, located along the eastern margin of the Holyrood
Horst, eastern Avalon Zone, Newfoundland. The contrasting formational environments of
the pyrophyllite—diaspore-bearing high-sulphidation system and the auriferous
colloform—crustiform chalcedonic silica + adularia + calcite veins of the low-sulphidation
systém suggest a temporal or spatial break between the formation of the two systems.
Both epithermal systems are hosted within a composite suite of predominantly felsic
flows and ash-flow tuffs, which are locally intruded by rocks of the White Hills Intrusive
Suite. The volcanic and plutonic rocks which host the epithermal systems are
unconformably overlain by siliciclastic sedimentary rocks and associated mafic flows of
the Wych Hazel Pond Complex. New U-Pb geochronology now permits the separation of
older (625 to 614 Ma) and younger (ca. 585 Ma) intrusive units, older (pre-625 to 616
Ma) and younger (ca. 584 Ma) volcanic sequences, and provides time constraints on the
development of the two epithermal systems.

U-Pb dating carried out during this study has bracketed the intrusion of the White
Hills Intrusive Suite between 625 and 614 Ma, which demonstrates that, in contrast to
previous models, this magmatic event is not associated with the herein defined 580.5 to
585 Ma formation of the high-sulphidation system. The geochemistry from this intrusive

suite, however, indicates that the White Hills Intrusive Suite is closely related to the



regionally extensive Holyrood Intrusive Suite. Feldspar porphyry, which is intrusive into
the Wych Hazel Pond Complex, represents the youngest magmatic event exposed within
the field area and is defined at 585 + 5 Ma. This intrusion may represent a late stage
magmatic pulse associated with the development of the regional epithermal systems, and
is chemically distinct from the older intrusions of the White Hills Intrusive Suite.

The felsic volcanic succession hosting the high-sulphidation systems is now
precisely defined at 584 + 1 Ma. This sequence represents the younger Manuels Volcanic
Suite, and can now be separated from the older (ca. 616 + 2 Ma) White Mountain
Volcanic Suite on the basis of new U-Pb geochronology and previously described
intrusive relationships with the adjacent White Hills Intrusive Suite. Although these units
represent a time span of ca. 40 Ma, both units display very similar arc-related trace-
element geochemistry.

The base of the Wych Hazel Pond Complex is now dated at 582 + 1.5 Ma, which
is the time of the overall cessation in felsic volcanism within the region, and the onset of
arc-collapse. This age provides the maximum limit for the development of the high-
sulphidation system and also supplies the minimum age for the base of the sedimentary
sequence.

New U-Pb zircon ages combined with previously known ages constrain the
formation of the high-sulphidation system between 585 and 580.5 Ma. The maximum age
limit for the low-sulphidation system is 586 Ma, combining this age with the fossil age of
the unconformably overlying Cambrian succession restricts the formation of the low-

sulphidation system between 586 and approximately 513 Ma.
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CHAPTER 1:

INTRODUCTION

1.1 SYNOPSIS

The thesis area is located in the northeastern portion of the Avalon Peninsula,
within an extensive zone of advanced argillic alteration (eastern Avalon high-alumina
belt of Hayes and O’Driscoll, 1990) that is approximately 15km long and up to 1km
wide. The geology of this part of the Newfoundland Avalon Zone is dominated by
variably altered subaerial felsic volcanic and plutonic rocks, previously assigned to the
Harbour Main Group and Holyrood Intrusive Suite (HIS), respectively (King, 1988a;
Hayes, and O’Driscoll, 1990; O’Brien et al., 1998, 2001; Figure 1-1). This region is host
to well-preserved examples of pre-Cambrian high-sulphidation (pyrophyllite—diaspore)
and low-sulphidation (chalcedonic silica + adularia) epithermal systems, which exist in
relatively close proximity (ca.1km lateral distance; see, O’Brien et al., 2001; Sparkes et
al., 2005). These epithermal systems are part of a much larger and complex, gold-
mineralized magmatic arc system that extends the length of the eastern Appalachians,
from eastern Newfoundland to the Carolina Slate Belt (see O’Brien ef al., 1998 and
references therein). This broad belt of pre-Cambrian age magmatic rocks is
metallogenically characterized by the presence of gold-bearing high-sulphidation-style
epithermal systems, which are demonstrated or inferred to be pre-Cambrian in age
(O’Brien et al., 1996,1998; Dubé et al., 1995). Despite the numerous examples of high-

sulphidation-style epithermal systems throughout this belt (e.g. Brewer, Hope Brook,






Oval Pit mines), low-sulphidation-style epithermal systems have yet only been identified
in the Avalonian rocks of Newfoundland. The best examples of the low-sulphidation
systems are located on the eastern Avalon Peninsula.

Initial exploration studies in the thesis area date back to the early 1900’s, and
focused on pyrophyllite, which was used in the manufacturing of ceramic materials.
Despite the fact that pyrophyllite is characteristic of advanced argillic alteration
associated with auriferous high-sulphidation epithermal systems, it was not until the mid-
1980’s that gold was discovered within this area (Saunders, 1986). This discovery
sparked an era of precious metal exploration within the region. Auriferous low-
sulphidation epithermal veins were discovered within the high-alumina belt in the mid-
1990’s (O’Brien et al., 1997, 1998). Since that time the auriferous low-sulphidation veins
have been the focus of intermittent exploration that is still ongoing in 2005.

One of the reasons that this exploration is still ongoing today is that both high-
and low-sulphidation style epithermal systems have potential to host bonanza grade gold
deposits. Examples of world-class auriferous high-sulphidation systems include Lepanto
(Hedenquist et al., 1998), Rodalquilar (Arribas, A., et al., 1995) and Paradise Peak
(Sillitoe, R.H., and Lorson, R.C., 1994). Elsewhere in the world, low-sulphidation-style
banded chalcedonic silica + adularia veins are host to bonanza grade gold deposits (e.g.
Hishikari: [zawa, A., et al., 1990; Pajingo: Porter, R., 1988; and Midas: Goldstrand, P.M.
and Schmidt, K. W., 2000).

The unique aspect of the high-alumina belt in comparison to other epithermal

districts around the world is that these systems are not often preserved in old volcanic



terrains, as mineralization often occurs within 1-2km from the paleosurface. Several
previous and ongoing geological studies have focused on the setting of the high-
sulphidation system, genesis of the low-sulphidation veins, and the relationship between
the two systems and gold mineralization in the high-alumina belt (Hayes, J. P., 1996;
Mills, J., 1998; O’Brien et al., 1997, 1998, 1999, 2001). To date all known gold
mineralization is associated with the low-sulphidation system or with processes (i.e.
hydrothermal brecciation) with an assumed low-sulphidation affinity; no significant gold
mineralization has been documented in the high-sulphidation system. The high-alumina
belt contains several known occurrences of pyrophyllite + diaspore (Mine Hill, Trout
Pond, Dog Pond, and Oval Pit mine) and at least two known prospects of low-
sulphidation veining (Bergs and Steep Nap prospects, which are within 1km of the Oval
Pit mine). Several other examples of low-sulphidation systems occur elsewhere in the
eastern Avalon Peninsula (e.g. Grog Pond, Country Pond prospects).

By definition, high-sulphidation systems are characterized by the mineral
assemblages pyrophyllite-diaspore + alunite and form from high temperature (200-300
°C), low pH (0-2) fluids that leach the surrounding host rock creating large alteration
haloes (White and Hedenquist, 1995). Low-sulphidation systems consist of chalcedonic
silica—adularia + calcite, and form from low temperature, near neutral pH fluids and
generally have less well-defined alteration haloes (Stoffregen and Alpers, 1987;
Buchanan, 1981). As evident from other studies around the world, these two types of

epithermal systems do not form in the same environment and therefore do not normally



exist in such close proximity (Hedenquist and Lowenstern, 1994; Sillitoe and Hedenquist,
2001; White and Hedenquist, 1995).

Historical interpretations of the geology in the region attributed the development
of the advanced argillic alteration to the intrusion of the adjacent Holyrood Intrusive
Suite (Papezik, 1978). More recent work has demonstrated that the advanced argillic
alteration is hosted within a ca. 584 Ma volcanic succession and post-dates the intrusion
of the adjacent 620 Ma Holyrood Intrusive Suite by ca. 40 Ma (O’Brien et al., 2001).
Consequently a more compositionally diverse intrusive suite (the White Hills Intrusive
Suite) is thought to represent a younger magmatic event, which is associated with the

formation of the advanced argillic alteration (O’Brien ef al., 2001).

1.2 LOCATION AND ACCESS

The area covered by this study is approximately 4.6km wide and 5.2km long and
is located on N.T.S. 1N/07 and 1N/10. The field area covers the northern portion of the
eastern Avalon high-alumina belt and is centered approximately 18km west-southwest of
St. Johns, near the southern end of Conception Bay and the town of Conception Bay
South. This area is easily accessible via route 2 off the Trans Canada Highway. All parts

of the field area are readily accessible by way of the numerous roads in this region.

1.3 PURPOSE AND SCOPE

It is the focus of this thesis to determine the timing and relationship of the gold
bearing low-sulphidation veins and associated breccias relative to the presumably barren

high-sulphidation pyrophyllite-diaspore alteration. For this reason the northern portion of



the high-alumina belt was chosen for the focus of this thesis, with the main areas being
the Berg’s and Steep Nap prospects along with the region surrounding the Oval Pit mine
(Figure 1-2).

This thesis attempts to determine the geochemical characteristics of the rocks that
host both epithermal systems, along with their stratigraphic setting, and their environment
of formation. Detailed field mapping, supplemented with petrography and geochemistry
(some of which was collected during previous work by S.J. O’Brien), were utilized to try
and establish the relationships between the two epithermal systems. Geochemistry was
also utilized to investigate chemical anomalies in close proximity to low-sulphidation
veins. These veins were the focus of several detailed studies, including structural
measurements, petrographic study and *°Ar-*° Ar geochronology.

Select lithological units from within the map were chosen for U-Pb
geochronology based on recent mapping. New U-Pb data are combined with U-Pb ages
determined from previous work and relative ages determined from detailed geologic
mapping. With the new field and geochronological data an attempt will be made to
determine 1) the relationship between the old intrusions and the young volcanic rocks, 2)
the relationship between the old and young volcanic rocks, 3) the age of formation of
both epithermal systems and 4) test the current hypotheses as to the heat source of the

alteration.






1.4 METHODS

1.4.1 Field Mapping

Field mapping was carried out on 1:12,500 scale air photos and/or photo
enlargements for more detailed study. Mapping was conducted in late summer/early fall
2002, and in the summer of 2003. Sample sites and outcrop locations were recorded using
a Garmin 12 GPS; all points where taken in Universal Transverse Mercator Projection,
NAD 27 for Canada, Zone 22. These points were plotted on a base map using the GIS
based program MaplInfo. The base map was created by joining air photos together using
Corel Photo Paint. An attempt was made to reduce the effects of photo distortion by
joining center portions of overlapping photographs. The photo mosaic was registered
using 31 control points taken from digital topographic data. It is recognized, however,
that there is an offset of approximately S0m between the photo mosaic and the digital
topography. This offset was corrected for by recording all outcrop locations on air photos
in the field; the digital data was then shifted so that the GPS points plotted in the correct
location.

In the beginning of this study, a large amount of data already existed for the
proposed field area. Field and geochemical samples collected by S.J. O’Brien of the
Newfoundland and Labrador Geological Survey were compiled into Excel spreadsheets
and then put into the Maplnfo database. Again, where field samples did not plot in the
correct location, they were shifted to the proper location, which was recorded on air

photos.



Samples collected in the field for whole rock geochemical analysis were cleaned
of any weathered surfaces and labeled with GS-02-** or GS-03-**. Samples containing
02 were collected in late summer/ early fall of 2002, while samples labeled with 03 were
collected in the summer of 2003. Geochemical samples were sent to the Department of
Mines and Energy Geochemical Laboratory located in St. Johns, Newfoundland for
preparation and analyses. Mineralized samples were either sent to Eastern Analytical in
Springdale Newfoundland for gold fire assay, or Actlabs in Ontario for instrumental
neutron activation analysis (INAA).

Unit descriptions for map units within the study area are compiled from 331
outcrop locations distributed throughout the thesis area. These descriptions are generated
from observations in the field, the study of slabbed hand samples, and are further

supplemented by petrographic study, where deemed necessary.

1.4.2 Geochemical Techniques

Rocks samples sent to the Geochemical Laboratory at the Department of Mines
and Energy were analyzed by inductively coupled plasma-emission spectrometry (ICP-
ES). This technique uses separate sample preparation procedures for major and trace
element analysis. Major-element determinations, which also include the trace elements
Ba, Cr, and Zr, utilize a lithium metaborate fusion technique. Ba, Cr, and Zr are included
within the major-element preparation procedure because the more aggressive dissolution
assures total digestion of the sample. Trace element preparation procedures involve a

triple acid digestion technique, using concentrated hydrochloric, and hydrofluoric acids



and 1:1 perchloric acid. A more detailed description of analytical procedures can be
found in Finch (1998).

Selected samples from the ICP-ES dataset were also submitted for extended trace
element analysis at Actlabs. These select samples were submitted for the 4B2-std
package, which uses a lithium metaborate/tetraborate fusion technique; the samples are
analyzed by inductively coupled plasma mass spectrometry (ICP-MS). Several samples
that were analyzed by both ICP-ES and ICP-MS were also submitted for X-Ray
fluorescence (XRF) press pellet analysis at Memorial University of Newfoundland in
order to identify any possible dissolution problems with the acid digestion technique.

A detailed alteration study that was carried out at the Steep Nap prospect utilized
data supplied by a Portable Infrared Mineral Analyzer (PIMA) provided by IAMGOLD.
PIMA analysis is a nondestructive technique that can be performed on hand samples or
mineral powders. Samples are scanned and the PIMA measures the unabsorbed portion of
the electromagnetic spectrum; the spectra is compared to that of known minerals and the
analysis provides the best approximate of the minerals present. At the Steep Nap prospect
this technique was used to identify the fine-grained alteration minerals developed
adjacent to an area of well-developed colloform-crustiform chalcedonic silica—adularia +

calcite veining (refer to Chapter 5).

1.4.3 Geochronological Techniques

Geochronological samples collected for U-Pb dating were processed at Memorial
University of Newfoundland and analyzed by Thermal Ionization Mass Spectrometry,

which utilizes a Finnigan MAT 262V TI-mass spectrometer. Samples selected for *°Ar-
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39 Ar dating underwent mineral separation at Memorial University of Newfoundland, and
were then sent to the Geological Survey of Canada located in Ottawa. The Ar-Ar
laboratory located at the Geological Survey of Canada uses a Merchantek 10W CO; laser,
in conjunction with a VG3600 magnetic sector noble gas mass spectrometer.

Mineral processing for geochronological samples was conducted in the mineral
separation laboratories located in the Earth Sciences Department. Samples were crushed
and the heavy minerals were separated using various techniques, which include Wilfley
table, heavy liquid separation, and magnetic separation (for a more detailed description of
mineral separation procedures refer to Appendix A). After separation, zircon grains were
hand picked under a microscope on the basis of grain morphology, clarity and abundance.
The selected grains then underwent abrasion (cf. Krogh, 1982) followed by acid
dissolution and ion exchange chemistry. After separation, U and Pb were then measured
in the mass spectrometer. Data are reported using two sigma (20) uncertainties, and decay
constants of Jaffey ef al. (1971). Age calculations of concordant analyses are carried out
using the weighted average of the ***Pb/**®U ages of concordant points, while ages for
discordant data are calculated using the weighted average of the 2°’Pb/>**U ages; all ages

are cited at the 95% confidence level.

1.5 REGIONAL GEOLOGY

The study area lies within the eastern part of the Avalon Zone; this region
represents one of four major geologic subdivisions of the Appalachian Orogen present
within Newfoundland (Williams, 1979). Bound to the west by the Dover-Hermitage Bay

Fault, the Avalon Zone is the largest of the four zones, extending offshore approximately
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250km across strike (Haworth and Lefort, 1979); this zone is largely comprised of
Proterozoic age rocks that were once apart of, or formed close to, the ancient continent of
Gondwana (Williams, 1964). The Avalon Zone consists of Neoproterozoic volcanic and
plutonic rocks and associated sedimentary sequences related to arc-forming processes,
unconformably overlain by a shale-rich cover sequence of Lower Paleozoic age (O’Brien
etal., 1997).

This region has undergone two periods of regional deformation, the “Avalonian
Orogeny” of Lilly (1966), which occurred in the late Precambrian, and the “Acadian
Orogeny” in the Silurian-Devonian (ca. 395 Ma; King, 1990). The effects of the
Avalonian Orogeny have been described as enigmatic throughout the Avalon Peninsula
(Hughes, 1970). More recent work has demonstrated the pre-Cambrian nature of the
deformation within the current study area (O’Brien, 2002), more detailed descriptions of
the pre-Cambrian deformation around the area of Conception Bay can be found in
McCartney (1967) and Calon (1993). Aside from very localized shear zones, rocks of the
eastern Avalon Peninsula lack high-grade deformation. The eastern most Avalon was
affected less by the Acadian Orogeny, and displays prehnite-pumpellyite to lower
greenschist facies metamorphism that is presumably related to that event (Rose, 1952;
McCartney, 1967; Papezik, 1972, 1974). In contrast, folding, faulting, greenschist grade
regional metamorphism and granitoid emplacement are attributed to the Acadian

Orogeny in western sections of the Avalon Zone (O’Brien ef al., 1983).
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1.5.1 Regional Geologic Setting of the Central Avalon Peninsula

Regionally the central Avalon Peninsula was subdivided into three discrete fault
blocks that have been informally referenced as the western, central, and eastern blocks,
which are separated by two major north-south trending fault zones (McCartney, 1969;
Bruckner, 1969; Papezik, 1974; Figure 1-1). More recently this area has been further
described and subdivided with the middle block being defined as the area bounded to the
east by the Topsail fault, and to the west by the Peter’s River fault (O’Brien et al., 1997).
For a more detailed description of the geology surrounding the central block the reader is
referred to O’Brien ef al.,, 1997 and references therein. The central block, also known as
the “Holyrood Horst”, is located at the southern end of Conception Bay (McCartney,
1969). Felsic and mafic volcanic rocks previously assigned to the Harbour Main Group of
Rose (1952), and intrusive rocks of King’s (1988a) Holyrood Intrusive Suite are the
predominant units within the horst structure.

Rocks assigned to Harbour Main Group form some of the oldest known units
within the Holyrood Horst. These volcanic rocks consist of felsic and mafic flows and
associated flow breccias, along with pyroclastic and ash fall deposits and locally
intercalated sedimentary rocks. However, dated units within the Harbour Main Group
span 160 Ma (ca 730 to 570 Ma), and have recently been further subdivided into more
chronologically and regionally restricted units (O’Brien et al., 2001a). Intruding into the
Harbour Main group are gabbroic, monzonitic, and granitic bodies of the Holyrood

Intrusive Suite (HIS), ranging from 640 Ma to 620 Ma. Many of these intrusions show
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high-level characteristics such as tuffisite brecciation and numerous roof pendants of the
Harbour Main Group.

On the eastern and western flanks, as well as in northwestern portions of the
Holyrood Horst (Figure 1-1), the Harbour Main Group and the HIS are overlain by a
thick sequence of marine siliciclastic sedimentary rocks known as the Conception Group
(Rose, 1952). Contacts between the Conception Group and the Harbour Main Group are
either tectonic or unconformable, while contacts with the Holyrood Intrusive Suite are
both unconformable and intrusive. Deposition of the Conception Group generally
corresponds with the cessation of volcanism within the Holyrood Horst, and
predominantly consists of siliceous sedimentary rocks, which include conglomerate, tuff,
agglomerate, tillite, and orthoquartzite (King, 1988a). Williams and King (1979)
subdivided the Conception Group of the southeastern Avalon Peninsula into five
formations that have been provisionally correlated, in part, with formations in central
Avalon Peninsula (O’Brien et al., 1997). The Conception Group is divided into an upper
and lower sequence by the presence of a tillite, known in the both regions of the Avalon
as the Gaskiers Formation (Williams and King, 1979). The lower Conception Group
contains basal conglomerates that include granitoid rocks from the underlying Holyrood
Intrusive suite. In one location on the eastern side of Holyrood Bay a tuff bed in the
Conception, which overlies a basal conglomerate containing granitoid clasts, produced a
U-Pb age of 621 +5/-4 Ma (Israel, 1998). Tuff beds from the upper Conception Group in

the southeastern Avalon, although not in stratigraphic continuity with units dated near the
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base of the Conception, give a U-Pb age of 565 + 3 Ma (G.R. Dunning, 1998,
unpublished data; King, 1988a).

Conformably overlying the Conception Group on the eastern side of the Holyrood
Horst is the St. John’s Group. The St. John’s Group consists of interbedded grey to black
shales and buff brown sandstones, and is interpreted by King (1990) as a pro-deltaic to
shallow marine sequence. Overlying, and in gradational contact with the St. John’s Group
is the Signal Hill Group (King, 1988a). The Signal Hill Group is composed of red
sandstones and conglomerates and is interpreted to represent an alluvial plain type
environment (King, 1990). Clasts within the conglomerates are dominated by volcanic
and plutonic material from adjacent, old arc-related sequences showing a period of major
erosion and uplift.

The youngest sedimentary sequences found within the central Avalon are lower
Paleozoic shale-rich units of Cambrian age. These shales unconformably overlie the
underlying sedimentary rocks as well as the volcanic and plutonic rocks of the Harbour

Main Group and Holyrood Intrusive suite.

1.5.2 General Geology of the Eastern Avalon High-Alumina Belt

Along the eastern portion of the Holyrood Horst is an area of hydrothermal
alteration known as the eastern Avalon high-alumina belt (EAHB; Hayes and O’Driscoll,
1990; Figure 1-3). This region consists predominantly of subalkalic, calcalkalic, subaerial
rhyolitic flows and ash-flow tuffs with minor alkalic to weakly subalkalic basaltic and
pyroclastic material. The western margin of the high-alumina belt corresponds with the

eastern limit of the Holyrood Intrusive Suite (HIS), which can be seen to intrude the
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volcanic rocks of the high-alumina belt in several areas. Eastern boundaries of the high-
alumina belt correspond to the regional structure known as the Topsail Fault (Figure 1-3).
Volcanic rocks of the high-alumina belt form the previously unseparated Manuels
Volcanic Suite (MVS), one of the six subdivisions of the Harbour Main Group proposed
by O’Brien et al. (2001); this suite is the second youngest unit, and has been locally dated
at 584 +1 Ma (G. R. Dunning, unpublished data). Unconformably overlying the MVS are
basal conglomerates of the Wych Hazel Pond Complex (WHPC). This unit is the
youngest of the proposed subdivisions for the Harbour Main Group, and is primarily
exposed in the eastern sections of the high-alumina belt, with a well-exposed
unconformity at the Oval Pit mine (Figure 1-2).

Two known ages of volcanic activity exist within the high-alumina belt and
includes a 616 + 2 Ma welded ash-flow tuff and an altered flow-banded rhyolite, dated at
584 + 1 Ma (G. R. Dunning, unpublished data). However, the majority of the volcanic
rocks are thought to be the product of the younger volcanic event, as the dated 616 Ma

event has a very restricted exposure within the current study area.

1.6 PREVIOUS WORK

Early geological investigations of the Avalon Zone began with J. B. Jukes in
1843, and were furthered by Murray and Howley (1881a), Walcott (1899) and Howley
(1907). During this time a rough stratigraphy was developed and the distribution of
regional-scale rock units was established with the publication of the first geological map
of the Avalon (Murray and Howley, 1881b). Beginning in 1916, detailed geological

mapping began on the eastern Avalon high-alumina belt, with the main focus being
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around areas of argillic and advanced argillic alteration. From 1916 through to 1978
many people contributed to the knowledge base of the high-alumina belt; the main
contributors include Buddington (1916), Vhay (1936), Dawson (1963), McCartney
(1967), Keats (1970), and Papezik et al. (1978). For a more comprehensive listing of
geological studies prior to 1978, the reader is referred to tablel.1 in Hayes (1996).

Since the mid-1980’s the eastern Avalon has been the focus of renewed detailed
mapping and revision of stratigraphy (Table 1-1). It was not until the late 1990°s when
O’Brien et al. (1998) proposed a high-sulphidation origin for the pyrophyllite + diaspore
alteration that the formation of epithermal alteration in the Oval Pit mine was properly
recognized. The most recent work in the area of the eastern Avalon includes regional
scale mapping by King (1990), and ongoing mapping by O’Brien and Dubé (see O’Brien
et al., 1997, 2001 field guide etc.). Work carried out by S.J. O’Brien is part of a broader
regional scale program that is focused on mapping the central part of the eastern Avalon.
This work has established several new stratigraphic subdivisions within the central
Avalon, and has outlined a preliminary chrono-stratigraphy supported by U-Pb dating
(O’Brien et al., 2001a).

Historically the high-alumina belt was recognized for its pyrophyllite deposits,
and the regional scale argillic and advanced argillic alteration. However, since the mid-
1980’s the area has become the focus of intermittent gold and base metal exploration
(Table 1.1). Since the discovery of low-sulphidation veins there have been ongoing
studies to try and identify the timing and relationships between the high- and low-
sulphidation epithermal systems and their relation to gold mineralization. In 2002

Rubicon Minerals Corporation began mineral exploration in the high-alumina belt. This
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1999 Lewis, P. Mineral Exploration, Fort Knox Gold
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1999 O’Brien, S.J., Dubé, B. and  Description of epithermal gold-silver
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belt and in eastern Avalon high-alumina belt
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Dunning, G.
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2002 Sparkes, B. Mineral exploration for Rubicon Minerals
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2004 Sparkes, B. Mineral exploration for Rubicon Minerals
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1.7 PREVIOUS INTERPRETATIONS AND HYPOTHESES

Early studies along the eastern side of the Holyrood Horst noted the close spatial
association between the advanced argillic alteration within the high-alumina belt and the
adjacent granitic rocks of the HIS. These granitic rocks where originally thought to post-

date the majority of the volcanic activity within the high-alumina belt (Rose, 1952;
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McCartney, 1967, 1969; Hughes and Bruckner, 1971). Early investigations into the genesis of
the advanced argillic alteration thus attributed the alteration to the intrusion of the
adjacent altered granitic rocks of the HIS (Papezik, 1978). However, later investigations
established the age of the HIS to be between 625 to 620 Ma, and that the volcanic
succession hosting the Oval Pit mine post-dated the intrusion by approximately 40 Ma
requiring a younger magmatic event for the formation of the advanced argillic alteration
(O’Brien et al., 2001a).

A suite of monzonite, granite and porphyry intrusions, referred to as White Hills
Intrusive Suite (WHIS), was recognized by Sparkes et al. (2004). It is lithologically
distinct, yet spatially associated with the eastern margin of the Holyrood Horst, and was
interpreted to represent the younger magmatic event. This was supported by the
numerous intrusive contacts between rocks of the WHIS and felsic volcanic rocks of the
unseparated MVS (O’Brien et al., 2001a). Several units from this assumed younger
magmatic event have been selected for this study to determine the absolute age of the
intrusions.

The felsic volcanic rocks of the MVS are unconformably overlain by siliciclastic
sedimentary rocks, previously assigned to the Black Hill sequence or “mis-Conception”
of Dawson (1963). These sedimentary rocks were later recognized as a lithologically
distinct package that were deposited coevally with mafic volcanic rocks and have been
incorporated into the regional-scale unit known as the Wych Hazel Pond Complex
(WHPC; O’Brien et al., 2001a). The unconformable contact between the felsic volcanic
rocks and the overlying sedimentary rocks of the WHPC has been open to some debate

regarding the temporal significance of the hiatus. The reason for the debate is that the

21



sedimentary rocks above the contact (best exposed in the open pit of the Oval Pit mine)
contain conglomerate layers with altered detritus, while a basal conglomerate at the
bottom of the sedimentary sequence is affected by silica—sericite—pyrite alteration. In
previous work this contact has had various interpretations, it was originally thought to
represent a significant break in time (Dawson, 1963), while others suggest that
volcanism, alteration and sedimentation are relatively coeval (Hughes and Bruckner,
1971). The current view of the altered detritus contained within this sedimentary unit is
that it demonstrates that the sequence affected by the advanced argillic alteration was

uplifted and eroded prior to the deposition of the overlying sedimentary rocks.

22



CHAPTER 2:
DESCRIPTION AND DISTRIBUTION OF GEOLOGIC UNITS AND

STRUCTURAL ELEMENTS

2.1 INTRODUCTION

The area surrounding Conception Bay South consists of gently dipping lowlands
dominated by Cambrian age basal conglomerates and overlying shale and limestone
successions, and more rugged terrain immediately to the south, consisting of Late
Neoproterozoic volcanic and plutonic rocks. Topographically, the region varies from sea
level in the lowlands to a maximum of 220m in the plateau region of the Oval Pit mine
(Figure 2-1). Several well-defined valleys that are controlled by major structural
boundaries divide the geology in the region. Good bedrock exposures occur in areas of
higher elevation however these are generally lichen-covered; less bedrock exposure
occurs in lowland areas. Numerous roadcuts and exposures due to rural development
provide a good section across the northern portion of the study area. The region east of
the Oval Pit mine and south of the Conception Bay By-Pass road, however, provides very
little bedrock exposure, thus contacts are not as well defined in this area.

Geological units incorporated into this study have been briefly described by the
authors O’Brien et al. (2001a). The informal nomenclature and grouping of units
proposed within this thesis, where possible, have followed the informal nomenclature
previously established (Table 2.1); this includes the recently proposed Manuels Volcanic

Suite (MVS) and the Wych Hazel Pond Complex (WHPC), which embody the volcanic
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Table 2.1: Table of Formations.

Maor Absolute
Era Period P Age or Age Units
Subdivisions
Range
Early. Middeto | Adeytonad _Llnlt}_l Red and blacklsﬂtstone‘and mudstonf:
Paleozoic S41to | withinterbedded grey limestone; locally massive,
Lower Harcourt
~541 10 ~513 Canbr 513Ma | poorly sorted boulder conglomerate at base
\a ambrian | Groups
Erosional unconformity
Conception | 2575t Se_r;{tlnf_;tUns:(?:gted marine siliciclastic
Group 565 Ma o
Fault contact with Wych Hazel Pond Complex
Units 19t 22: Intercalated marine sedimentary
Wych Hazel | 582toca | rocks and mafic volcanic rocks; includes lower
Pond Complex |  575Ma | unit of red siltstone and basal brown breccia;
locally ntruded by feldspar porphyry
Ediacaran Erosional unconformity
Late ; — ;
Proterorsic Manuels Units 9 t0 18: Subaerial felsic volcanic rocks
.. | 585Ma | including flow-banded rhyolite and minor ash-flow
pre-625 to Volcanic Sutte o ‘
Mz tuff; contains minor mafic volcanic rocks
Fault contact with White Hills Intrusive Suite (MHSZ)
White Hils | 625to | Units 6 to 8: Medium- to coarse-grained
Intrusive Suite | 620 Ma | monzonite, granite and quartz-feldspar porphyry
Fault Contact with Holyrood Intrusive Suite
Holyrood Unit 5: Medium- to coarse-grained equigranular
P | 60Ma .
[ntrusive Suite granite
[ntrusive contact with White Hills Intrusive Suite
Ediacaran White Units 1 to 4; Subaerial felsic volcanic rocks
and/or Mountain | pre-625 Ma | including flow-banded rhyolite and minor lapill
earlier | Volcanic Suite tuff




and sedimentary rocks, respectively. The MVS and WHPC are here further subdivided on
the basis of more detailed mapping carried out during this study.

Rock units in the study area range in age from greater than 625 Ma, which is the
minimum age of the oldest volcanic rocks, to about 510 Ma. The latter is the age of the
fossiliferous Middle Cambrian cover (Landing ef al., 1998). The boundary between the
Lower and Middle Cambrian is currently defined at 513 + 2 Ma by recent time scale
studies (April 2005, <www stratigraphy.org>; Howell, 1925; Bergstrom and Levi—Setti,
1978). Numerous contact relationships within the area allow for the separation and
relative age determination of several major geological units. Similar geochronological
complexities previously identified in the Harbour Main Group (O’Brien et al., 2001a),
have also become evident within the MVSS; volcanic rocks within the study area range
from pre-625 Ma to 582 Ma, spanning at least 43 Ma of volcanism. The complexity
within the volcanic stratigraphy is not easily resolved because of the similar lithologic
and geochemical (see below) nature of the felsic volcanic rocks spanning this time

period.

2.2 GEOLOGY OF THE STUDY AREA

The western portions of the field area are dominated by granitic rocks of both the
Holyrood Intrusive Suite (HIS; King, 1988a) and monzonite, granite and porphyry units
of the White Hills Intrusive Suite (WHIS; Sparkes and O’Brien, 2004; Map 1). The
central and southeastern regions of the map area consist of subaerial felsic volcanic rocks,
previously assigned to the unseparated MVS (O’Brien ef al., 2001a). Eastern portions of

the field area are dominated by marine siliciclastic sedimentary rocks and associated
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mafic volcanic flows of the WHPC, which unconformably overlie the felsic volcanic
rocks of the MVS (O’Brien et al., 2001a). Cambrian age basal conglomerates and
overlying siltstone and limestone successions dominate the northwestern lowlands of the
map region. The Cambrian succession is unconformable upon the sedimentary rocks of
the WHPC, volcanic rocks of the MVS and intrusive rocks of the Holyrood and White

Hills intrusive suites (O’Brien ef al., 2001a; O’Brien, 2002).

2.3 UNIT DESCRIPTIONS

Significant amounts of hydrothermal alteration has affected both the volcanic and
plutonic rocks in the field area. Where this hydrothermal alteration is relatively weak,
relic primary textures can be used to identify the host rock. However, in areas of intense
alteration where the original lithology cannot be identified, the rock unit is named in
accordance with the alteration minerals present (e.g. silica—sericite alteration). It should
be noted that sericite is used as a field term for soft, pale yellow to pale green, very fine-
grained material that has been identified locally by X-ray diffraction (XRD). In most
instances, the plagioclase and K-feldspar contents of intrusive rocks estimated from thin
sections have been combined into “percent feldspar” due to identification difficulties
caused by alteration. Estimated modal proportions of dominant mineral phases for the
intrusive units are taken from stained thin sections only. To facilitate the following
discussion, units are referenced to nine informally named geographical areas outlined in
Figure 2-2. Unit numbers are assigned to each unit and represent a best approximation of
ascending stratigraphic order. Map 1 (back pocket), shows the distribution of map units

in the thesis area at a scale of 1: 10, 000.
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PROTEROZOIC ROCKS (pre-625-614 Ma)

2.3.1 White Mountain Volcanic Suite (WMYVS)

The WMVS occurs in the northeastern portion of the map area and consists of
subaerial volcanic rocks and associated volcaniclastic material previously grouped with
the MVS (ca. 585 Ma). These volcanic rocks are lithologically similar to those of the
MVS, however intrusive relationships between the WMVS and the WHIS demonstrate

their pre-620 Ma age.

2.3.1.1 Unit 1: Moderately Feldspar-phyric, Fine, Flow-banded Rhyolite (Minerals Road
Rhyolite)

LITHOLOGY AND PETROGRAPHY:

Unit 1 consists of moderately feldspar-phyric rhyolite, containing 2-4mm white feldspar

crystals within a pale to dark purple, flow-banded and locally spherulitic groundmass.

This unit is informally referred to as the Minerals Road rhyolite, and is best exposed in

the area of Minerals Road Intersection, but also occurs as discrete outliers in the central

and southern portions of the map area (Figure 2-3). The highly porphyritic nature of this

unit is somewhat distinct, as other rhyolite units only develop very restricted porphyritic

zones.

In thin section, 2-4mm sub- to euhedral phenocrysts of plagioclase, K-feldspar
and minor quartz are supported within a very fine-grained groundmass. K-feldspar is the
predominant phenocryst phase and is often identified by the presence of minor exsolution
textures. Locally, patches of the groundmass consist of coarser-grained interlocking

quartz crystals; however the majority of the groundmass is dominated by a
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microspherulitic texture (evident from the radial extinctions within the groundmass; Plate
2-1), representing devitrification of the groundmass. Minor anhedral patches of a high-
relief, third to fourth order birefringence mineral, thought to be titanite, is locally
developed parallel to flow-banding. The feldspar phenocrysts are aligned in a weakly
developed flow foliation, which is locally mimicked by the linear arrangement of the
more coarse-grained quartz crystals within the groundmass. This unit displays a rare
well-preserved granophyric texture (Plate 2-2).

In hand specimen, silica—sericite is the main alteration affecting this unit. Very
localized sericite—chlorite alteration is seen along restricted fault zones in the area of
Minerals Road Intersection. A small outlier of this unit located in the area of Mine Hill is
host to advanced argillic alteration, which may be associated with the development of the
high-sulphidation system (Figure 2-3). Thin sections from the Minerals Road Intersection
contain minor sericite alteration developed parallel to the flow banding (generally <2%,
but locally up to 5%); this is accompanied by minor chlorite—epidote alteration, in
irregular patches within the groundmass and as fracture-filling material.

CONTACT RELATIONSHIPS:

In the White Mountain region, numerous rafts of feldspar-phyric rhyolite, which
are thought to represent roof pendants of a volcanic carapace, are contained within
granitic and porphyritic rocks of the WHIS (see below; Figure 2-2). These volcanic rocks
are correlated with the feldspar-phyric flows of the Minerals Road Intersection on the
basis of similar lithology and the close spatial association with the WHIS. All other

contacts between Unit 1 and adjacent units are either tectonic or inferred.
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pink flow-banded rhyolite fragments that range from less than 1cm to greater than 10cm
in diameter are contained within a pale green sericite—pyrite matrix.
CONTACT RELATIONSHIPS:

Unit 7 of the WHIS intrudes this unit in a number of areas, including along the
Manuels River and the CBS By-Pass (see below). The flow-banded rhyolite is assumed to
be overlain by a lithic-rich volcaniclastic rock (Unit 3), and the lower WHPC (Unit 19a;
discussed below). Basaltic dykes, less than 1m wide, crosscut the unit in the area of the
CBS By-Pass and Manuels River. In the latter area, 2-5m wide fine-grained mafic
intrusions displaying sharp irregular boundaries with the adjacent flow-banded rhyolite

(Plate 2-4).

2.3.1.3 Unit 3: Massive, Lithic-Rich, Polymict, Lapilli Tuff
LITHOLOGY:

Unit 3 is confined to the area around Minerals Road Intersection and the Steep
Nap prospect (Figure 2-3). The lapilli tuff consists of a dark to pale green or pale pink
matrix, which is host to abundant fragments of purple rhyolite, sub-rounded, light pink to
white, coarse-grained granite and locally abundant fine-grained potassic altered material.
The potassic altered material has a bright orange coloration and is the predominant clast
at the Steep Nap prospect (Plate 2-5). The larger rhyolite fragments are porphyritic and
locally display a dark purple core surrounded by a pale purple rim. Granite clasts show no
evidence of chilling and are generally sub-rounded to rounded. Fragments are

predominantly less than 1cm but reach upwards of 10cm in diameter and are
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locally aligned in a poorly defined stratification. In the area of the Steep Nap prospect,
this stratification appears to be relatively flat lying or very gently dipping.

Minor silicification as well as potassic and hematite alteration are developed
within the tuff. The potassic alteration, which is fracture-hosted and has a pale pink
coloration resembling adularia-rich alteration of the Steep Nap prospect, is associated
with silicification in the area of Minerals Road Intersection. However, at the Minerals
Road Intersection this alteration is barren with respect to gold. In the vicinity of Steep
Nap, hematite is mobilized adjacent to hydrothermal veins, resulting in the formation of
hematite haloes (Mills, 1998). Sericite and chlorite alteration are also pervasive
throughout the unit. Relic sub-rounded to rounded fragments contained within a sericite—
silica + pyrite shear zone adjacent to the Steep Nap prospect are interpreted to be
preserved features of Unit 3. The affinity of this alteration is not known, nor its timing
relative to the low-sulphidation veining. The apparent absence of low-sulphidation veins
within the alteration may indicate either that the alteration overprints the low-
sulphidation veins or that the rheology of the altered host rock is such that it does not
support vein development.

CONTACT RELATIONSHIPS:

At Minerals Road Intersection, the lapilli tuff is intruded by Unit 8 of the WHIS
(see below) and a large (approximately Sm wide) basaltic dyke. In the region of the Steep
Nap prospect, this unit is host to numerous banded crustiform-colloform chalcedonic
silica + adularia low-sulphidation veins and associated breccias. These breccias contain

aphanitic flow-banded rhyolite fragments, which suggest Unit 3 overlies and contains
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(up to 7m wide) crosscut the unit and the ash-flow is apparently intruded by Unit 11 (see
below), however due to the similar weathering of both units, the true nature of the contact

is hard to determine.

2.3.2 Holyrood Intrusive Suite (HIS)

The HIS occupies the southwestern corner of the map area, and represents a much
larger, homogeneous intrusion that forms the core of the Holyrood Horst. The HIS in the
study area consists of one principle rock type, and has historically been interpreted as the
source to the epithermal fluids responsibly for the development of the advanced argillic

alteration within the study area.

2.3.2.1 Unit 5: Pink-White-Green Granite

LITHOLOGY AND PETROGRAPHY:

Pink—white—green, propylitized granite is the principal rock-type of the HIS
exposed within the field area, which is confined to the southwestern corner of the Map 1
(Figure 2-4). Unit 5 is characteristic of the Holyrood Intrusive Suite’s eastern margin in
the northern part of the Avalon Peninsula (O’Brien ef al., 2001a) and is generally
equigranular to quartz-phyric with sub-equal amounts of plagioclase, K-feldspar and
quartz. Petrographic study shows this unit to consist of sub- to anhedral medium- to
coarse-grained crystals of the above-mentioned minerals. The plagioclase typically
displays albite twinning, and is affected by weak to moderate saussuritization. K-feldspar
crystals display minor amounts of exsolution and show no evidence of twinning; the

quartz crystals predominantly infill space between the two feldspars. Table 2-2 shows the
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modal proportions of the dominant mineral phases estimated from a stained thin section
of typical Unit 5.
CONTACT RELATIONSHIPS:

The HIS intrudes the Hawke Hills Tuff (O’Brien et al., 2001a) to the west and
south of the Holyrood Horst (Figure 1-1). Its boundary with the WHIS in the eastern

portion of the field area is a fault or inferred intrusive contact.

Table 2-2: Estimated modal proportions from a stained section of the pink—white—
green granite (values are listed in % volume).

Primary Seconda
Sample # | Plagioclase | K-feldspar | Quartz | Chlorite | Epidote | Carbonate
OB-97-039 24 30 35 8 2 1

2.3.3 White Hills Intrusive Suite (WHIS)

The WHIS is a new name proposed by Sparkes et al. (2005), for a suite of
compositionally diverse intrusions that occur between the HIS and volcanic rocks

previously assigned to the MVS.

2.3.3.1 Unit 6: Monzonite

LITHOLOGY AND PETROGRAPHY:

Unit 6 is largely confined to the western portion of the map area where it is
intimately associated with other units of the WHIS (Figure 2-4). This unit is pale white-
weathered and contains coarse-grained white to pale green plagioclase crystals supported
by fine- to medium-grained dark green chlorite, white quartz and pale pink K-feldspar.
The unit also contains distinctive ﬁne—g'rained, dioritic xenoliths up to 10cm in diameter

(Plate 2-9).
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In thin section, the unit typically contains medium- to coarse-grained, sub- to
anhedral plagioclase crystals supported by a finer-grained groundmass of chlorite, quartz
and minor K-feldspar. The plagioclase crystals contain albite-, Carlsbad- and pericline-
twins and locally displays normal zoning, highlighted by preferential saussuritization of
the central portion of the crystals. The zoning in the plagioclase, which is most prominent
in plane-polarized light (due to the saussuritization), is a distinctive characteristic of this
unit, not common to other units of the WHIS. K-feldspar does not everywhere display a
dark pink color commonly characteristic in this unit. It is typically untwinned and
exhibits local areas of cloudy dark pink coloration. Quartz crystals are dominantly
anhedral and are intergrown with dark-green fibrous chlorite that displays a weak to
moderate pleochroism. This chlorite is assumed to have completely replaced a primary
mafic mineral phase since the chlorite often forms sub- to anhedral rectilinear
pseudomorphs; it is assumed that the original mineral was biotite. Estimated modal
proportions of the major mineral phases are contained within Table 2-3. This estimation
is taken from four stained sections in order to properly identify the modal proportions of
the plagioclase and K-feldspar.

Macroscopically this unit appears relatively unaltered, however, some alteration is
visible in thin section. The main alteration that is presumed to be hydrothermal in origin
is saussuritization of the plagioclase (Plate 2-10 and 2-11). Chlorite is also abundant
throughout the groundmass and is associated with minor epidote and carbonate. This
alteration is interpreted to represent the secondary alteration products of a mafic

mineral(s). Minor evidence of biotite is locally preserved, which suggests this may be the
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mafic phase being replaced. A thin section containing both Unit 6 and a fine-grained
dioritic xenolith reveals no apparent chilled margins between the two. The xenolith
consists of fine-grained plagioclase surrounded by finer-grained opaque minerals,

chlorite, minor carbonate and quartz.

Table 2-3: Modal proportions estimated from stained thin sections of the White
Hills Intrusive Suite monzonite (values are listed in % volume).

Primary Secondary
Sample # | Plagioclase |K-feldspar|Quartz|Chlorite|Epidote| Carbonate | Opagues
0B-97-024 63 3 10 20 2 1 1
0B-97-025 65 2 8 18 3 2 2
0OB-97-057 70 1 8 15 4 1 1
OB-97-375 72 3 12 10 1 1 1
CONTACT RELATIONSHIPS:

Due to the small volume of exposed monzonite, contacts with adjacent units are
typically unexposed and therefore inferred. Where the contact is exposed, Unit 7 intrudes
Unit 6 and at the contact the granite becomes brecciated (Plate 2-12). Locally fine- to
medium-grained aplite and granitic dykes (up to approximately 40cm in width) and fine-
grained pale to dark brown-weathering mafic dykes (less than 1m in width) crosscut the
unit. This field data suggests that this unit is the oldest unit of the WHIS. This inference
is further supported by the lack of chemical differentiation and other chemical

characteristics in relation to Unit 7 and Unit 8 (see Chapter 3).
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2.3.3.2 Unit 7: Medium- to Coarse-grained Equigranular Granite

LITHOLOGY AND PETROGRAPHY:

Unit 7 granite mainly occurs in the western and northwestern portions of the map
area (Figure 2-4). This unit occupies the greatest percentage of the WHIS and is
considered to represent a single intrusion. Lithological variation is typically due to
varying amounts of alteration, depending on the locality within the map area. The
dominant phase of this unit is a medium- to coarse-grained, equigranular, quartz—K-
feldspar—plagioclase-bearing granite. This unit predominantly has a grey-green- to pale
pink-weathering, and has locally developed tuffisite brecciation (Plate 2-13). Locally
Unit 7 is spatially associated with a fine- to medium-grained, chlorite-rich, intermediate
intrusive phase that appears to comingle with the granite in the area of Minerals Road
Intersection; Unit 7 also contains rare, fine-grained dioritic xenoliths (3-4cm in diameter)
that closely resemble those observed in Unit 6. Rare outcrops of fine-grained, K-feldspar-
rich Unit 7 occur in close proximity to outcrops of Unit 6 in the valley east of White
Mountain (Figure 2-4).

In thin section, Unit 7 displays subhedral crystals of plagioclase displaying albite
less commonly, periclinal twins, and minor exsolution (Table 2-4). Anhedral K-feldspar
crystals, locally up to 4mm in length, show little or no evidence of twinning and
commonly display exsolution features such as microperthite. Exsolution in both
plagioclase and K-feldspar occur as lamellae and as irregular patches throughout the
crystals. Most of the quartz mainly occurs as a late infill, forming anhedral crystals

between the feldspars. However, the preservation of granophyric textures provides
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evidence of co-crystallization of some quartz with K-feldspar. Alteration observed in thin
sections is generally confined to micro-scale fracturing in most K-feldspar crystals (Plate
2-14), and local pervasive saussuritization of plagioclase produces a “peppered texture”.
Chlorite, often associated with sericite alteration, is generally confined to regions along
grain boundaries, but rarely forms rectilinear shapes and is thought to be replacing
primary biotite. Sericite (2-3%) and chlorite (2-5%) comprise the predominant alteration
mineralogy within the CBS By-Pass region. Muscovite is very rare in thin section, and
may or may not represent the remnants of primary mica within Unit 7.

In the region of Minerals Road Intersection (Figure 2-4), saussuritization is
intense and plagioclase and K-feldspar can only be distinguished in stained thin sections.
The feldspar crystals exhibit a dusty coloration due to saussuritization and appear to have
been euhedral and zoned, but are now anhedral due to possible resorption. The feldspars
are subhedral and coarse-grained (2-4mm) and are surrounded by later crystallized, finer-
grained (<1mm) quartz and chlorite. The saussuritization is concentrated in the central
portion of some of the crystals, possibly due to a weak compositional zonation. Locally,
chlorite alteration (up to 6% modal chlorite) occurs with minor epidote; both are assumed
to be replacing a primary mafic phase such as hornblende or biotite. Minor carbonate is
also associated with the chlorite alteration.

Unit 7, in the vicinity of the Bergs prospect (Figure 2-4), is dominated by apple
green silica—sericite alteration (Plate 2-15), while granite south of the Oval Pit Mine is
rusty weathering and dominated by silica—pyrite alteration that can be traced for upwards

of 4.6km south of Mine Hill. In the Bergs area Unit 7 is also affected by dark green
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chlorite alteration as well as a pervasive, micro-scale brecciation (Plate 2-16 and 2-17).
Saussuritization affects the feldspar crystals while chlorite occurs both as sub- to euhedral
crystals in the groundmass and within hairline fractures that crosscut Unit 7. The granite
in that area generally contains between 5-8% modal chlorite and up to 8% modal sericite.
In areas of intense hydrothermal alteration, the main mineral phases present are quartz,
sericite, chlorite and rare coarse-grained K-feldspar (up to ~l1cm in length), possibly
representing potassic alteration. In the vicinity of Dunn’s Hill (Figure 2-4), Unit 7
displays a style of alteration similar to that seen in the Bergs area, whereas granite
outcrops immediately to the west of this area display a characteristic pink—white—green

alteration, typical of the 620 Ma Holyrood Intrusive Suite (Unit 5; see section 2.3.2.1).

Table 2-4: Modal proportions estimated from stained thin sections of the White Hills
Intrusive Suite granite (values are listed in % volume).

Primary Secondary

Sample # | Plagioclase | K-feldspar [Quartz| Muscovite | Chlorite |Sericite] Epidote | Carbonate | Opaques
0B-97-017 20 32 40 1 2 3 0 0 2
OB-97-018 23 20 50 2 1 3 0 0 1
0B-97-026 31 22 35 1 3 2 2 3 1
OB-97-055 20 30 40 0 5 2 3 0 0
0OB-97-221 37 20 38 0 3 1 1 0 0
CONTACT RELATIONSHIPS:

Numerous intrusive contacts exist between Unit 7 and adjacent country rocks. The
granite at Bergs is host to large (up to approximately 1m) grey silicic pods of an unknown
origin. In the adjacent Manuels River area, a large (approximately 2-4m) raft of fine-

grained, pale purple rhyolite (Unit 2) is surrounded by intruding granite. A similar
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contact exists at Mine Hill, where a raft of fine-grained, silica-altered felsic volcanic rock
(approximately 8m in length) is contained within silica-pyrite-altered granite (Figure 2-
4). At White Mountain, numerous rafts of a pale-purple feldspar-phyric rhyolite (Unit 1)
are contained within units of the WHIS.

Many of the contacts between Unit 7 and the surrounding country rocks result in
brecciation of the granite, making it hard to decipher the true nature of the contact. In
some areas, where Unit 7 is assumed to be intrusive, brecciated granite fragments appear
to float in a matrix of the unit that is being intruded (Plate 2-18). This type of contact is
observed in several locations (e.g. CBS By-Pass roadcut, Steep Nap prospect, and White
Mountain; Figure 2-2), although its significance is unclear. Numerous fine-grained,
brown-weathering, locally pyrite-bearing, basaltic dykes crosscut Unit 7. At the Bergs
prospect, these dykes contain well-preserved evidence of rapid cooling as indicated by
the presence of swallowtails within the feldspar crystals (Plate 2-19). Also at the Bergs
prospect, Unit 7 is host to low-sulphidation-related, centimeter-scale, banded chalcedonic
silica quartz-hematite veinlets, which are weakly anomalous in gold (sample GS-02-51;

27ppb Au).

2.3.3.3 Unit 8: Quartz—Feldspar Porphyry
LITHOLOGY AND PETROGRAPHY:

Unit 8 contains 2-4mm pale white plagioclase and pale pink K-feldspar crystals
along with 3-4mm sub-rounded quartz crystals within a light purple aphanitic
groundmass. The groundmass also contains dark green crystals of chlorite that are

assumed to have replaced primary biotite (less than 1mm). The porphyry contains
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between 40 to 60% phenocrysts, and locally takes on a granitic texture. Rare phenocrysts
of pale white feldspar appear to be rimmed by pink K-feldspar, suggesting weak zonation
in the feldspar phenocrysts. This unit is confined to the area of Minerals Road
Intersection and the White Mountain region; Unit 8 is the most distinctive unit of the
WHIS (Figure 2-4).

Thin sections from this unit contain anhedral to euhedral crystals of plagioclase
and K-feldspar (up to 2-3mm in diameter) as well as anhedral, sub-rounded phenocrysts
of quartz. The latter typically have ragged margins and display resorption textures (Plate
2-20). Unlike plagioclase, the K- feldspar crystals are untwinned and host exsolution
textures. Plagioclase displays saussuritization that does not affect the K-feldspar crystals.
Despite macroscopic evidence, zonation in feldspar crystals is rarely seen in thin section.
The phenocrysts are contained within a very fine-grained groundmass that locally appears
to develop devitrification textures similar to that seen in some of the volcanic rocks.
Table 2-5 contains estimated modal proportions from three stained sections from Unit 8.
Staining reveals that most of the K-feldspar content is contained within the groundmass,

as the phenocryst phases are predominantly plagioclase and quartz.

Table 2-5: Modal proportions estimated from stained thin sections of the White Hills
Intrusive Suite quartz—feldspar porphyry (values are listed in % volume).

Primary Secondary
Sample # |Plagioclase| K-feldspar | Quartz |Muscovite| Chlorite| Sericite | Epidote| Carbonate [Opaques
OB-97-021 63 2 18 0 8 3 4 2 2
OB-97-027 50 4 29 2 5 5 3 1 1
OB-97-041 65 4 18 2 2 5 2 0 2
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Although a pale green coloration within some of the plagioclase crystals
(attributed to saussuritization) is evident in hand specimen, alteration within Unit 8 is
generally only visible in thin section. Most sericite alteration is prevalent in the
groundmass around feldspar crystals and generally has a patchy distribution throughout.
Saussuritization is confined to the plagioclase, whereas patches of chlorite—epidote—
carbonate alteration are confined to the groundmass.

CONTACT RELATIONSHIPS:

Unit 8 is locally intrusive into Unit 3, a volcaniclastic rock that contains
fragments of both granite and porphyritic material in the area of Minerals Road
Intersection. In this same region, and south along the eastern edge of White Mountain,
Unit 8 is seen to crosscut Unit 7 in a number of places. This relationship confirms that
this unit is the youngest intrusion of the WHIS. Unit 8 also crosscuts the same crystal-
rich felsic volcanic rafts as the granite in the area of White Mountain. In the central part
of White Mountain, Unit 8 and Unit 7 appear to comingle and could not be separated at
the scale of this mapping. For this reason the two were combined into a single unit on

Map 1. Mafic dykes (less than 1m wide) crosscut Unit 8 in several locations.

PROTEROZOIC ROCKS (585 Ma and younger)

2.3.4 Manuels Volcanic Suite (MVS)

The MVS was originally used to designate the volcanic succession east of the
Holyrood and White Hills Intrusive suites and west of the regional Topsail Fault (Figure

1-2). The MVS is here modified to include those rocks east of the regional Mine Hill
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Shear Zone (MHSZ) and west of the Topsail Fault (Figure 1-2). These rocks include
subaerial, bimodal volcanic rocks with minor ash-flow tuff, and are mainly found in the

area of the Oval Pit mine and the Bergs prospect.

2.3.4.1 Unit 9: Aphanitic Flow-Banded Rhyolite (Farmers Field Rhyolite)

LITHOLOGY

Based on intrusive relationships and geochronological data, two separate units of
aphyric flow-banded rhyolite occur within the map area. These are Unit 2 (described
above) and Unit 9 (described here). Unit 9 is confined to the region east of the MHSZ, and
south of the northwest-trending shear zone that separates it from Unit 2 (Figure 2-5).
Similar to Unit 2, Unit 9 displays well-developed flow banding and/or flow folds with
very localized development of porphyritic and lithophysae-bearing zones. This unit is
dark purple with a pale white-weathering and is locally crosscut by areas of hydrothermal
brecciation and quartz—hematite and/or “waxy” chalcedonic silica veinlets of a possible
low-sulphidation affinity. The hydrothermal breccias within this unit contain pale white,
sub-rounded to subangular, centimeter-scale silicified fragments supported by a dark red
to purple hematite-rich matrix. Preservation of relic flow banding within the
pyrophyllite—diaspore ore in the Oval Pit mine, and a close spatial association between
this alteration and Unit 9 provide supporting evidence that this unit is the host to the high-
sulphidation style epithermal alteration (Plate 2-21).

Locally Unit 9 is affected by patchy pale to bright pink potassic alteration that is
associated with blotchy dark purple hematite. This potassic alteration is further associated

with hematite-rich brecciation and minor disseminated pyrite along with banded silica—
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hematite—chlorite veinlets with anomalous gold (sample OB-03-16; 46ppb Au). This
alteration occurs in the northwestern portion of the unit where it is spatially associated
with a prominent structure separating volcanic and sedimentary rocks. In this region the
alteration appears to increase westward with increasing proximity to the structure. In the
area of the Oval Pit mine, Unit 9 is affected by intense silicification and sericite—pyrite
alteration (Figure 2-5).
CONTACT RELATIONSHIPS:

Regional scale faults bound this unit along its western flank, as a result most
major contacts are tectonic or unexposed; the remaining contacts with adjacent units are

approximated or assumed as a result of poor exposure.

2.3.4.2 Unit 10: Aphanitic, Massive, Rhyolite/ Polymict Lithic Volcaniclastic Rock
LITHOLOGY

Spatially associated with Unit 9 is a volcaniclastic unit that is confined to the
margins of the flow (Figure 2-5). This unit is dark purple, generally massive, and locally
contains volcanic fragments. Lithic-rich variants of the Unit 10 contain subangular to
sub-rounded fragments of crystal-rich and weakly flow-banded material (these are
typically between 5-10cm in diameter), along with rare blocks of silica—sericite alteration
(approximately 50cm in diameter; Plate 2-22).

Centimeter-scale quartz—hematite and/or “waxy” chalcedonic silica veinlets with
weak banding crosscut this unit, and are locally associated with potassic-style alteration.
Unit 10 is affected by silica—sericite alteration related to the high-sulphidation system and

by more locally developed hematite-rich brecciation of unknown affinity. Minor chlorite—
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pyrite alteration and local silica—sericite alteration is also developed within the vicinity of
prominent shear zones.
CONTACT RELATIONSHIPS:

Unit 10 is spatially associated with, and interpreted to overlie, the Unit 9. This
unit is in gradational contact with the main zone of advanced argillic alteration; all other

contacts with adjacent units are either tectonic or inferred.

2.3.4.3 Unit 11: Pale Grey-Green, Moderately Porphyritic, Fine, Rhyolite

LITHOLOGY and PETROGRAPHY

Exposed only in the area of the CBS By-Pass, this unit is confined to rare meter-
scale dykes (Figure 2-5). This rhyolite is light grey to light green, pale weathering and
contains white millimeter-scale feldspar phenocrysts and minor amounts of fine-grained
disseminated pyrite within a very fine-grained groundmass. In thin section, the rhyolite
contains 2-3mm, subhedral K-feldspar crystals, with Carlsbad- and rare albite-twins. The
groundmass contains lath-like quartz crystals along with fine-grained feldspar, chlorite
and opaque minerals. Alteration is present throughout the groundmass and consists
predominantly of chlorite, with minor patches of epidote and carbonate. Minor
saussuritization is also evident within the feldspar crystals.
CONTACT RELATIONSHIPS:

Unit 11 is assumed to crosscut both Unit 2 and the fiamme-bearing ash-flow tuff
(Unit 3). The unit is assumed to be truncated by a northwest-southeast trending shear
zone at the eastern end of the CBS By-Pass roadcut. Locally, meter-scale mafic dykes

crosscut the unit.
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2.3.4.4 Unit 12: Grey-Green, Pyritic, Pumiceous, Crystal-bearing, Ash-flow Tuff

LITHOLOGY and PETROGRAPHY

This unit is limited to the area around the Bergs prospect (Figure 2-5). Unit 12
consists of a dark green to grey groundmass that supports white, 1-2mm feldspar crystals
and pale purple collapsed pumice fragments. The unit also contains moderate amounts
(less than 5%) of disseminated pyrite within the groundmass, and hosts very localized
lithophysae-bearing zones.

In thin section, the unit contains sub- to anhedral feldspar crystals and/or crystal
fragments up to approximately 4mm in length. The crystals are supported within a very
fine-grained groundmass in which areas of texturally distinct quartz, consisting of fine-
grained laths are preserved; these areas may represent recrystallized pumice fragments.
The feldspars cannot be distinguished on account of the saussuritization, although the
crystals display relic albite and Carlsbad twins. This alteration does not produce the
typical “peppered” texture as seen elsewhere; instead, the alteration is patchy and
unevenly distributed throughout the feldspar crystals. Chlorite is also present within the
groundmass, and appears to be associated with the formation of the opaque minerals.
In the vicinity of the Bergs prospect, Unit 12 is affected by silica-sericite alteration,
adjacent to a major shear zone. Hydrothermal brecciation, and quartz—hematite veins
crosscut the unit; these breccias contain angular fragments of host rock supported by a

white quartz—hematite—chlorite-rich matrix (Plate 2-23).
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CONTACT RELATIONSHIPS:

The only exposed contact with this unit is an unconformable contact with
Cambrian basal conglomerates that lie immediately to the north. All other contacts in this
area are unexposed and are therefore inferred. The main distinguishing feature separating
this ash-flow from Unit 13 (see below) is its color. Therefore it is probable that the two
units are actually the same and/or represent two separate ash-flows from within the same
sequence.

2.3.4.5 Unit 13: Dark Purple, Crystal-bearing, Ash-flow Tuff
LITHOLOGY and PETROGRAPHY

This unit is exposed immediately to the east of Unit 12 (Figure 2-5), and is
distinguished mainly by the dark purple hematite-rich groundmass that supports pale
white 1-2mm crystal and/or crystal fragments. Unit 13 is the main host to the low-
sulphidation veins and associated breccias within the Bergs prospect (see section 5.3).
Very localized mobilization of hematite occurs adjacent to the veins in some areas,
causing the host rock to have a pale pink coloration.

In thin section, the unit contains sub- to euhedral plagioclase crystals, up to 4mm
in length, with Carlsbad, albite and periclinal twins. Contained within these crystals are
small irregular blebs of quartz that are interpreted to represent re-melting of the crystals.
The feldspar crystals are supported within a fine-grained groundmass, which locally
displays undulatory extinction and minor coarser-grained anhedral quartz crystals.
Sericite has a patchy distribution throughout the rock. The groundmass is crosscut by

hematite-filled hairline fractures and late crystalline quartz veins that contain fine-grained
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euhedral crystals of titanite (Plate 2-24). The main form of alteration seen within this unit
is silicification, this alteration is similar to that seen elsewhere in the vicinity of low-
sulphidation veins.
CONTACT RELATIONSHIPS:

This unit is unconformably overlain by Cambrian basal conglomerates to the
north, and is in tectonic contact with mafic volcanic rocks of the MVS to the east. All

other contacts within the area are unexposed and are therefore inferred.

2.3.4.6 Unit 14: Massive, Poorly-Sorted, Lithic-rich, Breccia

LITHOLOGY

Unit 14 contains sub-rounded to subangular fragments ranging in size from less
than a centimeter to approximately half a meter in diameter. These fragments weather
proud from the poorly sorted, pale-weathering, nondescript matrix. The unit contains pale
white sub- to euhedral feldspar crystals within a brecciated, sericite-altered, dark purple
groundmass that supports angular, poorly sorted fragments of silica—hematite vein
material. This unit is unique to the Bergs prospect and contains fragments of auriferous,
banded chalcedonic silica up to 50cm in diameter and gold grades up to 7.75g/t (O’Brien
and Sparkes, 2004; Figure 2-5; Plate 2-25). The unit is interpreted to represent a surficial
hydrothermal eruption breccia (Hedenquist, personal communication, 2003; O’Brien and

Sparkes, 2004).
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CONTACT RELATIONSHIPS:
No contacts between this unit and surrounding rocks were observed. The
abundance of tuff material incorporated into the breccia, and the close spatial association

between the tuff and breccia, suggests that Unit 14 overlies Unit 13.

2.3.4.7 Unit 15: Mafic Volcanic/Intrusive Rocks

LITHOLOGY

This unit designates all mafic rocks within the study area that do not have a
spatial association with the Wych Hazel Pond Complex (WHPC; see below). These mafic
volcanic rocks are distributed throughout the map area as small discrete outliers of an
unknown age (Figure 2-5). These volcanic rocks are generally fine-grained, dark brown-
to dark green-weathering, moderately to weakly magnetic and locally amygdaloidal, with
quartz infilling the amygdales. In the area of the Bergs and Steep Nap prospects, the
mafic volcanic rocks contain millimeter-scale dark green phenocrysts, now
pseudomorphed by chlorite (Figure 2-5). Near the vicinity of the Oval Pit mine, the unit
contains phenocrysts of subhedral, pale white plagioclase and locally developed trachytic
texture (1-2mm plagioclase laths). In the region of Minerals Road Intersection, this unit
has a fragmental appearance, and consists of primarily mafic fragments within a dark
purple fine-grained groundmass.

The main forms of alteration within this unit are chloritization and pyritization,
with the latter locally causing a rusty coloration. In the area of the Bergs prospect this
unit is host to banded chalcedonic silica veins and associated breccias. The main vein

observed within the mafic unit contains <150ppb gold, while directly along strike to the
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east, an exposure of what is assumed to be part of the same vein hosted within the crystal-
rich tuff, contains gold-grades up to 600ppb. This relationship suggests that the host rock
may have some influence on the gold-grades within the low-sulphidation veins. The
mafic unit locally develops a moderate to strong cleavage adjacent to large-scale faults.
CONTACT RELATIONSHIPS:

All contacts with this unit are tectonic or unexposed, and since it is seen to host
low-sulphidation veins, which are not observed cutting the WHPC, they are thought to be

older. Consequently, these mafic volcanic rocks are assigned to the MVS.

2.3.4.8 Unit 16: Sericite-Silica + Pyrite Alteration

This unit is localized along structural boundaries and large-scale shear zones and
may or may not be related to the development of the main high-sulphidation alteration
(Figure 2-5). The unit has a white-, pale yellow-, or green-weathering depending on the
proportion of silica to sericite, with localized patches of rusty weathering, fine-grained,
disseminated pyrite. Unit 16 locally affects Unit 3 in the region around the Steep Nap
prospect, and frequently contains a strong penetrative fabric. In the region of the Steep
Nap prospect, the alteration is also associated with very anomalous gold concentrations

(samples OB-97-233, -433; 12 and 21ppb Au respectively).

2.3.4.9 Unit 17: Silica—Sericite—Pyrite—Pyrophyllite—Diaspore—Rutile Alteration
This alteration is associated with the main high-sulphidation occurrence at the

Oval Pit mine (Figure 2-5). The very intense alteration results from extreme acid leaching

of the host rock (see O’Brien ef al., 2001b GAC guide book; O’Brien et al., 1998), often
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obliterating any primary textures (Plate 2-26). Within the Oval Pit mine, rare primary
textures are still observed, these textures include flow banding and eutaxitic foliation;
such textures are the only clues to the actual host of the high-sulphidation alteration. This
alteration is fault bounded along the western margin and is in gradational contact with
Units 9 and 10 to the east and north. The gradational contact is drawn where primary
textures can no longer be distinguished from the alteration. This alteration is relatively
barren with respect to gold mineralization, however there are discrete zones with
anomalous gold values (<150ppb Au; OB-03-24, -25, -26), which is often associated with
gossan zones (a more detailed discussion of the alteration can be found in Vhay, J.S.,

1937; Papezik et al., 1978; Hayes, J., 1996; O’Brien ef al., 1998, 2001).

2.3.4.10 Unit 18: Hematite—Chlorite-rich Hydrothermal Breccia

This breccia unit is best developed immediately north of the Oval Pit mine, where
it cuts the advanced argillic alteration (Figure 2-5). This unit contains a dark purple
hematite-rich matrix that supports pale white sub-rounded to subangular silicified
material less than 2-4cm in diameter. Similar style breccias are observed cutting the
advanced argillic alteration elsewhere in the field area, however these occur on a much
smaller scale and thus have not been shown in Map 1. Locally these smaller-scale breccia
bodies are associated with anomalous gold values (<1g/t; Hayes and O’Driscoll, 1989a).
In the vicinity of Mine Hill a well-developed chlorite-rich hydrothermal breccia is host to
minor gold mineralization and crosscuts silica-altered flow-banded rhyolite interpreted to
be related to the White Mountain Volcanic Suite (Plate 2-27). This breccia is somewhat

different from the hematite-rich breccia due to the abundance of chlorite and the higher
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concentrations of gold (up to 1.8g/t; O’Brien ef al., 1998; G. Sparkes, 2002). It is
currently unknown whether this breccia is associated with the formation of the high-

sulphidation system.

2.3.5 Wych Hazel Pond Complex (WHPC; Unit 19)

The WHPC of O’Brien et al. (2001a), designates those marine sedimentary rocks
that are intercalated with mafic volcanic rocks within the study area. These sedimentary
rocks mainly occur in the eastern map region, and locally unconformably overlie rocks
affected by advanced argillic alteration. Rocks of the WHPC are locally intruded by syn-
sedimentary feldspar porphyries in the northeastern portion of the map area, these

porphyries represent the youngest preserved magmatism with the region.

2.3.5.1 Unit 19a: Lower Wych Hazel Pond Complex

LITHOLOGY

Most of the lower WHPC is exposed in the Oval Pit mine (Figure 2-6) and
contains red, thin- to medium-bedded siltstone interbedded with medium- to thick-
bedded, medium- to coarse-grained, red sandstone (Plate 2-28). Both the sandstone and
the siltstone are inter-layered with pebbly, muddy-sandy to sandy oligomict conglomerate
beds. Stratigraphically lower sections of the conglomerate are dominated by sub-rounded
clasts exhibiting silica—sericite + pyrophyllite alteration, but pass upwards into beds
dominated by subangular to sub-rounded clasts of purple flow-banded rhyolite. The
siltstone and sandstone units are interbedded with several pale yellow- to green-

weathering, chloritic—sericitic, massive to medium bedded, pumiceous, lithic and ash-
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flow tuffs; one of these tuffs overlies the basal boulder conglomerate of the WHPC in the
Oval Pit mine. Exposures of the basal boulder conglomerate within the mine displays
silica—sericite—pyrite alteration and contain clasts of pre-incorporated alteration. The
lower contact with the volcanic rocks is concealed by the late alteration (Plate 2-29).

Elsewhere, a rusty brown-weathering, poorly-sorted, pebble to boulder breccia
overlies silica-altered rhyolite and granite belonging to the White Mountain Volcanic
Suite and White Hills Intrusive Suite, respectively. This unit contains sub-rounded to
angular clasts of silica altered flow-banded rhyolite, up to 50cm in diameter, and
medium-grained granite. The relationship between the basal brown breccia and the
interbedded pebble conglomerate, red siltstone, and very coarse-grained red sandstone, is
unknown, however it is interpreted that the brown-weathering unit underlies the red
siltstone and sandstone unit. In areas east of the Oval Pit mine the sandstone displays a
buff brown-weathering, pale green on fresh surfaces, with abundant blocks and sub-
rounded fragments of both felsic and mafic material (Plate 2-30).

This unit has been affected by only minor alteration as mentioned above. This
alteration is only seen in the area of the Oval Pit mine and is attributed to the same
alteration responsible for the development of the advanced argillic alteration as discussed
in more detail below.

CONTACT RELATIONSHIPS:
Defined unconformable contacts exist between Unit 19a and Unit 1, Unit 2, Unit

9, and with intrusive rocks of the White Hills and Holyrood intrusive suites.
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Nowhere is this unit seen to contain low-sulphidation veins, however it is crosscut by
numerous mafic dykes that in turn have a close spatial relationship with the development

of the low-sulphidation veins.

2.3.5.2 Unit 19b: Upper Wych Hazel Pond Complex

LITHOLOGY

Sedimentary rocks of the upper WHPC are predominantly confined to large,
moderately to steeply southwesterly-dipping, down-dropped fault blocks in the eastern,
central and southern areas of the region (Figure 2-6). This unit consists of thin to
medium, light-weathering beds of pale to dark green, moderately to strongly siliceous
siltstone. Bedding within the unit typically alternates between light and dark green, with
local development of slump folds and microfaulting (Plate 2-31). The siltstone is often
interbedded with dark green, thick to massive bedded, medium- to very coarse-grained
subarkose sandstone. In the eastern section of the map area, the sandstone is very coarse-
grained to granular, and locally contains large fragments of fine-grained, pale green,
chert.

No evidence of any hydrothermal alteration is seen within the upper portions of
WHPC. Thermal metamorphism is developed adjacent to basaltic dykes that intrude the
unit. The sedimentary rocks also display thermal alteration adjacent to a feldspar
porphyry unit (see below), which intrudes the upper WHPC in the area of Fowlers Road
(Figure 2-6). Minor folding is evident within the unit, as observed within the Oval Pit
mine, where the sedimentary rocks are preserved in a shallow southwest plunging

syncline (O’Brien et al., 1998).
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CONTACT RELATIONSHIPS

The upper WHPC is in gradational contact with the lower red siltstone and
sandstone unit. In several areas, the upper WHPC is interbedded with mafic flows (see
below), which are possibly fed by the mafic dyke swarm that locally crosscuts the

sedimentary rocks (see below); all other contacts are tectonic or inferred.

2.3.5.3 Unit 20: Mafic dykes

LITHOLOGY and PETROGRAPHY

These dykes are observed throughout the study area and predominantly trend
between NNW to ENE. They are dark green, fine-grained, brown-weathering, strongly to
weakly magnetic and basaltic in composition. Locally the dykes contain subhedral
phenocrysts, now pseudomorphed by dark green chlorite, within a pale green aphanitic
groundmass. Overall widths of the dykes range from less than 20cm up to 8 meters. In
thin section, the dykes display a well-developed trachytic texture with fine-grained,
“ragged”, subhedral plagioclase; very fine-grained anhedral epidote and opaque minerals
make up most of the groundmass (Plate 2-32). Chlorite is interstitial to the above-
mentioned minerals. Coarser-grained ragged chlorite may be replacing a primary mafic
mineral(s) and minor sericite alteration is evident within the plagioclase. Some dykes are
amygdaloidal, with chlorite, epidote and rare carbonate infilling the amygdales.
CONTACT RELATIONSHIPS

Contacts between basaltic dykes and adjacent wall rock are sharp and rarely
tectonic. Local field relationships show that dykes in the area of the Oval Pit mine are

post-alteration and pre-deformation (Plate 2-33).
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2.3.5.4 Unit 21: Amygdaloidal Basalt/ Hyaloclastite

LITHOLOGY and PETROGRAPHY

Dominantly confined to the northeastern portion of the field area, this unit
represents the youngest period of mafic volcanism preserved in the map area (Figure 2-
6). The basalt is moderately vesicular and locally amygdaloidal, rarely pillowed (with
pillow forms up to 1.5m in diameter), dark purple, and fine-grained (Plate 2-34). Locally
a trachytic texture with 1-2mm plagioclase laths is developed. This basalt is weak to
moderately magnetic and locally plagioclase-phyric, with fractures locally infilled with
light green epidote. In thin section, this unit consists of sub- to anhedral fine-grained
plagioclase laths with intersertal anhedral fine-grained epidote, chlorite and opaque
minerals (Plate 2-35). Locally quartz, carbonate and epidote infill amygdales.

The associated hyaloclastite contains irregularly shaped dark purple basaltic
fragments, locally showing chilled margins and plastic deformation. These fragments are
supported by a dark grey-green, fine-grained matrix containing fine-grained, subhedral
crystals, now pseudomorphed by chlorite (Plate 2-36). Fragments range in size from less
than 1cm up to 10 cm in diameter and in many cases are vesicular. Locally the unit
contains light green, subangular cherty fragments (1-3cm in diameter).

CONTACT RELATIONSHIPS
The amygdaloidal basalt and hyaloclastite are interbedded with the sedimentary
rocks of the WHPC. Locally the sedimentary rocks are thermally metamorphosed and

have a dark red coloration in areas adjacent to basaltic flows.
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2.3.5.5 Unit 22: Fowlers Road Porphyry

LITHOLOGY

Restricted to the area east of the Manuels River, this unit represents the youngest
known intrusive event within the field area (Figure 2-6). Unit 22 consists of 1-2mm white
feldspar crystals within a pale green to grey aphanitic groundmass. This unit is brecciated
at the contact with the upper WHPC, where it forms a blocky peperite consisting of
angular porphyry fragments supported within a matrix of thermally altered, fine-grained
siltstone (Plate 2-37). As a result of the alteration, the sediment is dark purple adjacent to
the intrusion. The association of brecciation and thermal metamorphism of the sediment
suggests that it was still unconsolidated at the time the porphyry intruded. Alteration
within this unit is rare, very weak and consists of disseminated pyrite and minor
silicification.
CONTACT RELATIONSHIPS

The feldspar porphyry is intrusive into with both the upper WHPC and associated

mafic volcanic rocks. Most contacts, however, are tectonic or unexposed.

2.3.6 Conception Group (Unit 23)

Confined to the region east of Fowlers Brook Fault (Map 1; Figure 2-7), the
Conception Group consists of medium to thick bedded, fine-grained, very siliceous, pale
green- to grey-weathering siltstone. This unit is juxtaposed against Unit 19b by the

Fowlers Brook Fault, which is sub-parallel to the regional-scale Topsail Fault.
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The relationship between the sedimentary rocks of the WHPC and the Conception Group
is uncertain, as the term WHPC has only been applied to those sedimentary rocks west of
the Topsail Fault. These two formations are very similar, with the main distinguishing
feature being the close temporal association between sedimentary rocks of the WHPC

and mafic volcanism.

PALEOZOIC ROCKS

2.3.7 Cambrian Sedimentary Rocks: Adevton and Harcourt Groups (Unit 24)

Occupying the lower elevations in the northwestern regions of the map area are
Cambrian age basal conglomerates consisting of a massive, poorly-sorted, locally clast-
supported, boulder conglomerate, overlain by shale and limestone successions (Figure 2-
7). Detritus within this unit ranges from sub-rounded to rounded clasts of volcanic and
sedimentary material. Locally the conglomerate contains clasts of silica—sericite
alteration, banded epithermal vein, and foliated sericite—silica alteration (Plate 2-38). The
conglomerate is conformably overlain by grey-green and red thin- to medium-bedded
siltstones, and locally interbedded limestone successions. This succession has been
described in detail by McCartney (1967) and many others; and is not included in this
study.

The Cambrian succession is the youngest unit preserved within the field area, and
unconformably overlies many of the major geological units (See McCartney, 1967;
O’Brien, 2002). This unit also provides the minimum age limit for the low-sulphidation

vein system as well as the post mineral deformation with the region (see below).
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2.4 STRUCTURAL GEOLOGY

This section provides a brief description of some of the main structural elements
within the study area including bedding measurements from the WHPC, cleavage
development within the region, prominent faulting, and the main orientations of
hydrothermal veins within the Bergs and Steep Nap prospects. The work establishes a
broad framework for low-sulphidation veins and high-sulphidation alteration in this area,
provides first order observations of the main geologic features and provides some insight

into the overall tectonic development and distribution of the geologic units.

2.4.1 Structural Data

BEDDING MEASURMENTS

Within the map area, four main fault-bounded blocks of the WHPC provide well-
exposed bedding surfaces and sufficient exposure to obtain a general orientation of the
isolated blocks. In the northern region of the map area, large packages of sedimentary
rock belonging to the WHPC are located east of the Manuels River and in the area of
Black Mountain, adjacent to the Steep Nap prospect. These two down-dropped fault
blocks predominantly consist of thin- to medium-bedded siltstone of Unit 19b and
produce a well-developed cluster of polar points for bedding measurements (Figure 2-8A
and B). The two fault blocks of sedimentary rock located further south also show good
clustering of polar points for bedding measurements, but these blocks also appear to have

been affected by minor folding (Figure 2-8C and D). Regional scale folding is evident
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from the polar points that define small girdles distal to the main cluster of data points.
More directly observable evidence of folding of the WHPC is exposed at the Oval Pit
mine, where the sequence is preserved in a shallow southwest plunging syncline (Map 1;
O’Brien et al., 1998).

The sedimentary rocks located within the Oval Pit mine have a calculated girdle
of 262/57 N, whereas those immediately south of White Mountain have a calculated
girdle of 201/60 W. Different structural orientations are observed between the various
fault blocks and their corresponding position in relation to the Mine Hill Shear Zone
(MHSZ). From the stereo plots it is evident that the mean principal orientation of
bedding measurements for the Black Mountain and White Mountain regions (west of the
MHSZ) are very similar, 088/33 S and 052/34 S, respectively. In contrast, the two
packages of sedimentary rock located on the opposite side of the MHSZ. have different
mean principal orientations. The sedimentary rock within the Oval Pit mine has a mean
orientation of 131/44 S, while the sediment east of the Manuels River has a mean
principal orientation of 149/41 W. This contrast across the MHSZ suggest that the
sedimentary rocks on opposing sides of the structure either 1) underwent different
deformation, or 2) were once a part of a single synclinorium that has since been
dismantled by later deformation. Figure 2-9 contains the data from all four sedimentary
blocks from which it is interpreted that the polar points define a crude small girdle with
an orientation of 264/59 N and a beta-axis of 174-31. This data is consistent with the
sedimentary sequence once forming a shallow southward-plunging syncline, which has

since been broken apart by extensional faulting.
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Mean Principal Orientation =

107/34S
4%, Mean Resultant dir'n = 201-29
go. Mean Resultant length = 0.81
v (Variance = 0.19)
169 Calculated. girdle: 264/59N
(Max. = 19.309,) Calculated beta axis: 174-31

Figure 2-9: Compilation on equal area projections (lower hemisphere) of bedding
measurements from all four fault-bounded blocks of the Wych Hazel Pond
Complex. Note the combined measurements define a small girdle with an
orientation of 264/59 N and a corresponding beta axis of 174-31.
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2.4.2 Cleavage Measurements

Cleavage in the region around the Oval Pit mine and White Mountain is
dominated by an E-W to NE-SW orientation (Figure 2-10A and B). A similar E-W
cleavage is observed in the Steep Nap prospect, however in this area there is also a minor
NW-SE trending cleavage (Figure 2-10C). In the northern portion of the field area, the E-
W to NE-SW cleavage is again predominant but is also accompanied by a second,
moderately dipping, N-S trending cleavage (Figure 2-10D). The above data indicates that
the NE-SW cleavage is the main fabric developed within the field area and is locally
associated with a locally developed NW-SE to N-S cleavage. The predominant cleavage
may be associated with the N-S directed folding that is assumed to have affected the
sedimentary rocks of the WHPC. The E-W directed cleavage possibly represents a later
event associated with the development of the E-W oriented reverse-fault that offsets the

alteration within the Oval Pit mine.

2.4.3 Fault Measurements

Figure 2-11 is a polar plot of fault measurements within the area of the Oval Pit
mine, Steep Nap and the Bergs-Manuels Off Ramp regions. The field area contains a
predominant E-W to NE-SW fault orientation, however at in the region of the Steep Nap
prospect there is also a minor NNW-SSE trending fault set. More northern regions of the
study area display N-S oriented faulting, which is the main regional trend and which may

be related to the larger-scale Topsail Fault (Figure 2-11C).

90






1%

x““
(Max. = 14.29%)

C

Mcan Principal Orientation —

020671

Mcan Resultant dir'n = 094-49

Mecan Resultant length = 0.56
(Variance — (1.44)

Calculated. girdle: 216, 24W

Calculated beta axis: 126-66

_w-d"'_——_)g-'\
7 BN
//'_/-f ‘\\_\
/ * * \'\_\ ///
' r
/s " e AN
; K /
\ - A
! Y
/ ”‘ \
]
f
L + | | I
|
Ilu Iﬂ &
4 ;' "l.
N\ / \
", ,J,l '\
\\ . s .,
~ e
\\\~ ,//
"'\-_‘__5-_‘__'_'_/-” —
Mecan Principal Oricntation Mean Principal Oricntation =
5% 099/60S o 082/85S
Mcan Resultant dir'n = 181-423 5% Mcan Resultant dir'n = 224-57
30% Mean Resultant length = (.59 N Mcan Resultant length = 0.42
(Max. = 42 .86%) (Variance = 0.41) 10% . o, (Variance = 0.58%)
Caleulated. girdle: 302 32N (Max. = 19.05%)  Cyjeulated. girdle: 332 15E
A Calculated beta axis: 212-38 B Calculated beta axis: 242-75
1
__ﬂ‘f_‘— .
e
~
\'.
N,

Figure 2-11: Compilation on equal area projections (lower hemisphere) of measured faults
within the study area (A= Oval Pit mine region; B= Steep Nap region; C=
Bergs and Manuels Off Ramp region).




2.4.4 Structural Elements in Relation to Low-Sulphidation Veins

In general, no regional structures are known to control the development of low-
sulphidation veins. Locally developed structures may have some influence on their
distribution, since in the region of the Steep Nap prospect, a NW-SE-trending sericite—
silica shear zone appears to parallel the orientation of the main low-sulphidation vein.
Figure 2-12 and 2-13 displays the principle orientation of hydrothermal veins in the
Bergs and Steep Nap prospects, respectively. Vein orientations within the Bergs prospect
are much more variable in comparison to veining within the Steep Nap prospect. This
may be the result of the Bergs prospect forming at shallower crustal levels, which is also
supported by the presence of surficial hydrothermal eruption breccias. The Steep Nap
vein system displays a distinct NW-SE trend, which may have resulted from the influence
of higher lithostatic pressures. Within the Steep Nap prospect the NW-SE trending faults
may control the main development of the low-sulphidation veins, however this faulting is
assumed to be a splay off the main N-S trending MHSZ. In the Bergs prospect the vein
orientations do not show a good correlation with other structural measurements, however
this veining is assumed to lie between two NW-SE trending shear zones. As a result the
vein array observed at Bergs may represent extension occurring between the two shear

zones.
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Figure 2-12: Compilation on equal area projections (lower hemisphere) of low-
sulphidation-style veins ( Bergs prospect).
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Figure 2-13: Compilation on equal area projections (lower hemisphere) of low-
sulphidation-style veins (Steep Nap prospect).
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2.5 SUMMARY

The area outlined in this study is dominated by Late Neoproterozoic plutonic
rocks of the Holyrood and White Hills intrusive suites and volcanic arc-related rocks
belonging to the previously unseparated Manuels Volcanic Suite. The area also includes
siliciclastic sedimentary rocks of the Wych Hazel Pond Complex, which unconformably
overlie the arc-related sequence. All of the above-mentioned units are unconformably
overlain by a shallow dipping Paleozoic platformal cover.

The oldest known volcanic rocks within the region are included within the White
Mountain Volcanic Suite. This unit is locally intruded by the White Hills Intrusive Suite,
and develops chlorite-epidote alteration adjacent to these intrusions. Units contained
within the WMVS host well-preserved examples of Late Neoproterozoic colloform-
crustiform, chalcedonic silica, adularia + calcite, low-sulphidation veins and associated
breccias. Volcaniclastic rocks associated with this unit contain clasts of older plutonic
and porphyritic material, presumably derived from pre-620 Ma intrusions. This unit may
possibly represent the eastern equivalent of the Hawk Hills Tuff, which is intruded by the
Holyrood Intrusive Suite along the western and southern margins of the Holyrood Horst
(O’Brien et al., 2000).

Intrusive rocks belonging to the Holyrood and White Hills intrusive suites occupy
all of the western portions of the map area. Rocks of the WHIS include monzonite,
granite and quartz—feldspar porphyry; these units contain numerous rafts of the WMVS,
which are presumed to represent roof pendants of the overlying volcanic carapace. The

presence of numerous volcanic rafts and the common development of tuffisite brecciation
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suggest relatively shallow levels of erosion within the WHIS. Granitic units of the WHIS
display localized silica—sericite—pyrite alteration but at this juncture, it is unclear whether
this alteration is syn-magmatic or related to the younger epithermal alteration. Locally
Unit 7 is affected by centimeter-scale banded chalcedonic silica veinlets of a low-
sulphidation affinity. The boundary between the intrusive rocks of the WHIS and the
younger volcanic rocks of the MVS is defined by the Mine Hill Shear Zone (MHSZ).

Volcanic rocks of the MVS include flow-banded rhyolite and lesser amounts of
rhyolitic ash-flow tuff, volcaniclastic and mafic volcanic rocks. This volcanic sequence is
host to the main pyrophyllite-diaspore deposit located at the Oval Pit mine and is the
predominant host to the regionally developed advanced argillic alteration. The MVS is
also host to auriferous low-sulphidation veins and associated breccias in the vicinity of
Farmer’s Field and the Bergs prospects. Data from the Bergs prospect show that the felsic
volcanic rocks of the MVS hosting low-sulphidation veins generally contain higher Au-
grades in comparison to veins hosted within mafic volcanic rocks.

Siliciclastic sedimentary rocks of the WHPC unconformably overlie and contain
detrital alteration from the underlying high-sulphidation system in the vicinity of the Oval
Pit mine. This unit consists of lower red siltstone with interbedded red sandstone and
conglomerate, overlain by interbedded green siltstone, sandstones and associated mafic
volcanic rocks. Unit 19a locally contains interbedded ash-flow tuffs layers, which locally
overlie a silica—sericite—pyrite altered basal conglomerate at the base of the WHPC in the
Oval Pit mine. The alteration affecting the base of this sedimentary sequence is attributed

to late stage advance argillic alteration.
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In eastern sections of the map region, feldspar porphyry intrudes green, thin-
bedded siltstone of Unit 19b, representing the youngest magmatic event exposed within
the study area. Upon intrusion into the sedimentary sequence the porphyry becomes
brecciated, which suggests the sediment was unconsolidated at the time of intrusion.
Unconformably overlying deformed rocks of the Holyrood and White Hills intrusive
suites, MVS and WHPC are relatively undeformed Cambrian age basal conglomerates
and overlying siltstone and limestone succession.

Volcanic and plutonic rocks within the region commonly lack strong penetrative
fabrics, aside from shear zones developed within areas of advanced argillic alteration.
Clasts within the conglomerates of Unit 19a lack the development of pre-incorporated
fabrics, which implies that the deformation within the region post-dates the deposition of
the sedimentary sequence. Foliated clasts of advanced argillic alteration within
undeformed Cambrian basal conglomerates in the Bergs prospect provide an upper limit
for the development of the deformation (O’Brien, 2002). Bedding measurements from
the WHPC suggest that the unit underwent folding and subsequent extensional faulting to
produce the present day distribution of the sedimentary units. This data is consistent with
deformation observed within sedimentary sequences east of the Topsail Fault (King,
1990). The folding is interpreted to be associated with the development of the
predominant NW-SE trending cleavage, which is present throughout the study area.

NW-SE trending normal faults are predominant throughout the region and are
interpreted to coincide with a period of arc collapse. Locally NW-SE trending faults

occur near the development of meter-scale low-sulphidation veins in the vicinity of the
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Steep Nap prospect. These NW-trending structures are interpreted to be associated with
the larger-scale MHSZ, which shares a close spatial relationship with the development of
advanced argillic alteration on a regional scale. Low-sulphidation veins in the Steep Nap
prospect display a predominant NW-trend, suggesting that the veins are influenced by
some structural control. In the area of the Bergs prospect the low-sulphidation veins
display more varied orientations. The variable vein orientations at Bergs, along with the
presence of a surficial eruption breccia (O’Brien and Sparkes, 2004; Hedenquist, personal
communication, 2004), suggest that the low-sulphidation veins formed at relatively
shallow crustal levels in comparison to the Steep Nap prospect. The effects of folding on
the distribution and orientation of the low-sulphidation veins is still not fully understood.
Current structural data on vein orientations is very localized and does not indicate folding
of the vein systems. However field evidence does indicate that the veins have undergone

post-mineral deformation.
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CHAPTER 3:

GEOCHEMICAL ANALYSIS

3.1 INTRODUCTION

Whole rock geochemical analyses were carried out on all major igneous rock
units within the study area. This geochemistry was used to compare relatively unaltered
samples with intensely altered samples of the same unit. Such comparisons demonstrate
that the trace-elements Nb, Zr, Ti, Dy, and Y, from the ICP-ES dataset, remain immobile
when subjected to extreme acid leaching in advanced argillic alteration zones within the
map region. These immobile trace elements are used to characterize the volcanic units
listed in Chapter 2, as well as demonstrate the various tectonic environments in which
these units formed. Mobile elements are used with caution in characterizing the plutonic
rocks within the region and immobile trace-element plots further support the
interpretations of the units based on potentially mobile elements. The major-elements are
used to show the effects and intensities of the various types of alteration. Due to the
mobilization of several major-elements, trace-element chemistry is relied upon for the
classification of major lithological units where possible.

In the following discussion, volcanic and plutonic rock units are described in
groups of similar age and/or lithology. Primitive mantle-normalized spider diagrams
(normalizing values from Sun and McDonough, 1989) are used in the comparison of
various volcanic and plutonic units. These plots prove very useful in separating older and

younger felsic intrusions, but are ineffective in segregating the older and younger
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volcanic units. In addition to normative diagrams, X-Y plots and ternary diagrams are
employed to test relationships between various units of the WHIS, as well as the
chemical similarities between plutonic rocks of the White Hills and Holyrood intrusive
suites. Select samples of both the volcanic and plutonic units were analyzed for rare
earth-elements (REE) and other high field strength (HFS) trace-elements in order to try
and identify chemical differences between the various units using elements not contained
within the ICP-ES dataset. This REE data provided very little information that could not
already be ascertained from the ICP-ES data.

In the region of the Steep Nap prospect, a detailed chemical analysis of wall rock
adjacent to the main low-sulphidation vein demonstrates mobilization of light rare earth-
elements (LREE). This mobility of the LREE was tested by three separate techniques,
ICP-ES, ICP-MS and XRF. Each technique produced somewhat different concentrations
for particular elements, however all techniques supported the depletion of LREE adjacent
to the low-sulphidation vein.

As noted previously a large amount of geochemical data already existed for this
area prior to the current study (unpublished data of S.J. O’Brien, Geological Survey of
Newfoundland). Data presented below includes that collected by the author as well as
existing unpublished Geological Survey data. Sample numbers beginning with “OB” are
from the previously unpublished Geological Survey data, while samples beginning with
“GS” were collected during this study. Samples analyzed by ICP-ES from the previous
work and the current study were submitted to the same laboratory, located at the

Department of Natural Resources Geochemical Laboratory, St. John’s, Newfoundland.
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Note, for ease of reference, tables of the geochemical data referred to in the following

discussion are presented at the end of the chapter.

3.2 MAJOR-ELEMENT GEOCHEMISTRY

INTRODUCTION:

It is common knowledge that most major-elements are mobile when subjected to
hydrothermal alteration. Although some samples in the following descriptions have
undergone hydrothermal alteration, the units as a whole still retain major-element
compositions similar to relatively fresh rock, except for a few anomalous intensely
altered samples. Tables containing accuracy and precision data for the major-elements are

in Appendix B.

3.2.1 Unit 5: Holyrood Intrusive Suite (HIS)

Exposures of the Holyrood Granite occupy the southwestern corner of the map
area, however this portion of the granite is only a small part of a more regionally
extensive granitic intrusion. The following description includes geochemical samples
collected outside of the study area (provided by S. O’Brien of the Newfoundland
Geological Survey) and therefore provides a more accurate geochemical average for the
Holyrood Granite. From the analyses of thirty-eight samples the Si0, values range
between 70.20 to 77.58 wt.% (mean 73.80 wt.%), K,O between 3.07 to 5.07 wt.% (mean
4.00 wt.%), Na,O between 3.58 to 4.71 wt.% (mean 4.08 wt.%), CaO between 0.06 to
1.79 wt.% (mean 0.68 wt.%), ALO; between 11.82 to 15.31 wt.% (mean 13.62 wt.%) and

TiO, between 0.011 to 0.256 wt.% (mean 0.16 wt.%; Table 3-1). Despite weak propylitic
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alteration (see section 2.3.2.1), the variation in the major-element geochemistry is
attributed to regional primary compositional differences over the large area covered by

the sampling.

3.2.2 White Hills Intrusive Suite (WHIS)

DATA:

Unit 6, Unit 7 and Unit 8 of the WHIS all share a close spatial and geochemical
association. Three samples were analyzed from Unit 6, these samples contain Si0, values
that range between 64.56 to 65.86 wt.% (mean 65.39 wt.%), K,O between 2.61 to 2.78
wt.% (mean 2.68 wt.%), Na,O between 4.07 to 5.10 wt.% (mean 4.42 wt.%), CaO
between 1,66 to 3.17 wt.% (mean 2.23 wt.%), AL,O; between 15.77 to 16.02 wt.% (mean
15.87 wt.%) and TiO, between 0.477 to 0.545 wt.% (mean 0.500 wt.%; Table 3-2). The
consistency within the major-element geochemistry demonstrates that this unit is
relatively unaffected by intense hydrothermal alteration.

In total twenty-five samples of granitic rock were analyzed from the WHIS. These
samples have Si0, values ranging between 70.30 to 80.58 wt.% (mean 74.83 wt.%), K,O
between 0.17 to 5.43 wt.% (mean 3.81 wt.%), Na,O between 1.46 to 7.27 wt.% (mean
3.78 wt.%), CaO between 0.05 to 1.05 wt.% (mean 0.33 wt.%), A,O; between 9.55 to
14.42 wt.% (mean 13.13 wt.%) and TiO, between 0.068 to 0.284 wt.% (mean 0.190
wt.%; Table 3-2). As noted previously, the granitic rocks of the WHIS have undergone
variable amounts of hydrothermal alteration. This is indicated by Si0, values up to
80.58%, which is accompanied by the apparent dilution of the immobile major-elements

such as AL,O3 and TiO; (e.g. sample OB-97-228). A second example of altered granite,
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sample OB-97-171, contains anomalously high Na,O (7.27 wt.%) and has been depleted
in K;O (0.17 wt.%), possibly representing some weak albite alteration.

A total of seven samples analyzed from Unit 8 contain Si0; values between 71.10
to 74.40 wt.% (mean 72.96 wt.%), K;O between 3.06 to 4.03 wt.% (mean 3.44 wt.%),
Na,O between 4.05 to 5.13 wt.% (mean 4.58 wt.%), CaO between 0.36 to 1.02 wt.%
(mean 0.73 wt.%), Al,O3 between 13.47 to 14.24 wt.% (mean 13.90 wt.%) and TiO,
between 0.151 to 0.261 wt.% (mean 0.206 wt.%; Table 3-2). This unit is liké Unit 6 in
that it displays no field evidence of intense hydrothermal alteration. The lack of alteration
is further supported by the uniform major-element chemistry of the porphyry unit.
INTERPRETATION:

X-Y plots of the major-element geochemistry displays an igneous trend between
the less differentiated Unit 6 and the chemically similar Unit 7 and Unit 8 (Figure 3-1).
The close grouping of Unit 7 and Unit 8 supports field relationships from the White
Mountain region, whereby the two units become so intermixed that they could not be
separated on the mapping scale embloyed in this project. Plutonic rocks of the WHIS
display a calc-alkalic trend and plot in the peraluminous field of Maniar and Piccoli
(1989; Figure 3-2 and 3-3). These major-element plots imply that Unit 7 and Unit 8 of the
WHIS are differentiates from Unit 6. This is further supported by the geochronological

data discussed in Chapter 4.
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Figure 3-3: Alumina saturation diagram of Maniar and Piccoli (1989) showing the
peraluminous nature of the White Hills Intrusive Suite.
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area. Note the three outliers of the Unit 2 may represent a less differentiated
flow. Boundary between the tholeiitic and calc-alkaline fields after Irvine and
Baragar (1971).
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3.2.3 Unit 1 (Minerals Road rhyolite), Unit 2 (Manuels River rhyolite), Unit 9 (Farmer’s

Field rhyolite) and Unit 11 (Pale Grey-Green rhyolite).

DATA:

The lithological distinction between these groups is rarely reflected in the major-
element geochemistry. In total nine geochemical samples were collected from the Unit 1,
Si0; values range between 72.68 to 79.89 wt.% (mean 76.99 wt.%), K,O between 0.10 to
8.80 wt.% (mean 4.94 wt.%), Na,O between 0.72 to 6.68 wt.% (mean 3.46 wt.%), CaO
between 0.08 to 0.21 wt.% (mean 0.13 wt.%), ALO; between 10.89 to 13.46 wt.% (mean
12.24 wt.%) and TiO; between 0.117 to 0.159 wt.% (mean 0.133 wt.%; Table 3-3). The
minor silica alteration observed within this unit is reflected by the slightly elevated Si0,
values that are common to many of the rhyolites within the region. This rhyolite is
generally K,O-rich in the area of Minerals Road Intersection, with the exception of a
fine-grained aphanitic phase (sample GS-02-080). Two feldspar-phyric samples collected
1.2km to the east of Minerals Road Intersection are more sodic; this may be due to the
effects of alteration within the samples or could possibly imply they are part of a different
rhyolite succession (e.g. samples OB-03-18, -19).

A total of thirteen samples from Unit 2 show that Si0, value range between 67.87
to 81.41 wt.% (mean 75.33 wt.%), K,O between 0.14 to 9.17 wt.% (mean 3.49 wt.%),
Na,O between 0.15 to 7.98 wt.% (mean 4.52 wt.%), CaO between 0.03 to 0.91 wt.%
(mean 0.30 wt.%), Al,O3 between 10.50 to 16.19 wt.% (mean 13.13 wt.%) and TiO,
between 0.087 to 0.780 wt.% (mean 0.277 wt.%; Table 3-3). The higher Si0, values (>78

wt. %) in this group correspond to samples taken in the vicinity of low-sulphidation
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veining (samples OB-00-150, OB-01-006, OB-01-007 and GS-02-86) and may represent
minor silicification in the area of the Steep Nap prospect. Several samples with somewhat
lower Si0, values (< 70 wt.%) and slightly elevated TiO, and Fe,O; values (samples OB-
01-039, OB-01-040 and GS-03-096) may represent a less differentiated flow in the
northeastern portion of the unit. The relatively unaltered samples of Unit 2 display sub-
equal amounts of Na,O and K,O in comparison to the more K,O -rich Unit 1. This
chemical difference is attributed to the predominant aphyric nature of the Manuels River
unit. Elevated K,O in sample OB-03-061 (located near the Bergs prospect) may represent
a sample of Unit 1, or it may also represent potassic alteration similar to that seen in
samples from Unit 9 (e.g. sample OB-03-017; see below). No evidence of any pale to
dark pink coloration, which is characteristic of potassic alteration, was noted within the
sample; this supports its possible relation to Unit 1. The relatively similar geochemistry
of both the Unit 1 and Unit 2 inhibit the distinction between the two units on the basis of
major-elements.

Six samples analyzed from Unit 9 contain Si0, values ranging between 73.39 to
79.67 wt.% (mean 75.66 wt.%), K,O between 0.15 to 9.93 wt.% (mean 5.58 wt.%), Na,O
between 0.38 to 7.61 wt.% (mean 2.99 wt.%), CaO between 0.02 to 0.27 wt.% (mean
0.14 wt.%), ALLO; between 10.90 to 14.17 wt.% (mean 12.71 wt.%) and TiO, between
0.084 to 0.362 wt.% (mean 0.196 wt.%; Table 3-3). In the comparison of altered versus
unaltered samples from the Oval Pit mine it can only be assumed that the rhyolite hosting

the advanced argillic alteration is actually Unit 9. As mentioned above, localized potassic
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alteration causes a pale to dark pink coloration in the rhyolite, and results in elevated K,O
values (up to 9% K,0; e.g. OB-03-017).

The fourth unit included within this group is Unit 11. Three samples analyzed
from this unit show Si0, values ranging between 69.57 to 76.48 wt.% (mean 73.45 wt.%),
K;O between 1.34 to 4.80 wt.% (mean 2.89 wt.%), Na,O between 4.70 to 6.20 wt.%
(mean 5.67 wt.%), CaO between 0.33 to 0.54 wt.% (mean 0.40 wt.%), Al,O3 between
12.63 to 15.29 wt.% (mean 14.24 wt.%) and TiO, between 0.267 to 0.434 wt.% (mean
0.343 wt.%; Table 3-3). Unit 11 shows no macroscopic evidence of major hydrothermal
alteration. This unit is more sodic than other rhyolite successions, which may be
attributed to the composition of the feldspar phenocrysts.

INTERPRETATION:

Data in Table 3-3 demonstrates that the rhyolites are similar chemically and show
only subtle variations in major-element geochemistry beyond that attributed to
hydrothermal alteration, although some of these rhyolites differ in age by at least 40 Ma
(see Chapter 4). This implies that similar sources for melts were tapped for upwards of 40
Ma and also indicate that the older and younger volcanic sequences are derived from
similar source regions. Plots of mobile major-elements from these units display a
significant amount of scatter, which may be related to the presence of more than one flow
within particular units (Figure 3-4) or may also be related to the effects of intense
hydrothermal alteration. However, some discrimination diagrams, such as the alumina

saturation diagram (Figure 3-5), can be utilized as both the altered and unaltered
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Figure 3-5: Alumina saturation diagram of Manar and Piccoli (1989), displaying the
peraluminous nature of rhyolites within the study area. Note the two outliers
have both undergone moderate amounts ot hydrothermal alteration.
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Figure 3-6: AFM diagram showing the calc-ulkalic trend ot ash-flow tuffs within the
study area. The sample that plots on the boundary between the tholeitic-
calcalkaline fields was collected adjacent to a low-sulphidation vein and has
undergone hydrothermal alteration. Boundary between the tholentic and calc-
alkaline fields after [rvine and Baragar (1971).
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samples of the same unit plot within the peraluminous field, suggesting that the original
units were indeed peraluminous. From this example it is evident that some major-element
classification diagrams can still be used in classifying the different lithologies within the

map area.

3.2.4 Ash-flow Tuffs (Units 4, 12 and 13)

DATA:

The data presented here are from three ash-flow tuff successions (Unit 4, 12 and
13), the latter two of which have a close spatial association. Two of the ash-flow tuffs
have been dated (Unit 4 and 13; see Chapter 4), and differ by ca. 32 Ma. Four
geochemical samples from the oldest, welded, fiamme-bearing ash-flow tuff (Unit 4),
contains Si0, values between 72.58 to 74.22 wt.% (mean 73.60 wt.%), K,O between 2.88
to 3.59 wt.% (mean 3.15 wt.%), Na,O between 5.01 to 5.67 wt.% (mean 5.33 wt.%), CaO
between 0.41 to 0.45 wt.% (mean 0.43 wt.%), AL O3 between 13.82 to 14.11 wt.% (mean
13.95 wt.%) and TiO; between 0.332 to 0.353 wt.% (mean 0.341 wt.%; Table 3-4).

The second ash-flow tuff is a grey-green, pyritic, pumiceous, crystal-bearing, ash-
flow (Unit 12). Only one sample was analyzed from Unit 12 and the data are given in
Table 3-4. Unit 13 is a dark purple, crystal-bearing, ash-flow tuff. In total four samples
were analyzed from this unit, Si0, values range between 64.62 to 74.32 wt.% (mean
70.84 wt.%), K,O between 1.41 to 5.60 wt.% (mean 3.83 wt.%), Na,O between 1.73 to
6.94 wt.% (mean 3.94 wt.%), CaO between 0.14 to 0.61 wt.% (mean 0.45 wt.%), ALO;
between 10.65 to 14.68 wt.% (mean 12.72 wt.%) and TiO; between 0.417 to 0.677 wt.%

(mean 0.576 wt.%; Table 3-4). Sample GS-02-087 was collected adjacent to a low-
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sulphidation vein and is therefore more altered than the other three samples from this
unit. Samples collected adjacent to low-sulphidation veins are often associated with
silicification, however GS-02-087 displays a lower Si0, value in comparison to the other
samples. This loss in Si0, is not understood, however it is noted that the percent total for
this sample is only 89.16%, which may suggest analytical problems.
INTERPRETATION:

All three ash-flows are subalkalic, calc-alkalic and show little variation in their
major-element geochemistry. The effects of hydrothermal alteration, however, can clearly
be seen in the data. Unit 4 is relatively unaffected by hydrothermal alteration and the data
is tightly grouped (Figures 3-6, 3-7 and 3-8). In contrast Unit 13 displays some scatter,
which is attributed to the development of low-sulphidation veins and associated
pyritization within the unit. The X-Y major-element plot (Figure 3-8) demonstrates a
prominent distinction between the older and younger ash-flow tuff successions. One
exception is sample GS-03-052 which is lithologically similar to Unit 13, yet plots near
the older Unit 4. The analyzed sample came from an outcrop 1.7km south of the main
area of Unit 13 and may not be related. It is noted that both the older and younger ash-
flows contain veinlets and fractures hosting titanite + leucoxene, which may have some
effect on the TiO, values within these units. The geochemical difference between the

older and younger units is also reflected in the trace-element data (see 3.3.4).
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Figure 3-7: Alumina saturation diagram of Maniar and Piccoli (1989), displaying the
peraluminous nature of the ash-flow tufts. The outlier that plots furthest from

the group has undergone hydrothermal alteration.
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Figure 3-8: Major-element plot showing the distinction between the older Unit 4 and the
younger Unit 13.
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3.2.5 Mafic Rocks (Units 15, 20 and 21)

DATA:

Of the four samples analyzed from the mafic rocks of the Manuels Volcanic Suite
(Unit 15), Si0, values range between 47.15 to 56.79 wt.% (mean 51.80 wt.%), K,O
between 0.14 to 3.59 wt.% (mean 1.67 wt.%), Na,O between 0.98 to 7.79 wt.% (mean
4.70 wt.%), CaO between 1.17 to 4.47 wt.% (mean 2.52 wt.%), A,O; between 16.06 to
18.77 wt.% (mean 17.31 wt.%) and TiO, between 0.977 to 2.381 wt.% (mean 1.711
wt.%; Table 3-5). This group is chemically homogeneous, with the exception of samples
near low-sulphidation veins (e.g. sample GS-02-10). It is unclear whether the enrichment
in FeO, MgO and KO and depletion in Fe;O3; and Na,O adjacent to the veins is solely
the result of low- sulphidation veining.

Mafic rocks of Unit 21 are spatially associated and locally interbedded with
sedimentary rocks of the Wych Hazel Pond Complex; six samples were collected from
this unit and are shown to contain between 49.53 to 57.36 wt.% Si0, (mean 53.36 wt.%),
between 0.19 to 3.36 wt.% K,;O (mean 1.12 wt.%), between 2.66 to 7.25 wt.% Na,O
(mean 5.52 wt.%), between 2.35 to 5.49 wt.% CaO (mean 4.43 wt.%), between 14.30 to
16.80 wt.% AL O3 (mean 15.35 wt.%) and TiO, values between 1.203 to 2.091 wt.%
(mean 1.557 wt.%; Table 3-5). Lithologically this unit is more uniform than Unit 15, and
this is reflected in the homogeneity of its major-element geochemistry. This is in part due
to the lack of epithermal alteration in this part of the WHPC.

Also included in Table 3-5 is the major-element geochemistry for mafic dykes

that crosscut many of the units within the study area. In total fifteen samples were
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collected, these samples are shown to contain Si0, values between 43.33 to 63.00 wt.%
(mean 52.81 wt.%), K,O between 0.57 to 5.44 wt.% (mean 2.34 wt.%), Na,O between
0.40 to 6.44 wt.% (mean 3.61 wt.%), CaO between 0.50 to 7.47 wt.% (mean 2.85 wt.%),
ALOj between 12.83 to 20.09 wt.% (mean 16.36 wt.%) and TiO, between 0.511 to 2.399
wt.% (mean 1.562 wt.%; Table 3-5).

INTERPRETATION:

The mafic dykes are subdivided into three groups: Unit 20a contains the majority
of mafic dykes and generally displays tight clustering on major-element diagrams; Unit
20b plots within the metaluminous field on the alumina saturation diagram; Unit 20c is
characterized by relatively high Si0, values (>60 wt%). These data indicate that several
generations of dykes are included within the group; however no field evidence was found
that would allow their chronological separation. The mafic dykes are all alkalic to weakly
subalkalic and predominantly plot within the calc-alkalic field. Units 20a and 20b
generally overlap, while Unit 20c separates from the other two groups of mafic dykes
(Figures 3-9 and 3-10). Units 20a and 20c are distinctly peraluminous, while Unit 20b
plots within the metaluminous field on the alumina saturation diagram.

In Figures 3-9, 3-10 and 3-11 the amygdaloidal basalt displays a closely grouped
cluster, with alkalic, calc-alkalic and metaluminous affinities. In contrast, the mafic unit
from the MV displays significant amounts of scatter, is predominantly alkalic, and
overlaps both the tholeiitic—calc-alkalic and metaluminous—peraluminous fields (Figures

3-10 and 3-11). From the above diagrams, no clear link can be implied between mafic
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Figure 3-9: Major-element plot showing the alkalic to weakly subalkalic nature of the
mafic rocks within the study area. Boundary between the alkaline and
subalkaline fields after Irvine and Baragar (1971).
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Figure 3-10: AFM plot for mafic rocks within the study area. Boundary between the
tholeiitic and calc- alkaline fields atter Irvine and Baragar (1971).
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Figure 3-11: Alumina saturation diagram of Maniar and Piccoli (1989), displaying the
metaluminous to peraluminous nature of the matic rocks within the study
area.
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Figure 3-12: AFM plot showing the calc-alkalic nature of the Unit 22. Boundary between
the tholentic and calc-alkaline fields after Irvine and Baragar (1971).
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dykes and flows, although the alumina saturation diagram suggests the mafic dykes of

Unit 20b may have a genetic relationship to the amygdaloidal basalt.

3.2.6 Unit 22: Fowlers Road Porphyry

This unit represents the youngest felsic magmatic event within the study area.
Four samples collected from the porphyry unit contain Si0; values between 70.20 to
77.24 wt.% (mean 73.40 wt.%), K,O between 0.40 to 9.59 wt.% (mean 3.29 wt.%), Na,O
between 1.10 to 6.14 wt.% (mean 4.51 wt.%), CaO between 0.09 to 0.31 wt.% (mean
0.21 wt.%), AL O3 between 12.84 to 13.46 wt.% (mean 13.24 wt.%) and TiO, between
0.151 to 0.268 wt.% (mean 0.208 wt.%; Table 3-6). Unit 22 is subalkalic, calc-alkalic and
plots within the peraluminous field on the alumina saturation diagram (Figure 3-12 and 3-
13). This unit displays little evidence of any hydrothermal alteration aside from very
localized pyritization (sample GS-02-77). It is therefore assumed that the chemical
differences observed within Figures 3-12 and 3-13 are primary. These differences may
imply that two separate pulses of magmatism exist within the eastern section of the map
area. This will be further explored with the trace-element geochemistry in following

sections.

3.3 TRACE-ELEMENT GEOCHEMISTRY

INTRODUCTION:
The samples described in this section were analyzed for the trace elements Cr, Zr,
Ba, Mo, Zn, Pb, Co, Ni, Cd, Ti, V, Be, Nb, Cu, Dy, Sc, Y, Mn, Sr, La, Ce, Liand As. The

accuracy and precision calculations for the trace-element data is given in Appendix C.
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Note that, within the ICP-ES trace-element data tables Rb is not a standard analysis and
is therefore not included for all samples. Ga data is available only for those samples
analyzed in the year 1997.

HYDROTHERMAL ALTERATION:

Trace-element geochemistry was employed to characterize aspects of some of the
hydrothermal alteration that is common to many of the rock units within the study area.
Analyses were completed on altered and unaltered samples of the same unit in an attempt
to identify those elements which remained immobile when subjected to intense
hydrothermal alteration. These data were then used to characterize the main igneous
units.

One such comparison employs five samples of Unit 7 from the WHIS. Samples
OB-97-221, -222, -223, -226, and -228 were collected along the CBS By-Pass roadcut in
a region of silica—sericite alteration (Table 3-7 and 3-8). The samples were collected
approaching the alteration and therefore sample OB-97-221 is the least altered and
sample OB-97-228 is the most altered. Intense silica—sericite alteration is first noted in
sample OB-97-223; as alteration increases, primary igneous textures begin to disappear,
ending in predominantly massive silica alteration. From Figure 3-14 it is evident that the
immobile high field strength elements (HFSE) Nb, Zr, Ti and Y, the middle rare earth-
element Dy, as well as the major-elements Al,O; and TiO, are not affected by the
alteration. One exception is the TiO; value for OB-97-228, which shows minor depletion;
however it is noted that this is the most intensely altered sample. Also evident from this

figure is the scatter imposed by the alteration within the LREE La and Ce, the low field
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strength element (LFSE) Sr, the transition element V, and the mobile major-elements
Na,O and K,O.

The second demonstration of element immobility is from the Oval Pit mine. In
this region, the average of three relatively fresh samples of Unit 9 were compared to
silica—sericite—pyrophyllite alteration (Table 3-9 and 3-10). It is noted that, while no
primary textures remain in the intensely altered samples, it is assumed that these samples
like those elsewhere in the Oval Pit mine, have a flow-banded rhyolite protolith. Figure
3-15 displays similar element behaviour to that seen in Figure 3-14 with the LREE
displaying some scatter and the HFSE maintaining near constant element-element ratios.
These altered samples represent the most intense alteration assemblages found within the
study area, and therefore elements immobile within this alteration should be immobile
elsewhere within the region. As evident from Figure 3-15, the altered samples do not
maintain the exact concentrations of HFSE in comparison to the unaltered samples, but
do maintain similar element-element ratios (Table 3-10). As indicated by Table 3-9 and
3-10, the altered samples within the Oval Pit mine contain elevated SiO; values which are
accompanied by depletions in the immobile elements such as Al,O3;, Nb, Zr, Ti, Dy and
Y. No one factor appears to be responsible for this decrease in concentration. The similar
element-element ratios of the immobile elements imply the depletions are not attributed
to element mobility. Therefore, the decrease is taken as a combination of some dilution
due to silicification and hydration associated with the advanced argillic alteration.

From the two examples listed above, the trace elements Nb, Zr, Ti, Dy and Y

remain immobile in intense hydrothermal alteration and, therefore, these elements can be
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used to characterize most of the geological units in the study area. In the following
discussion these elements are also used to demonstrate whether other elements are
immobile or mobile in altered samples. As pointed out previously, trace-element
variations within the felsic volcanic rocks of distinctly different ages are very subtle. For
this reason, some of the volcanic units are virtually indistinguishable. In contrast, the

trace-element geochemistry is very effective in segregating older and younger intrusions.

3.3.1 Unit 5: Holyrood Intrusive Suite (HIS)

Trace-element geochemistry of the HIS is characterized by LREE enrichment and
weak to moderately negative Nb, P,Os, TiO,, Sc and V anomalies (Table 3-11; note for
several of the samples P,Os was not detected). Two samples of the HIS from within the
study area plot within a clustef of HIS granite samples which represents the average
chemistry of the main granitic intrusion within the Holyrood Horst (Figure 3-16;
unpublished data from S. O’Brien). The similar chemistry of these samples is again
highlighted in Figure 3-17. Figure 3-18 displays three representative samples of the HIS
selected for extended trace-element analysis (Table 3-12). These three samples appear to
have a very subtle concave pattern developed between the middle rare earth-element Tb
and the heavy rare earth-element Lu. The Nb-Y tectonic plot of Pearce et al. (1984)
shows that the granitic rocks of the HIS plot within the volcanic arc granite/syn-
collisional granite field (Figure 3-19). From the above-mentioned figures it is evident that
the trace-element geochemistry supports the link between PWG granite from within the

study area and the regionally extensive HIS.
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Figure 3-17: Spider diagram showing the chemical similarity of Holyrood granite samples
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Figure 3-18: Primitive-mantle normalized REE spider diagram of three representative
samples from the Holyrood Intrusive Suite.
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Figure 3-19: Nb-Y tectonic plot of Pearce et a/. (1984) displaying the tectonic affinity of
the Holyrood granite.
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Figure 3-20: Nb-Y tectonic plot of Pearce et al. (1984) displaying the tectonic affinity of
the White Hills Intrusive Suite.
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3.3.2 White Hills Intrusive Suite (WHIS: Units 6, 7 and 8)

Rocks of the WHIS share many chemical similarities with rocks of the HIS. As
with the HIS, rocks of the WHIS plot within the volcanic arc granite/syn-collisional
granite field of Pearce et al. (1984; Figure 3-20). Unit 6 of the WHIS is characterized by
a moderate enrichment in LREE and a positive Sr anomaly. The unit is also characterized
by negative Nb, Sc and weakly negative P,Os and TiO; anomalies (Figure 3-21; Table 3-
13). Trace-element ratios of Unit 6 are consistent in both the immobile and mobile
elements.

In Figure 3-22, Unit 6 from within the study area is compared to older (ca. 640
Ma) Woodford’s monzonite from the western margin of the HIS (O’Brien ef al., 2001a;
Table 3-14). From this figure, it is evident that the two units are chemically similar aside
from the variable Zr values of the Woodford’s Monzonite. The difference in Zr values
may be the result of incomplete dissolution of the sample, or may also be the result of
zircon fractionation. This comparison shows that the trace-element geochemistry is
ineffective in segregating the older and younger monzonite units.

The granitic rocks of the WHIS are characterized by a moderate enrichment in
LREE, positive to weakly negative V anomalies and negative Nb, P,Os, TiO, and Sc
anomalies (Figure 3-23; Table 3-15). Outliers in some of the mobile trace-elements
include sample OB-97-171, which is depleted in Ba, and K,O, and samples OB-97-228
and OB-01-060, which are depleted in P,Os (note P,Os was not detected in sample OB-

01-060). As mentioned previously, these samples have undergone intense hydrothermal
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Figure 3-23: Primitive-mantle normalized spider diagram showing the chemical trends
within Unit 7 of the White Hills Intrusive Suite.
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Figure 3-24: Primitive-mantle normalized rare earth element diagram of four
representative granitic samples from the White Hills Intrusive Suite.
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alteration, which can account for the loss of these mobile elements. The remaining
depletions in relatively unaltered samples are attributed to chemical fractionation; this is
because the depletions only affect compatible elements. The REE pattern of Unit 7 from
the WHIS is very similar to that of the HIS, with the exception of a slight negative Eu
anomaly in the WHIS (Figure 3-24; Table 3-16). Figure 3-24 displays a pronounced
LREE enrichment and a similar concave pattern between the middle rare earth-element
Tb and the heavy rare earth-element Lu. The minor variation in element concentrations
between various samples of the WHIS (Figure 3-24) is attributed to alteration. The
chemical trends displayed by the granitic rocks of the WHIS are indistinguishable from
those of granitic rocks from the HIS (Figure 3-25). This geochemical similarity between
the two units, combined with new geochronological data presented elsewhere in the
thesis, suggests that the two units are cogenetic.

Unit 8 has chemical characteristics identical to those of Unit 7 from the WHIS
(Figure 3-26; Table 3-17). The two units share a close spatial relationship in the area of
White Mountain and their similar chemical characteristics support the proposed

comagmatic relationship between the two units (Figure 3-27).

3.3.3 Minerals Road, Manuels River, Farmer’s Field and Pale Grey-Green Rhyolites

The use of trace-element geochemistry alone is largely ineffective in segregating
the various rhyolite units within the region. There are, however, minor chemical
differences attributed to alteration that are specific to rhyolites of certain areas (Table 3-
18). All of the rhyolitic units within the study area overlap the rhyolite and rhyodacite

fields of Winchester and Floyd (1977; Figure 3-28). These units predominantly plot
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Figure 3-25: Primitive-mantle normalized spider diagram showing the chemical similarity
between samples of granite from the White Hills Intrusive Suite in
comparison to granite samples trom the Holyrood Intrusive Suite.
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Figure 3-27: Primitive-mantle normalized spider diagram showing the chemical similarity
between samples of Unit 8 and Unit 7 from the White Hills Intrusive Suite.
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within the volcanic arc field of Pearce ef al. (1984; Figure 3-29) and display the
characteristic negative Nb anomaly that is associated with arc-related volcanic rocks.

Unit 1 of the White Mountain Volcanic Suite displays a moderate enrichment in
Ba and K0 and depletions in Nb, Sr, TiO,, Sc and V (Figure 3-30). Nb values are
typically lower than La values except for sample OB-97-040, which has a Nb/La value >
1. This sample was collected from a volcanic raft within the WHIS and the loss in La is
assumed to be the result of intrusion-related alteration. Sample OB-03-018 is depleted in
Ba, and has less La and Ce in comparison to the other samples. This sample is altered and
therefore the chemical differences are assumed to be the result of the alteration and not a
primary feature. The depletion in the compatible elements Sr, TiO,, Sc, and V are
attributed to chemical fractionation as all of the samples have similar element-element
ratios for these particular elements.

Unit 2 of the WMVS displays the same geochemical trends as Unit 1 however,
several subtle chemical anomalies do exist that may represent regionally restricted zones
of alteration and the presence of more than one flow within the unit. All of the samples
collected within the region of the Steep Nap prospect are characterized by Nb/La ratios
>1. The samples from the Steep Nap prospect (OB-00-150; OB-01-06, -07; GS-03-086)
plot well below the La and Ce values in comparison to the other samples within the unit
(Figure 3-31), however the immobile trace-elements of the altered samples display
chemical trends identical to the rest of the unit. For this reason, the chemical anomalies

are attributed to alteration, which may be associated with the nearby development of
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anomaly not seen in other samples from the unit. These samples all display similar
lithological characteristics, with only minor amounts of alteration visible in thin section.
This coupled with the compatible nature of Sr, TiO,, Sc and V, suggests the observed
depletions are due to chemical fractionation.

Although units 1 and 2 are at least 40 Ma older than Unit 9, the trace-element
geochemistry of all three units are very similar (Figure 3-34). The trace-element
geochemistry supports the view based on major-element data that there has been very

little change in the source melting process over the 40 Ma time span of the rhyolite units.

3.3.4 Ash-flow Tuffs

The ash-flow tuffs within the region typically show the same geochemical trends
as the rhyolite units described above (Table 3-19). These ash-flow tuffs plot within the
rhyodacite field of Winchester and Floyd (1977; Figure 3-35) and fall within the same
region as the rhyolites on the Nb-Y tectonic plot of Pearce et al. (1984; Figure 3-36). In
Figure 3-37, all three ash-flow tuffs are combined due to their similar trace-element
pattern. They are enriched in Ba and K,0 and depleted in Sr, TiO;, Sc and V; Unit 4 is
more depleted in V relative to other units.

A sample of wall rock from Unit 13 was collected adjacent to an auriferous low-
sulphidation vein (sample GS-02-087) to test the effects of alteration. This sample is
highly enriched in Ba and is depleted in La and Ce while the other trace-elements remain
unaffected by the alteration. This mobility of the LREE (La and Ce) has been

demonstrated in numerous areas, all of which occur in close proximity to the
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Figure 3-35: Trace-element discrimination diagram of Winchester and Floyd (1977),
showing the rhyodacitic nature of the ash-flow tufts within the study area.
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development of low-sulphidation veins. Despite their age difference of 34 Ma, Unit 4 and
Unit 13 have very similar trace-element patterns. Nevertheless they can be segregated by

using element—element ratios, as indicated in Figures 3-35 and 3-36.

3.3.5 Mafic Units

Mafic units within the study area span the fields of andesite to subalkaline basalt
on the Zr/TiO,—Nb/Y discrimination diagram of Winchester and Floyd (1977; Figure 3-
38). Although the mafic rocks of the MVS cluster within Figure 3-38, the trace-element
pattern is highly variable, suggesting that this group contains more than one unit (Figure
3-39; Table 3-20). This is likely, given that this group incorporates all mafic flows and/or
intrusions not associated with the WHPC. In general, this unit is enriched in Ba and K,0
and weakly enriched in Y and is also characteristically depleted in Nb, Sr and Sc.
Samples GS-02-010 and GS-03-105 have similar element-element ratios for the immobile
trace-elements and are therefore assumed to be related.

Samples OB-00-289 and GS-03-039 have contrasting element ratios and therefore
may represent separate units. Sample OB-00-289 displays a minor enrichment in P,Os
and is deleted V with respect to the other samples. Sample GS-03-039 is depleted in Ba
and K0, enriched in Na,0 and displays a minor depletion in P,Os and a minor enrichment
in Sr. Sample GS-02-010, which was collected in the vicinity of low-sulphidation
veining, is the only sample with a Nb/La ratio >1. As discussed above, this chemical
anomaly is attributed to the development of low-sulphidation veins and/or associated

breccias. The development of low-sulphidation veins within the mafic rocks of the
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100

Illllll

i 1 1

1 1 i

[

1

1

1 llllll

1

| IIIIIl

1

Ba

Nb K20 La

Ce P20O5 Zr

Sr

TiO2 Dy

Y

Sc

\Y

Figure 3-40: Primitive mantle-normalized spider diagram for mafic rocks of Unit 21.
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MYVS at the Bergs prospect is the only evidence of epithermal alteration identified within
the unit. In the area of the Oval Pit mine the unit develops patchy pyritization, however
this alteration is not suspected to be related to the development of the advanced argillic
alteration.

The mafic volcanic rocks associated with the WHPC form a chemically
homogeneous group, with only a minor amount of scatter developed within the mobile
trace-elements (Figure 3-40; Table 3-20). This unit is characterized by enrichments in Ba,
and less so, Y, and depletions in Nb and Sc. Sample OB-01-001 is highly enriched Ba,
and also displays a positive Sr anomaly, along with depletions in P,Os, and Ti0,. Samples
OBO0-00-280, OB-01-003 and OB-01-004 display a minor enrichment in P,Os and OB-00-
280 is also enriched with Sr. The anomalous Ba concentrations are coincident with the
corresponding high values of K»0 and those samples that are depleted in Ba are distinctly
more sodic. As this unit is contained within the post-alteration WHPC these anomalies
are not assumed to be associated with epithermal alteration. Aside from Nb, all other
elements mentioned above are compatible and consequently, the differences in
concentration are attributed to varying degrees of chemical fractionation.

The grouping of mafic dykes based on major-element geochemistry (section 3.2)
is less obvious in the trace-element data. However, subtle variations do exist (Table 3-
20). The larger group of dykes (Unit 20a) is characterized by varying degrees of Ba and
K;0 enrichment and a slight enrichment in Y (Figure 3-41). These dykes also display
negative Nb, Sr and Sc anomalies, as well as varying degrees of a negative Dy anomaly.

Unit 20b (OB-01-002, OB-01-044, GS-03-124) displays a minor enrichment in Ba and
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K,0 with two of the three samples also showing a strong Sr enrichment (Figure 3-42). As
with the other group, this unit has pronounced negative Nb, Sc and minor Dy anomalies.
Within this group, one sample has a minor depletion in La with respect to Ce, and two of
the samples display a weakly negative P,Os anomaly. The third group of mafic dykes
(Unit 20c) is characterized by positive Ba and K20 anomalies and a weak enrichment in
Srand Y. This group also displays negative Nb, and Sc anomalies and minor depletions
in P,Os and Ti0, (Figure 3-43).

Data demonstrate that several discrete chemical anomalies are characteristic for
certain groups of mafic dykes. For example, Unit 20b is the only group that displays a
strong enrichment in Sr. This may also provide further supporting evidence that this
group of mafic dykes is related to the amygdaloidal basalt since it also is enriched in Sr.

Tectonic discrimination diagrams suggest that mafic units from the MVS and the
WHPC originate in a volcanic-arc, or within-plate type setting (Figure 3-44). The
discrimination diagram of Pearce and Norry (1979) also indicates that the volcanic rocks
are influenced by continental crust as indicated by the elevated Zr/Y ratios (Pearce, 1983;
Figure 3-45). Not all discrimination diagrams are as effective in classifying the mafic
units as indicated by Figure 3-46. The predominant portion of the mafic units plot within
the MORB-back-arc basin basalt field, while some of the more V-enriched samples plot
within the overlapping fields of MORB-BAB and continental flood basalts. The mafic
rocks of the MVS displays a considerable amount of scatter again suggesting the

presence of more than one unit within the group.
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Nb * 2

‘ WPA: Al All
EHEE WPT: All, C
mt 2z .
Dvke Unit 20a MORB: B
SRy MORB: D
ykc Unit 20b .
Dvke Unit 20¢ VAB: C.D

Zr/ 4 Y

Figure 3-44: Discrimination diagram for basalts after Meschede (1986).

145



)
"’O T T T T T

LENRL LI I T L4 L T T T 77
A: Within plate basalts
B: Island arc basalts
10 [ C: Mid-ocean ridge basalts / ]
> - .
= A
N | 4
p— B —
| i Unit 1S i
Unit 20
Dyke Unit 204
/ |2 Dyke Unit 20b
Dyke Unit 20¢
] L 1 1 L 1 L1 1 I i 1 1 1 L 11 1

10 100
Zr (ppm)

1000

Figure 3-45: Tectonic discrimination diagram for basalts (after Pearce and Norry, 1979).
Note the predominantly higher Zr/Y ratios (>3) of most of the mafic units,
which suggests continental input into arc construction (Pearce, 1983).

650

V (ppm)

250
200
150
100
50
0

600 -
550}
5001+
450+
400 =
350
300

10 ARC <-20-> OFB

| I S S S |

dnit 15
Jnit 20
Dyke Unit 20a
Dyke Unit 20b
Dyke Unit 20¢

50

L

10 15
Ti/ 1000 (ppm)

20.

Figure 3-46: Ti-V discrimination diagram for basalts atter Shervais (1982).

146




3.3.6 Fowlers Road Porphyry (WHPC)

Unit 22 represents the youngest known magmatic event within the high-alumina
belt. This unit plots within the rhyolite field of Winchester and Floyd (1977; Figure 3-
47). Two separate pulses of magmatism appear to be represented by the geochemistry, as
mentioned in the major-element section (Table 3-21). The samples collected at Fowlers
Road have enrichments in Ba and K;0, and have less Zr than the samples collected
approximately 1km to the west. The samples collected to the west of Fowlers Road are
depleted in Ba and K,0, and have slightly higher Zr concentrations. Aside from these
minor chemical differences this unit displays uniform element-element ratios and only
weak negative Nb anomalies (Figure 3-48). Unit 22 is chemically distinct from the older
porphyry of the WHIS as it is enriched in Dy and Y, and depleted in Sr and V in
comparison to Unit 8.

Trace-element geochemistry support the field data that suggest that Unit 22 may
have been emplaced in a somewhat different tectonic environment. In contrast to Unit 8
of the WHIS, Unit 22 plots outside of the volcanic arc field (Figure 3-49). Field
relationships supporting the assumption of a different tectonic environment include the
fact that Unit 22 intrudes sedimentary rocks that unconformably overlie the majority of
the volcanic units within the region. This suggests that Unit 22 intruded during basin

infilling, which is thought to represent the beginning of arc-collapse.
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Figure 3-47: Trace-element discrimination diagram of Winchester and Floyd (1977) for
Unit 22.
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3.4 LREE MOBILITY ADJACENT TO LOW-SULPHIDATION VEINS

3.4.1 Introduction and Sampling Strategy

The regional dataset described in the previous section showed some evidence of
La depletion in areas of low-sulphidation veining. Given the potential significance for
vein origin and mineral exploration, it was decided to investigate the phenomenon
further. This was done by way of additional sampling in the region of the Steep Nap
prospect, where a section of roadside outcrop provides an excellent cross-section through
a 1.9m wide colloform-crustiform, chalcedonic silica—adularia + calcite low-sulphidation
vein, hosted by a polymict volcaniclastic unit (Unit 3; Plate 3-1 and 3-2). In order to
investigate the mobility of elements adjacent to the hydrothermal vein, it was first
necessary to determine the chemical homogeneity of the host rock. This test was
necessary to prove that the variations in element concentrations are the result of
hydrothermal alteration and not the effects of chemical heterogeneities within the host.
To do this, two samples distal to the roadside outcrop and six host rock samples collected
adjacent to the vein were analyzed for a complete ICP-ES package (Tables 3-22 and 3-
23). The six samples of host rock collected at the roadside outcrop were also submitted
for ICP-MS (extended trace-elements) and XRF analysis in order to compare the different
datasets and identify any analytical problems (Tables 3-24 and 3-25; accuracy and
precision of this data is given in Appendix D).

Samples of host rock were collected at 4m, 2m and 1m intervals on both sides of

the vein (Plate 3-3). From west to east, the corresponding samples of host rock are GS-
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03-130A, GS-03-130B, GS-03-130C, GS-03-130G, GS-03-130H and GS-03-130I. Three
samples of vein material were also collected; they include two samples from the margin
of the vein (GS-03-130D and GS-03-130F) and one sample from the central portion of

the vein (GS-03-130E).

3.4.2 Comparison of Analytical Techniques

In comparing common elements from the various techniques, several
discrepancies between element concentrations were noted. Significant differences, those
being greater than 10%, existed between V, Ga, Y, Nb and Ce values measured by ICP-
MS and by XRF techniques. From these elements V, Nb and Ce values from the ICP-MS
data were consistently less than the XRF data, whereas the elements Ga, and Y values
were consistently higher (Table 3-26). The ICP-ES dataset for the six host rock samples
contains mostly major-element data, however it does contain the trace-elements Cr, Zr
and Ba. In comparing the ICP-ES and the XRF data Fe, O3, MgO, CaO, TiO; and MnO
had differences greater than 10%, as well as ALQOj3 for 3 of the six samples. It is noted
that for most of these samples the concentrations were often less than 1 wt.% (Table 3-
27).

For the six samples of host rock the only common element between the ICP-ES
and ICP-MS data was Zr. Five of the six samples displayed greater than 10% difference
between the Zr values of the ICP-ES and ICP-MS data, with the ICP-ES data being
consistently lower. In comparing the Zr values of the three different techniques it was
evident that the differences in concentration between the XRF and ICP-ES and the XRF

and ICP-MS data were less than 10%. Only when the data from the ICP-ES is compared
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to the ICP-MS are the differences in Zr values greater than 10% (Figure 3-50). Appendix
C and E shows that the ICP-ES and the ICP-MS datasets are internally consistent,
however as shown above caution must be taken when comparing different analytical
techniques. For the following discussion the Zr values from the ICP-MS dataset are

chosen to be the correct values and are utilized in the corrections for alteration.

3.4.3 Chemical Homogeneity of the Polymict Lapilli Tuff (Unit 3)

Sample GS-02-085 was collected 100m to the south of the main vein and is distal
(>10m) from any major hydrothermal vein development. Sample GS-03-100 was
collected approximately 200m to the south of the main vein, which is located 1m from a
major vein and breccia zone. Comparison of the two samples shows that the main
immobile trace elements Y, Zr, Nb, and Dy all differ by less than 10%, which is chosen
to be the acceptable analytical error (Figure 3-51). From this example, it is therefore
assumed that the trace-element geochemistry of this unit is homogeneous even when
sampled over a distance of a couple hundred meters.

Sample GS-02-085, taken to represent the least altered sample, was then
compared to the two samples collected 4m from either side of the low-sulphidation vein.
From this comparison it was determined that GS-03-130A was the least altered of the two
samples, as the Al,O3 and Zr (the two main immobile elements used) values differed by
<10% when compared to the relatively unaltered sample GS-02-085. Sample GS-03-
130A also has a lower SiO; value (in comparison to GS-03-130I), thus showing less
effects of silicification (Table 3-28). Although sample GS-03-130A is somewhat altered,

it was chosen as the best representative of weakly altered host rock because a pristine
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sample of this unit is unavailable.

3.4.4 Element Mobility Adjacent to I.ow-Sulphidation Veining

In order to compare the mass gain/loss of the six host rock samples the effects of
dilution due to alteration must be corrected for. This was done using the Zr values from
the ICP-MS dataset. The Zr value of sample GS-03-130A, which is chosen to be the
precursor, is divided by the Zr values of the altered samples thus providing a correction
ratio for each sample. The geochemical data for each sample is then multiplied by this
ratio to correct for any dilution effects created by the alteration (e.g. silicification; Barrett
and MacLean, 1994). For ease of comparison the corrected element concentrations are
then divided by the concentration of the same element in the precursor. This provides a
ratio of altered vs. precursor for each element. Those elements with ratios >1 are enriched
in comparison to the precursor, while those elements with ratios <1 are depleted with
respect to the precursor (Figures 3-52 and 3-53).

From Figure 3-53, it is evident that the concentration of the LREE decreases with
proximity to the vein. Samples GS-03-1301I and 130A are the furthest from the vein and
therefore have the highest concentration of LREE. In comparing individual samples to
the unaltered precursor. It is evident that sample GS-03-130I has a ratio >1 for the
elements La, Ce, Pr and Nd; this may reflect higher concentrations of these elements in
the original sample with respect to the precursor or overcompensation due to the
alteration correction. Sample GS-03-130C and GS-O3- 130G both show depletion in La,

Ce, Pr, Nd, and Sm, whereas the values of Eu-Lu are all close to 1. This depletion
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suggests that the LREE become mobile adjacent to the vein. It is also evident that this
alteration halo is not symmetrical disposed since sample GS-03-130H does not show any
depletion in the LREE and sample GS-03-130B, which is equidistant from the vein on its
opposite side, does.

This evidence further supports the proposed link between the identified anomalies
of Nb/La ratios >1 in rocks near the development of low-sulphidation veining (identified
in the regional dataset). It is noted that although the rhyolite units within the region of the
Steep Nap prospect have Nb/La >1, the volcaniclastic rock hosting the low-sulphidation
veins does not. However, the Nb/La ratio of the volcaniclastic rock does increase with
decreasing distance from the vein (Plate 3-3). La can be compared to other immobile
elements to display the same end result. However caution must be taken as this anomaly
was also identified in a single sample of volcanic rock intruded by Unit 7 in the area of

White Mountain (Unit 1, sample OB-97-040).

3.5 SUMMARY

The geochemistry obtained from igneous rocks within the study area can be used
to show the various effects of the hydrothermal alteration, as well as segregating older
and younger felsic intrusions. In comparing altered and unaltered samples from the same
unit it can be demonstrated that the trace elements Nb, Zr, Ti, Y and Dy remain immobile
in areas of intense hydrothermal alteration. As a result these elements are relied upon

heavily from classifying the various altered units within the study area.
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INTRUSIVE ROCKS (HIS, WHIS)

The geochemistry supports the field observations that hydrothermal alteration
within the WHIS mainly affects Unit 7, which is characterized by highly variable mobile-
element concentrations and local increases in Si0, due to silicification. The major-
element geochemistry from the WHIS also demonstrates that Unit 7 and Unit 8 are
chemical differentiates of Unit 6. The granitic rocks from the WHIS and HIS display very
similar geochemical patterns. This suggests the WHIS, although more compositionally
diverse than the Holyrood Granite, is actually comagmatic with the larger HIS. This is
further supported by geochronology (Chapter 4). Geochemically, WHIS monzonite is like
that of the Woodfords monzonite from the western side of the Holyrood Horst. In this
instance, it is noted that the age of the units differ by 20 Ma (see O’Brien et al., 2001).
FESLIC VOLCANIC ROCKS (WMVS, MVS)

The geochemistry of the felsic volcanic units within the area displays very little
variation, even when comparing units that have known age differences of at least 40 Ma.
This chemical similarity between older and younger felsic volcanic rocks within the study
area precludes inferring a co-magmatic source for the volcanic rocks. However, it also
demonstrates that similar processes were ongoing throughout the same 40 Ma time span.
The only variation observed within the geochemistry of the felsic volcanic rocks is
induced by hydrothermal alteration. This alteration locally characterizes certain regions
within the field area, for instances flow-banded rhyolites in the region of the Steep Nap
prospect area characterized by Nb/La ratios >1. This is attributed to the mobility of La

near the development of low-sulphidation veins and associated breccias. This mobility of
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the LREE adjacent to low-sulphidation-related features is recognized in several areas and
a number of units within the field area (Bergs and Steep Nap prospects). A detailed
examination of this anomaly was carried out at the Steep Nap prospect, and it was
demonstrated that the mobility of La and other LREE increased with decreasing distance
from a large (approximately 1.9m) colloform-crustiform banded, low-sulphidation vein.
MAFIC VOLCANIC AND PLUTONIC ROCKS (WHPC)

In contrast to the felsic volcanic rocks, the mafic volcanic rocks and dykes within
the study area do show chemical variations between the units. The mafic volcanic rocks
included within the MVS can be separated from the mafic volcanic rocks of the WHPC
using both major- and trace-element geochemistry. The chemistry of these mafic volcanic
rocks record a transition from bimodal to predominantly mafic volcanism, suggesting a
change in the overall tectonic environment. The major-element and trace-element
geochemistry is also useful in identifying three separate groups of mafic dykes within the
study area, although the trace-element variations are much more subtle.

This change in tectonic environment is also supported by the trace-element
geochemistry of Unit 22, which plots outside of the volcanic-arc field on the Nb/Y
tectonic plot of Pearce ef al. (1984). This post-alteration porphyry represents the youngest
magmatic event exposed within the field area and is chemically distinct from the pre-
alteration quartz—feldspar porphyry of the WHIS. The geochemical data independently
reflect the change in environment marked by the onset of sedimentation and marine mafic

volcanicity and the possible transition into a back-arc type setting.
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Table 3-1: Major-clement contents of granite from the Holyrood Intrusive Suite.

;:zg':r Ui Fasing Nobing Eemet SO2  TOY AROY R RO M0 M G0 N0 KO P05 L0l Tu

CPES ICMES ICPES ICPES ICPES ICRES ICPES ICPES KPS KCPES  ICPES

W% %% W% % % %%y gy

000 o0 00l a0l 000 000 00l 001 00l 001 Ol
Granite (HIS)
0BSE NA MBS B 0ms 130l 0% 04 005 0N 0B 40 43 008 08 980
OB NA  MEM S5 n® 0w W0 0% 12 008 07 136 4l 36l 0% 1: 1008
OB 5 3800 $2598%0" NM0Ns M L9 045 00m 08 06 4% 43 008 108 10056
0BS5S NA 4 S5 B 06 6 LD 0% 0051 0% 08 400 4% 008 109 10002
BT NA DB 52856 N 0w BT L 0% Nl 03 0% 4T 440 0 0N IR
OBSI6E NIA ST S8 w0 09 0n 06 00 00 0% 430 405 00 08 %
OB NA M0 5255 e 08 1M M 0% 0% 01 04 3% 416 00 0% %7
OB NA MBI ST N oM W% ol 1§ ok 0% LS 4D 34 006 L9 10
0BSIA NA MOBT M6 W oM BB 10 07 00 0% I 402 335 00 15 %D
OB NAMOWT 5004 ¥ 0 06 0% 09 0% 045 03 406 IR om0 0% %4
BT NA 3085 83780 B 09 BB 0% 04 M 04 0 38 40 000 08 %)
OBMM9  NA 35009 S0 W00 4 LI 04 000 0% 0% 3T 326 000 081 94
OB NA M6 234100 W 0% R0 L0 048 M8 0§l 04 3% 46 00 0% 98I
OB NA M0 S3I60 DO B 0% 10 00 05 03 37 4% 001 08 %
OBOMIS  NA M0 23300 ng o BR L0 0% 0050 0% 03 4l 419 008 0% 990
OBOMZ NA MBI 5179 B oMe DM 06 0T 0055 046 OB 3 39 009 L6 %N
OB0-I4  NA 304 SN B 0 BB 0% 09 oM 03 0% 38 4% 0@4 0B %6
B4 NA BOTH 80 BH 0 W 0% 08 00% 07 05 42 3% 0M5 0% %%
OBOKIY  NA 3S0%6 54966 B0 W% o0 14 0m 0% 08 41l 3% 009 18 %7
OB NA 6000 SN NN 0% W% 2% 0 06 0M  Om 44 3 0% L0 97
OBHIT NIA MEI6 S5I8T ne 0 Ww o 0% L0 006 0M 085 417 38 00 1M %%
OBE NA MBIS S5 B 0% B8 060 LS 00 060 L2 3% 3% 08 1o %]
OBU6L NA TS 5251506 WA 008 B® 04 06 00n 09 03 3 4% - 0% 00
OB NA  MEMD 587 ¥ 00 B0 0N 05 ood 018 03 430 38 - 0% 104
OB40266  NA 3T Sl nH O 0Ne B8 L0 036 0080 08 L0 410 3% 000 14 %
OBanin NA MSI8 233404 B oM B 0§ 11 006 05T 051 44 3% 00 10 %
OB S 00 567 N® 0 13 1B 0B o0 0% 1% 465 3T 00 130 100
B0 NA BB 136 000 u® 0% o 00l 0% 006 3% 47 oM 1M %%
OB NA M08 SIS N9 0 MM 0% o8 00 06T 05T 451 44 089 119 004l
OBOMMS  NA MBI 252564 B0 B4 0B CIT 005l 04 03 4Ll 435 006 085 I0%
0BT NA S0 SM6H0 w05 B 0% L7 Mg 03 0% 42 46 0l OB 100
OBG4E  NA 31 5255456 e 0160 38T 095 G800 025 0% 4% 44 009 1% 1009
OB NA MM 56D s ool N® oo - I Y IR N Y B T TR Y
OB NA  MUST S2565% Moo 00% L7 L6 GiE 00s 009 02 38 S - 0B 91
OB NA DG 568 B0 B 1B 00 00 0% 0% 36 41 06 1Al 9836
0B8N M0 536l Ne o 0M8 MM 190 B o0 oM LB 400 30T 00 10T %M
OB NA 309 525403 Ne O um BRI 0 00T 06 1B 400 3T 08 18 %
OBGHS0  NA 35067 S25530 NG 0g BT 0% 0% 00 05 118 403 et 008 LI %0

NiA = samples collected outside of feld area

* symples with UTM's calculated from registered base map
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Table 3-2: Major-element contents of intrusive rocks from the White Hills Intrusive Sute.

;:';’;'; Uit Easing Noting Eemew SO2 T2 ABO) R R0 MO Mg G0 M2 KO P05 L0l To

Mehod  ICPES ICP-ES ICPES ICP-ES ICPES ICPES ICPES ICPES ICP-ES ICP-ES  ICP-ES

Unit % % % % % % % % % Y% % % %

Limit 0.01 0001 001 001 001 0010 001 001 001 0.01 0.001
[Monzonite (WELS)
0B-97-376 6 WA 5260047 6576 041 1602 32 089 0092 103 1.66 510 261 017 178 9988
(5:02:081 6 151912 5262445 8456 0545 158 300 1.26 0Ny 1 1 407 264 018 257 10001
(5803030 6 352544 5261486 — 6586 041 13T | 94 196 0101 | 86 1.8 41 28 015 112 %20
Niediam o Coarse-grained Equigranular Granite (WHIS)
0B-97-171 7 352686* 5261096 7538 0185 1Y 130 03 0o on 033 1727 017 0050 05 99.03
0B-97.221 7 35307 5263803 W0 018 134y 111 044 0041 083 019 139 469 0050 1M 100.06
0B-97-222 7 353068¢  5263800* 7614 0IM 1204 0045 059 0.24 298 169 0054 139 NN
0897223 7 31530 5263878* nwoum Uy 004 04l 028 183 18 0050 102 10009
0B-97-126 T 350450 526870 w43 014 N2 0027 030 027 in 1 9% 0044 08 994l
0B-97.228 T 3504 526375]f 8058 0084 955 . 0o 009 0.09 12 49 0008 o0f2 98.55
08-97.362 7 3152644 5260024 B3 0209 138 066 02 0003 0 010 300 54 0038 L3l 100.20
0B-01-046 1 153476 5264601 B3 0205 13 098 114 013 129 028 13 148 0030 18 9961
08-01-060 7 15837 5264286 B 008 1B o 0N - 0.08 0.08 308 40 - 019 921
0B-01-061 7 152899 5264199 nw o 018 BN 087 069 002 08 0.08 14 4% 0040 150 %12
10B-01-066 7 352951 5264145 BT 018 1Y 028 106 0042 043 02 425 451 0.145 12 99.58
GS-02-002 7 352931 5264192 71363 0263 1295 0,36 176 0092 0% 0.52 190 I8 008 119 9960
G5-02-041 1 352988 5264573 W 0180 uw 152 034 0,094 1.0 049 ) 46 430 0033 L9l 9% 74
G3-02:073 7 353043 5263806 nwooum o ns 0.65 059 0046 044 0.4 401 19 0055 075 9963
(5:024078 7 351766 5262510 nw 025 44 182 04 0072 09 105 425 340 0088 134 10095
(68-02-084 7 152615 5262019 oL 023 1% 157 057 0063 076 0.38 [y 190 0081 105 100.12
(8-02:092 7 352863 516 655 0198 1244 1.60 on 0014 031 031 19 138 0067 08! 9970
08-03.036 7 151263 5261891 Nu 0B UB 78 042 0091 078 064 486 144 00 144 9942
(S-03-029 7 35415 5261390 uss 01 1B 0n 052 0044 039 0.38 14 497 0038 085 9931
G8-03:077 7 351867 5261012 030 084 4N 220 035 0082 088 103 44 346 0098 L2 98.45
(8-03-019 7 351985 5260927 78 0205 B3 142 047 0033 044 0.29 430 14 0052 107 9963
(S-03-087 7 353340 5261009 766 0195 140 128 058 0051 060 034 i 466 0.061 114 98.38
(38-03-109 7 352007 5260759 U8 0182 B2 099 03 0024 03§ (4] 1% 168 0048 10 9%.74
G5:03-126 1 352730 5260152 %07 0198 133 17 030 0017 040 0.13 298 429 0060 164 933
6803129 1 352158 §261691 738 022 1399 | 69 042 0042 059 031 4,06 420 0060 LIS 98.16
Quartz-Feldspar Porphyry (WHIS)
0897021 8 351844 5262640 BT 060 418 192 04 0058 08 08 486 328 0079 09 100 90
0B-01-01$ 8 51917 5262653 nn 047 1347 1.8 040 0055 092 048 48 310 009 094 9912
0B-01-038 8 351957 5262613 4 01t 16T 09 009 0017 037 098 43 I (M3 0 9% 48
G8-03-027 8 BN W13 w0165 13% 102 045 0054 049 102 4n in 0050 144 99.44
(G5-03-060 8 352083 5261838 NSt 019 UM 19 068 0049 087 0.70 53 3.06 0064 094 99,66
((5+03-063 8 181824 5261603 o4 0160 166 099 048 0055 051 036 405 40 0049 086 9930
((8-03097 3 351945 5262660 10 020 K15 2l 029 0064 0% 0.1 4.6 34 0093 11§ 98.12

¥ samples with UTM's caloulated from registered base map
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Table 3-3: Major-element contents of the rhyolitic volcanic rocks within the study area.

s:::‘:r Uk Easing MNohing Beme  S02  TOD AR} FB RO M0 M@ G0 M2 KO RS IOl Tou

Mebod  ICPES ICPES ICPES ICPES ICPES ICRES ICRES ICPES KCPES ICPES  ICPES

Un % % % % %% %W Wy gy

Lmt 000 0000 001 001 500 om0 001 00l 001 00 000l
Minerals Rusd Rhyoie (WMVS)
0B 1 I 5660 B 0N 0B 06 6% 000 088 012 I8 % 008 04 %99
B0 1 3519 ST B 00 108 08 3 003 00 00 32 4@ 004 04 9046
oBol0l 1 518 S260605 n90UT N% 06 00 002 015 010 305 805 0 W1
ROl 1 SIS SIS TR0 N4 08 G0 009 0B 00 0n &M 09 %N
OBOMDT 1 T Sa6a60s N 00 B4 08 6D 0 0B 0L 18 8H 06 %M
L0 1 ST s 7B 1% L0 0% 63 00 08 0 4% 2 0% 10054
OBOMIS 1 9% S005 B0 NN 0t 0 0l 0B 68 0l 0 9N
B0 1 M9 68 %80 049 B 07 01 004 02 oM SH 225 050 10014
G 1 s S0 %8010 R0 019 00 05 018 318 3 04l B9
{Manuels River Rhyolite (WMVS)
GBI 7 S s NI R 0 0% 3% 1B 0 10019
BOLs 2 BT 96 41 008 1050 005 Q0 0w In I8 0 W
RO 2 BRI B 010 1R 0% 0o 0m 00 41 3B - 0% %M
0BOLN 2 I 96T 03 0% W8 20 015 083 03 05 446 4% 019 OM %Sl
OBOLOG 2 IR S8 g8 0M 1619 34 04 006 0 03 S\ IR 0 09 104
0BG 2 B0 S W90 B3 09 04 008 0% 0% 5% 200 00 06 %849
BOln 2 W e B 0M NRB 00 1 00 0% 0N S N - 08 906
OBOLS 2 IS S NS0 Ry 0% 09 000 03 0% S 200 Q06 0% 100
GO 2 B S WA WD 110 0B 0% 04 04 AN 30 01 on 1%
G018 2 305 56070 24 010 07 06 0 00 0% 006 105 S10 00W 0% 102%
BOD 2 IS0 S8l I L L 00 1% 0 - 0% W%
OBM6L 2 BT S0 % 0w 1 09 0% 000 01 0l 03 ST 0o 0% %3l
G009 2 I S O3 046 140 1% 00 004 13 04 6% 2 010 106 96N
[Farmer's Field Rbyolite (MVS)
B9 9 IS 56119 BB 0M DA I 0R 0 00 04 2% 6% 008 0 98K
OBSTT8 9 IS08 SIS %W oM 1% 03B 00 000 0M 016 0% 1M 000 081 98
B8 9 JSBOL 52598 N8 000 0% 0 01 00 00T 260 4% 009 0% %N
B30 9 NS S W0 00 0% 010 - 0% 00 0% 9% - 0 %4
GO 9 I S WE 0 S 18 01 00 016 0N 4% 4% 0% 08 9
GLO0%8 9 BIM S B3O W L0 ol 00 0B 0% 76 015 00M 0¥ %940
Ple Grep-Green, Moderately Porphyritc, Fine Rhyolits(MVS)
0BS7010 11 3561 S % 0% RE 0% 01 009 08 03 61 1% 0 0n %9
GO 1 B 6 M0 480 0% 036 0044 04 03 609 251 00 050 108
G071 3 6 O 044 159 16 040 0059 055 054 40 430 008 0% %%

* samples with UTMs calculated from registered base map
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Table 3-4: Major-element contents of ash-flow tuffs within the study area.

:::z: Unt  Fasting  Nohing Elememt  SO2  TO2  ALO3  Fe23  Fe0 M0 M0 (0 Na20 KO P05 LOT  Tou
Method  ICPES ICPES ICPES ICPES ICPES ICP-ES ICPES ICPES ICRES  ICPES  ICPES
Unt % % % % % % % % % % % % %
Limt 001 000t 000 Q0L 00l 0010 001 001 00l 00l 000l

Welded, Fiamme-bearing Ash-Flow Tuff (WMVS)

OR-01.008 4 352913 5263846 N 0B 1Y 150 00 0ol 020 o4 501 359 0033 082 967
0B01.010 4 353404 5263833 ng 03 1N 1% 010 0021 028 045 567 188 00 om 98.95
OB-OL-01 4 353421 5263842 MR 0M o BB 1S (0 0037 046 042 SR 2% 00m 0 102
Grey-Green, Pyritic, Pumiceous, Crystal-bearing, Ash-flow Tuff (MVS)

6302074 12 353038 5264200 6938 075 1440 03 313 0125 104 045 445 3B 0140 148 B

Dark Purple, Crystal-bearing, Ash-flow Tuff (MVS)

0502009 13 352985 5264488 uR 089 1230 2% 020 0026 019 057 8 560 0149 066 10006
050087 13 35980 S26M76 ¢80 058 1065 245 145 007 04 0 1M 3% 01 1 8

O0B-03-060 13 352959 526847 N6 06 1BA 2% 7 048 013 06l 4B 446 018 08 BB

6303050 13 39T 518 N 047 ue8 1% 0 - 008 047 6% 14b 008 0% B4

* samples with UTM's caleulated from regstered base map
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Table 3-5: Major-element contents of the mafic rocks within the study area.

sm Uit Ening Nonting Elemem  SO2 TR ADO  Red RO M0 MO G0 N0 KO P05 L0l To
Mehod ICPES ICPES KCPES ICPES IPES ICPES ICRES ICRES ICPES ICPES  ICPES
Ui 2
Limit 001 0.001 001 00! 01 0.010 00] 001 00! 00] 0.001
{Mafic Voleani/Iatrusive Rocks (MVS)
0B-00-289 1§ 15m 526077 .79 2158 1606 145 4 0228 285 1.98 503 11 118 14 100.55
GS-02-010 15 353005  S§204473° 715 132 1728 17 899 032 1018 117 0% 159 0169 655 10045
65-03-039 15 353534 S262310 56.01 0977 1R 50 |55 0137 10 447 7 0.14 037 41 100,94
GS40105 15 352660 Sa0 03 UM BT 66 64 0B 41 6 SO 118 048 36 %4
Amygdaloidal Baselt/ Hyaloclastite (WHPC)
B8 1 MM 880 S 2090 W 43 62 0M5 S S S 1 048 28 10
OBOLOOL 21 IS SI6I6M 26 16 1% 26 S3 0B 60 S36 26 3% 0BT 308 B
BOLOB 21 OB 68 9% 1S M 4B S 008 3% 2% SW 00 04n 20 8D
OBOLOM 21 3 8500 05 W9 W 4% 6 OIS S8 $B 0% 0T 24 O
G0N 2 BB 6% §5% 128 1680 SI 26 06 4% 38 700 0% 025 34 1m4l
6S-03-034 2 352513 526269 $5.18 1203 1602 500 260 0.224 43 484 125 0.19 0,258 138 10079
Mafic Dykes
0B-97012  20a 353548 5264062 4125 218 1860 316 §.38 0333 6.49 200 18 185 0336 415 100 89
0B-00-276 200 355302 S2630m¢ 5178 1801 15N 398 580 029 611 304 5.1 070 0495 394 %948
GO M I 60 O% 1m0 W 1@ N 08 R 1 0 S 039 ST 08
Gl M S S N4 206 1% M3 1 L L 0 4W D
G M S s 650 2% 1B M 38 2% 10 8 0 3% 10K
g D109 S0 2% 1 8T8 8 0 6% 31 4% 05 050 4 100
SO R LT B0 100 MM 5B 6% 02 103 240 20 L0 oW S% e
GO M M S8 B9 1% M 5K 4@ 060 42 050 1B 3% 04l SH W%
GS03-128 200 352637 526326 974 1868 184] 438 705 0241 4% 144 46 109 0409 427 100.24
08-01.002 200 354371 5263576 $.33 1532 1489 336 632 0197 701 147 431 121 0470 78 %42
0B-01-044 206 353820 5263791 50.06 1286 1583 414 454 0.207 195 561 156 105 0152 313 9810
GS-03-124 200 353395 5263847 5434 1183 1612 6.0 202 0143 603 557 440 1.57 0219 294 100.8]
GSOL00 fc BB S06n X TS NV R R Y S T B X R ¥ VR T/ R VTR E T
GSOB0 e IR I Q1 060 NI 29 A5 0l M 10 6M 24 01 24 W
GSOMID8 e IS4 S0 900 03I 163 340 09 QNE 26 08 1S S 010 21 %%
Table 3-6: Major-lement contents of the Fowlers Road porphyry (Unit 22; Wych Hazel Pond Complex).
::ﬁg':r Uit g Nt Bemet SO2 T2 AND B RO WO MO GO MO KO P05 L0l Tu
Mahod ICPES KPES [CPES ICPES KPES ICPES ICRES KPES ICPES ICPES  ICPES
Ui % % % % % % % Wy %y oy
Lot 000 000 001 001 00 000 00l 00 00l 001 000l
[Fowler's R Porphyry (WHPC)
OBOLIE 1 IS 56U 00 146 Coooms LS 0k 614 0 000 1% 908
0B01033 22 355200 5263150 st 0163 1325 0.98 018 004 055 0.09 1.10 959 0.64 %914
680201 1 354574 5263452 71359 0268 1340 193 1.1 0,080 185 031 5sn 047 0.026 13 10032
GSOMI6 1 SIS0 M 0I5 8 08 0JS 008 041 630 S0l 20 009 0§ R

* samples with UTM's calculated from registered base map
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Table 3-7: Major-¢lement contents of altered granite (White Hills Intrusive Suite) along the CBS By-Pass.

;““‘;’: i Bsig Nohog Bt SOI Tl AU R RO MO MO G0 N0 KO M W T
UMDCT
Mebod  ICPES ICPMES ICPES (CMES  KCPES ICPES ICRES ICES  KPES IO KPS
thi % % % % % %% % w oy w oy
Ut 00 0L 60 0oL 00 od 0ol 001 00l o0l 0l
Stica-Sericite Alered Granite (WHIS)
1 15300 516380 un o 0l 134 3l 044 0l 083 019 19 469 0050 114 10006
1 353068 5263800¢ U 01 1204 0048 059 [1]] 18 369 0.054 139 n|n
1M e mooun uy L YU P S VS P S ST R 1
1M s BG UM WD wroo0N 01 4R IS o4 08 Wl
T e e 0% 0m 9% W 0® 0B 2B 4N oW 0 B
Table 3-8: Trace-¢lement contents of altered granite (White Hills Intrusive Suite) along the CBS By-Pass.
Sunpl G N G % Y G R B 6 M A B S
Nunber Unt g Norhmg  Element H | 0 U I
Mebod CPES ICPES ICPES IPES ICPES ICRES ICPES ICPES ICMES ICPES ICPES ICPES  ICPES
Unit ppm ppm ppm pom ppm ppm ppm ppm ppm ppm ppm pom ppm
Limit | | | 01 1 | 1 | 0.1 1 1 1 |
[SiBea-Sercie Akered Granite (WHIS)
0Bl 1 1M 5263803 [ § i 40 n 3 1] 4 _ 1013 104
a1 6w 101 ) w0 % m %8 i m N
g 7 M aem o0y woon ot mw i W%
Bos 7 M seme R T TS R B | . mo W
uJ )
oy 1 M S I N N N . 3 mw o
Table 3-8: cont'd
;:"nt: Unit  Fasting  Nohmg Hemet Ga L ) It Ti Y la (e oy B oLy ML W N LY
Mol ICPES ICPES ICPES ICMES ICPES ICPES ICPES ICRES ICPES  ICPES
bt pm g0 pn pm g pm o pm pn pn o pm
P S A YN W NN AN NN (R SO N
{Siica-Sericte Akered Granite (WHIS)
B 1 S § 85 9 W oom no® B 148 omom 8 ke
o 1 N 6 Nowo 8w no® % 2 16 b 0 9 g6 N
gotay 1 B SaR TTRS S NN NN/ I NS | NN { AN Y S TV NN N S RN 1Y N 1
0B-97-226 i 153450 52638700 13 34 1 12 1178 13 17 b 19 09 89 04l 97 117 93
o +
By 1 s el I R T e R I T T

* samples with UTMs caloulated from regrstered base map
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Table 3-9: Major-element contents of altered and unaltered samples from Unit 9 (Manuels Volcanic Suite).

:":1:2 (i g Norbing Bemew SO2 T2 ANS RN R0 MO MO G0 NO KO P05 10 T
(il
Mebod  ICPES ICPES ICPES ICPES  ICPES ICPES  ICMES ICRES ICMES ICPES ICPES
Thit % 0% % % % % % % % % % % %
Linit 0Ol 001 00 6 06l omg oot G0l el 00 oo
[Unakiered Farmer's Field Rhyobte (MVS)
OBIMM 93BN 06N BYOOM B8 LN 0N 0l 00 0 2% 6% 0o 0m %
G305 9 IS0 eI WS 038 BE 18 0l 0 Bl6 01 4B 4% 009 08 BB
Co0M08 9 M ssl B30T ML 0B M8 630X 76 0B 00 0% %4
1Silca-Secicite-Pyrophylite Ateration (MVS)
0B9M 1 e Sas0n0e W0l 08 639 00 00 ol o 14 %G
0B9MS0 17 BB S0 B8 M8 5% ol su o 0w 00 00 Lo 0ol 3% W%
N .09 019 8% 00 0M 0L 0M 0B 1% 0w 1% BR
Table 3-10: Trace-element contents of altered and unaltered sarples from Unit 9 (Manuels Volcanic Suite),
Semple ) ! ‘ .
Nuther it Eastng  Norhing Eemem i Ni (o S v Q P h a Mo As ] §r
Metoi  ICRES ICRES ICPES ICPES ICPES ICMES ICPES ICPES ICRES  KCPES  KPES ICPES ICPES
Unit B PmO W pmo Mo pmo pm ppm o ppm P P pm pm
Linit I 1 | 0 I | ] ] i 1 2 i 1
Unakered Farmer's Field Rhyolite (MVS)
L L 3 M } $ 3 156
gy 0 N s6 2 2 TR 6 6B 1 § 1w
S0M08 9 BB S ] | 3l $ ! 16 18 ) ® B
'= Avenge ) 2 W B ] T 2 § 0l 8
Fsbice-SerkcePyrophylite Akersion (V)
(007 1 . S 5 1 18 ! ! 3 3 191 5
0BOL0 17 BB s 5 é 142 43 ) { $ 4 563 9
losrol__in 3006 st 3 1 YL I 3 ) W6
Table 3-10: cont'd
s::‘l‘;‘; i Bty Moty Benw G L M TV L G b B Ly W & M Y
Mehod  ICPRES [CRES ICPES ICPES ICPES ICRES ICMES ICRES ICPES ICPES
L PO BmMO g pmo pmo pm o pmo pmo g ppn
Limit 1 0 1 ! | { | ! 0l 0l
Unakered Farmer's Field Rhyolite (MVS)
BS99 3B 56N 015 B M % 4 8 W 69 18 65 0B 49 NS g
e 9 I 56 oo omoom o8 %N & 11T 0y 8 BT M
M Y BE sl WY B H 4 B8 615 % 0¥ 68 w8
f: hvemge 0 08 11 39 WS # @8 B 6 W 65 0N 66 Ny 13
iica-Serictte-Pyrophylike Akteration (MVS)
0BYM 1 I SR 6 N6 6 S S 3 1l 40 I8 M6 48 o 88
0BOMS0 17 3B Saeompe O T I %D § B0 08 35 0% 86 w1 60
O O 3 12 § ok (S S LS N 1 S N YO

* samples with UTMs calculated from registered base map




891

Table 3-11: Trace-element contents of granite from the Holyrood Intrusive Suite,

;ﬁﬁ: Uk Buig Nty Bmmt G N G % V0 M @m G M A B ¥
Method  ICPES ICPES ICPES ICPES ICPES ICPES ICPES ICPES ICPES ICPES ICPES ICPES ICP-ES
Unit ppm ppm ppm ppm pam ppm ppm pem pem ppm  ppm  ppm ppm
Limit | | | 01 | | | | 01 | 1 | |
| Pink-White-Green, Quartz-Phyric Granite (HIS)
0B.97033  NA T S5 25 § 14 bi] % 6
0B-97035 NA 48872 5255961 ] 36 18 | 14 L 103 i
OBoMme 5 ISHO0e saes0e 1 3 oo 1 ; n im0
OB NA B9 S5M I 08 ! B 0416
o NAJMDES 5056 ¢ 0 1 n B w9
OB.07068  NA ST 5255000 U 5 i 0 89 6
0B9M010  NA 345660 5295883 | 11 § ] 18 3 %0 80
0892300 NA  J4Bl4 SMNI88 ] 16 19 ] 15 8 191 n
0B97313 NA 9831 5246909 ] 17 19 2 14 1Y) 1206 n
0B-07317  NA 30107 5245904 | 30 § 10 b iy !
0800067 NA 350828 517950 | ] 19 1 § % 1 114 7
0B004  NA 35093 5235860 1 1 ] 46 13 4 X 80 4 109 168
OB00s  NA 4T SBI00 1 2 41 9 1 ] 3 2 1042 125
B3 NA 340 SD1640 ] ] ] 42 Il 4 § 3 | ] 9% Hil
00115 NA 404000 52338000 /) ] 48 § / R ¢ 12 100
B0 NA 3T SIS 1 ] 2 1 § § ) 4 84 185
OB NA 3014 52803 i | 3 1 5 n ] 110 i06
0B0-125  NA 350M4 5485 ] 1 1 Y § N S 978 18
0B0k7 NA 350386 5249636 1 1 ] 40 10 2 8 111§ 7
OBanis0  NA ST SO0 1 2 Yoo % 3 &
0B0257  NA 348356 S ] 1 ] 18 i3 | 4 L ] 5 1146 19§
0B058  NA 4168 5259 | 1 3 40 12 1 14 ) 1 1189 m
OB0061 NA 347885 5261506 1 | 34 4 14 ) 4 9% 109
0B NA M0 SDET | 19 | 12 % 1034 100
0B.00266  NA JTI0 5206813 ] 2 4 53 1§ 2 17 3] 817 19
B0 NA I8 SuuM p 3 g 0 2 2 Q P 1
0803037 3 350803 5261837 2 ] 1 34 5 2 % L 02 137 1508 Y]
B NA SIS 2 1 ¥4 0B M 0n 0 SR oo 6
BoMug NA 608 5% 2 2 3 08 2 w0 % 0% 14
OB0n45  NA 347819 5252364 ! 3 | 16 A § B i) 01 28 1079 %
B0 NA D0 Su6640 2 2 [ T R R0 /)
0BG348 A 4420 5255456 1 ] 19 Il 18 i 01 141 #1 ]
B2 NA 1M S56M0 | 1 182 6 13 15 8 14 365 10
OB3053 NA - 341187 5256594 | 1 2 3 | i i 01 194 8 10
Bt VA B8 S 2 2 IS T % 0 mo
0BT NA 340450 52836l 1 ] 4 1] % 1 Pl 4 02 197 981 4
0B03058  NA 509 528494 1 3 ] 36 19 19 M 02 120 %6 185
0BM059  NA 30697 5285300 i ] 2 34 18 i il i) 02 1 9%7 19%

NiA = samples colected outside o field area
* samples with UTM s calculated rom registered base map
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Table 3-11: cont'd

m Wi Gung Mt Beowt G LM Z T Y L G b B Wk Wi Tr m% Y

Meod  [CPES ICPES ICPES ICPES ICR-BS ICPES ICPES KCPES  ICPES  ICPES

it pROpmoopmo pmo pmo ¥m @M pmo pmo pn

Limit | 0 | | | | | | 0 0l
Pink-White-Green, Quarts-Phyric Granite (HIS)
0B97033  NA  MTD S5M 12 44 87 n 624 14 i) 3l 11 16 105 03 86 83 5l
0B9-038  NA T 523561 10 153 83 11 1492 15 ki 6l 1 18 156 02 124 145 §2
OBSM 5 3SL00 Sehser 1§ 65 § B e 1§ Ll 6 U 14 6 on 1.2 157 87
0B945  NA M9 Sukm § 40 111 14 1121 1 3 bl 19 20 104 036 15 134 69
0B9MMT  NA  MDER 5296 14 % B 50 i { L 43 kX 91 04 33 101 59
OBM06E  NA 35T 5255000 9 40 93 6 w7 I 19 ki 16 16 e 09 103 11 60
ORS00 NIA 5660 5235883 § 49 92 9% 682 u % ) 30 20 87 035 13 102 18
0B91309  NA M8l 57188 It} 19 93 1% 1613 13 3 51 18 17 113 030 124 141 49
08979313 NA 9531 SH6 1§ 92 93 % 1610 15 2 ) U 1§ 158 030 163 104 67
0B97:317  NA  M9I07  SM5004 3 4 108 80 807 1 i ki3 18 16 9 o4l 101 16 37
0BOM0sT  NA 3085 S1IMAD - 11 I 3 n 1l u ] 1l 17 4 o4 94 55 56
0B0-004  NA 3093 535860 - 4 § n 1328 1l i ¥ 15 14 W o 3 98 65
0B0-035  NA - M6 14100 - 36 1 1 1261 17 n ) 12 14 121 028 108 162 69
OBOL13  NA W90 5231640 - £ 1 1% 1300 4 3 3 2 15 W o 93 b6 102
ORI NA 0 Sz - 3N Mm% £ R ) R T R | N R VRRNTY ST
OB NA  MBT SBI - 8 7 g w0 /S N L SN A Y I R Y SR Y BT
OBOK16 NA 3045287 - %10 oW b 30 1 6 BY gm0 ous oM n
OB NA 30T 54 D T T N R TS T NN F S IV N ¥ R TC SN Y ST
OBMLT NA 86 54936 . 5509 mwWoowon 2% 0w W gmoB s 6l
OBGRIS  NA G0 Sme . S99 moom o wn% % 11 W g 19 ¥4
0BUR2ST  NA D S8 - XIS ! I U1} 08 o mo ogm ons ooy
OB-00-258  NA - 34Bl68 5250979 - 15 § 130 1353 16 ] 4 20 13 141 029 104 161 $2
OR8] NA IS 8261508 - 48 10 % 83 1l 1 3 10 14 N0 (48 88 96 87
0B NA 6D S S 9 W W T R S R | R Y ST S PR T}
0B NA TR SRk - g9y i I 1 Booox w18y g ss om0
oBas NA M58 S3MM - MR Mmoo /B S L RS L R S Y N X S F B
0B03:037 i 350803 5261597 - 64 97 in {12 18 1 3 JA] 20 90 047 10 116 64
0B0s0  NA I S0%1% - 15 1 M % 1 19 b3 12 08 B9 oy 10 113 113
0B0304  NA 3908 SIW - i 94 125 1442 14 U B 17 16 é o 115 134 93
oB030e  NA - MBI 511 - 461 5 4 14 i 2 13 11 19 g3 109 11 63
OBk NA 4590 5246640 - 1l 43 6 7% il 2 53 30 10 05 o4 105 14 81
0B03-48  NA Ml 505456 - JA] 140 14 hiH) pi] N 5 31 29 d on 85 103 62
OBk, NA M43 56040 - i NS 1 1% W ] 3 140 68 13 1% 17 11 07
0B0053 NA - HUBT 5265 - 19 163 9 A 3 i 53 51 1 59 08§ 54 17 30
0B03058  NA M8 5548 - 8.l §2 9 1229 16 n ¥ 0 19 137 03 m 118 51
OB NA M50 253761 - 15 94 131 683 1§ ki i 20 18 180 o 129 140 34
0BO3058 NA 35089 52549 - 80 92 120 134 1§ n ¥ 19 11 41 0% 116 130 7
@.03.059 NA 350697 5288300 . 51 §3 9 1310 1§ B 4 17 16 160 3l 42 108 62_J

N/A = sampleg oolleeted outside of field area
¥ gamples with UTMs ealeulated from registered base map
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Table 3-12; Extended rare earth-element data for granite of the Holyrood Intrusive Suite,

:Tn f:r Uit Easting  Norhmg  Hemewt (r (o N Cu I G Ge As 4] §r Y s b Mo
Method  [CPMS ICPMS ICPMS ICPMS [CPMS ICPMS ICPMS  ICPMS  ICP-MS ICP-MS  ICPMS  ICPMS  ICP-MS  ICPMS  ICPMS
Unit gOm pOmM o pOM ppm DM oM pom  DOm  gom  POM pomM  gpm pem DOm  pom
Limit i N | il 10 W | | § 1 1 | § | ?
iGranite (HIS)
0B-00-127 § 350386 524963 18 2 3 1§ | 10 6 it 1% ]
H0B-00-159 § U000r - 52330000 b 3 il [ ] % M N 0 ]
@}91-030 5 3510000 8280850 5 ) - 3 ] | 107 |45 § 1% 9
S N
Table 3-12: cont'd
Sample ) ‘
Nonlt Ut Ewng  Nomhing EHement  Ag In S $ (s & La G Pr Nd Sm ] 6 T Dy
Method ~ [CPMS  ICP-MS  ICP-MS  ICP-MS  ICPMS  ICPMS  ICP-MS  ICBMS  ICP-MS  ICP-MS  ICB-MS  ICPMS  ICPMS  ICPMS  ICP-MS
Unit poin ppm ooin poin oot pom pom pom oo pom pom Dom pom ppm pom
Limat 0§ 02 10 I [N 3 01 il 0008 0l 0l {008 0! 6l 0l
iGranite (HIS)
OBy 5 6 Sauges 1 VRN B TR N DS A § NN 1) NG | B LA ¥
Bty 5 e sum IS W B8l o Bl s 3 08
h08-97-039 § BT i 1§ Wil i3 52 542 169 32 ) 16 04 1
Table 3-12: contd
Sample . ‘
Number Uit Essog  Norbng Elemet  Ho b Tn () L Hf Ta W m ] B T U
Method  ICP-MS  ICP-MS  ICP-MS  ICPMS  ICPMS  ICP-MS  ICPMS  ICP-MS  ICP-MS  ICP-MS  JCP-MS  ICP-MS  1CP-MS
(nit pm DM gpom pem DM oM  pom QoM pom pOm  gom D ppm
Limit 0t 01 003 01 00 M 01 | 0l § 04 01 01
(Graaite (HIS)
0B-00-127 § 350086 5249636 06 18 09 10 03 16 10 06 § 106 15
10B-00-1%9 § We000*  5233900° 07 21 iKY 11 03§ i 07 03 103 15
0897039 § SSIIQ §250850* [N | 6 0% |1 {28 34 03 (3 9 112 L

* samples with UTMs calculated from registered base map
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Table 3-13: Trace-element contents of Unit 6 from the White Hills Intrusive Suite.

m’; Uit Esig Mooy Bemt G N G % VG B & 0 M A B B
Mehod  ICPES  ICPES ICP-ES ICPES ICPES ICPES  ICPES ICP-ES  ICPES  ICPES  ICP-ES  ICPES  ICPES ICPES
Uit M ppm o ppm o gpm o ppm M PRm o ppm o ppmo ppmo ppR o ppm pmo ppm
Lini | | | 0l I | | | 0l I J § | |
Monzonte (WHIS)
YT S 7 Y 1 5 4 I i) % 4 5 ] |
o 1L T Yo § § 2 b % % 9 1 i 2 ®
SO0 6 MM Sl 3 § Il 1 % % i & ()
Table 3-13: contd
Sample . - . )
Number Uit Fastog  Northig FElemest Ga L k) I Ti Y la (e Iy B LD, ML T N LY
Mehod  ICRES [CPES ICPES  ICRES ICRES ICPES ICRES ICPES ICPES  ICPES
Lhi M pm o ppm o gm ppm o ppm ppm pm o P ppm
Limit | 0l | | [ | ! | 0l bl
Monzonite (WHIS)
B9 6 W s i 117 5 mooom P % 19 15 115 08 B s
S-02-081 6 11912 5262448 109 ] 114 3406 13 B K |1 17 134 0 04 1 39
GO0 6 BB 56148 82 1 o owm % k) 18 16 144 0 M B4 9
Table 3-14: Trace-element contents of Woodford's monzonite.
Sk B : CON G % ¥V G M L W M A B RS
Number hit  Esstng  Nohing  Element r i 0 ¢ ] r
Method  ICPES ICPES  ICPES ICRES ICPES ICPES ICPES ICPES ICP-ES  ICPES  ICPES ICP-ES  ICPES  ICRES
Uit ppm M ppm PpM ppm M M ppm PP ppm ppm pm R ppm
Limit | | } 0l ] | | | 0] ] 1 § | |
[Woodford's Monzonite (640 Ma)
0B00-185 WS S0 B # % oous W L) 3 (1 5 TR 11
0800236 nesH B0 ] i B ) 7 04 2 9 066l
B0 esss s8I0 10t » nooowow (3% ] % | 9 7 ]
0B BN 009 [ i VR Iy I 74 1 9 0
Table 3-14: cont'd
Nurber Unt  Essing Norting Eemet  Ga Li Nb u T y la Ca Dy Be Laly Nols Tr  INb  ZnY
Method  ICP-AES ICP-AES ICPAES ICP-AES ICPAES ICP-AES ICP-AES ICP-AES ICP-AES ICP-AES
Unt pem pom pem ppm pom ppm ppm ppm ppm ppm
Liit 1 01 1 1 i ) 1 1 01 01
sodford's Monzonite (640 Ma)
08-00-185 334725 5244830 M7 B 103 498 18 4 8 32 19 128 018 428 128 58
0B-00-25 338 5251103 %8 10 188 4082 2 41 69 32 20 130 024 X510 78
08:00:236 338555 5251030 22 8 LK X 2 71 8 21 17 018 08 %4 107
0B-00:253 336802 5250189 7 1 M0 4 L 2 0w 08 11 281 14,oi

+ sanples with UTM caloulated from registered base map
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Table 3-15: Trace-element contents of Unit 7 from the White Hills Intrusive Suite.

33:?; Unit  Easting  Norhing Elemem  Cr Ni Co § v Cu 2] In (d Mo As Rb B §
Mehod  ICPES ICPES ICPES ICPES ICPES ICPES ICPES ICPES ICPES ICPES ICPES ICP-ES [CPES ICPES
Unit ppm - ppm ppm  ppmppmo ppmo ppmo ppm pPR M ppm ppm pm ppm
Lini | | I | A S R R |
[Medium- to Coarse-grained Equigranular Granite (WHIS)
0B-97-171 T 3586t 5261096 § ] | 14 16 19 2 ] 1] 10
opotal 7 I S 4 s o0 N 3 8 03 M
08-97-22 T 353068¢ 5263800 ] 2 1 40 3% 139 % 4 793 8
By 1 I8 SwTSIe 3 2 o8 N mm 3 m o4
B 1 M 80 3 1 woon s %l 4 moow
0BI4TSl 6460 | 3 § 49 I 1 i 412 1 %0 12l
OBOL00 7 INB3T 5264286 | i 9 ] 5% 19 4 4 ]
0801061 7 BN 526419 ] | 41 3 10 56 B ] e m
0B01066 T BM51 SapdldS ] ] 2 45 g 8 13 3 0% 18
s 7 B9 S 3 ) &4 B 65 1 1m0
10S-02-041 7 152988 52645T3 [ 5 4 43 4 8 § 18 01 ] 1 130 1210 58
1GS-02073 7 IH4) 5263806 1 2 2 16 1§ 50 5 3 3 § 58 884 103
IGS-02078 7 351766 5262510 1 ] 4 §3 3 4 9 4 ! § 6 n 189
GS-00084 i 352615 5262019 2 ] ] 37 pi] 6 9 55 | 4 # 1165 131
R L ) 3 1 4 n ) bW 1 s n Wl
OB.303 7 183 5261891 1 1 ] 44 B 8 10 il 0l | 4 156
GS0300 7 115 526390 1 1 pi] 15 k] u % | 853 8
G 7 L1 860002 1 ] § 59 % 1 8 120 1%
o100 T JSI088 520 f 1 2 45 pi] 15 ! | mrm
s 1 90 Swlew 1 2 (O T B a0 on 1
Gl 7 I S8 1 2 SR LN N 5% 1 1T
G 1m0 S8 1 2 a oy L TR ¥ B 5 % M
GS0319 7 MSE SIe I ] ] 48 1 1 19 1) 01 I s 1

* samples with UTM's calculated from registered base map
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Table 3-15: contd.

OB e by N Bes G LM LT Y LG D R L) M W e W

Meod  ICPES  ICPES ICPES KPS ICPES ICPES ICRES ICPES  ICPES ICPES

it MO pmo ppmo Mo R pm M pm o pm ppm

Linit i 0l | | | | | 1 o0l
Medum- to Coarse-gramed Equigranular Grauite (WHIS)
oBoMT 1 M 60 (N XSS SR | NS v AN I/ SR (NG ¥ AN SN T SN/ AN TSN ) B 1|
po 7 W0 e (SRR £ T TS " S /N NG I R AN L NN | ¥ S ) N AN |1 SV
oporn 1 L6 T S T TN 'R A SN ST T SN U NS TS (7 NN Y NN 7 S ¥
g 7 B neme LS T S | T D N & NS T SN & S ¥ S T SN TR}
Bome 7 MM S L S Tt N S M R VAN b SN 5 N T3 I N TR
B ] N6 s 8§00 Wm up Booow W w0 1 6 8
oBOL T B Sesg BB nWwn 3 N S ¥ R T SR U B & N 1 B
B 7 B9 S99 04 W W W} 2 s w0 s
oBonos 1 BES SIS L T s O O [ T N | YR L B
T R ) P R TN R /. T /A ¥ NN O A AN ) N | (N1 B 1
sl 1 SN S6m T T /SN NN T SN R I N (A1 NN NS 1 SN WS 1
o 1 I 966 08 MomoB B3 B 18 W Bl 88 182 M0
a7 1 s 80 % ns s nn 1% om0 o0 w886
Y R . 5% m . womo % 18 12 181 03 130 ME 88
e R L BoowWwooWyon %31 M 0% 9% 1858
TNy SO AN L . R 41 66 nooou W on 3 # 1 T A O 2 N L | X
R S - ) I 7/ R | A NN | Y £ SR P N T ) N (TN | S
am 1 e Sl % 9 o ne b ® @200 16 W w4
s 1 B R £ A T | RN L7/ SN (NN AN 'SND X NS ¥ SN ¥ N F SN 7 SN | N 1
hson 1 1M S0 W0 om oW ko2 % 1813l o4l o M
oy 1 IO s B9 B N ® W 13 14w 0n S 86 6
sy 1 B0 s L S N U RN | CJ N A IS /3 A [ S T SR L/ N Y
@Mg 1 BB SKie) O O S T T S A T O L O A

* samples with UTM caleulated from registered base map
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Table 3-16; Extended rare earth element data for Unit 7 of the White Hills Intrusive Suite.

;Z‘;‘;fr Uit Esiyy Norhng Bemt VG G 0N G b G G A B S Y L M %
Mthod  ICPMS ICB-MS ICPMS ICPMS  ICP-MS  ICPMS  ICP-MS ICP-MS  ICP-MS ICPMS  ICP-MS  ICPMS  ICPMS  ICPMS  ICP-MS
Unit oM BOM BBM ppm pOM MMM KDM  OAM  POM M ppm pem oom Dom  pom
Lit 5 n | il 10 k! | | § ) 2 | § | 1
Medium. to Cosrse-gramed Equigranular Geanite (WHIS)
0B-01-046 ! W36 S264601 1 4 pA i 14 | I8 ] pii n 10
BO1061 ! WRY 56419 L} : il 1 6 - 14 B3 i 150 0
089711 T Sem b 3 n i) 13 | - 118 n 2 13 9
0897362 1 36 8600 3 - - i§ | § 14 103 i 1§ 0 4
Table 3-16: contd
Sample ‘ ! )
Nunler Uit Eatmg  Norhing Element  Ag In ) s Gs B la Ce Pr M §m b Gd T Dy
Mehod  ICPMS  ICP-MS  ICPMS ICPMS  ICPMS  [CPMS  ICP-MS  ICPMS ICP-MS  ICP-MS  ICPMS  ICPMS ICPMS  ICP-MS  ICP-MS
Unit DOm  pOm  pOM  pem  ppm pom  OBM  Bom DM DR pIm pom pom o pom pom
Limnt 0§ 02 i0 0§ 08 3 0l 01 0063 0l 01 008 01 01 01
edium- to Cosrse-graised Equigranular Gragite (WHIS)
OBaL6 1 NMI Sedl VoW m o BS s 66 m2 4 0w 33 0 W
1061 ! 1899 864199 | 08 17 n A0 W 4 W 19 06l bA] 04 1
B9111 1M s 08 | 18 0 19 Be 3 110 1 046 20 03 1
B-97-362 7 31264 5260004 06 | 13 13 114 m LR} 36 119 20 04 15 03 17
Table 3-16: contd
Sample . ) . !
Numbet Uit Easting  Norhing Elememt Mo Er Tm Y v H Ta W T )] B T U
Method  ICPMS ICP-MS ICPAS ICPMS ICPMS ICPMS  ICPMS  ICPMS  ICPMS  ICPMS  ICPMS  ICBMS  ICPMS
Uit DM gm DM Dpm MM DOM BOM BM pm DM ppm DM pom
Limit 01 01 00§ 0l 0 01 01 | 0l § 04 01 0l
{Medum- to Coarse-grained Equigranlar Graite (WHIS)
0B-01-046 T BU6 56480 08 1] 037 16 042 47 03 | 10 pi| 3l il 15
0B-01-061 TOBRY S 08 1§ 02 18 0n 45 10 10 $ 18 13
0897221 T BWm Seh0 04 13 0 13 026 14 09 1l 4 120 23
I9&7.362 7 WM 526004 04 12 020 14 03 45 10 1 12 by) 114 18 .

* samples with UTMs calculated from registered base map
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Table 3-17: Trace-element contents of Unit 8 from the White Hills Intrusive Suite.

m'; it B Nobig Bent G N G & VG B B G M A R RS

Mebod (MBS ICPES KCPES ICPES ICPES ICPES ICPES ICPES KCPES ICPES MBS KCRES  ICRES  ICPES

Uit BMO Mo M [mo g Mo 0 pm o pm pmo o pm o pm pm pm

Limi A R N ) DR U R N SO TN SN TN N
Quarte-Feldspar Porphyry (WHIS)
OBOMN 8 Ml 900 2 1 R T B S : e i
Bl B BB S8 T R S TR S SR | 3 w0
OBOM® 8 M9 6NN R T R N BTN 3 w1
G 8 MBI 05 L1 1 % omwo1ron %o . m o
Goae 8 NS s R R T . w0
S 8 BN S T S R S T/ B R T s s
I I R R T el
Table 3-17: cont'd
;::‘n’;‘; Wi By Mg B G L %z T Y b G b kL ML T W LY

Mebd (MBS ICRES ICPES ICPES ICPES [CMES IS ICRES ICPES GRS

Ui PN pm gmo pgmo g pn pmo gm pm o o

Link T T S T O O T T
Quartz-Feldspar Porphyry (WHIS)
B 8 Bl 960 W6 7w me B B %20 14 W6 oM 166 Bs 82
OBOMIS 8 MBS B TS T VR ' RO TR VS N Y SN P NN T RN ¥ B TR VRN
OBOMN 8 BT S Wooowowoouws B % & 2 18 m o oms oW
S 8 MEM Se W% W W BB & 1115 W 0% 0l W 8
S T 1 1 b oWwow ¥ w19 W B 0% Bz
G008 8 B 6 Wooonoo®  aw B2 % W16 m o Woum 4
losnm 3 Jss s T T TN N S T N VR £ T L N I L I

D L - __

* samples with UTM3 caleulated from regustered base map
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Table 3-18: Trace-¢lement contents of rhyolite successions within the study area.

Sample

Nuhr Uit Emting Norhing Element  Cr Ni Co S v (u P In (d Mo As Rb Ba §r
ICP-ES ICPES ICPES ICP-ES ICPES ICPES ICP-ES ICP-ES ICPES ICP-ES [CPES ICPES ICRES  ICP-ES
ppm - ppm ppm  ppm  ppm  ppm  ppm  ppm ppm  ppm ppm  gpm ppm  ppm
| ] | 01 | | | | 01 | 2 § | |

Minerals Road Rhyalite (WMVS)

0Bl 1 381957 Sa606 | K 6 4 ! il 1983 8

OBOLM0 1 3519 Sa08Mt ! 36 12 1 3 13 m ji]

10B-01-012 | 351843 5262605 1 1 37 8 4 30 0l 4 173 4

0BOL36 1 BB 26816 ! 1 now 7 g 1 4 B

0RO 1 BIBT 260608 2 | %0 g # 2 2 m 9

(G5-02:080 P BITT 5a6u% 4 4 2 49 17 2 2 4 ! M 0 e

0803018 1 35298 5261305 1 | 19 § 2 i 3 n 3

0B.3018 1 IS0 51606 1 | M 4 1l fA 01 3 1 I ®

GS-03:075 | 15192 6134 | 1 § | 1 2 01 2 1663 51

{Manuels River Rhyolite (WMVS)

0800150 2 352865 $263152 ] ] 49 4 ] i1 4 1041 ]

0BOL0 2 3ST 526209 10 1 9 ] 7 1004 19

0RO 1 X eI 3 “Wooow 4 oo 1 W

Bo 7 I e 3 5 56 U 3 5 9 ] B oo

OBgLe0 2 IS Saels § 1 7 100 5 1 3 5 01 § 19

0BO14) 2 I SNl 1 43 ] 3 1l 6l } 5 1] %

BI04 7 IS 6376 1 39 1 3 6 4 } 1 658 &

BI04 1 IR0 SM636M | | 2 3 12 1 2 612 n

Gs-0076 2 39T 5063548 1 1 Iy) § 9 66 | 3 5 48

o086 1 ISB0S Sa60m 1 | M 5 B 2 moomn

0B-03:013 2 IB07 SR8 | 54 4 ! 1 § e 4% 50

0BG3061 1 I Sead 3 3 4 Q 14 8 14 02 / 3 %

G500 1 M8 T 1 4 / 0 u 12 9 / T8 )i}

Farmer's Field Rhyolite (MVS)

BoM 9 IS SN 3 M3 § 5% e 4

0BOMI 9 306 S8 3 2 3 3 2 1l 19 N

(0B-00-087 9 32801 5159845 2 1 43 12 4 1§ 3 1153 30

BT 9 NS SN% 1 | 8 s 2 § LS B 3 30

GS00053 9 3580 5261920 1 2 64 I 6 16 i3 ! § w9

SO08 9 BB 6191 1 | 1l 5 2 16 18 1 4 B

Pale Grey-Green, Moderately Porphyritie, Fine, Rhyolite (MVS)

Byt 11 3861 ST /) i 16 19 3 1 L 350 L)

600071 11 3N 6T ! 1 38 15 1 13 ) ] 1 ] 74 5

S02472 11 353434 5263847 2 2 | 42 0 6 L& ] 4 i 1152 i

* samples with UTM's calculated from registered base map
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Table 3-18: contd

::;E: i B Mg Bevw G L W 2 T Y L G D B L Wa T w4y

Method  [CPES ICPES ICRES ICPES ICPES ICRES ICPES ICRES ICPES ICPBS

it pmo pmoopmoopnoopmo gmo o pno o pn

Limt | 0! | | | | | | 0 01
[Minerals Road Rhyolie (WMVS)
0897019 i 351957 $262683 15 16 1 183 1084 4 ]| 5 61 12 13 056 (M 139 40
0897040 b3 Sl 6 10 12 187 % N 9 3l 52 14 13 i) 43 181 50
0B01012 | 35143 5262608 11 5 m %0 @ 19 by} 69 2 28 o 48 143 m
0B-01-0% | 5188 5262516 17 11 18! 90l ] 1 k| 58 13 3l 063 60 141 m
0801037 1 1897 5262608 12 B n 1009 3 0 ki) 58 13 35 065 60 n1 47
1GS-02-080 ] BIMW 5262498 4] 13 140 1149 ) 2 [ 67 16 33 061 $2 108 1]
0B-03:018 | 986 SH62%06 19 1 113 1o b } 1§ 39 08 by 0% 31 190 46
0B-03-019 | 49 52662 13 § 161 1246 M % L) sl 15 50 X4 18 194 4]
6503475 ] B1906 56143 09 i 182 %) v il 5l §3 1§ 54 043 59 1y 4
[Manueh River Rhyolte (WMVS)
0B-00- 150 ] 3952865 S263182 Ll Il 163 85 % § 13 49 1.0 17 13 5 15 45
0801006 ] N S0 17 13 £t} 693 ! 1 17 36 07 11 168 51 109 §1
0801007 1 393 5631 12 14 147 % B 9 1 50 10 13 154 54 103 45
0B.010% ] WU K6 33 1l kit an i) Ll 50 55 19 55 038 1y W0 94
0801040 ] IS 56380 40 1 K un ki3 n 5l 54 19 50 04 50 19 9%
0B0L-041 ] 31303 2631 18 0 9 0l bl 1 n ¥ 16 63 04 [} 182 1
0B01-04) ] 1383 5263%67 17 18 S 1% % B 6 69 13 55 047 58 196 1%
0B01-04) ] IRB 6364 28 1§ 161 1% B ) n 56 11 82 0y 80 19 )
GS-020%6 ] 3539% 526345 3 1§ 195 Ml k] % 4 51 19 49 059 18 10 1
16500086 ] 152905 5263070 10 12 19 0 bi 11 il 33 12 34 106 54 132 69
0B-03-013 ] 1301 26381 13 u 14 ) ] ] 4 16 6.0 029 50 189 53
40803061 2 M s JAl 1§ % 1644 9 60 8 84 11 11 04 45 9 82
5-03-0% 1 By s 63 1 8 40 # » 50 59 13 49 041 Ny m 66
Farmer's Field Rhyole (MVS)
08-97-1% 1383 261190 10 1$ B3 3 1898 d # % 69 13 65 028 49 308 37
0B9%1% 9 s eIy 12 19 i2 1% M ki % % 5 1§ 6.2 03 56 150 4!
0Bo0E 9 B01 S9084$ 13 Il 145 ] 3 16 0 43 13 1% s 53 136 m
oBok0n7 % IS S26M%8 08 1l 1% L] » U ki 46 15 51 046 54 15 4
6503083 9 BN SN 3] B mHoom 4 ) 1 64 17 11 0% 81 87 18
050308 9 BB 619 10 9 Bl 1564 4 kS 6 64 15 58 08 68 %1 8
Pake Grey-Green, Moderately Porphyritic, Fine, Rhyolite (M VS)
0891010 1L 3l speame 19 52 13 k] 1888 4 ki3 % 58 1$ 65 0M 56 %2 82
k}s.oz.on I 333 S163T4 3 11 Wy ¥ U b 54 11 63 0% 14 8 19
1G5-00:01 It BuM 56w 53 § " % b 3 5 40 16 (] 02 N m 88
[~ i miameensien ——

* samples with UTMs calculated from registered base map
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Table 3-19: Trace-clement contents of ash-flow tuffs from within the study area,

;:n“]‘;':r Wi B Moty B G N G % 0V G M b 4 M A B &

Mehod  ICP-ES ICP-ES [CPES ICPES ICPES ICPES ICPES ICPES [CP-ES ICPES ICPES ICP-ES ICP-ES  ICPES

Uit MM WMo pm o Mo Mo pmo B Mo pm o gpn M pm pm pm

Limit | | | 0] | | | | 0] | 1 § | |
|Welded, Fiamme-bearing Ash-Flow Tuff (MVS)
0B-01-008 4 BBI3 5263846 ] | 44 14 § i | 4 1342 8l
08-01-010 4 MM 6% 4 4 1 54 ) ] 4 6 1018 9l
0B01:011 § 1342 526342 1 4 1 4 10 § ] | 1 1053 |
Gres-Green, Pyritic, Pumiceous, Crystakbesring, Ash-flow Tuff (MVS)
G000 11 M08 560 1 4 1 108 {0 ] 17 113 1 4 8 w 1%
Dark Purpke, Crystabbearing, Ash-flow Tuff (MVS)
SOM0 13 395 S 3 ] 96 3 § 3 ] 13 B0 s
S-(2087 13 15208 S6M%6 9 § 4 04 5l i ] ¥ 4 156 1 65l 188
0B-03-060 3 W9 S6un ] ] 10§ ¥ § u 01 | § 148 13§
503052 13 %% et 1 3 §1 ] 14 14 2 § §% 108
Table 3-19: cont'd
;m Wi i Moty Beom G L % & LY L G b B LD W T I LN

Mehod  ICP-ES ICPES ICRES ICPES  ICPES  [CPES ICRES ICPES  ICPES  ICPES

Uit pmopmopmogmo Mo pmo pn o pmo ppn

Limit | 0 | | | | | | 01 0]
| Welded, Fiamme-bearmg Ash-Flow Tuff (MVS)
O0BOLB 4 BB S8 /Y T R " N TR WY "IN R T N 1 S YV ST SR PR,
OBOLON 4 MMM S W ® w0 ¢ % 8 MM gy ou w18
OBOMIL 4 MM S S I TR R R S SN | B T R £ N T ST TSR T BT
Grey-Green, Pyritic, Pumiceous, Crystakbearing, Ash-flow Tuff (MVS)
S0 1 60 9 WMo W &% 61 10 46 g Wl %1
Dark Purple, Crystakbearing, Ash-flow Tuff (MVS)
SO000 3 BN 56448t 7 12 048 4 k) K} 60 16 54 08 B3 s 18
SO 13 WK 66 9 nmooWws % 1 B3 U g Be B %%
0BOM0 13 BBN S 44 £ mwooiw Ll M 9 63 16 55 0% B6 16 84
§03450 3 1% S 08 Il M 2 3l b} £ 44 14 §4 sl 1

# samples with UTM's calculmed from registered base map
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Table 3-20: Trace-clement contents of mafic rocks from within the study area.

:3::&: Unt  Easting Nothing Element  Cr Ni Co S v Cu Pb In (d Mo As Rb Ba S
Method  ICPES ICPES ICPES ICPES [CPES ICPES ICPES ICPES ICPES ICPES ICPES ICPES (CPES ICPES
Unit ppm ppm  ppm  ppm ppM ppm  ppm o ppM o ppmo ppM ppm o ppmo pem ppm
Limil, 1 1 1 01 1 1 1 1 01 1 2 § 1 1
[Mafic VolcanicTntrusions (NVS)
0B00-289 15 38U 5260727 1 § i} 295 % - 2 160 - - 4 - 355 14
GS02010 15 353005 5264473° 141 145 5 N8 25 LY, 2 140 - - 3 116 19 5
6503038 15 35354 5262310 13 1 pe] 08 1 5 15 9 - - - - n 191
6303105 15 352060 5260024 il 86 % %8 A 0% 2 19 - - 2 - oM
Amygdaloidal Basalt/ Hyaloclastite (WHPC)
0800280 21 354474 5263520 81 K] k] 210 aq 4 14 - 4 8 33 mn
0801001 21 354325 5263604 160 69 k{] 20 28 K] 4 19 01 3 146 306
0BO103 21 354383 5263567 12 P B B W n 1 % 02 2 B 165
0801004 21 354467 5263510 I H kL] s 14 li 108 01 3 380 m
6803 2 352613 52626% 67 5 Noous M0 13 % - - 5 - 4 m
630333 2t 213 56N% 65 55 29 B5 0 B 13 80 - - - - 76 115
[Mafic Dykes
0897412 2 353540 5264062 4 10 ooy W w0 1 142 - - - -4 148
0B00-216 200 365302 5263012 19 27 % 86 A Pl - 13 - - 4 . 150 182
GS010% 08 BTN 526053 ] 5 4 s W e ¥ m - - ki S
6302007 00 35203 S641R 1 16 RN W w1200 25 02 1 8 oW W
6S02075  0a 365293t 5264192 14 13 L, M3 26 14 il 276 - 1 6 85 1028 60
6S03-122 200 355039 5263253 18 kil 25 22 28 3 il 10 - - - - 189 180
6503123 208 354500 5263481 192 129 & W W 4 1% - - - - 59 4
6803127 0 352044 563061 Kl Py ¥ % W 68 o - - 10 - w1
0503428 00 35263 5683 W M & B o 7n 13 1% - 7 B W
0BO1002  20b 34371 5263676 1 0 0 B8 % & 1 16 01 3 4t M
0801044 200 353820 5263791 179 76 a BRI W 5 4 84 01 - 5 LYK LY,
6503124 b 353395 5637 6 5% OB M 8 15 7 - - 2 - 834y
680270 e 3534t S, 9 3 19 158 14 5 4 ] . - . B M M
6503074 206 351892 5261238 48 5 18 131 12 4 15 108 - - - - 671 115
6503425 00 351914 5262637 8 3 15 123 73 - 15 12 04 - - - 2465 %

¥ samples with UTMs caleulated from registered base map
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Table 3-20: contd

:m Unt  Eesing Nothng Element  Ca Li Nb u T \f Lo Ce Oy Bs  laDy Nbla T IMb N

Metod  ICP-ES ICPES ICPES ICPES ICPES ICPES ICPES ICPES ICRES ICPES

Unt pom - gom o pm o pm o fem Mo g pmo pem o o

_ Limd 1 01 1 f 1 1 f 1 0 04

[Mafic VolcanicAntrusions (MVS)
0BOO-280 15 3722 5200707 s P K1 L, 80 18 18 40 048 49 198 53
6302010 15 353005 5264473 842 7 - I 1 § 1 8 22 19 13 65 126 K0
(305039 15 363534 5262310 137 8 0 6% 1 9 % 27 08 oo 1 192 82
6503105 15 352080 5260024 B4 0 B 1 N % 5 45 14 53 04T BT 159 68
Amygdaloidal Basalt' Hysloclastite (WHPC)
0BO0280 21 354474 5263520 s W o10% % P ¢ 55 1237 0% 81 W3 48
0801001 2 34325 5203604 21 1 % H4 1 o] 45 11 29 050 658 w0 43
0801003 21 354363 5263567 " 15 10508 X 17 3 48 11 3 8 me 1 47
0BOL0M4 21 354407 5263610 104 ki BLCT 1 9 4 43 14 4 0% 93 B4
6S034 A 352513 5262696 144 7 e 89 o 10 % 32 08 2087 98 8 55
(65-03-33 A 32513 5202696 127 8 110 7558 Al 1 2% 30 10 35 057 880 184 53
|Mafic Dykes
0B97-012 200 353548 5264062 a3 8 102 tue U 18 40 52 28 0% w0 U5 53
0B00-276 208 355302 5263072 - 88 1 10 18 R 1 KK 49 12 33 045 850 176 41
6501008 202 35273 5200563 53 ¢ g WM U 8 18 18 41 33087 146 158 28
6502007 20 352031 5264192 139 1 130 1334 4 2 % 64 18 20 085 1027 123 29
6502075 200 352931 54192 Y] o158 o i §7 78 19 37 o4 7 8 23
6303420 208 365039 5263283 410 LT 18 % 48 12 35 08 813 B35 47
6503423 200 354500 5263481 20 8 % 1 n 9 % 58 12 15 086 503 188 34
050327 0 352744 5263081 a1 10 166 11995 2 18 K 40 L ¥ O " I/ I I
6503128 200 352037 5263083 80 8 mooMns B 13 R 34 18 37 08 87 59 &7
0BO1002 b 354371 5263678 05 10 w0 2 p 52 a7 11 83 04 ®5 11 48
0BOLOM 200 353820 5283791 a5 5 W oowe B 7 U 37 14 0 om0 Bs 173 a8
GS:03.124 200 353395 5203847 75 5 M 8 3 i 0 4 041 9 1 4
6502070 20c 35341 5263620 193 8 1% 01 % it 3 27 15 67 0% %0 U5 N
6503074 20c 361802 5261238 125 3 A | 3 % 14 10 98 0 @0 5N
6303125  20¢ 351914 5262637 198 5 L 1 3 20 15 80 0% W3 28 72

* samples with UTM caleulated from regitered bast map
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Table 3-21: Trace-clement contents of Unit 22 (Wych Hazel Pond Complex).

;:”n:: Ui D Mg Bem G N G &% 0V G B B G M A R B

Metod  ICPES ICPES IS ICPES ICRES  ICPES ICRES  ICPES ICPES ICPS  ICPES ICMES  ICPES GRS

Unit Jm pem ppm  ppm o g pBM Ppm o fpm ppm ppm o pm pm pmo pm

Limt | 1 L0 | 1 R N R 1 1
{Fovler's Road Porphry (WHPC) -
OBURIE 2 K SIS § 1) A TS TS B | 1 3 %M
0BOLY 2 % 60 2 A TR S RS W I | B M .
GOMT R N SR ! noonoo1 1w /RS T BT S
GO 2 I sem 1 1 w5 1 uow 1 )
Table 3-21: cont'd
m‘; (i sty Mobng Benm G LM X T Y L G B Wy M Tr M I

Mebod  ICPES ICPES ICPES ICPES ICPES ICRES ICPES IS ICPES  ICPES

Ut RO pm o gmo pn pm A pm o pn pn pm

Lt L0 | | x | 00
[Fowler's Road Porphyry (WHPC)
OBOBIR D S 68 SN sm o8 B & 86 11N g w4
OBIME 2 WIS Y S T BT RS TR NS E SRS Y N ) T VRN TRRN VAP
GUAN 1 BN S W% %W S 8 M 816 g ow ome
GO 2 BB Swm SR R NN N R S TSN 1 N SRS BN Y SRR AP

* samples with UTMs caleulated from regustered base map
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Table 3-22; Major-element contents of Unit 3 from the White Mountian Volcanic Suite,

Sl Uit Essting Northing Element  S02  TO2  AROS FR3 RO MO MO GO N0 K0

nos L0 Tou
Number
Mol ICPES ICPES ICPES ICPES ICPES ICPES ICPES ICPES ICPES ICPES ICPES
Uhit % % % % % % % % %% %o
Limt 000 000 00l 00l 00 001 001 00l 00 00
Massive, Lithic-Rich, Polymict, Lapilli Tuff (WMVS)

M3 IR U6l B0 N N0 0% 0w 0N 06 3% 3% M 01 %
o 3 M 96l o0 00 0 0 1M 4N 0 10 B
G004 3 M S OO RO 0% 00 o 08 08 2% 6 0B Ll %0
GOMIB 3 IR ue0 U108 88 0% 0l 0m4 0B 08 206 3% 0@ 0B 9D
GO 3 Ml s B30 018 94 o® 017 00 00 0l0 M 3N 08 oM B
GG 3 e e B6 006 B 1S 0% 000 08 005 03 2% 00 0% ks
(GS-03-130H ] 352612 5263214 BT 0 10.04 10 038 0.054 0.46 014 26§ 3N 0.03 0n %82
GSOMI 33560 52608 B4 0168 8% L0 0} 0MS 04 00 17 3% 00 01 %%
Table 3-23: Trace-¢lement contents of two samples from Unit 3, collected distal from the roadside outcrop.

S _ Easting Norhmg Element  Cr N (o & v (u Po In (4 Mo As Ba &

Number Unit

Mol ICPES ICPES ICPES ICPES ICPES ICPES ICPES ICPES ICPES ICPES ICPES ICPES  ICPES

Unt WHpmo pmo MM pm PR Hm M B PN pm g o

Lini R VRN U YU (NS S S U | A S R N
Masive, Lithic-Rich, Palynict, Lapli Tuf (WM VS)
G008 3 M e S T BN RS I S B IS T B
G310 y o I S8 5 7 3 53 § 7 - 3 5 161 2
Table 3-23: contd
ﬁﬁfr Uit Eewg MNohig Bemt L M Z T Y L G Dy B ldy ML L LN Y

Metod  ICMES ICPES ICPES ICPES ICPES ICMES ICPES ICPES  ICPES

Une PUpmo pmo pmo pm o pn pm  gpn ppo

S T N A (RS FRNS N N A LN
Massive,Lihic-Rieh, Polymict Lapill Tufl (WMVS)
7R R S YV R 1 W0 e M om % 49 1T 4s 05108 e 47
GSOMIO0 3 ST Sl A BB 6B Sh 1T 39 06 83 19 48

* samples with UTM calculated from registered base map
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Table 3-24; Extended rare earth element data for Unit 3 (White Mountian Volcanic Suite),

m Wi Beig Nobng B VG O 0N G b G G A RS Y r % M
Metod  ICPMS [CPMS  ICP-MS  ICP-MS ICPMS ICPMS  ICPMS ICP-MS  ICPMS ICPMS ICPMS  ICPMS  ICPMS  ICPMS  ICP-MS
Unt pom oMo ppm pOM OSm QoM gpm  DOm  pOM  Opm  DPM  pOm  pom  ppm  pom
Limit 5 0 | il 10 ] | | § 1 1 | § | 1
M asaive, Lithic- Rich, Polymict, Lapili Tuff (WMVS)
5:01-1304 i 1614 563208 M 1§ 13 L} b 0 10
S-03-130B 3 312610 5263200 U 10 9% 4§ b 154 H
§03-130C 3 BN 526314 ] ] 10 10 k] n 161 ]
GS-03-130D 3 BN 526320 1 - § 9 1§ 1 N -
GS:03130E ) W6l 5263218 § 1 1y 6 | §
68-03-130F 1 611 5263203 . . i 79 Ji] ] 16 -
3031306 ] M6l 526320 1 3 8 § 8 JA] 1§ B [
$:03-130H 3 1261 SN i 2 % 1l i i bl 47 [}
- 2 2 4 || | 109 4 1! 163 8
Table 3-24: contd
Sample . . .
Nunker Unt  Eastng  Nomhing Hement  Ag In Sn Sb (s Ba La (e P M Sm By e ] Dy
Method  ICP-MS  ICP-MS  ICP-MS  ICP-MS  ICP-MS  ICP-MS  ICRMS  ICPMS  ICP-MS  [CP-MS  ICPMS  ICPMS  [CPMS  ICP-MS  ICP-MS
Uit pom  Dom  OpM fOm oM gm  DOpM  BOM  pom  OpM DM pom  pom oM pom
Limit 03 01 ! [N 08 3 01 01 (.608 0l 0l 0,008 0l 01 0.1
[Massive, Lithic-Rich, Polymict, Lapilh Tuff (WM VS)
GS-03-1304 ] 6l 5263208 11 j 11 14 L) 09 34 62 B4 8 10l i 09 \
16531308 ] 8612 5263200 21 ! 1] 0% 36 M1 37 44§ 181 H on il 0% [}
G803 130C 3 HeN 63 13 ? 11 ik L] 123 i1 401 16 i9 0n 38 07 K
GS-03-130D 3 B0 563220 15 3 (I §ll 10 11 0N 11 03 0.0h 03 01
1603 130E ] 32611 563218 16 §7 08 116 16 3 144 19 04 03 02
10S-03-130F 3 IHI 526323 {7 14 i 06 il N 07 02 02 - 03
IGS-03-130G 1 161 s 56 13 (6 Al §1 16 16 69 18 040 1§ 4 1
1GS:03:30H ] 3610 52324 61 2 o0 8 4 SH Nl 4 {00 i 08 47
IGS-(]J-UOI ] wg m 3l 54 2 1] 07 (020 209 683 18 Bl 43 (46 4] 07 4]
- ———————
Table 3-24: cont'd
Sample ‘ .
Number Unit  Eastng  Nothmg Element Ko E T Yb Lu H T W n Py B T U
Mebod  ICPMS  ICP-MS  [CP-MS  ICPMS  [CPMS  ICPMS  ICR-MS  [CPMS  ICPMS  ICPMS  [CPMS  ICPMS  ICPMS
Uit pM pom o pom pRM oM DM Qom oM DM pom ppm pom  pom
Limit 0l 0! 00§ ] 004 02 01 ] 0l § 04 01 01
Massive, Lithic-Rich, Polymict, Lapil Tulf (WMVS)
168-03-1304 3 Weld 5263218 1 19 0% 18 06 54 06 4 13 41 14
10S-03-130B ] 1612 56300 10 34 0% 12 082 4§ 06 - 12 43 14
1G803-130C ] 6l4 5260324 14 13 050 32 031 6 {6 | 1 4 13
((5-03-130D ] 352604 5263200 0l - 03 - - 11 - -
108-03-1308 3 60 60 (] . 01
GS-03-130F 3 61l 56 (2 02 04 . 09 02 -
168-03-130G ] Bl 50 0§ 17 o 17 D] 3 03 1 33 09
1GS-03-130H ] 3810 5263214 [0 34 030 13 052 45 06 09 44 16
1GS-03- 1301 0 5%315 03 i | {51 33 (57 47 06 14 if 1§
A e SR

* samples with UTMs calculated from registered besg map
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Table 3-25: Major- and trace-element XRF data for Unit 3 (White Mountain Volcanic Suite).

‘ilmm];lecr bt Esog  Nothmg Eemew S07  TOZ  AROI F0OST M0 MO G0 N0 K0 POS § ( (r N S
Method XRF XRF XRF XRF XRF OXRF OXRF O XRF O OXRF O OXRF OXRF O OXRF O OXRF O XRF XK
Unit wt'h W% Wi Wik wi'h with wih W with wi% ppm ppm ppm ppm ppm
Limit 00 0003 001 oS oow  don 0Wr o oog ooy o0ns A i § 4 10
Massive, Lithic-Rich, Patymict, Lapii Tuff (WMVS)
5031304 ] 38614 526308 ny o0 WN 0 0 08 0n 1% 49 00 §1 )
$-03-130B 3 39612 5263200 e 08 w0l 1] 0 0 21 18 00 §1
5:03130C ] 382604 526324 §3% 02 1918 13 04 0§ on 118 1% 08 n i 14
G5-03-10G ] s SRl g4 Gl 635 135 009 141 04 03l 198 003 Iy 1) 1l §
GS-03-13H ] 32610 5262014 8231 02 1103 17 007 0% iU 2 15 (04 62 4 9 ]
GS-03-1301 3 § § g7 g..ll) 989 | 5§ )06 L4l {13 |1] 3177 03 4 il
Table 3-25: cont'd
Sample ‘ . .
Nanber Unit  Easing  Norhing Element  V Cu Pb In As Be Rb S Ga Nb I Y G T U
Method ® W W O W X OXRF X OXRFOXRF O XRF O OXRF OXRF OXRFOXRF
Uit pem pem pom ppm ppm ppm ppm ppm pom ppm ppm ppm ppm ppm ppm
Lumit ! { § 1 N % 09 13 3 09 I4 By 4 4 b
Massive, Lithic- Rich, Polymict, Lapill Tuff (WMVS)
S-03-130A 3 14 S263018 [ 9 0 VANV 12 112 B34 B2 6l
$-03-1308 3 382612 5263210 A b 61 81 W3 § 101 B3 Bl - -
S-03 130 ] 3614 S26304 il b i %1 483 9 1t 63 16 i
§-03-130G ] 81 56301 ki i i1 %3 bJ) b 52 804 0
§-03-130H 3 9612 5263004 n - pal %6 884 594 il 108 156 w1 n §
- 37 § 19 9] [004 461 9 109 1335 Q1§ 88 b
A —

* samples with UTMs calculated from registered base map
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Table 3-26: Comparison of common elements contained within the ICP-MS and XRF datasets.

Sample Number Cr M v Pb In As Ba Rb § (a Nb I Y Ce Th U
pm pem  ppm ppmo pom ppm ppm ppm  ppm  ppm  ppm  ppm ppm ppmo ppmo ppm

ICP-MS Dection Lime 20 b § 5 3 5 3 2 1 I I 5 I 0l 0l 01
XRF Dection Limit § 4 ] 3 ] 15 % 09 1 3 09 14 09 4 4 5
JICP-MS-1304 - 334 : : S 08 18 4955 183 9M 2008 Me N 4k 4
XRF-1304 40 900 20 170 4130 1200 112 18340 2000 ¢l - -
% Dif AN 1919 4% B0 1268 9N 1880 1246
1ICP-MS-130B I 9644 908 4760 98 B4 1M 235 68 425 L3S
XRE.1308 2100 600 f610 8810 4430 800 J01 14310 2310 - - -
% Dl 038 8% 13 1M 11 168 T80 26

JICP-M§-136C - 21 . 020 10208 492 1009 T8 188 X9 AR 42 1D
XRF-130C 1400 2900 6,00 60 %20 483 90 10 16030 260 - 4 -
% Dif an 690 6 2% I A% 195 19K
{icP-18-106 - - 2662 141 W3 K% B 1% 3P ¥ M9 18 28 09
XRF-1306 1200 600 3300 3.0 6150 7550 N0 60 51 8040 1000 - -
% Diff 1933 13624 L6 100 5% RN 2819 4% 8%
[ICP-MS-130H - - bk 36.48 00000 8877 917 1108 750 65 2891 4685 436 16l
XRF-130H 900 600 2100 2.0 9660 8860 5990 1100 {08 15600 250 7 6

% Diff 536 4392 350 01 1.1 07 3046 608 1249 MU
JICP-MS-1301 : 3% . $355 102000 10914 4N 104 8W 1T B 8832 439 16
JXRE-1301 10.00 g S 19.00 - G410 10040 4610 000 109 1530 250 88 §

etage % DR NA___NA a0 NA 120 NA 840 B1l 340 WM i e T ni6 NA L NA
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Table 3-27: Comparison of common elements contained within the ICP-ES and XRF datasets.

§i02  ADO3  Fe203  Mg0
% % Tol% % % % % % % % pmo ppm ppm
001 001 000 00r 000 001 000 000r 001 0001 l I l
001 0012 0005 0012 0008

% Diff 126 W2 13 915 BB 63 48 B %Y 0B 1030 1081

1CP-ES-130B §132 84 1M 033 008 208 351 o 002 0l - 83 40
-1308 de7 1027 119 07 0l 210 357 (18 004 (002 - 431 8l
% Diff 3% 1389 128 BT BH 08 158 1930 8K 32 1037 915
CP-ES-130C 130 947 108 0% 00 24 3N 0 002 003 - 9 9
130 $£38 1005 130 057 013 21y 3% 0l 004 003 14 1603 786
% Dif 13667 1 a3 Be o 400 35 128 W1 M 1021 1607
B(E;;ES-BOG 8560 5327 067 005 030 29 09 007 003 - M
130G §743 655 235 14l 009 031 2% 01 009 003 1] 04 675
% Dif 207 1859 108 28 62 20 1% A8 23 03 934 114l
CP-ES-130H w706 L4 046 014 265 37 018 005 00 1352 109
-|30H §30 1103 L0 0% 01 am 357 0; 007 004 9 1560 966
% Diff 430 89 W9 s07 B4 206 38 183 129 15N 13130 1351
BE{};ES-BOI §149 8% 1B 04 0 1M 3% 01 M 003 351 140
<1301 §73 9% 155 081 013 g7 37 09 006 003 0 153 %l

Average % Dilt




L81

Table 3-28: Comparison of unaltered Unit 3 with samples collected at the roadside outcrop.

I::Tn I;l; Unit  Easing Nomhing Element 802 T[02  AR03 Fe2d Fe0 M0 M0 (0 N20O K0 P05 LO I Ba
Method  ICPES ICPES ICPES ICP-ES ICRES ICPES [CPES ICPES ICPES ICPES ICPES ICPES ICP.ES ICRES
Unit % % % % % % % % % % % % pm pm
Limit 001 001 001 001 0010 00l 001 00l 001 00l ] 01
[VMasshve, LitieRic, Py, Laplli T (WMYS)
(G3-02-085 3 1268 56314 w029 114 I 026 002 030 016 32 15 004 0n 162 875
GS-03-1304 ] 352614 $263018 42 0149 1267 08 047 009 o4 009 1B 416 00 110 163 1019
% DIt 0 M6 109 40 MM 1395 MEl M00 9% N8 0 $Y 1§ 1650
GS02.08% 3o 368 523l w0 N4l 0% 006 030 0l 3% 35 M 07 162 875
GS-03-1301 ] 352610 5263215 8149 0168 8% 108 023 008 044 009 171 19 0.03 0N 135 1040
% Diff 247 AN 1N R MM 4050 0% 4048 109 2% B 1657 189




CHAPTER 4:

GEOCHRONOLOGY

4.1 INTRODUCTION

The geochronology presented herein combines new data generated during this
study with previously unpublished geochronology on the MVS by Dr. John Ketchum on
contract to the Geological Survey. The author collected a total of ten new samples for
geochronological study, and from these samples, six well-defined U-Pb ages were
established. In addition, the author collected and separated muscovite and adularia for
40Ar-** Ar work completed by Dr. M. Villeneuve (GSC), which resulted in one well
defined *°Ar-*’Ar age. One sample of aphanitic flow-banded rhyolite from the Farmer’s
Field region did not yield any zircon, and two of the three samples collected for *°Ar->’Ar
dating produced disturbed patterns or anomalously young ages (written communication,
M. Villeneuve, 2005).

Ketchum’s previous U-Pb work established the age of the rhyolitic sequence
hosting the advanced argillic alteration at the Oval Pit mine at 584 + 2 Ma (J. Ketchum,
1998). More recent work by Dr. Greg Dunning has further refined this age, which is now
defined at 584 +£1 Ma at a 95% confidence interval (C.1.). Recognition of the relatively
young age of the hydrothermal alteration excluded the nearby HIS dated at 620 Ma
(Krogh et al., 1988; O’Brien et al., 2001, Sparkes et al., 2002) as a possible heat source
for this event. Initial hypotheses identified rocks of the WHIS as a possible younger event

related to the hydrothermal alteration of the MVS (O’Brien ef al., 2001). This was mainly
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based on intrusive contacts with what was thought to be part of the 584 Ma volcanic
sequence and the close spatial association between the WHIS and the advanced argillic
alteration. It was also the aim of this study to identify possible age breaks within the
previously unseparated MV'S, which was known to contain older ash-flow tuff, dated at
616 + 2 Ma (G. Dunning, unpublished data).

During this study, three separate samples of the WHIS were collected in order to
determine the absolute age of the magmatism. A sample of silica—sericite—chlorite altered
granite from the WHIS was sampled along the CBS By-Pass roadcut during previous
work, however complications within the dataset prohibited an accurate age determination
(J. Ketchum, 1998). Cathodoluminescence imaging of zircons and reexamination of the
dataset was completed by the author as part of this study, with the aim of resolving the
age of this unit.

A second aim of this study was to bracket the age of the high-sulphidation
alteration. A pumiceous ash-flow tuff at the base of the sedimentary sequence, which
unconformably overlies the rhyolitic rocks in the Oval Pit mine was sampled in order to
establish a minimum age for the alteration. This ash-flow tuff also establishes the
maximum age for the overlying sedimentary rocks of the WHPC.

The third aim of this study was to identify a maximum age limit for the
development of low-sulphidation veins, which is currently unconstrained. Until recently
low-sulphidation veins were not observed within rocks suitable for U-Pb geochronology.
Recent construction work in the Manuels area uncovered stockwork style low-

sulphidation veins hosted within a dark purple crystal-rich ash-flow tuff. Determination

189



of age constraints for the low-sulphidation system would allow comparison with the
known ages of the high-sulphidation system. This dark purple crystal-rich ash-flow tuff
was sampled to better constrain the maximum age limit of the low-sulphidation system.
The younger limit for this system is provided by the unconformably overlying Paleozoic
cover containing fossils of Lower Cambrian age (O’Brien, 2002).

The sedimentary rocks exposed in the eastern portion of the map area are
correlated with the WHPC, which unconformably overlies the ca. 584 Ma felsic volcanic
rocks in the area of the Oval Pit mine. In eastern portions of the map region the upper
WHPC is intruded by feldspar porphyry. Field relationships identify this porphyry as,
relatively, the youngest magmatic event exposed within the map area. The porphyry unit
becomes brecciated upon intrusion into the sedimentary succession, suggesting the
sediments were unconsolidated at the time of intrusion. Dating of this porphyry provides
the age of the sedimentary host rock as well as the age for the youngest felsic magmatism
within the region.

For a brief description of sample processing refer to Chapter 1 (a more detailed
description is available in Appendix A). In the following discussion, all data points have
20 uncertainties and the ages are cited at the 95% confidence interval. Age calculations of
concordant points are weighted averages of the 2°°Pb/?*®U ages, while ages from
discordant data points are calculated as the weighted averages of the *°’Pb/2*>°U ages. The
letter preceding the name of the geochron samples is included for ease of reference to the

corresponding sample in the data table and the associated concordia diagram.
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4.2 GEOCHRONOLOGICAL DATA

The following discussion of the geochronology incorporates data from previous
work and the current study. In the following discussion samples A, D, F and G are
compiled from previous work and samples B, C, E, H, I and J were collected during the
present study. All of the data is presented here to provide an accurate and detailed
description of the geochronology within the eastern Avalon high-alumina belt (EAHB;
Table 4.1). Samples containing “GS” in the beginning of the sample number represent
samples collected by the author and other sample names not containing “GS” represent
data compiled from previous work. Figure 4-1 contains sample locations and the absolute
ages of the samples discussed below. Letters preceding unit names correspond with

labeling within the data table and related concordia diagram.

4.2.1 Unit 5: Holvrood Intrusive Suite (HIS)

4.2.1.1 (A) Pink—White—Green Granite (PWG)

A sample of PWG Granite from the Holyrood Intrusive Suite was collected and
analyzed during previous work by G.R. Dunning and S.J. O’Brien (see O’Brien et al.,
2001), which was collected outside of the current study area, approximately 5.5 km
southwest of the Oval Pit mine (not shown in Figure 4-1). The sample displays alteration
that is characteristic of the eastern margin of the Holyrood intrusion and is also similar to
exposures within the field area. The dated sample consists of medium-grained, quartz-

phyric, biotite-hornblende granite with extensive epidote and sericite alteration developed
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Table 4-1: U-Pb zircon data for rocks of the eastern Avalon high-alumina belt,

Corcentration Measured Corrected Atomic Ratios* Age [Ma)
Total
Common :ospb ZOBPb ZOGFb EOTPb 207Pb EOEPb 207Pb 207Pb
¥eight U Pbrad P —— =— — —_— —_—— —
Fraction ing) (opnl (pon (pg) iy, ZMPb ) T + 2“Pb + :mU zuU e
(A} Unit 5; PWG Granite, HIS {sample OBODGIGC-4) UTM: 350510E 5255190N
21 10 1rg best 0,020 259 203 15 2383 0.1591 010036 22 0.8378 18 (0.08055 6 617 618 623
22 snl best 0,020 313 331 17 2446 0.1627 0,10074 20 0.8408 18 0.06054 8 p19 620 623
23 ¢lr euh prms 0.034 302 3L.9 2.4 26675 0.1628 0.10029 22 0.8366 18 C.06050 6 616 611 €22

(8) Unit 6, Monzonite, WHIS (sample GS-GC-09) UTM: 351912E 52624458

211 Irg ¢lr pms 0.03 99 1L.6 2,7 707 0.2995 0.09965 48 0.8317 70 0.06053 46 612 615 623
22 1 lrg clr pms 0.003 61 6.6 2.8 415 0.2522 0.09649 68 0.8060 58 0.06059 28 594 600 625
23 2 clr prms abr 0.000 66 74 3.0 559 0.2599 0.09854 44 0.8232 42 0.06059 22 606 610 625
24 7 clr euh pms 0,003 193 20.8 1.9 2022 0.2362 0.0967¢ 54 0.8076 32 0.06053 26 595 601 622
15 2 clr euh prms 0,003 186 20.2 3,2 1120 0.2000 0.09984 40 0.8333 32 0.06053 16 613 615 623

[C) Unit 7: Medium- to Coarse=grained Equigranular, Pyritic Granite, WHIS (sample GS-GC-0%) UTM: 35273CE 3260152N

21 2 1rg clr euh 0.005 2 2.2 2.6 269 0.1676 0.10085 78 0.8453 89 0.06079 54 619 622 €%
12 clr euh 0,006 30 33 1.2 817 0,278 0.10082 96 0.8433 €8 0.06067 36 619 621 627
23 clr euh 0.003 29 2.3 1.7 256 0.1607 0.07658 154 0.6523 62 0.06178 102 476 510 666

(D) Unit 7; Medium- to Coarse-grained Equigranular, Silica-Sericite-Chlorite Altered Granite, WHIS [sample SJOB$7-GC-3) UTM: 353048%
5263751N

21 lrg anh 0.039 184 19.6 30 1511 0.2006 0.09843 50 0.B172 38 0.06022 16 605 607 6ll
22 sml clr best prms 0,023 217 22,8 12 2549 0.1675 0.09954 34 0.8303 26 0.0605C 14 612 614 62
23 clr anh 0.021 16 22.9 44 655 0.1882 0.09886 44 0.8232 36 0.06040 16 608 610 618
24 clr anh 0,02 22 U7 8.9 3584 C.1905 0.09888 32 0.8218 2 (0.06028 10 608 609 613
25 41 clr amh 0,03 254 2.0 69 845 0.1850 0,09696 40 0.8251 36 0.06047 14 608 611 620
Z6emhclrsml prns 0,015 265 26,0 17 1430 0,1738 0.0990 40 0.6277 30 0.06027 18 612 612 613
17 6 clr eth 0.008 146 16.2 0,3 1678 0,2809 0.09645 62 0.7965 42 0.05989 26 594 595 600

(E) Unit 8; Quartz-Feldspar Porphyry, WHIS (sample GS-GC-02) UTM: 351945E 5262660N

21 1 Irg clr eoh 0,003 166 18.0 3.5 913 (.1886 0.09%48 70 0.8317 50 0.06064 2 611 615 626
22 1 lrg cir euh 0,003 27 225 L0785 0.2460 0.09652 46 0.8075 32 0.06068 20 5% 601 628
23 2 ¢lr euh abr 0.004 200 204 17 261 0,1730 0,09572 44 0.7980 32 0.06046 22 589 5% 620
24 4 clr euh prms 0,006 204 20 1.8 4255 0,1825 9.09942 52 0.3311 42 0.06063 14 611 614 66
25 2 ¢lr euh prms 0.003 131 143 1.0 2556 (L2471 0.C9696 56 0.8116 44 0.06071 22 597 603 €29
26 2 <lr euh prms 0.03 360 7.8 L1 o62E. 0.1729 0.09899 44 0.8259 3¢ 0.06051 14 €08 611 622
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Table 4-1: Continued

Concentration Measured Corrscted Atomic Ratios* Age (Ma
Total
Comon Mo Mop  Bpy gy oy Big, Wy Mgy
Weight U Porad P = -—_ = — —_— == —

Fraction gl loonl (ool (pgl My M ¢ By 4 Mgy ; ayy oy B
(F) Unit 4; Welded, Fiamme-bearing Ash-Flow Tuff, WMVS [sample 99GC-5) UTM: 353270F 52638508
11 5 tiny frags 0.002 121 133 15 113 0,2166 0,10029 58 0,8402 116 0,06076 74 €16 613 631
22 lrq prms 0,010 93 107 5 127 0.2649 0.10021 32 0.8333 74 0.06031 44 616 615 615

16} Unit 9; Aphanitic Flow-Banded Rhyolite (Farmers Field Rhyolite), MVS (sample SJOBIT-142) UTM: 352874E 52607028

21 16 clr euh prns 0.02 91 10,6 56 425 0.3663 0.09481 42 0,781 48 0.05978 26 584 586 596
22 16 clr euh prms 0.052 75 8.6 99 251 0,3508 0.09482 36 0.782¢ 52 0.05985 30 584 587 5%
23 6clrcoarseeuth 0018 78 8.8 4,0 2032 0.3368 0.0%46 52 0.7722 42 0.05929 24 582 581 5%
21 24 clr euh prms 0.040 126 1.1 26 1192 0.3065 0.09478 36 0.7788 32 0.05959 16 584 585 965
12 23 clr euh prns 0.039 122 142 25 1165 03571 0.09507 52 0.7809 42 0.05957 20 585 586 588

(H) Unit 13; Dark Purple, Crystal-bearing, Ash-flow Tuff, MWVS [sample GS-GC-01) UTM: 352985E 32644888

21 2 lrg clr ewh 0,005 63 61 2,6 660 0,1699 0.09106 €0 0.7¢09 58 0.05902 42 562 563 568
22 2 sul elr euh 0,004 64 8.6 14 169 0,1057 0.13231 72 1.2364 142 0.06778 68 601 817 82
23 4 best sml clr 0.006 5 5.8 L.201667 0 0.2200 0.09788 40 0.8129 34 0.06020 16 602 604 612

24 3 sml elr 0.004 M 37 L2752 0.2004 0.10085 70 0.8457 62 0.06082 30 €19 622 633
25 1 clr lrg euh 0.002 26 31 3.7 103 0.4135 0.09470 90 0.8045 482 D.D6l61 340 583 599 66l
26 1 clr euh 0,002 2 26 13 38 0.4326 0.09456 13¢ 07783 1216 0,05970 864 582 585 593

17 1 ¢lr ech prm 0.302 X J 29113 04075 0.09339 194 0.7787 364 006048 252 576 585 621

{1) Unit 19; Pumiceous Ash~fiow Tuff, WHPC (sample GS-GC-03) UTM: 352850E 5260758N

21 1 1rg clr eun 0.003 106 10.8 2.0 994 C.1597 0.09741 46 0.2108 42 0.C6037 20 599 603 €7
12 1 clr eun 0,003 8 9.0 2.1 764 0.2186 0.09%43 48 0.797% 42 0.06001 18 593 59 604
23 1 clr euh 0,000 229 23,9 16 284 10,1838 0.09792 62 0.8183 94 0.06085 €0 600 €07 634
24 8 clr equ facet prms 0,015 31 3.5 3.80765  0.2997 0.09523 52 0.7918 42 0.05954 24 586 586 567
25 10 clr equ facet 0,020 5007 2.3 BLL 0.3C65 0.09455 50 07767 46 0.05958 22 982 584 568
26 10 sml equ prns 0.010 31 40 2,1 1061 0.2632 0.09435 46 0.7779 92 0.05980 30 581 584 596
17 16 snlequelrenn 0016 35 3.8 LT 1974 0.2622 0.09440 54 0,7778 38 0.0597¢ 26 582 584 599
29 14 clr euh equ 0.014 3 34 1.6 1618 0.2534 0.09230 48 07630 46 0.06003 22 573 579 605

{J) Unit 22; Fowlers Road Porphyry, WHPC [sample 35-GC-06) JTM: 359311 5263097N

21 4 snl clr evh 0.008 6 .6 5.1 369 (L3396 0.09238 68 0.7581 52 0.05952 32 E70 573 og6
12 4 ¢lr euh prms 0,006 81 9.0 2,0 1091 0.3187 0.09307 46 07622 28 (05939 28 M 875 582
23 2 lrg clr euh 0,004 48 5.4 2.0 583 (L3377 009398 54 07706 52 0,05955 32 579 8L 597

25 clr euh prms 0.010 62 68 7.9 454 0.3829 0.08904 32 0.7363 44 0.05997 30 550 560 603
26 clr evh 0.0 1M 187 7.201389 0 0.3511 0.08829 44 07240 40 0.05947 28 545 583 5H4
17 clr eh ¢.020 31 34 1 31T 03093 L9276 40 e 76 (,05953 82 3T 87 589

Note: Z= ziroon; clr=clear, Irg=large; sml=small; eu=uhech; anh=amhedral; prms=prisms, pmu=pristn; frags=ragments; equ=equant, UTM=Universal Transverse Mercator Projection, NAD 27, Zone
22, NTS INAO7 and IN/10, ANl rains for all nalyses were strongly abraded (cf. Krogh, 1982)

* Corteted forfaction, spike, aboratory blank of 1-3pg of common lead and niial common lead a the age of the sample calculated from the modet of Stacey and Kramers (1975) and Ipg U blank. Two
sigma uncestainties calculated with an emor propagation program are reported after the raios and refer o the final digits.






within the plagioclase. This granite is included as a representative of the regional scale
HIS and is the closest dated sample to the current study area.

Three multiple-grain zircon fractions of abraded, clear, euhedral prisms were
analyzed from this sample (Dunning, unpublished data). These fractions produced three
points that are between 0.7% and 1.1% discordant. The weighted average of the
207pp/29pPh ages of the three analyses is 622.5 + 1.3 Ma (95% C.I; MSWD = 0.75; Figure
4-2).

This age is similar fo other published ages of the HIS such as the 622 + 2 Ma
Butlers Pond porphyry (Sparks, B.A., ef al.,2002) and the 620 + 2 Ma age from the
central portion of the HIS (Krogh ef al., 1988). These ages represent the main period of

magmatism of the HIS, which now dominates the central portion of the Holyrood Horst.

4.2.2 White Hills Intrusive Suite (WHIS)

4.2.2.1 (B) Unit 6: Monzonite

The inferred oldest unit within WHIS is Unit 6 (Chapter 3). This unit was
sampled in the vicinity of Minerals Road Intersection (sample GS-GC-09; Figure 4-1).
The dated sample consists of medium- to coarse-grained plagioclase and finer-grained
chlorite, quartz and minor K-feldspar. When the sample was collected, care was taken as
not to include any of the fine-grained dioritic xenoliths that are common throughout the
unit.

This sample yielded abundant clear, euhedral prisms with length/width ratios

approximately 3:1. A total of five analyses of the best abraded, euhedral prisms define a
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Figure 4-2: Concordia diagram for the PWG granite from the Holyrood Intrusive Suite

(G.Dunning, unpublished data).

B 630

1024
620

1004

238

U ]
0984 600/
Ve 2.0
0964 590 24
72
0944 07pt,
235 GS-GC-09
788 806 824 842 86

Figure 4-3: Concordia diagram for the monzonite from the White Hills Intrusive Suite.
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line (99.1% probability of fit) with an upper intercept of 623.6 Ma. The five analyses are
between 1.7 and 5.1% discordant along the line (Z5 and Z2, respectively; Figure 4-3).
The weighted average of the *°’Pb/2°°Pb ages provide an age of 623.5 + 3.5 Ma (95%

C.I1.; MSWD 0.08).

4.2.2.2 (C) Unit 7: Medium- to Coarse-grained, Equigranular, Pyritic Granite

The second unit dated from the WHIS is pyritic granite located in the region of
Mine Hill, immediately west of the Mine Hill Shear Zone (MHSZ; sample GS-GC-05).
This granite was sampled because it contained a large (>8m diameter) raft of fine-grained
silica—sericite altered felsic volcanic rock and therefore was initially thought to represent
a younger intrusive event.

The pyritic granite yielded abundant clear, stubby, euhedral prisms, some of
which contained tiny inclusions and moderate fracturing. Two multiple grain analyses of
the best euhedral abraded grains produced concordant points, Z1 and Z2 respectively
(Figure 4-4). The weighted average of the 2°°Pb/>*®U ages for the two analyses gives an

age of 619 + 3 Ma (95% C.L.).

4.2.2.3 (D) Unit 7: Medium- to Coarse-grained, Equigranular, Silica—Sericite—Chlorite

Altered Granite

The silica—sericite—chlorite altered granite was initially collected during previous
work by S.J. O’Brien and B. Dubé, however scattered data points complicated an age
determination (see introduction; also Ketchum, 1998). Zircon separates from the sample

were reexamined by the author during the current study. Fractions of euhedral grains
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Figure 4-4: Concordia diagram for pyritic granite from the White Hills Intrusive Suite.
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Figure 4-5: Concordia diagram for the silica-sericite-chlorite altered granite from the
White Hills Intrusive Suite.
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resembling the description of zircons included in previous analyses were selected for
cathodoluminescence imaging. Images from these grains revealed relic cores within some
of the euhedral zircons (Plate 4-1 and 4-2). Although this granite is geochemically similar
to other granites within the WHIS, no other indication of inheritance was identified
within this suite.

In total, seven analyses were carried out on zircon fractions from the silica—
sericite—chlorite altered granite. This sample yielded abundant euhedral prisms,
containing minor cracks and inclusions and length/width ratios approximately 2:1. The
predominant portion of the data produced a cluster of points around 610 Ma, with one
outlier at 595 Ma (Figure 4-5). All seven analyses consisted of multiple, euhedral,
abraded grains and produced points between 0.3 and 2.1% discordant (Z6 and Z5,
respectively). The 2°’Pb/?°°Pb ages for the five data points clustered around 610 Ma are:
1) Z1=611.4 £ 5 Ma, 2) Z3=617.8 + 5 Ma, 3) Z4=613.5 £3 Ma, 4) Z5= 620.4 £ 4.5 Ma,
5) 26=613.4 + 6 Ma. Z2 is not included as it is displaced to the right indicating possible
inheritance. Analysis Z7, which has a 207py/206py, age 0f 599.6 + 9 Ma, is 1.05%
discordant and is interpreted to have undergone Pb-loss. The weighted average of the
207pb/2%Pb ages for Z1, Z3, Z4, 75 and Z6 gives an age of 615.5 + 4 Ma at the 95%
confidence interval (MSWD = 2.0; probability of fit = 0.089). The weighted average of
the 2°’Pb/*°°Pb ages for Z1, Z3, Z4 and Z6 gives an age of 614 + 2 Ma (95% C.I.; MSWD
= 0.92; probability of fit = 0.43). The average of Z1, Z3, Z4 and Z6 gives a much more

acceptable MSWD and since Z5 is slightly displaced to the right indicating possible
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inheritance the age of 614 + 2 Ma is interpreted as the absolute age for the silica—sericite—

chlorite altered granite.

4.2.2.4 (E) Unit 8: Quartz—Feldspar Porphyry

The fourth sample collected for dating from WHIS is of quartz—feldspar porphyry
that is inferred to be the youngest unit of the WHIS in the study area. This unit contains
2-4mm pale white plagioclase and pale pink K-feldspar crystals along with 3-4mm sub-
rounded quartz crystals within a light purple aphanitic groundmass. The groundmass
commonly contains fine-grained, dark green chlorite and typically consists of 40 to 60%
phenocrysts. At the sample site near Minerals Road Intersection, this unit is intrusive into
a volcaniclastic unit that contains fragments of earlier granitic and felsic porphyritic
rocks. This volcaniclastic rock is also host to banded, colloform-crustiform, chalcedonic
silica + adularia low-sulphidation veins at the Steep Nap prospect.

The dated sample yielded abundant, predominantly clear, euhedral zircons, with a
second more magnetic fraction of fractured, semi-clear prisms. Six analyses were carried
out on clear, euhedral, abraded zircons with length/width ratios approximately 3:1. Two
analyses consisted of single grains (Z1 and Z2), three analyses consisted of two clear,
euhedral, abraded grains (Z3, Z5 and Z6) and one analysis consisted of four clear,
euhedral, abraded grains (Z4). The resultant six analyses define a linear trend with
analysis Z1 being closest to concordia and analysis Z3 being most discordant (Figure 4-
6). The age of the porphyry is 625 + 2.5 Ma, which is the weighted average of the

207pp/29%p, ages of all six analyses (95% C.I.; MSWD = 1.0).
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Figure 4-6: Concordia diagram for the quartz-feldspar porphyry from the White Hills
Intrusive Suite.
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Figure 4-7: Concordia diagram for the welded ash-flow tuff from the White Mountain
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4.2.3 White Mountain Volcanic Suite (WMVS)

4.2.3.1 (F) Unit 4: Welded, Fiamme-bearing Ash-Flow Tuff

The oldest dated volcanic unit within the study area, as determined from previous
work (Dunning, unpublished data), is a welded ash-flow tuff with well-developed
eutaxitic foliation. This unit (Unit 4) is located in the north-central portion of the map
area and is in faulted contact with adjacent units. The ash-flow tuff may represent the
eastern equivalent of the Hawk Hills Tuff (O’Brien ef al.,, 2001), which is intruded by the
HIS along the western and southern margins of the Holyrood Horst.

Two multiple grain fractions were analyzed from this sample; Z1 consisted of tiny
abraded fragments and Z2 contained large abraded prisms. The two analyses produced
concordant points at 616 Ma, analyses Z2 and Z1 respectively (Figure 4-7). The weighted

average of the 2°°Pb/>*®U ages gives an age of 616 + 2 Ma (95% C.1.).

4.2.4 Manuels Volcanic Suite (MVS)

4.2.4.1 (G) Unit 9: Aphanitic Flow-Banded Rhyolite and Ash-flow Tuff (Farmers Field
Rhyolite)

These two samples of the MVS were collected by S.J. O’Brien and B. Dubé, and
dated by J. Ketchum (J. Ketchum, 1998; see O’Brien et al., 2001). The two samples are
of the rhyolitic succession hosting the Oval Pit mine (pyrophyllite + diaspore deposit)
and were collected at the core of the advanced argillic alteration from the open pit. The

first sample was collected from a zone of pyrophyllite—diaspore alteration (sample
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SJOB97-GC-1) and the second is representative of low-strain and less-altered material in
which relic flow banding and pumice fragments are well preserved (sample SJOBGC-97-
2). Analyses Z1, Z2, 7Z1-2 and Z2-2 were carried out by J. Ketchum; a more recent
analysis of SJOB97-GC-1 was conducted by G. R. Dunning in 2002 (Z3).

Sample SJOB97-GC-1 contained abundant small to large clear, euhedral prisms
with minor cracks and inclusions. Three multiple-grain zircon fractions were analyzed for
sample SJOB97-GC-1. The most recent fraction, Z3, consisted of 6 large clear, euhedral
prisms and produced a concordant point at 582 Ma (Figure 4-8). The two remaining
fractions Z1 and Z2 (analyzed in 1998) both consisted of 16 abraded, clear, euhedral
zircons, and produced points that are displaced to the right of Z3 due to their higher
proportion of common Pb. Also plotted are two analyses from sample SJOB97-GC-2,
which contained zircons of similar morphology to those in SJOB97-GC-1. Two fractions
Z1-2 and 7Z2-2, consisting of 24 and 23 grains respectively, produced two concordant
points. All five analyses have 2°°Pb/2*3U ages in the range of 582 to 585 Ma and the

weighted average of these analyses produces an age of 584 + 1 Ma (95% C.1.).

4.2.4.2 (H) Unit 13: Dark Purple, Crystal-bearing, Ash-flow Tuff

The third sample collected from the MVS was a crystal-rich ash-flow tuff
containing abundant stockwork style crustiform-colloform, chalcedonic silica + adularia
low-sulphidation veins and associated breccias (sample GS-GC-01). The dated ash-flow
contains pale white 1-2mm crystals and crystal fragments within a dark purple hematite-

rich groundmass.

204



.0976

.0966 T
590

206

Pb
28

0956

0946 T
580

0936 T 575

23

S U SJIOB97-GC-1&42

0916 4 ! .
753 762 771 78 .789 .798 .807

Figure 4-8: Concordia diagram for the rhyolite succession from the Manuels Volcanic
Suite which hosts the advanced argillic alteration.

H
640
1047 020
200 phy oon ~ 74

0981 5 sen o~ 23 76

———

Z5
0915 [
Z1

0849
0783 207p

325U GS-GC-01

662 72 778 836 894

Figure 4-9: Concordia diagram for the dark purple crystal-rich ash-flow tuff.

3]
o]
N



The unit provided a very poor zircon yield, consisting of euhedral to sub-rounded
grains, indicative of a potentially mixed-age population, resulting from the presence of
detrital zircon. In total, seven fractions were analyzed. Three single grain analyses of the
largest, clear, euhedral grains (Z5, Z6, Z.7) provide the maximum age and possibly the
eruption age of the ash-flow, at 582 + 4 Ma (Figure 4-9). Z5 and Z6 have very low
concentrations of 2’Pb, which accounts for the wide ellipses along the *°’Pb/**°U axis. Z7
has a higher concentration of common Pb, accounting for the larger ellipse. The 582 + 4
Ma age is calculated from the weighted average of the 2°°Pb/**U ages of Z5, Z6 and Z7
and either represents the youngest age of detrital zircon present within the sample, or the
actual eruption age of the ash-flow unit. Another concordant analysis consisting of two
large, clear, euhedral, abraded zircons produced a point with a 2°’Pb/?°®Pb age of 568 Ma,
and a 2°°Pb/***U age of 562 Ma (Z1: 1.1% discordant). One possible interpretation of this
analysis is that it is the eruption age of the ash-flow. However, it has not been reproduced
and thus is currently not incorporated into the age determination for this unit. Analyses
72,73 and Z4, which consist of two small grains, four small grains and three small
grains respectively, are 1.7 to 7.5% discordant. As these analyses did not contain any

visible cores, they are presumed to represent a detrital component within the ash-flow.

4.2.5 Wych Hazel Pond Complex (WHPC)

4.2.5.1 (I) Unit 19a: Pumiceous Ash-flow Tuff

The pumiceous ash-flow tuff is located at the base of the sedimentary sequence in

the Oval Pit mine, where it overlies silica—sericite—pyrite altered basal conglomerate of
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the WHPC. The dated sample has a pale yellow-weathering and contains centimeter-scale
pale to dark green collapsed pumice fragments (sample GS-GC-03). The ash-flow tuff
caps the underlying silica—sericite—pyrite alteration, which is assumed to be associated
with late-stage advanced argillic alteration.

This unit produced two distinct zircon populations, one consisting of moderately
abundant, large, clear, euhedral zircons, and a second, more abundant, population of
small, clear, euhedral zircon prisms with length/width ratios approximately 2-1:1. Four
fractions consisting of 8,10, 16 and 14 abraded zircons, respectively, from the second
population produced a cluster of points overlapping concordia at 583 Ma (Figure 4-10).
The weighted average of the 2**Pb/?**U ages for Z5, Z6 and Z7 gives an age of 582 + 1.5
Ma (95% C.1.; MSWD = 0.20). This is interpreted to be the age of eruption for this ash-
flow tuff. The remaining analyses (Z1, Z2, Z.3), which are discordant, are single grains
from the larger less abundant zircon population. These grains, as indicated by the older
ages, likely represent a detrital component contained within the tuff bed. Analysis Z8 is a
multiple grain analysis from the younger grains, however this point is slightly displaced
to the right which may imply that the analysis also included an older grain with the

younger zircon population.

4.2.5.2 (J) Unit 22: Fowlers Road Porphyry

The second unit dated from the WHPC represents the youngest magmatic event
yet documented within the field area. The Fowlers Road porphyry is confined to the

northeastern portion of the map area, east of the Manuels River (Figure 4-1). The dated
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Figure 4-10: Concordia diagram for the pumiceous ash-flow tuff overlying the advanced
argillic alteration.
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Figure 4-11: Concordia diagram for the Fowlers Road porphyry.
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porphyry contains sub-to euhedral, white plagioclase phenocrysts (1-2mm in length)
within a fine-grained, dark purple to pale grey groundmass (GS-GC-06). The porphyry
unit was collected near its intrusive contact with thin- to medium-bedded, fine-grained,
green siltstone of the upper WHPC, and is locally associated with the formation of a
blocky peperite, which implies that the sediment was unconsolidated at the time of
intrusion.

The sample produced abundant, clear, euhedral zircons with length/width ratios
approximately 3:1, from which six fractions were analyzed; all of the analyses consisted
of multiple, clear, euhedral grains (Figure 4-11). Analyses Z1, Z2, 73, Z6 and Z7 define a
line with Z6 being most discordant and Z3 being the least discordant along the line (0.94
probability of fit). Z5 is displaced to the right, suggesting that an older grain was included
within the analysis. The weighted average of the *°’Pb/?°°Pb ages of Z1, Z2, Z3, Z6 and

Z77 at the 95% confidence interval is age of 585 + 5 Ma (MSWD = 0.21).

4.3 YAr-Ar ANALYSES

To further constrain the timing of events, including mineralization, three mineral
separates were made as part of this study, and sent to the Geological Survey of Canada
for **Ar->?Ar analyses. A detailed description of sample processing and analytical
methods is given in Appendix A and Villeneuve ef al. (2000), respectively.

The *°Ar-*° Ar samples were collected in an attempt to establish the absolute ages
of the high- and low-sulphidation systems as well as the age of deformation along the
MHSZ. The geochronology was done by M. Villeneuve of the GSC and provided an

independent test on the timing of events as established by mapping and U-Pb ‘
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geochronology by the author and others in this area. One sample of fine-grained adularia
(average grain size approximately 100 microns; sample GS-02-53) was collected from a
well-developed crustiform-colloform, chalcedonic silica vein exposed in an exploration
trench (Trench #3; Plate 4-3 and 4-4).

Two samples of sericite were collected in the region of the Oval Pit mine. The
first was collected at the core of the advanced-argillic alteration within a large zone of
massive silica alteration (average grain size approximately 50-75 microns; sample GS-
GC-14). This sample was hand picked under a microscope, separating the long fibrous,
possibly deformation related sericite, from the more sub-rounded grains (1:1 length/width
ratio). The sub-rounded grains were selected to represent primary sericite associated with
the férmation of the advanced argillic alteration. The second sample of sericite was
collected in the quarry located at Mine Hill (grain size approximately 50-100 microns;
sample GS-GC-12). This sample was collected within a zone of intense shearing
associated with post-mineral deformation. Long fibrous grains were selected from this
sample under a microscope (4:1 length/width ratio) and are interpreted to represent
deformation-related sericite.

Only the sericite from the MHSZ produced an undisturbed age plateau. The
adularia sample collected at Steep Nap produced an anomalously young *°Ar-*’Ar age of
278 + 2 Ma (Figure 4-12). The presence of low-sulphidation detritus in Lower Cambrian
rocks demonstrates the low-sulphidation system is pre-Cambrian (e.g. O’Brien, 2002),
and therefore the adularia has undoubtedly been reset. The sericite separate from the Oval

Pit mine did not produce an age, as the sample displays a partial-argon loss profile with
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no plateau (written communication, M. Villeneuve, 2005; Figure 4-13). The only age that
falls within current field and U-Pb constraints is the sericite separate from the MHSZ.
This sample produced a *°Ar-*°Ar age plateau of 537 + 3 Ma (Figure 4-14), which
reflects the last period of deformation (as recorded by the sericite) along the MHSZ. This
demonstrates that deformation within the region persisted until the end of the
Neoproterozoic, with the upper limit defined by the relatively undeformed overlying
Paleozoic platformal cover sequence, which contains Lower Cambrian age fossils

(Boyce, 2001).

4.4 SUMMARY OF THE GEOCHRONOLOGICAL DEVELOPMENT OF THE

EASTERN AVALON HIGH-ALUMINA BELT

The new and previously existing geochronology demonstrates a more complex
and protracted igneous history within the EAHB than previously recognized. New U-Pb
ages demonstrate the 625 to 620 Ma age of the WHIS. As a result many of the volcanic
rocks originally thought to be part of the 584 Ma succession are now recognized as part
of an older pre-625 Ma sequence. The 625 to 620 Ma age of the WHIS also conclusively
demonstrates that this suite did not provide the heat source of hydrothermal fluids
responsible for the development of the advanced argillic alteration. The similar age of the
WHIS and HIS imply that the two are cogenetic, which is further supported by the
geochemistry (as discussed in Chapter 3). From this new evidence it also becomes
unclear whether the observed alteration within the WHIS is the result of intrusion-related
alteration as observed elsewhere in the HIS, or if in fact the alteration is a result of the

younger ca. 584 Ma epithermal alteration.
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The older volcanic units identified within the study area may represent eastern
equivalents of the Hawk Hills Tuff, which is intruded by the Holyrood Granite along the
southern and western margins of the Holyrood Horst. Within the EAHB these older
volcanic rocks are the primary host to the development of low-sulphidation veins at the
Steep Nap prospect, yet these units are too old to be associated with the actual
development of the epithermal system. Low-sulphidation veins are also locally observed
crosscutting silica—sericite—chlorite altered granite of the WHIS in the vicinity of the
Bergs prospect. The new geochronological data now demonstrates that the exposure of
such granites does not imply deep erosion of the low-sulphidation system, rather that the
granite and other intrusive rocks of the WHIS are actually basement to both epithermal
systems. The preservation of felsic volcanic rafts, which are interpreted to represent roof
pendants of the overlying volcanic carapace, along with the common development of
tuffisite brecciation within the granite provide supporting evidence for relatively shallow
levels of erosion within the WHIS.

The new U-Pb age determined for the ash-flow tuff from the base of the WHPC
now brackets the age of the high-sulphidation system between 585 and 580.5 Ma. This
time period is essentially coeval with the formation of the MV'S, suggesting that the high-
sulphidation system is related to the magmatism responsible for the formation of the 584
Ma volcanic sequence. The time of formation of the low-sulphidation veins with respect
to the ages of the MVS and the high-sulphidation system remains poorly constrained,
however limited field evidence suggests that the low-sulphidation system post-dates the

high-sulphidation alteration (further discussed in Chapter 5). The new geochronology
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from this study now brackets the age of the low-sulphidation system from 586 Ma to the
base of the overlying Paleozoic cover (approximately 513 Ma). The one young analysis
generated by the dark purple crystal-rich ash-flow tuff may suggest that the actual
eruption age of the unit hosting the low-sulphidation veins at the Bergs prospect is as
young as 568 Ma. This younger age would have significant ramifications as it would
imply that the low-sulphidation system could affect the overlying WHPC, greatly
increasing the exploration potential of the EAHB.

The age of the Fowlers Road porphyry, currently determined to be 585 + 5 Ma,
can be further constrained using field relationships observed within the map area. As
mentioned-above the porphyry unit intrudes sedimentary rocks correlated with the
WHPC, these sedimentary rocks are observed to unconformably overlie altered volcanic
rocks in the Oval Pit mine. The base of the sequence within the Oval Pit mine has a
defined age of 582 + 1.5 Ma and therefore the porphyry must post-date the age of the ash-
flow tuff at the base of the sequence. Using this lower time constraint the age of the
porphyry falls within the time bracket of the high-sulphidation system. It is recognized
that this porphyry is intrusive into sedimentary rocks that post-date the advanced argillic
alteration. The Fowlers Road porphyry is interpreted to represent a late stage magmatic
pulse associated with the main magmatic event responsible for the formation of the MVS
and accompanying advanced argillic alteration. At the present time the 585 + 5 Ma age
makes the porphyry unit the best-known representative of a magmatic event that could

have provided a heat source for the high-sulphidation system.
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The new geochronological data also highlights a prominent divide between ca.
620 Ma intrusions and ca. 584 Ma volcanic rocks. This is most evident in the area of the
Oval Pit mine and Mine Hill where dated samples of the MVS and WHIS, respectively
are separated by just 700m. This region is the type locality of the MHSZ, which is taken
to represent the major structural boundary between the older units to the west and the
younger units to the east. In the area of Mine Hill this boundary is identified by an east-
plunging, reverse-sense ductile fabric developed within silica—sericite—pyrophyllite
alteration (Plate 4-5). Tracing this structure north of the Oval Pit mine is complicated by
the development of post-mineralization deformation. The development of sericite-silica
alteration within shear zones in the northern portion of the map region is interpreted to
represent structures associated with the development of the main MHSZ. Regionally this
zone is coincident with the development of advanced argillic alteration, and is interpreted
to have played an important role in siting the development of the high-sulphidation
system (Sparkes, et al., 2004). Known occurrences of low-sulphidation veining also
occur within close proximity to sericite—silica shear zones that are interpreted to be
related to the larger-scale MHSZ. This evidence suggests that the shear zone may also
have played a role in siting the development of low-sulphidation veins.

A summary diagram containing all of the geochronology and associated errors is
presented in Figure 4-15. From this figure it is evident that there is a minimum of 26 Ma
separating intrusive rocks of the WHIS and volcanic rocks of the MVS. It is also evident
that the age bracket for the Late Neoproterozoic deformation is between 583.5 Ma and

the base of the overlying Lower Middle Cambrian succession (approximately 513 Ma).
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As indicated by the *°Ar-*Ar data, deformation persisted until at least 537 + 3 Ma; this
data demonstrates that there is a minimum of ca. 20 Ma separating the last known
deformation and the deposition of the overlying Paleozoic cover sequence. In actual fact
the deformation probably represents a continuum of events starting with arc-collapse

around 582 Ma and ending during the beginning of the early Paleozoic.
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CHAPTER 5:
FRACTURAL, ALTERATION AND THIN SECTION ANALYSES
OF LOW-SULPHIDATION VEINS AND OBSERVED FIELD

RELATIONSHIPS

5.1 FRACTURAL ANALYSIS OF LOW-SULPHIDATION VEINS

The distribution of low-sulphidation-style veins were analyzed in selected
outcrops within the field area. These analyses were conducted on three planar outcrops
and one vertical roadcut section. Each analysis involved measuring a taped section
perpendicular to exposed low-sulphidation-style veins and recording the total number of
veins that intersected the baseline. Limitations due to the small amount of outcrop
exposure, lichen cover and chloritic fracture surfaces along the vertical section limited
the total number of veins measured for each analysis. In general a minimum of 50 veins
per analysis is necessary for the estimation of the power law exponent that is generally
produced by the variation in vein thickness for robust vein populations (McCaffery and
Johnston, 1996). Only one of the four analyses contained greater than 50 veins, however
other important information can also be obtained from the smaller vein datasets. This
information includes average vein thickness, average vein spacing, percent extension, the
coefficient of variation (C,), and vein densities for individual lines. The recorded
information can be used to compare vein populations from different areas within the map
region and can also be used to identify correlations between vein density or vein

thickness and lithology.
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5.1.1 Data Collection

The basic method used for collecting the vein data involves measuring a taped
section perpendicular to exposures of low-sulphidation-style veins. For each line the
recorded data includes, 1) the trend of the taped section, 2) total length of the line, 3) the
point at which individual veins intersect the line, and 4) width of the veins and the trend
and/or dip of the veins depending on whether the line is on a planar or vertical section.
Veins >1mm in width were recorded, however due to lichen cover and poor outcrop
exposure, veins >2-3mm are more representative for the lower limit of measured veins.
For the data presented herein, vein widths are measured from wall to wall rather than
from the center due to the asymmetry within some of the veins. The recorded vein
information for horizontal sections was regenerated in CorelDraw, providing a visual
representation of the vein distribution along the lines (note vein intersections are
schematic and do not implying crosscutting relationships). This method of visual
representation is not practical for larger vein datasets and can be substituted with plots of
vein thickness versus distance along the line to show vein distribution.

Several important pieces of information can be determined from the above-
mentioned data. As discussed in McCaffery and Johnston (1996) the sum of all vein
thicknesses measured along a line can be used to calculate the percent extension over the
length of the line. Vein densities also provide values that can be used in comparing
various vein datasets, however as pointed out by Brathwaite ef al. (2001), the total line
length must be corrected for the increase in length due to veining. The line length is

corrected by subtracting the sum of the vein thicknesses from the total line length, and
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therefore, all comparisons of vein density are made with only the total length of host rock
and not the length of host rock plus veins. Another important value used to compare
various lines is the coefficient of variation (C,), which is defined as the standard
deviation of vein spacing divided by the mean of the spacing (Cox and Lewis, 1966;
McCaffery and Johnston, 1996; Gillespie et al., 1999; Brathwaite et al., 2001). The
values of the C, canbe used to demonstrate the degree of vein clustering within
individual datasets. Vein populations that are anticlustered are defined by C, values <1
and clustered veins are characterized by those datasets with C, values >1; for perfectly
regular vein sets C, = 0 (McCaffery and Johnston, 1996). For a summary of the results

from the four analyses refer to Table 5-1.

5.1.2 Fractural Analyses Data

One of the four vein analyses was carried out on outcrop #141, which is exposed
immediately adjacent to a bonanza-grade low-sulphidation gold vein at the Bergs
prospect (54.3 g/t Au; O’Brien and Sparkes, 2004). This analysis was restricted to a 4m-
wide outcrop separated from the main bonanza-grade vein by approximately 3-4m of no
exposure. The total line length measured was 3.64m along a trend of 272 degrees. In total
28 veins were measured, ranging from 1mm to 38mm in width. This line is characterized
by a vein density of 8.1, 4.5 % extension over the 3.64m and a C, value of 0.9, which
suggests that these veins are anticlustered. From Figure 5-1 it is evident that the main
vein population trends between 180 and 200 degrees. The data is also consistent with an
increase in vein density with decreasing distance from the bonanza-grade vein, which is

located to the west of the measured line.
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Table 5-1: Summary of results from fractural analyses conducted within four separate areas of low-
sulphidation vein exposures.
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Figure 3-1: Schematic representation of vein distribution at outcrop #141 (Bergs prospect).




Two analyses of vein orientations were carried out on low-sulphidation-style
veins within the Steep Nap prospect. The first was carried out at outcrop #18 along the
vertical face of a roadside rockcut (elevation 50m a.b.s.). Due to the irregular shape of the
vertical surface several short lines were measured and the total length presented here is
the sum of six individual lines. The total length of this line is 40.87m along a trend of 30
degrees. A total of 136 veins intersected the line, however as mentioned above vein
measuring was complicated by chloritic fracture surfaces that masked veins intersecting
these surfaces. Vein widths range from 1mm to 1.900m, with the 1.900m vein
representing the main colloform-crustiform, banded chalcedonic silica vein exposed
along the roadside outcrop. This line has a vein density of 3.6, and is characterized by
8.4% extension over the 40.87m. The C, value for this line is 1.4, which suggests that the
line displays vein clustering; this is the only measured line that has a C, value >1. Since
this line was measured along a vertical plane it could not be illustrated as in Figure 5-1,
however Figure 5-2 is a plot of vein thickness versus distance, and provides a graphical
representation of vein distribution along the line. From this figure vein clustering is
evident, and therefore, provides supporting evidence for the calculated C, value. An
analysis of vein orientation was carried out on this outcrop during previous work (refer
Mills, 1998). From that analysis, 23 banded chalcedonic silica veins were measured and it
was determined that the dominant trend was 128/59 NE (Mills, 1998).

The second line measurement was conducted on low-sulphidation veins exposed

along a ridge approximately 340m SE of the roadside outcrop; outcrop #42 (elevation
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111m a.b.s.). A total of 27 veins occurred along a 28m line, trending 37 degrees. A
planar view of the dataset collected at outcrop #42 is presented in Figure 5-3. Vein widths
range from Imm to 1.638m, with a total of 7.2% extension occurring over 28m. The vein
density for this line was calculated to be 1.0 with an associated C, value of 1.0. The C,
and Figure 5-3 show that the vein population is not clustered around the main vein and
that the predominant portion of the vein population trends between 130 and 140 degrees.
This trend is very similar to that described by Mills (1998) for the veins measured at
outcrop #18. Figure 5-4 is a 3-D model of the elevation at the Steep Nap prospect
showing the approximate locations of outcrops #18 and #42. From this figure it is evident
that outcrop #42 is approximately 60m above outcrop #18. It should be noted that
brecciation was common in outcrop #42 and was not taken into account in the calculation
of percent extension.

The final vein measurement was conducted in an area of quartz-hematite and
minor banded chalcedonic silica veins exposed in the of Farmer’s Field area
(approximately 240m a.b.s.; Figure 1-3). In this region a line was measured along a trend
of 225 degrees. In total 30 veins ranging from 1mm to 52mm occurred over a 12m
section (Figure 5-5). This region is characterized by the smallest percent extension, which
was calculated to be 1.39% over 12m. The line contains a vein density of 2.5 and a
corresponding C, value of 1.0 suggesting randomly spaced veins. From Figure 5-5 it is
evident that the predominant trend of the vein population is approximately 135 degrees,
however the vein population as a whole has a mean orientation of 124 degrees and

displays evenly distributed trends from 95 to 160 degrees.
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Figure 5-5: Schematic representation of vein distribution at outcrop #77 (Farmer’s Field prospect).




5.1.3 Summary of Results

It has been demonstrated by Brathwaite ef al. (2001) that lithology and the
presence of primary structures such as jointing play an important role in the development
and distribution of low-sulphidation veins. At this point no such primary control on vein
development has been identified within the study area. This preliminary analysis lacks
enough information from different lithologies to comment on the distribution of veins in
relation to rock type. Average vein thickness, percent extension and C, values increase
with depth and proximity to major vein conduits (Brathwaite ef al., 2001). This also holds
true for the two analyses carried out at the Steep Nap prospect as the two lines have the
highest average vein thicknesses, percent extension and C, values. These two lines
intersect veins that are interpreted to represent the main fluid conduit within the prospect.

From these two analyses it is also evident that the percent extension and the C,
increase with depth. However, the average vein widths do not follow the expected trend
and the section at the lower elevation has a smaller average vein thickness. It is possible
that the higher average vein thickness for outcrop #42 is related to the host lithology.
Flow-banded rhyolite dominates outcrop #42, whereas silicified lithic-rich lapilli tuff is
the dominant host at outcrop #18. This information suggests that the rhyolite is
characterized by fewer but thicker veins, while the lapilli tuff hosts more abundant but
thinner veins. It is noted that this is a very preliminary assessment and requires more vein

measurements in order to establish a more robust dataset.
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5.2 ALTERATION ASSOCIATED WITH VEIN DEVELOPMENT

A detailed field examination supplemented by PIMA analysis performed by Alina
Gaibor (IAMGOLD Corporation; personal communication, 2004) was carried out on a
10m section of wall rock adjacent to a well-developed vein and breccia zone exposed in
an exploration trench (Steep Nap prospect; Trench #3; B. Sparkes, 2002). In this area, the
low-sulphidation vein is hosted within the polymict lapilli tuff described in Chapter 2.
For a schematic representation of results refer to Figure 5-6.

Beginning at the vein margin, the dominant form of alteration observed in the
field is silica alteration with relic pale pink potassic-altered clasts in a pale green matrix;
fracture hosted chlorite is also frequent. Plate 5-1 contains a representative chip sample
from this locality along with a corresponding photomicrograph. PIMA analysis of a hand
specimen from this location displayed predominantly silica with minor illite, chlorite and
a very small amount of sericite alteration. At 0.5m from the vein there is less evidence of
silica alteration, the matrix of the lapilli tuff is still pale green and hosts minor fracture
hosted and disseminated pyrite. The matrix also appears to display selective replacement
of clasts by a dark green alteration mineral (Plate 5-2). PIMA analysis from this area
identified chlorite and hematite with minor amounts of illite.

From 1-1.8m the host rock is covered by overburden, at 2.0m from the vein the
groundmass is again pale green with minor fracture-hosted and disseminated pyrite.
Locally quartz-chlorite veins are crosscut by chlorite filled fractures. As evident from
Plate 5-3 the matrix is predominantly pale green with only rare potassic altered clasts;

also an unusual fan shaped silica texture was observed in a fragment within the matrix
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(insert on photomicrograph). PIMA analysis from this region could not identify any clay
minerals due to high background silica. The first evidence of hematite halos, as described
by Mills (1998), are observed at 3.0m from the vein. At this point potassic-altered
material is rare within the matrix (Plate 5-4). Again quartz-chlorite veins and chlorite
filled fractures frequently crosscut the host rock. PIMA data from the hand sample is
dominated by silica, with minor amounts of chlorite and hematite. Hematite haloes are
well developed at 4.0m from the vein, and at this point, the matrix is pale pink and hosts
abundant potassic-altered clasts (Plate 5-5). Quartz-chlorite veining and chlorite filled
fractures are less frequent. PIMA analysis at 4.0m from the vein could not identify any
clay minerals due to high background silica.

At 5.0m from the vein margin, minor occurrences of quartz-hematite veins are
noted. This area contains abundant potassic-altered clasts within the matrix (Plate 5-6)
and contains too much background silica to identify any clay minerals in the PIMA
analysis. No outcrop is exposed from 5.5-8.0m. A pale green to pale pink matrix is
predominant at 8.0m from the vein, along with selective replacement of clasts within the
matrix by a dark green mineral; rare potassic-altered clasts are observed within the matrix
(Plate 5-7). Quartz-hematite veins are still present, but hematite haloes are no longer
present at 8.0m from the vein margin. PIMA data from this location identifies illite and
possibly some sericite and smectite. At 10m from the vein margin the matrix is again pale
pink in coloration and hosts abundant potassic-altered clasts (Plate 5-8). Locally, quartz-

hematite veins and frequent hematite filled fractures crosscut the lapilli tuff. The main
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two alteration minerals dominating this area, as identified with PIMA, are illite and

hematite.

5.3 THIN SECTION ANALYSIS OF LOW-SULPHIDATION VEINS FROM THE

BERGS PROSPECT

A detailed examination of vein textures from the Steep Nap prospect has been
previously carried out by Mills (1998). The following discussion is a brief description of
epithermal vein textures from the Bergs prospect. Textures observed within this area
closely resemble those noted in the adjacent Steep Nap prospect. One exception is the
abundance of hematite-dusted (orange) adularia, which appears to be confined to the
region of the Steep Nap prospect. Recent feldspar staining of hand samples from the
Bergs prospect has identified the occurrence of white adularia (Sparkes et al., 2004). The
examination of several thin sections courtesy of Rubicon Minerals Corporation shows a
distinct correlation between gold grade and the abundance of epithermal textures. As
displayed in Figures 5-7 to 5-10 the samples with more abundant colloform-crustiform
banding are also associated with higher gold grades. In the following figures, thin
sections were scanned in order to produce schematic drawings of vein textures.
Photomicrographs of these textures are superimposed on the schematic drawings. The
base of the drawings is shown as mosaic textured quartz, this is only a representation and
does not reflect the actual abundance of this texture although it is the predominant texture
in most of the thin sections. The dark to black patches within Figures 5-7 to 5-10

represent areas of hematite, which is intergrown with silica in the low-sulphidation veins.
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The following discussion refers to common low-sulphidation vein textures as reported in
Dong ef al. (1995).

Sample 20856 is taken from a sample containing 9.6g/t gold (B. Sparkes, 2003).
This section displays an abundance of hematite, which is associated with the well-
developed crustiform banding and macro-scale colloform banding (Figure 5-7). The
section is predominated by mosaic-textured quartz with local development of flamboyant
extinction and ghost spheres. Vuggy zones are characterized by open-space infilling with
subhedral quartz, hematite and clay minerals. This section contains multiple crustiform
bands, which are locally crosscut by late-stage comb-textured quartz. The abundance of
low-sulphidation vein textures in comparison with the other thin sections corresponds
with the high gold-grade of this sample.

Sample 20857 contains a much lower gold-grade (607 ppb Au; B. Sparkes, 2003)
in comparison to sample 20856 and displays a marked decrease in low-sulphidation-
related textures as is evident in Figure 5-8. This section contains local development of
feathery textured quartz around the terminations of comb-textured quartz crystals, as well
as flamboyant extinctions. As evident from the photomicrograph in Figure 5-8 this
sample contains parallel oriented quartz, which may represent a variation of parallel
bladed quartz (Dong et al., 1995). Also noted within this section are moderate amounts of
chlorite. The chlorite appears to be late-stage, infilling open spaces and fractures. This
sample again contains frequent hematite and only minor chalcedonic silica.

Sample 20860 represents a complicated section containing multiple generations of

veining. The abundance of low-sulphidation-related textures again corresponds to higher
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gold-grades within the sample (5.2 g/t Au; B. Sparkes, 2003). This section is noted to
contain well-developed micro-scale colloform banding, which is composed of intergrown
quartz and clay mineral(s). The section also contains well-developed comb-textured
quartz with flamboyant extinctions. One area of the thin section appears to contain relic
pesudo-bladed calcite in plane-polarized light (PPL), however there is no indication of
this texture in cross-polarized light (XPL). In the lower section of Figure 5-9, the
hematite-rich comb-textured quartz region contains well-developed botryoidal hematite.

Sample 20868 contains several distinct zones of chalcedonic silica along with the
local development of flamboyant extinctions (Figure 5-10). This sample has a somewhat
lower gold value (2.6 g/t Au; B. Sparkes, 2003), however the low-sulphidation vein
textures are still more abundant than in sample 20857. In one location within this thin
section an area containing a high relief, hematite-dusted mineral was identified. This
mineral resembles the orange adularia from Steep Nap, however no distinctive rhomb-
shapes could be identified.

The thin sections discussed above display similar textures to those described at
Steep Nap by Mills (1998). It should be noted that this is not a detailed examination of
the Bergs prospect and only represents a brief overview for comparison purposes. As
mentioned previously, K-feldspar staining of samples from the Bergs area has identified
the presence of white adularia; however as shown in the thin sections, hematite-dusted
orange adularia does not appear to be present, despite the abundance of hematite within

the veins at the Bergs prospect.
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5.4 OBSERVED FIELD RELATIONSHIPS AFFECTING AND/OR RELATED TO
LOW-SULPHIDATION VEINING AND ASSOCIATED BRECCIA

DEVELOPMENT

The low-sulphidation veins within the current study area are hosted by rocks as
old as pre-625 Ma and as young as ca. 582 Ma. New geochronological data combined
with observed field relationships bracket the age of the low-sulphidation system between
586 Ma and the base of the overlying Paleozoic cover (Plate 5-9). No evidence was found
that would suggest low-sulphidation veins affect the sedimentary rocks of the Wych
Hazel Pond Complex (WHPC). However, coarse-grained red sandstones of the lower
WHPC contain locally developed silica flooding immediately adjacent to a fault which
separates low-sulphidation vein-bearing lapilli tuff (WMVS) from the lower WHPC at
the Steep Nap prospect. An assay taken from the silica-flooded sedimentary rock did not
contain anomalous gold. It is unknown whether the silica within the sedimentary rock is
related to the low-sulphidation system or if it is just the result of late fluid flow along the
structure. Basal conglomerates of the WHPC both immediately east of the Steep Nap
prospect and within the Oval Pit mine were examined for fragments of low-sulphidation
vein material, however no such material was found. One outcrop, which is located several
meters stratigraphically above the silica-flooded sediment at Steep Nap, was found to
contain subangular cobbles of silica altered material. It is uncertain whether this altered
detritus is related to the high- or low-sulphidation system (Plate 5-10).

The low-sulphidation veins at the Bergs and Steep Nap prospects are also

accompanied by hematite-rich breccias; the formation of which predominantly post-dates
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vein development as is evident in Plate 5-11 (B. Sparkes, 2002). Breccias commonly
contain fragments of low-sulphidation vein material along with rare fragments of
underlying lithologies as indicted by Plate 5-12. The vein in Plate-5-11 is hosted within
the polymict lapilli tuff at Steep Nap, however the hematite-rich breccias contain
fragments of flow-banded rhyolite that is interpreted to underlie the tuff unit. Breccias
similar to those in Plate 5-11 also occur in regions were low-sulphidation veins are not
observed. In the area of Farmer’s Field, gold-bearing hematite-rich breccia of an
unknown affinity crosscut flow-banded rhyolite on the margin of the advanced argillic
alteration (Plate 5-13). This breccia occurs approximately 500m from the core of the
high-sulphidation system and may represent low-sulphidation related breccias
overprinting high-sulphidation related alteration. A second example of a possible low-
sulphidation related event overprinting high-sulphidation alteration occurs southeast of
Mine Hill at the southern end of Johnnies Pond. In this area weakly crustiform-banded,
chalcedonic silica veinlets of an unknown affinity crosscut advanced argillic alteration
(Plate 5-14). These two examples may provide supporting evidence that the low-
sulphidation system actually post-dates the high-sulphidation alteration.

Field evidence shows that the low-sulphidation veins are affected by variable
amounts of post-mineralization deformation. Veins hosted within mafic volcanic rock of
the MVS at the Bergs prospect are truncated by a NNW-SSE trending shear zone (Plate
5-15), which is later overlain by relatively undeformed basal conglomerate of Lower
Middle Cambrian age (Plate 5-16). Plate 5-16 also demonstrates that the deformation

within the region is pre-Lower Middle Cambrian in age. This structure is also intersected
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in drill core from the Bergs prospect and again marks the termination point of low-
sulphidation veining (B. Sparkes, 2003). At the Steep Nap prospect the main low-
sulphidation vein is also affected by post-mineralization deformation (Plate 5-17; B.
Sparkes, 2002, 2003, 2005). In this region meter-scale veining exposed in an exploration
trench displays a sinistral offset along a post-mineralization fault. This is also evident in
vein exposures along the ridge south of the main Steep Nap showing (Plate 5-18).

Across the down-dropped block of the lower WHPC (refer to Map 1; back
pocket), weakly banded chalcedonic silica and quartz-hematite veins continue along
strike from the Steep Nap showing. In this region low-sulphidation veins are observed to
be syn-formational with quartz—K-feldspar tension gashes (Plate 5-19). These low-
sulphidation-style veins crosscut deformation-related quartz—K-feldspar tension gashes
and are deformed along the same structure.

From the above-mentioned field observations it is evident that the low-
sulphidation system is aﬁ‘eéted by post-mineralization deformation. The low-sulphidation
system may or may not postdate the high-sulphidation system, however the existing data
is interpreted to represent low-sulphidation features overprinting high-sulphidation-style
alteration. The relationship between the low-sulphidation veins and the overlying WHPC
remains unclear, but the lack of detritus within the sedimentary rocks combined with the
fact that no veins are observed crosscutting the WHPC suggests that the veins formed

after the high-sulphidation alteration and prior to deposition of the WHPC.
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5.5 SUMMARY

The various studies carried out on exposures of low-sulphidation veins provide
several tools for vectoring in the region of low-sulphidation vein development. Detailed
measurement of veins can provide useful data in the construction of elevation models for
epithermal systems and for determining the relative location within the system at which
the measurements were taken. For instance, vein measurements at outcrop #141 indicates
an increase in vein density towards the west and also provides the predominant trend of
veining at that location. Had the bonanza-grade vein not been exposed the measured data
would still have indicated further exploration west of the measured line. The data
collected within the Farmer’s Field region could be interpreted to represent
comparatively high levels within the system as indicated by the relatively low levels of
percent extension. However it should also be noted that the same percentage extension
could also be developed on the margin of a larger vein system at the same elevation, but
no evidence of such veining is known within the Farmer’s Field region. As mentioned
above in the text, the datasets presented herein are preliminary and require further work
to develop a more robust model for the vein systems.

As indicated from the alteration study, changes within the host rock can be
recognized within the vicinity of vein development such as the mobilization of hematite,
and the increased abundance of chlorite. These features involve very common minerals
that could also be produced by many other events. Data supplied by PIMA analyses
proves more useful in identifying less common minerals such as illite and smectite, and

when combined with detailed field mapping, provides valuable information in vectoring
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towards areas of low-sulphidation veining. It should be noted that this alteration analysis
is only representative of one area; several more sections in various areas would be needed
in order to generate a model of the vein alteration applicable across the whole system.
Observed field relationships conclusively demonstrate that the veins are affected
by post-mineralization deformation, presumably of Late Neoproterozoic age. There is
also some indication that the veins are associated with a syn-deformational event as
indicated by banded chalcedonic veins crosscutting quartz—K-feldspar tension gashes and
then being deformed along the same zone of structural weakness. The exposed field
relationships between the high- and low-sulphidation systems are more ambiguous than
the deformation relationships. Nowhere has it been observed conclusively that low-
sulphidation-related features overprint elements of the high-sulphidation system.
However, several examples of hematite-rich breccias and banded chalcedonic silica veins
of possible low-sulphidation affinity are seen to crosscutting advanced argillic alteration
associated with the development of the high-sulphidation system. So, from these

examples, it could be interpreted that the low-sulphidation system is younger.
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CHAPTER 6:
TECTONIC DEVELOPMENT OF THE NORTHERN PORTION OF

THE EASTERN AVALON HIGH-ALUMINA BELT

6.1 INTRODUCTION

This chapter provides a visual summary of the detailed field mapping and the
known geochronology of the area covered during this study. Figures 6-2 to 6-3 represent
a series of four E-W cross-sections through the study area. These cross-sections are
vertically exaggerated in order to include all of the necessary details (approximate
exaggeration is 2.4:1 for vertical versus horizontal). The cross-sections contain both
known and possible occurrences of low-sulphidation vein development. All four sections
are combined to show the spatial relationship between the known occurrences of low-
sulphidation-style veins in Figure 6-4. Figure 6-5 presents a schematic summary of the
geological and tectonic development of the eastern margin of the Holyrood Horst (this is
an interpretive representation of the author’s view on the formation of the northern

portion of the high-alumina belt).

6.2 CROSS-SECTIONS OF THE NORTHERN HIGH-ALUMINA BELT

The following discussion is based on a series of four E-W cross-sections
constructed for the northern portion of the high-alumina belt. These cross-sections have
an approximate spacing of 1.25km, and intersect the three main occurrences of low-

sulphidation veins and/or veins interpreted to have a low-sulphidation affinity. Figure 6-1
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is a simplified version of Map 1 and displays the orientation and location of the transect
lines. Section A-A' (Figure 6-2) provides a cross-section of the Bergs prospect. Within
this figure, the unconformable Cambrian succession overlies the dark-purple, crystal-rich
ash-flow tuff, which is the main host to the low-sulphidation veins at the Bergs prospect.
As mentioned in previous chapters this Cambrian succession contains detritus of low-
sulphidation vein material and provides an upper time limit for the formation of these
veins.

Fragments of both the crystal tuff and low-sulphidation vein material are
contained in the poorly sorted lithic-rich breccia, which is thought to represent a surficial
hydrothermal eruption breccia. Other world-wide examples of this type of breccia often
displays a cone-like shape and is interpreted to transport material from up to 300m from
below the paleosurface (Hedenquist and Henley, 1985). At the Bergs prospect this
breccia is known to contain clasts of mineralized vein (up to 7.5g/t Au; O’Brien and
Sparkes, 2004), which provides supporting evidence for mineralization at depth.
Immediately west of the eruption breccia is a zone of predominantly massive silica-
alteration, which locally contains minor disseminated pyrite and anomalous gold.

This zone of alteration is also host to bonanza-grade gold veins (up to 54.3g/t;
O’Brien and Sparkes, 2004), which contain chalcedonic silica with white adularia
(Sparkes ef al, 2004). Microscopic gold is observed throughout the bands of chalcedonic
silica within the high-grade sample, with the visible gold displaying a nugget effect.
These bands of chalcedonic silica are crosscut by hematite-rich breccias, which contain

moderate amounts of specular hematite (O’Brien and Sparkes, 2004). Insufficient data
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exists to comment on the Ag/Au ratios from the Bergs prospect. Existing data
demonstrates that gold-grades up to 5 g/t are associated with undetectable silver values
(<5ppm). New exposures of banded chalcedonic silica veins + adularia contain well-
preserved examples of bladed calcite pseudomorphed by silica, demonstrating well-
preserved boiling textures within the Bergs prospect (S.J. O’Brien, personal
communication, 2005).

As indicated in Figure 6-2, a post-mineralization shear zone adjacent to the
bonanza-grade vein is the eastern termination of known low-sulphidation veining. It
should be noted however that there is very little outcrop east of this shear zone aside from
that exposed in the Manuels River area (located in the region of the lower WHPC; Figure
6-2). An assumed fault east of the Manuels River defines the boundary between the felsic
volcanic rocks to the west and the mafic volcanic rocks of the WHPC to the east.

In the second cross-section, Cambrian age sedimentary rock unconformably
overlies granitic rocks of the White Hills Intrusive Suite (WHIS; Figure 6-2; B-B'). East
of the granite is a down-dropped fault block of the upper WHPC, bedding in this block
has a predominant south to southeast dip that ranges between 17 and 40 degrees. A
prominent valley east of the sedimentary block defines the contact between sedimentary
rocks of the WHPC and volcanic rocks of the White Mountain Volcanic Suite (WMVS).
Immediately east of this contact are well-developed colloform-crustiform banded,
chalcedonic silica + adularia veins of the Steep Nap prospect. Drill hole data from
Avalon Mines Limited (Pickett, W., 1995) indicates that granite of the WHIS underlies

the Steep Nap prospect and is interpreted to intrude the volcanic rocks of the WMVS
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based on field relationships seen in the area of Minerals Road Intersection. Known
geochronological constraints on the formation of the low-sulphidation veins indicate that
the vein system should crosscut the granitic rocks at depth.

Gold mineralization within the Steep Nap prospect shares a close association with
the development of chalcedonic silica and adularia (Mills, 1998). Gold-grades up to
approximately 9.2 g/t have been reported for the Steep Nap prospect (B.A. Sparkes,
Rubicon Minerals, personal communication, 2003), however visible gold has yet to be
identified. Again, insufficient data exists to comment on the Ag/Au with a great deal of
certainty but existing data from this region suggests that the ratio ranges from 6-24 in
samples containing detectable (>5ppm) amounts of Ag (ratio determined from three
samples with detectable amounts of Ag). The region of the Steep Nap prospect also
contains well-developed examples of bladed calcite pseudomorphed by silica,
representing the preservation of boiling textures within the region (Mills, 1998; B.
Sparkes, 2002).

East of the Steep Nap prospect is the projected trend of the regional Mine Hill
Shear Zone (MHSZ). This structure is interpreted to represent a large-scale fault that may
have focused fluids related to the low-sulphidation system and this region is marked by
the development of silica—sericite alteration locally anomalous in gold (23ppb; O’Brien
unpublished data). The area east of the projected MHSZ represents highly prospective
ground, however there is very little outcrop within this region. A small outlier of the
lower WHPC is located near the highest topographic elevation in the section. This

sedimentary rock is assumed to unconformably overlie the rhyolitic volcanic rocks of the
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WMVS. The relationship between these two units suggests that this area was at, or very
near the paleosurface at approximately 582 Ma. The contacts in the valley east of the
sedimentary outlier are poorly constrained due to very poor outcrop exposure.

The third section (Figure 6-3; C-C') contains the Farmer’s Field prospect. This
area contains centimeter-scale quartz—-hematite and weakly banded chalcedonic silica
veinlets, hosted within rhyolitic flows of the MVS. Also displayed along this section is
the prominent divide between the older plutonic rocks of the WHIS and the younger
volcanic rocks of the MVS. This region transects the highest elevations within the study
area and the centimeter-scale quartz—hematite veinlets possibly represent the surficial
expression of a deeper low-sulphidation system. The Farmer’s Field prospect is
approximately 100m above the highest exposure of well-developed low-sulphidation
veins at the Steep Nap prospect, and therefore, holds the potential to host a more
complete vein system. The Steep Nap prospect which displays well-preserved boiling
textures at surface, suggesting partial erosion of the vein system.

Quartz—hematite veinlets occurring along the projected strike of the Steep Nap
system, approximately 500m north of the cross-section are locally anomalous in gold.
The same volcanic succession is also crosscut by gold-bearing, hematite-rich,
hydrothermal breccias of an assumed low-sulphidation affinity approximately 700m
south of the cross-section. The sedimentary rocks flanking the volcanic succession within

the cross-section are interpreted to be younger than the development of the low-
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sulphidation system and therefore would conceal any underlying evidence of low-
sulphidation veins.

The final cross-section contains the Oval Pit mine and surrounding zone of
advanced argillic alteration (Figure 6-3; D-D'). The western portion of this section is
dominated by plutonic rocks of the WHIS which display moderate amounts of patchy
alteration in the region of the high-sulphidation system. Alteration of the volcanic raft
contained within the WHIS may be syn-magmatic, or it may represent alteration
associated with the formation of the high-sulphidation system. The mafic volcanic rocks
adjacent to the WHIS contain minor amounts of pyritization and chloritization, but this
alteration is not interpreted to be associated with the development of the high-
sulphidation system. An outlier of the WHPC within the Oval Pit mine contains detrital
advanced argillic alteration and provides the minimum time limit (582 + 1.5 Ma) for the
development of the high-sulphidation system. Located at depth below the Oval Pit mine
is an assumed intrusion responsible for the development of the advanced argillic
alteration. This intrusion may also be related to gold-bearing breccias similar to that
exposed in the Mine By-Pass (O’Brien et al., 1998; G. Sparkes, 2002). East of the Oval
Pit mine the relatively unaltered flows of the MVS could potentially host low-
sulphidation vein systems at depth. Local evidence would suggest that the development
of low-sulphidation veins overprints the advanced argillic alteration. The rheology of the
pyrophyllite-rich altered rock within the Oval Pit mine may inhibit the development of
low-sulphidation veins, which would explain why well-developed veins are not exposed

within the open pit.
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All four cross-sections are combined in Figure 6-4. From this diagram it is evident
that three of the four cross-sections contain identified occurrences of low-sulphidation
veins, which strongly suggests that there is great potential at depth within transect D-D'.
The new geochronology demonstrates the significant break represented by the MHSZ.
However, as shown in Figure 6-4 this break becomes hard to trace north of the Oval Pit

mine due to later deformation.

6.3 TECTONIC DEVELOPMENT OF THE EASTERN MARGIN OF THE

HOLYROOD HORST

Previous work has identified the environment of formation of the Harbour Main
Group as an island-arc type setting (Hughes and Bruckner, 1971; King, 1990). Rocks of
the Hawk Hills Tuff (previously part of the unseparated Harbour Main Group) are
interpreted to represent the overlying volcanic carapace, which is locally intruded by
plutonic rocks of the HIS (O’Brien ef al., 2001a). As illustrated in Figure 6-5 (Stage 1),
620 Ma ago the region of the Holyrood Horst was an active arc type setting (King, 1990).
Volcanic rocks of the WMVS (this study) may possibly represent eastern equivalents of
the Hawk Hills Tuff, and as demonstrated by U-Pb dating (e.g. 616 + 2 Ma ash-flow tuff;
Unit 4) some of the elements within this unit are known to have formed around 620 Ma.
Associated with the intrusion of the Holyrood Intrusive Suite are auriferous syn-
magmatic hydrothermal breccias (e.g. Butlers Pond; B. Sparkes, 2000), and associated
regional-scale hydrothermal alteration (O’Brien et al., 1998). This demonstrates that the
region was a mineralizing environment prior to the development of the epithermal

systems outlined in the current study.
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Stage 1: Continual development of the volcano-
plutonic arc sequence. Intrusion of the HIS and
cogenetic WHIS, along with the formation of coeval
volcanic rocks.

Stage 2: Volcanic activity associated with the
intrusion of younger (ca. 584 Ma) intrusions;
formation of the MVS. The development of large
scale faults transport hydrothermal fluids to the
paleosurface, resulting in the formation of vertically
zoned advanced argillic alteration.
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Stage 3: Development of normal faulting along the
present-day MHSZ. Faulting offsets the eastern
portion of the high-sulphidation system. Possibly
some erosion of the high-sulphidation-style
alteration.

Stage 4: Erosion of the volcanic arc, with
preservation of relatively deep alteration mineral
assemblages in down-dropped portion of the
alteration. As the high-sulphidation systems
subsides, low-sulphidation veins develop on the
margin of the advanced argillic alteration.

Figure 6-5: Schematic representation of the tectonic development for the northern portion
of the eastern Avalon high-alumina belt.
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Stage 5: Continual subsidence of the arc complex.
Onset of sedimentation, represented by siliciclastic
rocks of WHPC, and transition into mafic dominated
submarine volcanism. Collapse of hydrothermal
system, followed by rapid burial, provides a
protective cover sequence and prevents further
erosion of the epithermal systems.
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Stage 7: Deposition of Paleozoic cover sequence.
Sequence unconformably overlies deformed volcanic
arc material and deformed rocks of the WHPC.

Stage 6: Folding and block faulting presumably
associated with late stage deformation of the
Avalonian Orogeny. Deformation causes re-exposure
of the volcanic arc sequence, as demonstrated by the
deposition of the Signal Hill Group (King, 1990).

Figure 6-5 cont’d: Schematic representation of the tectonic development for the northern
portion of the eastern Avalon high-alumina belt.
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A bimodal arc-type environment presumably existed until ca. 582 Ma with
relatively little change in the overall tectonic setting, as indicated by the similar
geochemistry of the volcanic rocks spanning this time period. Figure 6-5: (Stage 2)
illustrates the increasing amount of arc-related volcanic material and the formation of the
younger bimodal MVS. Prior to 584 Ma, tectonic activity resulted in the formation of
large-scale faults, represented by the present day MHSZ. Young intrusions (ca. 584 Ma)
in the vicinity of the present-day MHSZ initiate the convection of hydrothermal fluids
which become focused along the crustal structures; this is supported by the close spatial
association between the regional advanced argillic alteration and the MHSZ. These fluids
migrate to paleosurface forming vertically zoned regions of advanced argillic alteration

Between 584 and 582 Ma, there was a decrease in the amount of volcanism and
the region becomes dominated by erosion, which marks the onset of arc-collapse (Figure
6-5: Stage 3), during which time an extensional type environment dominated the region.
The volcanic succession east of the MHSZ underwent normal faulting, while more
western portions of the volcanic arc underwent more extensive erosion and degradation.
The down-dropped portion of the eastern Avalon high-alumina belt was subjected to
moderate amounts of erosion, which is interpreted to be on the order of 1.5-2km in the
area of the Oval Pit mine (Sparkes et al., 2005). The interpreted erosion of the advanced
argillic alteration is further supported by the relatively deep alteration exposed within the
Oval Pit mine. Removal of 1.5-2km of altered material in approximately 2 to 4.5 Ma
requires erosional rates in the order of 375 to 1000 m/m.yr.. Calculated erosional rates for

some tectonically active settings are comparable with the lower end of the erosional rates
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listed above (e.g. 200-300 m/m.yr., Hulver, 1996). The altered material is generally
predominated by clay minerals which would further assist in rapid erosion. By 582 Ma,
the high-sulphidation system has subsided, the last stages of which affect the base of the
juvenile lower WHPC. Around 582 Ma, convecting hydrothermal fluids result in the
formation of low-sulphidation-style epithermal veins (Figure 6-5: Stage 4). These veins
form during the onset of sedimentation and therefore do not affect sedimentary rocks of
the WHPC, nor are the veins present as detrital material within the sedimentary sequence.
The plutonic rocks west of the MHSZ, possibly acted as an aquitard to the epithermal
fluids and therefore influence the development of the low-sulphidation veins. Within this
region the formation of the low-sulphidation system is interpreted to be relatively short-
lived (ca. 1 Ma), and is inferred to have ended prior to the deposition of the upper
WHPC.

From 582 to approximately 560 Ma there is continual submergence of the arc,
which is supported by the deposition of the WHPC and Conception Group (Figure 6-5:
Stage 5; King, 1990). A transition in the tectonic environment is supported by the change
from bimodal volcanism to predominantly mafic volcanism with the deposition of the
WHPC, possibly suggesting a transition into a back-arc type setting. With increasing
time, the setting passes into a more pro-deltaic and then deep marine environment with
the deposition of the Conception and St. John’s groups, respectively (King, 1990).

Between approximately 560 to 513 Ma the region changes from an extensional to
a compressional environment, which is marked by the deposition of the Signal Hill Group

(Figure 6-5: Stage 6; King, 1990). The Signal Hill Group is interpreted to represent an

272



alluvial type environment and marks the re-exposure of arc material (King, 1990). This
period of deformation is characterized by the development of open folds and block
faulting (McCartney, 1967; Anderson ef al., 1975; King 1990, 1988b, 1980). Evidence
obtained from the *°Ar-*’Ar dating of sericite from the MHSZ indicates that the last
recognized episode of deformation was around 537 + 3 Ma, prior to the deposition of the
Cambrian succession. Present day exposures of the Cambrian succession are relatively
flat lying and generally follow present-day fopography. The relatively undeformed
Cambrian sedimentary succession demonstrates that the deformation within the eastern

Avalon high-alumina belt occurred prior to ca. 513 Ma (age of base of Middle Cambrian

currently defined by recent time scale studies, <www.stratigraphy.org>, April, 2005;

Figure 6-5: Stage 7).

6.4 SUMMARY

The cross-sections constructed through the three main occurrences of low-
sulphidation-style veins demonstrate that the veins have a close spatial association with
altered granite of the WHIS and sericite-silica altered shear zones that are interpreted to
be a part of, or related to, the regional-scale MHSZ. The granitic rocks are locally host to
the development of low-sulphidation related veins, and their presence does not indicate
deep erosion of the low-sulphidation system. In several regions of the field area weak
surface anomalies containing anomalous gold-grades may be indicative of deeper, more
extensive, low-sulphidation systems. The regionally developed MHSZ is interpreted to
have been vital to the development of the high-sulphidation system (Sparkes et al., 2005).

The close spatial association between low-sulphidation veins and structures assumed to
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be related to the MHSZ also suggests that these structures played a role in siting the
development of low-sulphidation-style veins. It seems likely that the MHSZ has

undergone multiple episodes of re-activation during the Late Neoproterozoic.
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CHAPTER 7:

SUMMARY AND CONCLUSIONS

The following section presents, in point form, a review of the major conclusions

stemming directly from this study. Some of these points have been presented in previous

chapters but are again integrated in this final summary chapter. Areas for future research

are also noted below.

1) New U-Pb ages from the White Hills Intrusive Suite (WHIS) range from 625 +

2)

2.5 Ma to 614 + 2 Ma. This suite is geochemically similar to, and coeval with, the
regionally developed Holyrood Intrusive Suite (HIS). Although spatially
associated with both the high- and low-sulphidation systems, the new
geochronological data demonstrates that the emplacement of the WHIS is not
genetically associated with the development of either. At this point it is unclear
whether the silica—sericite—pyrite alteration developed within the WHIS is
associated with syn-magmatic alteration as seen elsewhere in the HIS, or if in fact
it is related to the development of the epithermal systems, or possibly some
combination of both.

New data now constrains the formation, uplift and erosion of the high-
sulphidation system between 586 and 580.5 Ma. The maximum age limit is
provided by the felsic succession hosting the alteration in the Oval Pit mine,
which has been dated by previous work at 584 + 1 Ma (G. Dunning, unpublished

data). The minimum age limit is provided by an ash-flow tuff from the base of the
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3)

4)

5)

unconformably overlying Wych Hazel Pond Complex, which is dated at 582 + 1.5
Ma.

New data provide the maximum age limit for the development of the low-
sulphidation system. This limit is provided by a crystal-bearing ash-flow tuff from
the Manuels Volcanic Suite, which is dated at 582 + 4 Ma. The minimum limit is
still defined by the base of the overlying Paleozoic cover, as identified by
previous work (O’Brien, 2002).

The temporal relationship between the high- and low-sulphidation systems remain
equivocal, however existing data is consistent with a younger age for the low-
sulphidation system. The low-sulphidation system is interpreted to have formed
after the collapse of the high-sulphidation system, but prior to the onset of
sedimentation.

The new geochronological data identifies the presence of a pre-620 Ma volcanic
sequence in this area, and therefore requires modification of the previously
defined Manuels Volcanic Suite. These older volcanic rocks, herein defined as the
White Mountain Volcanic Suite, are intruded by the 625 to 614 Ma White Hills
Intrusive Suite, and includes previously dated volcanic rocks as young as 616 Ma
(Dunning, unpublished data). The boundary between older magmatic rocks and
younger volcanic rocks (post-584 Ma) is faulted, and defined by the regional-
scale (post-alteration) Mine Hill Shear Zone. The old volcanic rocks are possibly
correlative with the Hawk Hills Tuff, which is intruded by the Holyrood Intrusive

Suite along the western margin of the Holyrood Horst (O’Brien, et al., 2001).
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6)

7)

8)

9)

Felsic volcanic flows and ash-flow tuffs from the Manuels Volcanic Suite are
chemically inseparable from older (ca. 616 + 2 Ma) felsic volcanic rocks from the
White Mountain Volcanic Suite. These data indicate little change in the overall
tectonic environment and melting processes during the ca. 40 Ma time span
represented by the felsic volcanic successions within the field area.

In the eastern portion of the field area, sedimentary rocks correlated with the
Wych Hazel Pond Complex, are intruded by feldspar porphyry. Locally this
porphyry is associated with the development of a blocky peperite, which indicates
that the sediment was unconsolidated at the time of intrusion. The porphyry unit
yielded a U-Pb zircon age of 585 + 5 Ma and, based on field relationships, it is the
youngest igneous rock exposed within the field area.

The post-alteration feldspar porphyry of the Wych Hazel Pond Complex is
chemical distinct from older, pre-alteration quartz—feldspar porphyry of the White
Hills Intrusive Suite (WHIS). The geochemical data is consistent with the feldspar
porphyry forming in a somewhat different tectonic environment from the older
WHIS.

Several groups of mafic dykes are recognizable using geochemistry and are
interpreted as feeders to the mafic flows intercalated with the WHPC. The spatial
and genetic association of mafic dykes with the occurrence of low-sulphidation

veins is an interesting topic for further evaluation.

10) The new age data from the White Hills Intrusive Suite (ca. 620 Ma) in

combination with the new age constraints on both the high- and low-sulphidation

277



systems (<585 Ma) indicates that the presence of granitic intrusions adjacent to
the epithermal systems does not imply deep erosion, but rather that the intrusive
rocks are basement to both systems.

11) The new age bracket for the high-sulphidation system requires a source of fluids
and heat that is much younger than the Holyrood and White Hills intrusive suites.
Intrusions such as the porphyry unit within the Wych Hazel Pond Complex may
represent the final products of such a magmatic event.

12) The new geochronology demonstrates the rapid submersion and burial of the
younger volcanic sequence following the end of the high-sulphidation-style
alteration. This rapid burial plays a fundamental role in the preservation of old
epithermal systems and is one of, if not the, key feature in the preservation of the
high- and low-sulphidation systems exposed within the eastern Avalon high-
alumina belt.

13) Chemical analyses from wall rock adjacent to low-sulphidation veins show the
loss of mobile LREE, which is interpreted to be the result of the interaction
between the wall rock and the epithermal fluids. This observation may have
implications for gold exploration and requires further work.

14) The detailed measurement of veins adjacent to low-sulphidation systems provides
useful information in modeling changes within the vein system with respect to
changes in present-day elevation. Initial information gathered during this study
also suggests that there may be a correlation between vein thickness and host

rock.
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15) Further work within the region should include a detailed analysis of the alteration
mineralogy surrounding the Oval Pit mine and possibly fluid inclusion work to
better constrain the depth of formation for the exposed alteration. Detailed
analytical work may also provide clues as to the association of the Au-bearing

breccias that are developed on the margin of the advanced argillic alteration.
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APPENDIX A

GEOCHRONOLOGICAL SAMPLE PREPARATION

U-Pb Sample Preparation

Samples collected for geochronological study were crushed using a 4x6
MASSCO crusher and then reduced to approximately <100 size mesh using a BRAUN
direct drive pulverizer. From here the sample was concentrated further by passing it over
a Wilfley table, which separated the heavy minerals from the lighter fraction. Following
this, the sample was rinsed with alcohol to prevent oxidation and dried under a heat lamp.

After drying, the heavy fraction from the Wifley table was sieved using size 40
mesh, and passed under a magnet to remove metal fragments and highly magnetic
material. The less than 40 mesh fraction was then put into a large separatory funnel with
methylene iodide (MI), which has a known density of 3.32 g/cm’. The separatory funnel
was then shaken to mix the two materials and then left standing for approximately five
minutes to allow the more dense material (including zircon) to settle to the bottom where
it was drained from the MI. This procedure was repeated several times until the denser
faction was removed. The denser fraction was then rinsed with acetone and dried under a
heat lamp. After drying the material was passed through a Frantz Isodynamic Magnetic
Separator, which allowed the separation of more magnetic minerals such as zircon,
titanite and pyrite, from the remaining mineral fraction. The sample was passed through
the Frantz Isodynamic Magnetic Separator several times varying the tilt angle and the
voltage as listed; initial Frantz step 1) 10 degrees tilt at .25 amps, 2) 10 degrees tilt at .5

amps, 3) 10 degrees tilt at 1.0 amps, 4) 10 degrees tilt at 1.7 amps. For the final Frantz the
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amps were set to 1.7, and the tilt was varied from 5, 3, 1, and 0 degrees. Finally zircon
crystals were hand picked under a microscope from the remaining sample on basis of
grain morphology, clarity and abundance. Selected grains were then abraded with pyrite
to remove the outer portion of the crystals to reduce the effects of secondary Pb loss, and
washed in hot nitric acid to dissolve the remaining pyrite.

Select abraded grains were then transferred into small beakers, washed with
double distilled nitric acid and then placed on a hot plate for half an hour in double
distilled nitric acid. After a half an hour, the zircons were removed from the hot plate and
the remaining nitric acid decanted. The grains were then rinsed twice with double
distilled water and covered with parafilm. Grains selected for individual analysis were
pipetted into Teflon© bombs. Hydrofluoric acid was then added to the sample
(approximately 15 drops, but varies in accordance with size of sample), along with the
spike. The bombs were then sealed and placed in an oven at 210 degrees for 5 days.

4Ar-3* Ar Sample Preparation

The adularia mineral separates were hand crushed, while the sericite samples were
crushed the same as U-Pb samples. Both samples were sieved through size 40 and 70
mesh. After sieving the mineral fractions were then hand picked under a microscope
where the best, euhedral grains were selected for analysis. The best fraction of adularia
was found in the less than 70 mesh fraction, while the best fraction of sericite was chosen
from the less than 40, greater then 70 mesh fraction. Only one morphology of adularia
was identified within the sample, however the two sericite samples contained multiple

generations of sericite. The sample collected within the Oval Pit mine (GS-GC-14)
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contained fibrous looking sericite along with more subrounded pill shaped grains. For
this sample, the goal was to separate sericite associated with the advanced argillic
alteration and therefore the pill-shaped grains were selected and the fibrous grains were
excluded. The second sample of sericite collected from the MHSZ was sampled in order
to identify the age of deformation. For this reason fibrous sericite, assumed to be related
to the deformation, was selected from this sample. The selected grains were packaged in
glass vials and shipped to the Geological Survey of Canada in Ottawa to be analyzed.
Measurements by mass spectrometer were not carried out by the author for either
U/Pb or Ar/Ar samples. U/Pb ages and uncertainties were calculated (at the 95%
confidence interval) using the weighted average of the *°’Pb/**°Pb ages for discordant
datasets, or the weighted average of the *°°Pb/**®U ages using ISOPLOT (Ludwig, 1988).
Ages and uncertainties on the Ar/Ar data were calculated by M. Villeneuve (Geological

Survey of Canada) using in house programs.
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APPENDIX B

DUPLICATE AND STANDARD ANALYSIS FOR MAJOR-ELEMENT ICP-ES
DATA FROM 1997 TO 2003

Duplicate and standard analyses presented here demonstrate the internal
consistency in the ICP-ES major-element data. Common elements referred to in the text
such as SiO,, ALOs, TiO;, Na,O and K,0O, are shown to have a common reproducibility
of £10%. These elements were used to display the effects of hydrothermal alteration
within the field area. Also contained within this dataset is the trace element Zr, which is
relied upon heavily as an immobile element. Duplicate and standard analyses for Zr are

all within +10% error.
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APPENDIX C

DUPLICATE AND STANDARD ANALYSIS FOR TRACE-ELEMENT ICP-ES
DATA FROM 1997 TO 2003

Duplicate and standard analyses presented here demonstrate the internal
consistency in the ICP-ES trace-element analyses. This dataset contains the immobile
trace elements that are used to classify many of the units within the field area. These
elements include Ti, Nb, Dy, Sc, Y, La, and Ce; the following table illustrates that these

trace elements generally have a reproducibility of +10%.
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APPENDIX D

STANDARD ANALYSIS FOR XRF DATA

The following table contains standards analyzed with select samples from the
field area. The major-elements such as SiO,, A,Os3, Na,O and KO all display errors less
than 10%. Other elements, such as S, Cl and, to a lesser degree, V, have much more

significant errors, but these elements were not applied to this study.
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APPENDIX E

DUPLICATE AND STANDARD ANALYSIS FOR ICP-MS DATA

Duplicate and standard analyses presented here contain the immobile trace
elements that are used to classify many of the units within the field area. Several of these
elements display irregularities as element concentrations approach the lower limit of
detection. However, for the main elements utilized such as Zr in the polymict lapilli tuff,

the elements concentrations are generally well-above the lower limit of detection.

309









APPENDIX F

The following table contains a list of mineralized samples referred to in the text.
The majority of these samples are from the unpublished data of S. O’Brien,

Newfoundland Geological Survey.
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