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Abstract

Mid-Miocene epithermal Au-Ag ores of the northern Great Basin USA are related to
magmatism associated with the inception of the Yellowstone hotspot. The geochemical chemical
connection between these ores and spatially and temporally related volcanism is not well
understood, but has been suggested (Kamenov, 2007; Saunders et al., 2015). These Cu- and Pb-
isotope studies show that the ore and associated gangue minerals have different sources of Pb,
which supports evidence that the metal(loids) originate from a deep magmatic source (Saunders
et al., 2008). Cu isotopes as a tool for exploring linkages between ore deposits and related
volcanic rocks is a new and evolving field. A suite of mid-Miocene Northern Great Basin (NGB)
and Snake River Plain (SRP) volcanic rocks was analyzed by aquaregia leach for their 8*°Cu
compositions. These samples have all been previously characterized and include basalts,
trachybasalt, basaltic andesites, and basaltic trachyandesites that are representative of regional
flood basalt magmatism and younger basalt eruptions in central Idaho. Included are rocks from
the Santa Rosa-Calico volcanic field, NV (e.g., Buckskin-National district); Owyhee Mountains,
ID (Silver City District); Midas, NV region, near Jarbidge, NV; and a locality proximal to Steens
Mountain, OR. Also included are two Pleistocene basalts from the central Snake River plain
unequivocally related to the Yellowstone hotspot volcanism (McKinney Basalt and Basalt of Flat
Top Butte), and one Eocene basalt from the Owyhee Mountains that is related to pre-hotspot arc
volcanism. International rock standards ranging from ultramafic to intermediate were also
analyzed in this study for comparison.

Our new 8”Cu data greatly expands the range of known Cu isotopic compositions for
basalts, with values ranging from -0.84%o to +2.61%o. These values overlap with the 8*’Cu of
regional ores, further suggesting a link between the source(s) of the ores and the NGB rocks. The
range of 6°°Cu values also overlaps with mantle rock values, suggesting that the Cu isotopic
composition may be a signature derived from the mantle source. Fractionation mechanisms that
cause such a broad range in Cu isotopes are still unclear but liquid-vapor transitions and mantle
metasomatism are being explored. Furthermore, 8°’Cu values of international rock standards
reported in this study did not agree with previously reported data (Archer and Vance, 2004;
Bigalke et al., 2010; Moeller et al., 2012; Liu et al., 2014, 2015) suggesting that aquaregia leach

may not be a preferable technique when analyzing volcanic rocks.
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Chapter 1 - Introduction

It is likely that most, if not all, of the large ore bodies with visible surface outcrops have
already been discovered. This means that exploration geologists are now faced with the mission
of identifying a surface marker that indicates an ore deposit concealed at depth. It is, therefore,
more important than ever to understand and identify not only the processes that move and
deposit metals but also the source of the metals in order to aid in this more complex mode of
exploration. Cu isotope signatures of minerals and rocks associated with Cu-bearing ore deposits
may not only be a powerful geochemical tool with which to investigate fluid pathways in ore
deposits but can also provide a means to discover these hidden resources (Mathur et al., 2012).

In this study, we present new Cu-isotope data from 14 Northern Great Basin (NGB)
volcanic rocks that are spatially and temporally associated with mid-Miocene epithermal ore
deposits in the region. The aim is to gain a better understanding of the link between copper
fractionation and ore genesis and help to shed light on the mechanisms that may be contributing
to copper isotope fractionation.

Many studies have dealt with copper isotope fractionation in low-temperature aqueous
environments (Maréchal et al., 1999; Zhu et al., 2002; Larson et al., 2003; Ehrlich et al., 2004;
Mathur et al., 2005; Markl et al., 2006, Mathur et al., 2012; Saunders et al., 2015). Modern
advances in mass spectrometry have substantially increased the accuracy and precision in
measuring both isotopes (**Cu and **Cu) concurrently, which has opened the door for continued
work on understanding Cu isotope behavior in Earth materials. The fractionation of copper
isotopes can be quite extensive; for example, in porphyry copper deposits the range of 8*’Cu
values spans from 9.8%o to -16.48%o (Mathur et al., 2009). In chondritic meteorites, however, the
maximum variation does not exceed 1.6%o (Luck et al., 2003).

There are several likely explanations for the natural variation of copper isotope ratios,
e.g., redox reactions, involvement of organisms, equilibrium processes, liquid-vapor separation,
magmatic differentiation, subduction processes, and metasomatism (Maréchal et al., 1999; Zhu
et al., 2000, 2002; Jiang et al., 2002; Larson et al., 2003; Graham et al., 2004; Rouxel et al.,
2004; Ehrlich et al., 2004; Liu et al., 2015). The scientific community is in agreement that both
inorganic and biological processes can cause significant variations in copper isotope ratios at low

temperatures (Gale et al., 1999; Maréchal et al., 1999; Zhu et al., 2000, 2002; O’Nions and Zhu,



2002; Riuz et al., 2002; Maréchal and Albarede, 2002; Larson et al., 2003; Graham et al., 2004).
According to Markl et al. (2006) and Luck et al. (2003) high temperature hydrothermal processes
such as liquid vapor separation and primary mineral precipitation may be capable of altering
copper isotope compositions, but these authors conclude that magmatic processes do not appear
to produce significant fractionation. While high temperature Cu isotope fractionation processes
are unclear, they likely center on liquid-vapor transitions (Larson et al., 2003) and potentially
mantle metasomatism, and/or slab dehydration during subduction (Liu et al., 2015).

In a recent study by Liu et al. (2015) non-metasomatized mantle peridotites show a 8*’Cu
isotope range of -0.19 to +0.28%o.. In comparison, metasomatized mantle peridotites were found
to have highly variable Cu concentrations and isotopic compositions (5°°Cu ranging from -0.64
to +1.82%o). Such a large range of Cu isotopic compositions in metasomatized peridotites is not
easily explained by high temperature processes such as mantle partial melting. It is likely that the
positive or negative effects of Cu isotopic ratios in peridotites results from sulfide dissolution-
breakdown or mineral precipitation caused by metasomatism. These two processes may result in
contrasting Cu isotope fractionations and may explain the variation of 8*’Cu values in the
metasomatized peridotites.

In previous studies it has been accepted that mantle-derived igneous rocks have an
average 8%Cu value close to zero (Zhu et al., 2000; Li et al., 2009; Savage et al., 2013). The
Bulk Silicate Earth (BSE) average value for 8*>Cu has been estimated at +0.06 + 0.20%o (2SD)
by Liu et al. (2015) based on non-metasomatized peridotites, and mantle-derived melts, such as
mid-ocean ridge (MORB) and ocean island basalts (OIB). Compared with the BSE, the Cu
isotopes in chondrites are more fractionated. Most chondrites are enriched in **Cu, with §*°Cu
ranging from -1.50 to -0.09%o in carbonaceous chondrites and -0.51 to +0.10%0 in ordinary
chondrites (Luck et al., 2003). MORBs and OIBs analyzed by Liu et al. (2015) have
homogenous Cu isotopic compositions (+0.04 to +0.14%o and -0.07 to +0.18%o, respectively);
this contrasts with the larger range observed in arc basalts (-0.19 to +0.47%o) and continental
basalts (-0.18 to +0.35%o).

A few studies have investigated the link between copper isotopes and various ore
deposits with an emphasis on porphyry copper deposits and epithermal ores (Larson et al., 2003;
Mathur et al., 2009; Mathur et al., 2012; Saunders et al., 2015). Here we focus on the Cu isotope

compositions of mafic to intermediate volcanic rocks that erupted in the northern Great Basin,



which are spatially coincident with coeval ~16-14 Ma epithermal ore deposits (Fig. 1-1A). These
low-sulfidation epithermal ores are associated with the formation of the Columbia River Basalt
province and the inception of the Yellowstone hotspot track (Geist and Richards, 1993; Perkins
and Nash, 2002; Camp and Ross, 2004; Kamenov, 2007; Saunders and Brueseke, 2012).
Epithermal ore deposits can form in subduction-related volcanic arcs, post-subduction volcanic
settings, and back-arc rift zones under relatively shallow, low-temperature conditions (Simmons
et al., 2005; Richards 2009; Saunders and Brueseke 2012; Saunders et al., 2015). Based on H-
and O-isotope studies, the ore-forming fluids in these systems are a combination of heated
meteoric water (O’Neil et al., 1973; John et al., 2003; Simmons et al., 2005; Saunders et al.,
2008; Saunders et al., 2015) and primary magmatic fluids (Matsuhisa and Aoki, 1994; Hayashi et
al., 2000; Faure et al., 2002; Heinrich et al., 2004; Williams-Jones and Heinrich, 2004; Saunders
et al., 2008; Saunders et al., 2015).

Debate still exists regarding the sources of ore-forming constituents in these shallow ores.
Some models suggest that metals and sulfur are leached from surrounding country rock as
hydrothermal fluids migrate through the subsurface, while others propose a deeper magmatic
source for the metals and metalloids. Heinrich et al. (2004) and Williams-Jones and Heinrich
(2005) suggested that vapor-phase transport of ore metals and sulfur from a deep magmatic
setting to a shallow epithermal system can occur due to low-density magmatic fluids. This type
of metal transport can be observed in modern volcanic fumaroles, where pm-sized native gold
particles, along with other metallic phases, precipitate directly from volcanic emissions (Meeker
et al., 1991; Fulignati and Sbrana, 1998; Taran et al., 2000; Yudovskaya et al., 2006). The
epithermal ore metals of the NGB, however, were likely released via magmatic fluids exsolved at
depth, based on Pb- and Re-Os-isotope data (Kamenov et al., 2007; Saunders et al., 2008, 2014)
as well as more recent Cu isotope results (Saunders et al., 2015). These studies suggest that the
Au and Ag are not derived from adjacent host rocks but from mafic magmatic sources instead.
Specifically, Saunders et al. (2015) observed that the Pb isotope data show disequilibrium

between the gold ore and the co-deposited adularia in the Miocene Sleeper deposit, NV. In

particular, the silicate minerals have an elevated 207pp,204py, ratio, which suggests that the

gangue minerals have been leached from local sedimentary or metamorphic rocks. The gold ore,

on the other hand, shows a lower 207pp20%pp ratio that overlaps with regional flood basalts,

indicating that the metals were likely derived from a deeper mafic magmatic source (Kamenov et



al., 2007; Saunders et al., 2015).

The sample set from this study includes volcanic rocks associated with many of these
epithermal ores, one Eocene-age basalt that erupted in southwestern Idaho before the flood basalt
volcanism and is likely subduction-related, two Pleistocene (0.05 to 0.33) Ma central Snake
River Plain basalts, along with a suite of igneous rocks that are geochemically well-characterized
international reference standards from the United States Geological Survey (USGS) (PCC-1,
DNC-1, BHVO-1, AGV-1, BCR-2), Geological Survey of Japan (JB-1a, JB-3, JA-3, JA-2, JB-2,
JGb-1), and French Geological Survey (BE-N) which have no association to the local ore
deposits. The international standards were analyzed in order to determine data accuracy in
comparison to previously reported Cu data. These new Cu isotope data will enable the
assessment of whether there is a relationship between the epithermal ores and the spatially
associated volcanism and, if a relationship exists, to explore its nature. These results can aid
current and future exploration efforts, not only across the state of NV and in the northern Great
Basin, but regionally, or even globally. Furthermore, the Cu isotope results of this study expand
the range of documented Cu isotope variability from continental mafic and intermediate volcanic

rocks.

NGB Au-Ag Epithermal Ores and Coeval Magmatism: Geologic Overview

Prior to the mid-Miocene, the Northern Great Basin and surrounding area were tectonically
complex and the current geological framework was a manifestation of a long history of
convergent margin processes, subsequent extension, and volcanism. Commencing at ~17 Ma in
the Pacific Northwest USA, ~250,000 km® of tholeiitic basalts to slightly more evolved
compositions erupted to form the Columbia River Basalt (CRB) group (Brueseke et al., 2007;
Camp, 2013). Volcanism was widespread and included lavas erupted in northern Nevada and
southeastern Oregon (e.g., Steens Basalt). Coeval with this event, bimodal basalt-rhyolite
volcanism began near the western edge of the present day Snake River Plain-Yellowstone
province (Brueseke et al., 2014). The most intense volcanism migrated to the northeast over time
as the continent moved over a stationary sublithospheric heat source now located at Yellowstone.
The Yellowstone-Snake River Plain system is, thus, an age-progression of rhyolitic volcanism,
although its origin remains contested. Some observations have led to the conclusion that

inception of the Yellowstone hotspot volcanism is associated with the ascending tail of a deep



mantle plume (Armstrong et al., 1975; Smith and Braile, 1994; Camp 1995; Pierce and Morgan,
2009), while others suggest a shallow mantle origin (Fouch, 2012; Kelbert et al., 2012). The
simplest petrogenetic explanation for the NGB rocks, and the one adopted in this study, is that
they represent mantle melting associated with the inception of the hotspot (e.g., plume head) and
any subsequent crustal interaction. The two young samples from the central Snake River plain
likely represent lithospheric mantle melts (Leeman et al., 2008) or melts formed via mixing
between plume-source mantle and the Archaecan WY craton lithosphere (Hanan et al., 2008).

Many of the Mid-Miocene volcanic systems in northern Nevada host Au-Ag epithermal
ore deposits (Brueseke, 2010; Saunders et al., 2008; Mason et al., 2015). Some of these deposits
coincide spatially with the northern Nevada rift and other similar extensional structures in
northern Nevada (Ponce and Glen, 2002). Faulting and tilting caused fractures, which created
pathways for ore-forming hydrothermal fluids (and magmas) to migrate (Ponce and Glen, 2002;
Leavitt et al., 2004). Regardless of the origin of these ore-forming fluids, the source magma
chamber likely provided the heat necessary to drive these hydrothermal systems, which allowed
for the mineralization of high-grade veins to form in fault zones throughout the region (Leavitt et
al., 2004). A model proposed by Saunders et al. (2008) explains the host-rock relationships and
ore mineralogies of regional low sulfidation Au-Ag mineralization. In this model, metal(loids) in
NGB ore deposits, which are all texturally similar, were carried to the surface in mantle-derived
hydrothermal fluids, irrespective of the deposit host rock lithology or age.

More recent research suggests that subduction processes may cause partial melts from
“fertile” mantle to form in the mantle, which can later ascend through the lithospheric crust and
lead to ore formation (Richards, 2009; Saunders and Brueseke, 2012). The majority of porphyry
Cu, Mo, Au and epithermal Au deposits are genetically related to magmas in arcs above active
subduction zones. These deposits are therefore linked to the petrogenesis of arc magmas and
derive their fundamental characteristics such as enrichment of alkalies and some metals and
metalloids, from subduction zones (Richards, 2009). Arc magmas are formed when partial
melting occurs in the metasomatized wedge of asthenospheric mantle between the subducting
oceanic and overriding oceanic or continental plates (Ringwood, 1977; Richards, 2009). Basaltic
magmas formed in this process ascend through the upper plate lithosphere plate and evolve to
form hybridized andesitic magmas characterized by high oxidation states and high water contents

(Richards, 2003). These characteristics are essential for the formation of magmatic-hydrothermal



ore deposits (Candela, 1992). It is also possible that a postsubduction mantle plume could
produce isotopically and compositionally similar magmas by triggering partial melting of the re-
fertilized lithospheric mantle, thus, contributing to volcanism and related epithermal ore
formation (Saunders et al., 2015).

Regionally, not all of the volcanism in the area has associated mineralization (Fig. 1.1B)
and this study analyzes both volcanic rocks spatially associated with mineralization and some
that have no known local spatial association. A detailed connection between these ores and
spatially and temporally related volcanism is not well understood but has been proposed by
Saunders et al. (2008, 2015). Furthermore, Cu-, S-, and Pb-isotope data presented by Saunders et
al. (2015) provide evidence that metals and metalloids in epithermal Au-Ag deposits are sourced

from the deep mantle.

Behavior of Copper and Copper Isotopes

Copper is strongly chalcophile and has two isotopes, “Cu and ®Cu, with abundances of
69.174% and 30.826%, respectively, in reference to the SRM-NIST 976 standard (Shields et al.,
1964; Albarede, 2004). It is a base metal and is typically mined from chalcopyrite (CuFeS,),
chalcocite (CuyS), cuprite (CuyO), and malachite (CuyCO3(OH),). Copper has two important
oxidation states, Cu’ and Cu®"; due to an unpaired electron, Cu*" is the most common oxidation
state under highly oxidizing conditions (Albarede, 2004). However, Cu'" is more common below
the hematite-magnetite buffer (Core et al., 2005). In silicates, Cu*" can substitute for Fe*" and
Mg*" in octahedral sites but, because the energy preference for this substitution is small, Cu is
not particularly abundant in major FeMg-silicates. Under highly oxidizing conditions, where
Cu”" is the dominant oxidation state, it will most likely enter spinel structures such as magnetite.
However, when Cu takes on the 1+ valence state it has a tendency to enter silicate structures such
as plagioclase, likely substituting for Na" (Core et al., 2005). For example, Cu-rich plagioclase is
found in NGB Steens Basalt lavas (Hofmeister and Rossman, 1985). Cu also forms numerous
sulfides (typically associated with Fe) as well as carbonates and hydroxides where Cu*" and Cu”
occupy tetrahedral or octahedral sites (Albarede, 2004). In Cl-rich solutions Cu isotopes are
strongly fractioned, which may be due to a multinuclear configuration of the molecules
(Maréchal and Albarede, 2002). Similarly, multinuclear Cu sulfide complexes suggest a similar

possibility in sulfide-rich aqueous systems (Helz et al., 1993).



In the ocean waters, Cu concentration increases with depth, which indicates that it is
being used by organisms at shallower depths and/or scavenged by settling particles (Boyle et al.,
1977; Bruland, 1983; Bruland and Franks, 1983). Only minimal data exists for Cu isotopes in
sediments. In a core sample taken from the Central Pacific Ocean, 5°Cu values of deep-sea clay
vary from -0.94%eo to -2.83%o within the first 760cm (Albarede, 2004; Russell et al. 2003). Luck
et al. (2003) states that Cu in meteorites is depleted in the heavier *Cu isotope with respect to
Earth. Of the four subgroups of carbonaceous meteorites analyzed (CI, CM, CO, and CV), the
CV meteorites were the most depleted in ®°Cu and also depleted in much of their volatile
elements. In mafic and ultramafic rocks, Cu can also be hosted in sulfides and oxides. On

average, MORBs will contain approximately 70 ppm of Cu (www.earthchem.org/petdb). The

relationship between porphyry copper deposits and subduction zones has been recognized for
many decades and studied extensively (Sillitoe, 1972). Stolper and Newman (1994) concluded
that the fluids expelled by slab dehydration during subduction are enriched in both Cu and Zn.

Copper behaves as a highly fluid-mobile element during slab dehydration in subduction
zones (Liu et al., 2015), and studies suggest that over half of the Cu in subducted basaltic oceanic
crust may be released during dehydration (Liu et al., 2015; Kogiso et al., 1997). Debate still
exists about the mechanisms of Cu enrichment in copper porphyry deposits, most of which are
hosted in subduction-related rocks. Mungall (2002) proposed that sulfide breakdown would
result in an anomalously copper-rich source in the slab or mantle while others have proposed that
the mantle and/or subducting slab do not contribute significantly to Cu enrichment but that
enrichment is enhanced by magmatic differentiation processes within the crust instead (Lee et
al., 2012; Chiaradia, 2014). Studying the Cu isotopes of low sulfidation Au-Ag deposits and
copper porphyry deposits could be a useful tool in settling such a debate.

The fractionation of Cu isotopes has been documented in copper-rich minerals for over a
decade (Maréchal et al., 1999; Zhu et al., 2002; Larson et al., 2003; Ehrlich et al., 2004; Mathur
et al., 2005; Markl et al., 2006). Only recently has the geologic community begun to utilize Cu
isotope fractionation processes as a tool for mineral exploration (Mathur et al, 2012; Mathur et
al, 2010; Ponce and Glen, 2002; Saunders et al, 2015). It is likely that most copper isotope
fractionation processes are occurring at low temperatures. However, it is still unclear how much
high-temperature processes such as liquid-vapor transitions, mantle metasomatism, partial

melting, and/ or slab dehydration during subduction contribute to Cu isotope fractionation



(Larson et al., 2003; Liu et al., 2015). In many porphyry copper and epithermal deposits, this
liquid-vapor transition is a critically important part of the ore-forming process, because low-
density fluids have the ability to transport ore metals and sulfur from a deep magmatic setting to
the shallow crust (Heinrich et al., 2004; Williams-Jones and Heinrich, 2005; Saunders et al.,
2015). Furthermore, Heinrich et al. (2004) and Williams-Jones and Heinrich (2005) proposed
that vapor-phase transport of metals is the contributing factor for copper fractionation. Transport
of metals by this process has been recorded in modern volcanic fumaroles, where um-sized
native gold particles, along with other metallic phases, precipitate directly from volcanic
emissions (Meeker et al., 1991; Fulignati and Sbrana, 1998; Taran et al., 2000; Yudovskaya et
al., 2006).

According to Liu et al. (2015) the Bulk Silicate Earth (BSE) has an average 8*’Cu value
of +0.06 £ 0.20%o, thus Cu isotopic compositions for all mantle-derived rock types should cluster
around 0%o. However, 8°Cu values become fractionated to varying degrees in different
lithologies (Table 1-1). Previous and current work show a limited range (-0.18%o to +0.35%o), of
copper isotope vales in continental basalts and a small dataset, i.e., n = 27 (Liu et al., 2015), thus

it is important to expand the database of 3°’Cu values, particularly with respect to mafic rocks.
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Figure 1-1 A) Map of the Northern Great Basin area. Digital elevation model showing the
areas (outlined in boxes) where samples for this study were collected. B) Map of northern
Great Basin area and associated Au-Ag deposits. Digital elevation model showing the
epithermal deposits as yellow stars. Notice the close proximity of these deposits to come of
the areas where samples were collected.



Table 1-1 Modified from Liu et al., 2015. Includes Cu isotope data from previously
published work as well as new data on NGB rocks from this study. Values taken from Liu
et al. (2015) are denoted with an asterix. Other previously published data include, metallic
meteorites (Bishop et al., 2012), porphyry copper deposits (Li et al., 2010; Asadi et al.,
2015), epithermal ores (Saunders et al., 2015), and granites; I- and S-type (Li et al., 2009).

Rock type/name 5% CUrange%o 665Cu,,vemge%o 2SD N
Cratonic peridotites * -0.64 to +0.68 0.11 0.52 23
(metasomatized)
Cratonic peridotites* -0.15to0 +0.18 0.03 0.26 7
(non-metasomatized)
Orogenic peridotites™* -0.34 to +1.82 0.02 0.6 10
(metasomatized)
Orogenic peridotites™* -0.19 to +0.28 0.03 0.21 9
(non-metasomatized)
MORBs* +0.04 to +0.14 0.09 0.08 6
OIBs* -0.07 to +0.18 0.09 0.14 14
Continental basalts* -0.18 to +0.35 0.1 0.24 27
Arc basalts* -0.19 to +0.47 0.16 0.21 23
Andesites/dacites* +0.04 to +0.38 0.1 0.21 70
NGB rocks -0.84 to +2.61 0.47 0.53 14
(from this study)
International rock -0.43 to +2.00 0.39 0.36 12
standards
(from this study)
All basalts* -0.19 to +0.47 0.1 0.21 70
(previously published by
Liu et al., 2015)
Metallic Meteorites -2.26 to +0.99 - - -
Porphyry Cu deposits -25t0+1.5 - - -
Epithermal ores -2.5t0 +3.5 0.24 0.28 37
I-type granites -0.146 to +1.509 - - -
S-type granites -0.463 to +0.205 - - -

10



Chapter 2 - Methods

Samples used in this study include: [1] a suite of Cenozoic volcanic rocks from the
northern Great Basin and Snake River plain (U.S.A.) (Fig. 1-1) and [2] a suite of international
rock standards (from the United States Geological Survey, Geological Survey of Japan, and
French Geological Survey) that are primarily ultramafic to mafic in composition, but include
three andesites, and are mostly volcanic, with the exception of one peridotite and one gabbro.

Cenozoic volcanic rocks were chosen from six different localities across northeastern
Nevada, southeastern Oregon, and central and western Idaho (Fig 1-1a). Localities were chosen
based on their proximity to coeval epithermal Au-Ag deposits. Bimodal basalt-rhyolite
magmatism coupled with extension across Oregon, Washington, southwestern Idaho, and
northern Nevada occurred ~16.7Ma. This led to a diversity of eruptive products and styles,
including calderas and multiple discrete eruptive loci (Brueseke et al., 2014). Samples collected
in the Owyhee mountains (MB09 & ZH series) were chosen based on the knowledge that these
eruptive products and styles include locally emplaced epithermal Au-Ag ores that were
transported from the mantle by mafic magmas. Major and trace element data for these rocks are
reported in Hasten (2012). Local mafic volcanism in the Santa Rosa Calico volcanic field (SRC)
was dominated by the eruption of the Steens Basalt magmas (Brueseke and Hart, 2008). Samples
collected in the Steens Mountain area (MB97- series) (Brueseke et al., 2007) do not have any
associated mineralization, but samples collected from the SRC area (MBO0O, 01 — series) do and
are reported in Brueseke and Hart (2006). Only one sample collected from the Jarbidge
Mountains region was used, and this data is reported in Brueseke et al. (2014). Data from
samples collected near the Midas region in Nevada (BB-series) are unpublished, and major and
trace element analysis procedures are discussed below. These rocks were collected directly from
the Klondex-Midas mine site. The other rocks were collected from the central Snake River Plain
(SRP). There are no known Au-Ag epithermal deposits in this region and these rocks were
chosen to be used as a comparison with other basalt that are/are not related to mineralization.
International rock standards are reported on the USGS, Geological Survey of Japan, and French

Geological Survey websites.
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Major and Trace Element Analysis by XRF and ICP-MS

Two newly collected samples (AM15-3, 4) from the central Snake River plain were split
into smaller fist-sized fragments using a RockLabs Hydraulic Press equipped with tungsten jaws.
Weathering rinds were removed from samples in a two-step process by, first, using a diamond-
tipped blade rock saw to remove the outer surfaces. Any weathered material not removed during
this process was removed by grinding the rock against a 60 grit, 8” silicon carbide (sandpaper)
disc on a grinding wheel, then ground again to ensure each sample had no remaining flaws. All
samples were then bathed with distilled water, cleaned thoroughly using a toothbrush, and
allowed to air dry. Each sample was then crushed into pebble-sized pieces using the crushing
jaws of the same RockLabs Hydraulic Press. These crushed samples were randomized using a
cone-and-quarter method. A small amount of the crushed sample was powdered using a Spec
Industries Shatterbox machine with aluminum ring and puck pulverizer. The powders were
stored in glass vials in preparation for shipping for analysis. Major and trace element analysis
was performed on these two samples and they were sent to Washington State University’s
GeoAnalytical Laboratory for X-ray Fluorescence and ICP-MS analysis.

The XRF analysis was done using a ThermoARL Advant’XP+ automated sequential
wavelength spectrometer that measures 29 major and trace elements (Si, Al, Ti, Fe, Mn, Ca, Mg,
K, Na, P, Sc, V, Ni, Cr, Ba, Sr, Zr, Y, Rb, Nb, Ga, Cu, Zn, Pb, La, Ce, Th, Nd, U). The ICP-MS
analysis was done using an Agilent 7700 inductively coupled plasma mass spectrometer that
measures 27 elements (14 REEs & Ba, Th, Nb, Y, Hf, Ta, U, Pb, Rb, Cs, Sr, Sc, Zr).

Geochemical analyses of the two BB samples were performed by ALS Geochemistry.
The results of the analysis are previously unpublished (Brueseke pers. comm.). These rocks were
collected from Midas NV at the Klondex Midas mine site and are sills unlike the other samples,
which were lavas.

Samples picked for whole rock geochemistry were decomposed in a lithium
metaborate/lithium tetraborate flux and mixed and fused in a furnace at 1000 °C. The melt was
then cooled and dissolved in 100 mL of 4% nitric acid or 2% hydrochloric acid (HCL). The
solution is then analyzed by inductively coupled plasma-atomic emission spectroscopy (ICP-
AES) and reported as the percent oxide.

Trace element procedures for the BB samples are as follows. Prepared samples (0.25g)

were digested with perchloric, nitric, hydrofluoric, and HCL. The residue is topped up with
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dilute HCL and then analyzed by ICP-AES. Samples were digested with aqua regia for 45
minutes, cooled, and then diluted to 12.5 mL with de-ionized water. This solution was mixed
and analyzed by inductively coupled plasma-mass spectrometry (ICP-MS). The analytical results
were corrected for inter element spectral interferences. Samples (0.200g) were added to lithium
metaborate flux (0.90g), mixed and fused in a furnace at 1000 °C. The melt was then cooled and
dissolved in 100 mL of 4% nitric acid and analyzed by ICP-MS.

All samples with Fe values reported as FeO' were corrected for oxidation and FeO and
Fe,O3 were determined based on LeMaitre (1976). Mg# was calculated by following the method
presented by Gill (2010):

0 (25:)
T
)+ Giss)

Mg# = Equation 1

Cu Isotope Analysis

Cu isotope analysis was completed at the University of Arizona on the multi-collector
inductively coupled mass spectrometer (MC-ICP-MS) and the procedure closely follows that of
Mathur et al. (2009). The samples are reported in delta notation in per mil relative to the NIST

standard, as seen in the equation below.

8°Cu%o = —1]*1000 Equation 2
standard

Approximately 0.05g of rock powder were dissolved in 4mL of ultra-pure, twice-distilled aqua
regia. Each aliquot was then dried and diluted in 6N HCl for column ion-exchange
chromatography. The purification protocols are further described in Mathur et al. (2009). The
column procedure separates copper from the remaining elements in the solute. The column
procedure was performed twice on each aliquot and reported values from the analysis are an
averaged value of the two measurements. Yields for the columns were checked volumetrically.
The salts were then diluted to 200 ppb of copper in 2% HNO; and processed on the MC-ICP-
MS. Because Ti oxides can cause direct interferences during measurement (Pribil et al., 2009),

we monitored **Ti throughout the session and confirmed that Ti voltages were less than 10
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millivolts, which is the background intensity observed on the Isoprobe. The standard bracketing
method was used to correct for any mass bias from the Isoprobe. The NIST 976 standard was
measured approximately 175 times throughout the analysis and the variation was measured at +

0.14 %o. (2SD).

Indices of alteration

Because of the potential for surface alteration processes to alter Cu-isotope compositions,
estimates of the degree of alteration have been made using calculated chemical indices. The
procedure used to calculate both the chemical index of alteration (CIA) and mafic index of
alteration (MIA) parallels that used by Babechuk et al. (2014). The spreadsheet used to calculate
the CIA and MIA values is in Babechuk et al. (2014). All major element oxides were first
converted into moles of the oxide. CIA and MIA calculations were determined on NGB rocks

collected for this study. The CIA is defined as

Al 0,
AL,O; + Na,0 + K,0 + Ca0*

CIA = ( ) * 100 Equation 3

where CaO* represents only the silicate bound Ca and is therefor corrected for the presence of

carbonate and apatite (Fedo et al., 1995).

Ca0* = molesCa0 — molesCOy(calcitey — (0.5moles * molesCO3) dolomite)

10
— [(—) * molesPZOS]
3 (apatite)

Equation 4

CIA values were then plotted in A-CN-K space to determine the extent to which Ca, Na, and K
are removed via surficial weathering (Fig.4-3).

The MIA is a chemical weathering index derived from the CIA and expanded to include
the mafic elements Mg and Fe (Babechuk et al., 2014). There are two different equations for the
MIA: 1) when the alteration environment is oxidizing and 2) when the alteration environment is
reducing. In the first case Fe is retained, total iron is considered immobile along with Al,O3 and

the MIA equation is:
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Equation 5

Al,0;5 + Fe,0
MIA(O)=1OO*[ 2V3 2V3(T) l

Al,05 + Fe, 051y + Mg0 + Ca0" + Na,0 + K,0

In the second case Fe and Mg are leached, total Fe, Mg, Ca, Na, and K are considered mobile

elements and MIA equation is:

Equation 6

AL,O,

Al,05 + Fe, 031y + Mg0 + Ca0" + Na,0 + K,0

These values were then plotted on ternary diagrams in A-CN-K, A-CNKM-F, and A-
CNK-FM space (Fig. 4-6, 4-8, 4-9, respectively).
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Chapter 3 - Geochemistry and Cu Isotope Characteristics

Major elements are reported as weight percent oxide (wt. %) and trace elements as parts

per million (ppm). The data for this study are reported in Appendix B.

Major Element Geochemistry

Cenozoic volcanics of the Northern Great Basin include basalts, basaltic andesites,
trachybasalts, and basaltic trachyandesites, as shown on a total alkali vs. silica diagram (Fig.
3.1). The standards discussed in this study range from peridotites to andesites, the majority of
which are mafic (Table 3-2). A list of all samples and their bulk major/trace element
geochemistry is in Appendix B.

NBG rocks analyzed from this study along with two international rock standards (AGV-1
and BCR-2) have SiO, ranges between 47.38 and 55.49 wt. %. TiO; ranges from 0.82 to 3.33 wt.
%; Al,O3 ranges from 13.97 to 17.54 wt. %; Fe,O; ranges from 2.87 to 15.34 wt. %; MnO ranges
from <0.01 to 0.22 wt. %; MgO ranges from 2.95 to 8.64 wt. %; CaO ranges from 5.78 to 11.22
wt. %; Na,O ranges from 2.30 to 4.17 wt. %; K,O ranges from 0.33 to 2.87 wt. %; P,Os ranges
from 0.14 to 5.17 wt. %, and Mg#’s range from 39.3 to 54.8. Weak negative relationships exist
between Mg# and Na,O and TiO, concentrations, while a positive relationship is observed with
CaO (Fig 3.2). CaO, MgO, and total Fe,O; also show a weak negative relationship with SiO,
(Fig. 3.2). LOI’s range from 0.00 to 8.47.

Almost all samples plot as tholeiitic on an AFM diagram (Irvine and Baragar, 1971)
(Fig.3.4) with the exception of MB97-80, JC-09-20, and ZH11-4, which plot just under the calc-
alkaline line. In general samples spatially and temporally associated with mineralization show a
higher K/P ratio (Fig. 3.5) than those not associated with mineralization. Typically, mantle-
derived rocks will have a ratio of 3.5 or below (Carlson and Hart, 1987), anything above this
suggest that these rocks have been subjected to upper crustal contamination or extensive

fractional crystallization.

Trace Element Geochemistry

Trace and rare earth element ranges for Cenozoic volcanics analyzed for this study

exhibit the following ranges:
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Table 3-1 Trace and rare earth element maximum and minimum values from NGB rocks
are reported in parts per million

Maximum — Minimum

Ba 1258 165.5
Cr 360 13
La 45 6.25
Rb 54 3.7
Sr 1505 232
vV 463 166.39
Ga 27.8 16.8
Nb 24.9 3.2
Nd 54 11.15
Y 46 19.4
Zr 280.85 73.1
Sc 31.81 17.6
Cu 414 36.37
Ni 177 7
Pb 342 0.98
Zn 142 78

Some trace elements and REE’s show a correlation with Mg# (Fig. 3.6), e.g., Ni and Cr

increase with increasing Mg#.

Cu Isotope Results

The 5°Cu values for NGB samples in this study range from -0.84 to +2.61%o (Fig. 3.7).
The international rock standards analyzed exhibit a much smaller range in values than the
Cenozoic volcanics of the northern Great Basin and tend to have more positive values (Table 1-
1). No correlations exist between 8*>Cu values and major element concentrations.

X-Y plots of 8”Cu values vs. select metals (Fig. 3.8) show linear trends and
relationships. Higher Ni concentration is weakly associated with higher 8*>Cu values (r* = 0.30),
while higher Cu concentration weakly correspond to lower §°°Cu values (r* = 0.25). Sr values
tend to increase with increasing 5°°Cu values. In general, samples associated with mineralization
have lower Zn concentrations that increase with increasing 8*°Cu values. These samples also
display a trend of increasing V concentration as 5°°Cu values increase with the exception of the

ZH11-4 sample that has the highest 8°Cu value and lower V. REE’s such as Dy, Sm, and Gd
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exhibit a positive relationship with 8°°Cu values (Fig. 3-9) while Yb, Eu, and Lu do not show

any correlation.
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Table 3-2 Rock types listed for all samples used for this study including rock standards from the
United States Geological Survey, Geological Survey of Japan, and French Geological Survey.
Newly collected samples are denoted with an asterix.

Sample Rock Type Sample Rock Type
ﬁgg(l):?(z) B EZZZ}?C trachyandesite Rock Standards
MB09-13 Basalt JB-la Basalt
MB09-29 Basalt JB-3 Basalt
ZH11-4 Trachy-basalt PCC-1 Peridotite
2-12BB Basaltic andesite JA-3 Andesite
6-12BB Basaltic andesite AGV-1 Andesite
JC-09-20 Basaltic andesite JA-2 Andesite
MBO97-74B | Trachy-basalt BCR-2 Basalt
MB97-71 Basalt JB-2 Basalt
MB97-80 Basaltic trachyandesite | BHVO-1 Basalt
MB97-31 Basalt DNC-1 Diabase
AMI15-3%* Basalt JGb-1 Gabbro
AM15-4%* Basalt BE-N Basalt
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Figure 3-1: TAS diagram (LeBas et. al. 1986). Includes analyses from newly collected
samples as well as previously collected samples. Notice that most samples plot as basalts,
trachy-basalts, and basaltic andesites.
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Figure 3-2: Major element oxides of NGB samples vs. Mg#. Notice the negative relationship
between Na,O and TiO; with Mg#, whereas CaO vs. Mg# exhibits a positive relationship.
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Figure 3-3: Major element oxides of NGB samples vs. wt. % SiO,. Notice the negative trend
between CaO, MgO, and total Fe,O3; with wt. % SiO,.
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Figure 3-4: AFM diagram (Irvine and Baragar, 1971). Most NGB samples plot as tholeiitic
with the exception of three SRC samples that plot just inside the calc-alkaline trend.
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Figure 3-5: K/P ratio vs. Mg#. In general, most NGB samples have a K/P ratio exceeding
3.5, which is consistent with crustal contamination. Most samples known to be associated
with mineralization have a higher K/P ratio than those that are not associated with
mineralization.
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Figure 3-7: Histogram showing NGB samples in green (N= 14) and international standards
in black (N=12). $**Cu values are reported in %o. The NGB samples exhibit a larger range
of copper isotopic compositions than the standards. Average value for NBG samples and
standards together is 0.51%o.
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Figure 3-8: Trace elements plotted against Cu isotope composition (%o). Horizontal lines
represent 0.14%o error on all samples. Note the slight positive relationship in Ni, Sr and Ba.
Sample associated with mineralization include those from the Jarbidge area, Santa Rosa
Calico volcanic field (SRC), and the Silver City district.
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Chapter 4 - Discussion

Cu Isotope Fractionation Mechanisms and their potential effect on NGB rocks

The limited data that exist regarding 5°°Cu values of mafic rocks suggests that the copper
isotopes should be clustered around O per mil. The data presented in this study show that mafic
rocks/basalts have a much wider range of 8°°Cu values than what has been previously reported
(Fig 4-1). Although copper isotope fractionation mechanisms are not well understood, there are
several factors known to play a role in this process including redox reactions, crustal
contamination and secondary weathering, magma differentiation, mantle melting, vapor-phase

transport, and mantle metasomatism.

Redox reactions in hypogene and supergene enrichment zones

Intrusions of dioritic to quartz monzonitic composition are commonly associated with
primary processes in porphyry copper deposits (Titley and Beane, 1981; Titley, 1982; Sillitoe,
2010). As these systems are exposed at or near the surface, pyrite and chalcopyrite decompose
due to oxidizing fluids and biogenic activity (Titley and Marozas, 1995; Mote et al., 2001; Dold
et al., 2009). Copper concentration becomes enriched through chemical reduction of copper and
the formation of secondary Cu-sulfide minerals such as chalcocite and covelite (Asadi et al.,
2015).

Supergene silicate alteration assemblages are formed from the progressive neutralization
of the supergene fluids through hydrogen consumption in reaction with host rocks (Asadi et al.,
2015; Graham et al., 2004; Mathur et al., 2005, 2009; Robb, 2005; Maher and Larson, 2007).
These reactions typically cause significant copper isotope fractionation at high temperatures
greater than 300° C (approximately 0.5%o fractionation) and/or at low temperatures of less than
50° C (approximately 3%o fractionation) (Ehrlich et al., 2004; Markl et al., 2006; Asael et al.,
2007; Mathur et al 2009, 2010; Asadi et al., 2015). Differences observed in Cu isotopes between
the leached cap minerals, hypogene minerals, and supergene enrichment minerals observed in
porphyry copper deposits are likely caused by the oxidation of hypogene sulfides and effective
trapping of copper in the supergene enrichment zone (Asadi et al., 2015).

The rocks in this study, however, do not appear to contain a significant amount of copper

sulfide minerals, which should be present if these reactions took place. This also would not be a
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viable hypothesis to explain the fractionation of copper isotopes observed in those continental

basalts not related to mineralization.

Low temperature alteration

A few studies have been performed which outline the effects of low temperature
alteration (here defined as <300° C) on fractionation in Cu isotopes, particularly in copper
porphyry deposits (Seo et al., 2007; Mathur et al., 2009). In this study we do not see enough
mineralogical evidence to conclude that low temperature processes are significantly contributing
to fractionation. The glass in the matrix for many of these rocks is unaltered, suggesting that little
to no alteration occurred after crystallization (Fig. 4-2). Two samples, however, do exhibit some
low temperature alteration products such as chlorite (Fig. 4-3). Despite the differences in
alteration of these samples, the 5°°Cu values do not indicate that low temperature alteration has

any effect on Cu isotopic fractionation (Fig 4-4).

Upper crustal contamination

The K/P ratio is used as an indicator of crustal contamination. Ratios of mantle-derived
magma, which are uncontaminated, will not exceed 3.5 (Basaltic Volcanism Study Project, 1981;
Callicoat, 2010). Some of the Cenozoic rocks described in this study seem to have undergone
upper crustal contamination based on their K/P ratios (Fig 3-5). As demonstrated in Figure (4-5)
no correlation exists (r* = 0.16) between the K/P ratios and 3°°Cu values in these rocks
suggesting that upper crustal contamination has little to no effect on the fractionation of Cu
isotopes. Furthermore, a study by Li et al. (2009) which analyzed the Cu isotope signatures of
both I- and S-type granites in SE Australia, proposed that the Cu isotopic composition of the
upper continental crust is 0.01 = 0.30%0 The same study found a 2%o variation in Cu isotope
ratios of granites and some I-type granites had 3°°Cu values greater than 1. Thus, the exact

effects of upper crustal contamination on Cu isotope fractionation remain inconclusive.

Chemical weathering (CIA & MIA)

Secondary weathering processes, as estimated measured using the CIA and MIA also do
not significantly fractionate Cu isotopes in the rocks studied here. Most igneous rocks will have a

CIA value between 35 and 50, mafic rocks tending to be on the lower end of this spectrum
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(Babechuk et al., 2014). During chemical weathering processes the values of the weathering
index will increase due to the loss of mobile elements relative to immobile elements (Babechuk
et al., 2014). The average CIA value for the NGB rocks in this study is 44.9, which suggests that
these rocks have undergone some chemical weathering. The weathering trend for basalts is
typically depicted on an A-CN-K diagram, and is expected to fall along the A-CN join (Nesbit
and Wilson, 1992; Babechuk et al., 2014). As seen in Figure (4-6), the values cluster along the
A-CN join but do not show any distinguishable trend. Additionally, no correlation exists when
the CIA values are plotted against 8*’Cu values (Fig.4-7).

The MIA, similar to the CIA is used to analyze the extent of chemical weathering but
goes further to include the mafic elements Mg and Fe. Mafic minerals such as pyroxene and
olivine are susceptible to chemical weathering and, as a result, Mg is lost from the weathering
profile. The weathering of Fe, on the other hand, is redox dependent and differs in reducing
environments versus oxidizing environments; thus, two different equations are used to determine
the MIA depending on the conditions (Equations 5 & 6). The rocks used for this study are tend to
be in oxidizing environments so equation 7 was used to determine the MIA for all NGB samples.
Similar to the CIA, as the MIA values increase, so does the extent of weathering. An MIA value
of 100 indicates that all of the mobile elements have been removed. The NGB samples in this
study have an average MIA o) value of 38.2. As seen in Figure 4-8 the MIA values increase as
Ca, Na, K, and Mg are lost. Likewise, MIA values increase with decreasing concentrations of
Mg (Fig. 4-9). Again, this suggests that these rocks have undergone some chemical alteration.
However, when MIA values are plotted against 53°°Cu values, no relationship is seen (Fig 4-10).
Although the exact link between the CIA and MIA and Cu isotope fractionation cannot be
determined in this study, it is apparent that chemical weathering processes do not significantly

fractionate Cu isotopes.

Mantle partial melting

Copper is a moderately incompatible element and tends to be more enriched in basaltic
magmas than the mantle source (Liu et al., 2015). MORBs, OIBs, arc basalts, and primitive
basaltic melts tend to have a bulk partition coefficient D¢, mantle/melt of approximately 0.20 —
0.30 (Fellows and Canil, 2012). According to Fellows and Canil (2012) and Lee et al. (2012), the

degree of Cu enrichment depends on the modal proportion of sulfides present in the mantle
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source, the melt/sulfide ratio, and the oxidation state of the mantle. Liu et al. (2015) found that
the degree of mantle melting in metasomatized peridotites and non-metasomatized peridotites
may help explain the fractionation observed in Cu isotopes. The degrees of partial melting,
however are not equal in all types of basalts. or example OIBs are typically generated by lower
degrees of melting (~5%) (McKenzie and O’Nions, 1995), MORBs by moderate degrees of
melting (10-15%) (Klein and Karsten, 1995), and arc basalts by high degrees of melting (10-
25%) (Plank and Langmuir, 1998). Since sulfide is a residual phase until about 25% melting in
fertile mantle (Hamlyn et al.,, 1985) some Cu will be left behind in the mantle, especially
MORBSs and OIBs (Liu et al., 2015), which may lead to isotope fractionation.

The NGB basalts analyzed in this study exhibit a large isotopic variation as do arc basalts
and continental basalts (Table 1-1), MORBs and OIBs (Liu et al., 2015) on the other hand
exhibit a relatively homogenous Cu isotopic composition (Table 1-1). If mantle melting were the
contributing factor for Cu isotope fractionation, one would expect to see a unidirectional shift in
the isotope compositions (Liu et al., 2015). This is not the case. Therefore, magma differentiation
due to mantle melting cannot be used to explain the range in Cu isotopes that we see in this

study.

Mantle metasomatism

During lithospheric thinning, melting occurs and magmas tend to “pond-up” at the
bottom of the lithosphere or crust/mantle boundary. As these magmas ascend, they begin to
crystallize and may interact with the products of previous episodes of magmatism, particularly
during continued extension. This sequence of magmatism, crystallization, and eventual
volcanism creates a repetitive process that may be significantly contributing to Cu isotopic
fractionation.

In subduction zones, Cu is considered to be a highly fluid-mobile element especially
during slab dehydration, which plays an important role in the transport of Cu from subduction
zones into the mantle wedge (Liu et al., 2015). Since the primary hosts of porphyry copper
deposits are magmas generated in the arc mantle wedge, by understanding the transport of
copper from the subducting slab to the arc wedge we can gain a better understanding of porphyry
copper deposits (Liu et al., 2105) and possibly other high grade ore deposits which are generated

from metals in the mantle. The mechanisms of Cu enrichment in copper porphyry deposits are
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still being debated. Mungall (2002) proposed that either the subducting slab or arc mantle
contains an anomalously copper-rich source due to the sulfide breakdown in oxidizing
conditions. Lee et al. (2012) on the other hand proposed that magmatic differentiation processes
in the crust enhance copper enrichment with little contribution from the mantle or subducting
slab.

In samples analyzed across the Kamchatka arc (Liu et al., 2015) the heaviest 5°°Cu values
are located farthest away from the trench and the lightest values are located closer to the trench.
The two mechanisms proposed by Liu et al. (2015) to explain this observation are 1) isotopic
heterogeneity of the source and slab fluids, or 2) different degrees of partial melting. As
discussed above, partial melting does not adequately explain the large range of Cu isotope values
seen for arc, continental basalts, and NGB basalts. It is more likely that slab fluids involved in
melting during slab dehydration result in heterogeneity of the mantle source and the variation in
8%Cu values is a signature from that source. Although data regarding Cu isotopic compositions
in sedimentary rocks are limited, oceanic sediments tend to show slightly positive values. For
example, Cu associated with Fe-Mn nodules is characterized by a §°°Cu value of 0.31 £ 0.23%o,
Albarede (2004). Dekov et al. (2013) found that 8°°Cu values in oceanic sedimentary layers
ranged from 0.41 to 0.95%.. The Cu value in seawater itself shows positive values between 0.8

and 1.5%o (Vance et al., 2008; Takano et al., 2013; Thompson et al., 2013).

Vapor phase transport

In previous studies it was thought that the agent of metal transport in the genesis of
hydrothermal ore deposits was in an aqueous liquid even though several studies had reported
higher concentrations of Cu in the vapor phase from porphyry-type deposits (Damman et al.,
1996; Heinrich et al., 1999; Ulrich et al., 1999; Baker et al., 2004). However, more recent work
(e.g., Heinrich et al., 2004; Williams-Jones and Heinrich 2005; Saunders et al., 2015) suggests
that volatile metals and metalloids, along with sulfur are transported to epithermal environments
in low-density magmatic “vapors.” This vapor-phase transport of ore metals may be instrumental
in the emplacement of high-grade epithermal ore deposits. Not only can this process lead to
significant fractionation of metals and selective enrichment of ore-forming components
(Williams-Jones and Heinrich, 2005) but it has also been suggested that this may lead to

significant fractionation of isotopes, such as Cu (Saunders et al., 2015).
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%Cu is two neutrons heavier than *Cu and more energy is required to vaporize the
heavier isotope. This likely enriches the vapor in “’Cu leaving the liquid left behind enriched in
%Cu. As the ®Cu rich-vapor is transported and becomes incorporated into the surrounding rocks,
it can be measured as a more negative isotopic ratio, whereas the ®Cu-rich liquid would have a
more positive signature. Because the ores are forming from the volatiles released by magmatic
intrusions, the vapor phase should become incorporated in the ore minerals, thus creating a more
negative isotopic ratio. This does not explain, however, why we see such a broad range in the Cu
isotopes, especially in ore deposits such as Au-Ag epithermal and porphyry Cu deposits. Due to
the limited data obtained in this study and the limited knowledge of vapor-phase transitions, it
cannot be conclusively stated that vapor phase transport does or does not contribute to Cu

isotope fractionation.

Cu Isotope compositions of NGB/SRP magmas and coeval epithermal deposits

The 8%Cu values of ore minerals from Buckskin National, Sleeper, Jumbo, Midas,
Ivanhoe, War Eagle Mountain, DeLamar Mtn., and Trade Dollar Mines range from -2.70 to
+3.25%0 and have an average of 0.24%o (Saunders et al., 2015). This is a larger range compared
with the 8°°Cu values seen in the NGB rocks (-0.84 to +2.61%o), which have an average of
0.47%o0. However, as shown in Figure 4-1 the majority of the values from the ores, the NGB
rocks, metallic meteorites, and mantle rocks overlap. As recent studies have suggested (Saunders
et al., 2008; Williams-Jones and Heinrich, 2005; Saunders et al., 2015), elements in ore minerals,
especially those found in porphyry copper deposits and epithermal Au-Ag deposits ultimately are
sourced from the mantle. The Cu isotope data presented in this study verifies that the ore metals
in NGB epithermal deposits are coming from a magmatic source, the same source from which
the basalts originated. Based on these findings, I suggest that the Cu isotopic composition in the
mantle source may in fact be heterogeneous and the range in 8°Cu values seen in both the ores

and the basalts reflect this source signature.

Comparisons of Cu isotopes in NBG rocks, international standards, and rocks from
previous studies

The variation in Cu isotopic compositions of NGB rocks (-0.84 to +2.61%o) and
international standards (-0.43 to +2.00%o) observed in this study greatly expands the known
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range of Cu isotope data, not only for basalts but also for andesites, and peridotites, as well. This
larger range may indicate that the Cu isotope composition of the mantle is not 0%o as previously
thought, and suggests that the mantle is likely heterogeneous. The Cu isotope data presented here
also overlaps with reported values from regional bonanza (Au-Ag) epithermal ores (-2.5 to
+3.5%0) (Saunders et al., 2015). Porphyry copper deposits have a much broader range of Cu
isotopic compositions (-13.5 to +8.31%o) and show a distinct separation of 8°°Cu values, where
the leach cap minerals<hypogene minerals<supergene enrichment minerals (e.g., 8°Cu values
from leach cap minerals, hypogene minerals, and supergene minerals of the Silver Bell deposit
were reported by Mathur et al. [2012] respectively; -8.43, -2.63, and 4.85%0). The difference in
ranges of Cu isotope values between the different types of ore deposits may reflect a signature
that results from ore genesis processes. By understanding the mechanisms of Cu fractionation it
may be possible to use 8°’Cu values as an effective exploration tool.

Although this work greatly expands the known range of Cu isotope data, it is unclear
which dissolution method would be ideal in analyzing samples in the future. My results show
different values for the international rock standards than what has been previously analyzed
(Table 4-1). These previous studies used the whole rock dissolution method to analyze samples,
whereas in this study, samples were leached using aquaregia. Previous studies examining the
copper isotopic compositions of ore minerals (e.g., Mathur et al., 2012; Saunders et al., 2015)
used the leaching method as well. Future work will aim to shed some light on which dissolution
method would be preferable by determining the host phase that the copper is in (Zweifelhofer,

per. comm.).
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Table 4-1: Cu isotopic compositions of igneous rock standards reported in this study and

previous works.

6 . .
Sample Reference 6%Cu Value Dissolution
(%o0) method used
Liu et al. Whole rock
0.13+£0.05
(2015) dissolution
Liu et al. Whole rock
+
BHVO-2 (2014) 0.15£0.05 dissolution
This study 0.43+0.14 Aquaregia leach
Moeller et Whole rock
+
al. (2012) 0.10+0.04 dissolution
Liu et al. Whole rock
0.21 £ 0.05
(2015) dissolution
Liu et al. Whole rock
0.22+0.04
(2014) dissolution
BCR-2 This study 2.00+ 0.14 Aquaregia leach
Bigalke et al. Whole rock
0.19+£0.08
(2010) dissolution
Moeller et Whole rock
+
al. (2012) 0.14£0.05 dissolution
Archer and Whole rock
- +
BCR-1 Vance (2004) 0.07:+0.08 dissolution
Liu et al. Whole rock
0.06 £ 0.05
(2015) dissolution
AGV-2 Liu et al. Whole rock
0.05+0.04
(2014) dissolution
This study 0.40+0.14 Aquaregia leach
Moeller et Whole rock
AGV-1 0.11+0.04
al. (2012) dissolution
This study -0.43+0.14 Aquaregia leach
1B-3 Liu et al. Whole rock
0.16 £0.03
(2014) dissolution
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Figure 4-1: The 8*Cu ranges of various lithologies as reported by previous studies. Data
source: peridotites, arc basalts, continental basalts, and andesites/dacites (Liu et al., 2015),
MORBs (Ben Othman et al.,, 2006), OIBs (Ben Othman et al.,, 2006; Li et al., 2009),
NGB/SRP basalts are from this study, I-type and S-type granites from the Lachlan fold
belt, southeast Australia (Li et al., 2009), porphyry copper deposits (Mathur et al., 2008, Li
et al. (2010) and Asadi et al. (2015), epithermal deposits (Saunders et al., 2015), and
metallic meteorites (Luck et al., 2003).
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Figure 4-2: Photograph of thin-section from sample AM15-3. The top image is in crossed
polarized light (XPL) and the bottom image is in plane polarized light (PPL). Pl represents
plagioclase and Ol represents olivine. Notice the unaltered glassy matrix and lack of
iddingsite around the olivine grain.
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Figure 4-3: Photograph of thin-section from sample 2-12BB. The top image is in crossed
polarized light (XPL) and the bottom image is in plane-polarized light (PPL). Notice the
extensive low temperature alteration seen here as chlorite (green in PPL and anomalous
green/blue interference colors in XPL).
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Figure 4-4: Graph of **Cu (%o) vs. SiO,. Horizontal lines represent 0.14%o error on all
samples. Notice the close proximity of the BB samples (pink diamonds) and the AM
samples (blue squares). The Cu isotope compositions of these four samples are very similar
despite differences in low temperature alteration.
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Figure 4-5: K/P ratio plotted against 3**Cu isotope composition. Horizontal lines represent
0.14%o error on all samples. Notice that most samples exhibit a high K/P ratio consistent
with crustal contamination. No distinguishable relationship exists; thus crustal
contamination must not be the contributing factor for Cu isotope fractionation
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Figure 4-6: A-CN-K plot with the CIA denoted on the left hand side. Notice how all values
cluster along the A-CN join just below a CIA value of 50.
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Figure 4-7: CIA vs. 8*Cu (%o) isotopic composition. Horizontal lines represent 0.14%o
error on all samples. No discernable relationship exists suggesting that chemical
weathering does not contribute to copper isotope fractionation.
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Figure 4-8: Molar ternary plot in A-CNKM-F space with MIA(O) increasing toward the

the A-F join. Samples mainly cluster below an MIA(O) of 50 and do not display any
particular weathering trend.
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Figure 4-9: Molar ternary plot in A-CNK-FM space with MIA ) increasing toward the
AL O3 point of the plot. Samples do not display any particular weathering trend.
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Figure 4-10: MIA vs. 8**Cu (%) isotope composition. Horizontal lines represent 0.14%o
error on all samples No relationship exists, suggesting that secondary weathering processes
do not significantly contribute to Cu isotope fractionation processes.
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Chapter 5 - Conclusions

(1) The range in Cu isotopic composition of the 14 NGB/SRP mafic rocks analyzed in
this study is -0.84 to +2.17%o, with an average of +0.51%o.

(2) The 12 ultramafic to mafic international rock standards analyzed show a range in Cu
isotopic composition of -0.43 to +2.00%o with an average of 0.47%o

(3) Cu isotope compositions of NGB basalts overlap extensively with regional ores and
mantle rocks, which verifies a deep magmatic source for the ores.

(4) This work greatly expands the known range of Cu isotopes not only for basalts but for
peridotites, and andesites as well. The large range observed is possibly due to heterogeneity in
the mantle, which does not support previous hypothesis regarding mantle homogeneity with
respect to Cu isotope composition.

(5) Although it is still unclear what exact processes cause the fractionation of Cu
isotopes, it is likely that either liquid-vapor transitions or mantle metasomatism, or both play a

critical role.
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Chapter 6 - Suggested Future Work

Cu isotopes can be used as a geochemical exploration tool that may be critical in the
investigation of future ore deposits. Analyzing the 5°°Cu values in both minerals and whole
rocks will help broaden our understanding of ore deposits such as porphyry copper and
epithermal Au-Ag deposits. The Northern Great Basin (USA), which is host to many high-grade
epithermal deposits, is a prime region to investigate the links between Cu isotope fractionation
and ore genesis. There are still questions that need to be addressed before a definitive conclusion
can be made regarding fractionation mechanisms.

(1) Using a reflected light microscope on a few of the samples in this study indicated that

sulfides are not in abundance in these rocks. Typically, copper will form sulfides
(usually with iron) but can also be contained in magnetite or glass. As suggested by
Eldholm (1989), copper also partitions into feldspars, such as plagioclase, and Cu-
rich feldspars are present in mid-Miocene Steens basalt lavas where in some cases it
actually exsolves into native Cu inclusions (e.g., “Oregon Sunstones”; Hofmeister
and Rossman, 1985). It would be helpful to know where the copper is partitioning
into in these rocks. The most efficient way of answering this question would likely
involve microprobe elemental mapping.

(2) Although this study greatly expands the range of 5°°Cu values for basalts the database
as a whole is still limited. More studies with numerous samples of not only basalts but
other lithologies will greatly improve our knowledge of Cu isotope fractionation.

(3) More work needs to be done in regions where mantle xenoliths can be analyzed along
with basalts that are intrinsically linked to those xenoliths; this may give more insight
into mantle heterogeneity.

(4) This work was unable to reproduce standard values measured by workers in previous
studies, thus other dissolution techniques such as whole rock dissolution should be

explored.
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Appendix A - Sample Locations and Petrographic Descriptions

Locations presented in UTM coordinates are based off the NAD27 CONUS datum. Rock
type classifications are based on total alkali vs. silica classification from LeBas et. al. 1986.

Descriptions contain field, hand sample and thin section information.

Sample ID: JC-09-20 Easting: 0598310
Rock Type: Basaltic andesite Northing: 4625109

Description: Holocrystalline with crystalline groundmass. Phenocrysts include three populations
of plagioclase by size fractionation. The largest population is euhedral and partially sieved, the
next smallest population is subhedral and sieved, and the groundmass population is subhedral.
Anhedral titanaugite and subhedral olivine also occur.

Sample ID: AM15-3 Easting: 0671882
Rock Type: Basalt Northing: 4747851

Description: Dark grey, porphyritic, hypocrystalline rock. Visible green olivine grains and
euhedral plagioclase laths approximately Smm long. Abundant but scattered olivine-plagioclase
intergrowths measuring 3-8mm in length. Plagioclase grains are euhedral and exhibit zoning.
Clusters of subhedral olivine grains also abundant measuring approximately 2-5mm in diameter.
Matrix is a mixture of fine grained plagioclase grains, anhedral olivine grains and brown/black
glassy material.

Sample ID: AM15-4 Easting: 0684459
Rock Type: Basalt Northing: 4727206

Description: Dark grey fine grained, porphyritic, vesicular rock. Plagioclase laths and green
olivine grains visible. Rounded vesicles averaging 3mm in diameter. Fine grained matrix consists
of scattered subhedral plagioclase laths with olivine and glassy material filling the interstitial
areas. Rounded vesicles range in size from Imm to 1.5cm and are common among interlocking
plagioclase grains. Phenocrysts include euhedral plagioclase laths, some exhibiting sieve textures
in their core. Olivine clots abundant and scattered and exhibits a Poikilitic texture with sub- to
euhedral magnetite grains.

Sample ID: ZH11-4 Easting: 0520668
Rock Type: Trachybasalt Northing: 4756681

Description: Fresh basalt unit overlying granitoid, not much weathering rind. Abundant 1-2mm
olivine phenocrysts. Fine grained, aphanitic, dark grey, groundmass. 88.16% olivine 8.49%, and
brown interstitial 3.35%. Aphanitic groundmass with abundant 0.15mm felty aligned plagioclase
laths. Abundant euhedral to subhedral olivine phenocrysts with iddingsite altered rims.

63



Sample ID: MB00-30B Easting: 4624034
Rock Type: Basaltic trachyandesite Northing: 453783

Description: Uppermost exposed mafic lava flow. Coarse grained, dark gray matrix with
abundant alteration. ~1cm plagioclase phenocrysts present but the flow is not plagioclase-phyric.
Numerous amygdaloidal quartz/chalcedony filled vesicles. Small feldspar laths present in matrix.

Sample ID: MBO1-12 Easting: 4616329
Rock Type: Basalt Northing: 451323

Description: Mafic lava flow that overlies baked tuffaceous material and siliceous sinter. ~3 - 4
m thick with tortoise shell fracturing. Dark gray/blue very sugary fine-grained matrix. Abundant
plagioclase laths (1 - 3 mm) and red/black ophiomottling. Holocrystalline, ophitic to subophitic
clinopyroxene and plagioclase. One large resorbed plagioclase (up to 2 mm) present;
composition is Angs. Plagioclase up to 2 mm (composition varies between Angg to Ang(),

olivine up to 0.5 mm, oxides, clinopyroxene, apatite and “clay” in matrix.
Mode: Plagioclase 56.83%; oxides 7.25%; olivine 14.50%; clinopyroxene 15.83%; resorbed
plagioclase crystal 1.16%; matrix 4.42%.

Sample ID: MB97-31 Locality: Route 78 north
Rock Type: Basalt

Description: Plagioclase-phyric lava flow, similar to MB97-30. Slight columnar jointing starting
to become present and abundant vesicle trains/pipes. Open textured, gray medium grained matrix
plagioclase phenocrysts up to 3 cm long and 2 cm wide. Olivine microphenocrysts also present.

Sample ID: MB97-74B Locality: Miranda Flat
Rock Type: Trachybasalt

Description: From within basal section of MB97-74 flow. Blocky chunks of fine, dark matrix
material. Appears to be basal rubble zone breccia. Heterolithologic; some of these clasts are
plagioclase phyric, some are olivine rich, some aphyric.

Sample ID: MB97-71 Locality: Miranda Flat
Rock Type: Basalt

Description: Vesicular top with a massive interior. Flow is ~15’ thick. Sampled above basal
rubble zone. Fine grained, open-textured dark gray matrix. Microphenocrysts of plagioclase and

olivine also present. Massive outcrop with platy fractures and vertical jointing.

Sample ID: MB97-80 Locality: Miranda Flat
Rock Type: Basalt trachyandesite

Description: 10’ thick flow. Massive and vesicular in places; sparkly textured. Fine grained,
dark matrix with plagioclase in the matrix. No noticeable olivine and possibly some pyroxene.
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Sample ID: MB09-13 Easting: N/A
Rock Type: Basalt Northing: N/A

Description: Medium grained equigranular rock. Abundant scattered plagioclase laths
interlocking with one another. Anhedral olivine grains present in between plagioclase laths.
Extensive weathering of olivine to iddingsite. Euhedral to subhedral magnetite grains present in
the interstitial material along with glassy matrix.

Sample ID: MB09-29 Easting: N/A
Rock Type: Basalt Northing: N/A

Description: Porphyritic rock with 1-2cm plagioclase phenocrysts. Large plagioclase laths with
exsolution lamellae exhibit a poikilitic texture with fine grained magnetite. Matrix includes fine
grained plagioclase laths, euhedral and needle magnetite grains, olivine grains weathering to
iddingsite and green chlorite. Chlorite is also seen as veins (Imm wide) cutting through
plagioclase laths and matrix.

Sample ID: 2-12BB Locality: Midas, NV
Rock Type: Basaltic andesite

Description: Coarse grained rock with large olivine and plagioclase grains visible. Interlocking
plagioclase laths are euhedral and embayed. Olivine grains are subhedral and occur in close
association with plagioclase laths. Coarse grained skeletal magnetite grains present between
plagioclase and olivine grains. Extensive carbonaceous material present in between grains.

Sample ID: 6-12BB Locality: Midas, NV
Rock Type: Basaltic Andesite

Description: Light grey fine grained rock. Abundant scattered plagioclase laths exhibiting
exsolution lamellae. Extensive blue/green chlorite present in between plagioclase laths. Fine
grained magnetite and carbonaceous material occupy the spaces in between plagioclase grains as
well.
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Appendix B - Geochemistry

All major and trace element data reported in this appendix are raw unnormalized data.
Major elements are reported in wt. % oxide and trace elements are reported in ppm. Newly

collected samples from summer 2015 are reported first followed by previously collected samples

and standards.

Major Element Results (wt. %)

Sample AM15-3 AM15-4

Si0; 47.68 47.58
TiO, 2.99 2.65
ALO; 14.88 14.41
FeO* 13.76 13.37
MnO 0.20 0.20
MgO 7.03 8.31
CaO 9.38 9.12
Na,0 2.66 2.49
K;O 0.77 0.80
P,0s 0.52 0.45
Total 99.89 99.39
LOI % 0.00 0.00
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Trace Element Results (ppm)

Sample AM15-3 AM15-4

Ni 106 133
Cr 206 244
Sc 28 29
A% 286 279
Ba 398 407
Rb 16 18
Sr 318 295
Zr 240 221
Y 39 35
Nb 20.1 19.5
Ga 21 20
Cu 47 45
Zn 142 132
Pb 3 5
La 24 23
Ce 54 63
Th 2 3
Nd 32 33
U 1 0
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Major Element results for previously collected NGB samples (wt. % oxide)

Sample MB00-30 B MBO01-12 MB09-13 MB09-29 ZH11-4 JC-09-20

SiO, 51.28 47.59 48.92 49.11 48.28 50.36
TiO, 3.33 1.36 1.91 2.39 2.01 1.9
ALO; 13.97 16.62 15.21 17.07 15.94 15.85
Fe;03 5.24 3.77 3.94 4.21 3.71 2.87
FeO 8 7.39 7.54 8.48 5.81 54
MnO 0.2 0.18 0.18 0.19 0 0.19
MgO 3.75 8.64 7.77 4.24 8.34 5.27
CaO 7.11 9.88 10.23 9.93 8.82 8.26
Na,O 3.44 2.63 2.6 23 3.37 2.85
K,0 1.7 0.33 0.63 0.73 2.09 1.15
P,0s 0.65 0.14 0.21 0.4 0.99 0.46
Total 100 100 100 100 100 100
LOI 0.44 0.654 1.55 3.73 1.81 0.66

68



Major Element results for previously collected NGB samples (wt. % oxide)

Sample 2-12BB 6-12BB MBY97-74B MB97-71 MB97-80 MB97-31
SiO, 52.9 51.34 49.4 47.38 55.49 50.37
TiO, 1.02 0.82 3.19 2.71 1.93 2.22

ALO;3 16.74 16.93 14.05 15.5 15.42 17.54
Fe,03 3.11 2.87 15.34 15 9.92 11.7
FeO 5.95 54 - - - -
MnO 0.15 0.15 0.22 0.2 0.18 0.16
MgO 7.17 7.31 4.26 5.8 2.95 4.26
CaO 8.48 11.22 7.73 8.63 5.78 9.44
Na,O 2.39 2.46 3.55 3.25 4.17 3.25
K,O 1.16 0.7 1.67 1.09 2.87 0.82
P,0s 0.26 0.21 4.15 3.56 5.17 3.68

Total 100 100 101.18 100.42 99.62 100.13
LOI 8.47 3.68 0.02 0.27 0.68 0.94
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Trace and rare earth element results from previously collected NGB samples (ppm)

Sample MB00- MB01- MB09- MB09- ZH11- JC-09-20 2-12BB 6-12BB

30 B 12 13 29 4

Ba 653 165 180 293 1258 727 352 272
Ce 64 15 25 45 111 &3 34 26
Cr 27 102 198 47 205 61 140 360
Cs - 0.30 0.58 - - 0.50 232 7.12
Dy - 43 52 - - 8.0 4.0 3.6
Er - 2.29 2.56 - - 4.56 2.65 2.34
Eu - 1.31 1.75 - - 2.37 1.05 1.01
Ga 259 18.6 19 23 21 22.0 17.7 16.8
Gd - 4.07 5.29 - - 8.78 3.89 3.62
Hf - 1.96 3.40 - - 6.82 2.90 2.30
Ho - 0.87 1.02 - - 1.58 0.86 0.77
La 33.0 6.3 10.3 19.1 45.3 40.9 16.1 12.4
Lu - 0.30 0.31 - - 0.66 0.36 0.32
Nb 24.9 3.2 7.6 13.9 20.9 - 7.6 5.6
Nd - 11.15 17.27 27 54 40.87 17.9 14.4
Pr - 2.16 3.70 - - 9.81 4.36 3.46
Rb 38.2 3.7 13.4 17.0 38.0 11.1 30.9 20.9
Sm - 3.52 4.83 - - 9.22 4.00 3.24
Sn - - - - 1.42 2 1
Sr 410 410 348 444 1505 421 232 292
Ta - 0.27 0.50 - - 1.27 0.40 0.30
Tb - 0.69 0.86 - - 1.36 0.64 0.58
Th 7.30 0.43 1.06 1.00 6.00 2.62 2.89 2.00
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Trace and rare earth element results from previously collected NGB samples (ppm)

Sample MB00- MB01- MB09- MB09- ZHI11- JC-09-20 2- 6-
30B 12 13 29 4 12BB 12BB
Tl - - - - - - <0.5 <0.5
Tm - 0.32 0.35 - - 0.64 0.38 0.33
U 2 0.13 0.35 2 3 0.68 0.95 0.64
\% 200 261 310 277 214 166 218 210
- - - - - 1.70 <1 <1
Y 32.6 26.9 25.1 31 24 44.9 235 19.4
Yb - 1.91 2.11 - - 4.45 2.27 2.03
Zrx 229 73 128 185 265 281 111 80
As - - - - - 3.7 5.4 2.0
Bi - - - - - - 0.08 0.04
Hg - - - - - - 0.22 0.09
Sb - - - - - 0.04 2.0 0.7
Se - - - - - - 0.8 0.5
Sc 22 26 29 24 21 32 22 27
Te - - - - - - 0.01 <0.01
Ag - - - - - - <0.5 <0.5
Cd - - - - - - <0.5 <0.5
Co 34 54 - - - 45 34 35
Cu 239 135 168 63 47 36 220 99
Li - - - - - 29 160 10
Mo _ ; ; ; - 1.01 <1 <1
Ni 28 150 177 67 142 35 61 67
Pb 34 0.98 2.12 3.00 9.00 2.33 8.00 3.00
Zn 97 82 93 121 117 137 95 78
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Trace and rare earth element results from previously collected NGB samples (ppm)

Sample MB97-74B MB97-71 MB97-80 MB97-31
Ba 619 441 1023 394
Ce 61 37 75 36
Cr 22 28 13 48
Cs 5.8 5.5 7.6 3.4
Dy - - - -
Er - - - -
Eu 272 205 253 116
Ga 27.8 26.2 233 26.6
Gd - - - -
Hf - - - -
Ho - - - -
La 32.7 20.6 34.8 16.7
Lu - - - -
Nb 17.7 14.0 15.7 12.9
Nd 46 37 38 26
Pr - - - -
Rb 30.0 16.8 54.4 6.9
Sm - - - -
Sn - - - -
Sr 444 471 701 462
Ta - - - -
Tb - - - -
Th 5.8 5.5 7.6 3.4
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Trace and rare earth element results from previously collected NGB samples (ppm)

Sample MB97-74B MB97-71 MB97-80 MB97-31

Tl - - - -
Tm 31.30 27.10 17.60 28.30

U 1.30 1.20 1.40 0.30
\% 463 389 172 334
W - - - -

Y 46.0 36.5 37.9 26.2
Yb - - - -
Zr 272 205 253 116
As - - - -
Bi - - - -
Hg - - - -
Sb - - - -
Se - - - -
Sc 31.3 27.1 17.6 28.3
Te - - - -
Ag - - - -
Cd - - - -
Co 40 50 23 38
Cu 414.0 283.9 46.5 116.8
Li - - - -
Mo - - - -
Ni 49 110 7.1 143
Pb 8.0 5.1 11 4.1
Zn 135 126 139 102

73



Major element data results from international rock standards (wt. % oxide)

Sample AGV-1 BCR-2 JB-1a JB-3 PCC-1 JA-3
SiO, 58.84 54.11 52.16 51.04 41.71 62.26
TiO, 1.05 2.24 1.3 1.45 0.01 0.68

ALO; 17.15 13.64 14.51 16.89 0.68 15.57

Fe,0;" 6.77 13.41 9.1 11.88 8.25 6.59

MnO 0.09 0.18 0.15 0.16 0.12 0.11
MgO 1.53 3.48 7.75 52 43.43 3.65
CaO 4.94 6.95 9.23 9.86 0.52 6.28

Na,O 4.26 3.27 2.74 2.82 0.03 3.17

K,O 2.92 1.69 1.42 0.78 0.007 1.41
P,0s 0.49 0.36 0.26 0.29 0.002 0.11
Total 97.96 99.28 98.62 100.37 94.71 99.83
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Major element data results from international rock standards (wt. % oxide)

Sample JA-2 JB-2 BHV0-1 DNC-1 JGb-1 BE-N
SiO, 56.18 53.2 49.94 47.04 43.44 38.2
TiO, 0.67 1.19 2.71 0.48 1.62 2.61

ALO; 15.32 14.67 13.8 18.3 17.66 10.07

Fe,0;" 6.14 14.34 12.23 9.93 15.16 12.84
MnO 0.11 0.2 0.17 0.15 0.17 0.2
MgO 7.68 4.66 7.23 10.05 7.83 15
CaO 6.48 9.89 11.4 11.27 11.98 13.87

Na,O 3.08 2.03 2.26 1.87 1.23 3.18
K,0 1.8 0.42 0.52 0.23 0.24 1.39
P,0s 0.15 0.1 0.273 0.09 0.05 1.05

Total 97.61 100.7 100.53 99.4 99.38 96.56
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Trace and rare earth element results from international rock standards (ppm)

Sample AGV-1 BCR-2 JB-1a JB-3 PCC-1 JA-3
Ba 1226 681 497 251 1.2 318
Ce 67 54 66 22 0.1 23
Cr 10 16 415 60 2730 68
Cs - - - - - -
Dy 3.60 6.34 4.19 4.55 0.01 2.97
Er 1.7 3.63 2.18 2.61 0.01 1.46
Eu 1.64 1.95 1.47 1.31 0.002 0.85
Ga - - - - - -
Gd 5.00 6.68 4.54 4.47 0.01 2.94
Hf 5.1 4.95 3.48 2.68 0.04 3.43
Ho - - - - - -
La - - - - - -
Lu 0.27 0.51 0.32 0.39 0.01 0.32
Nb 15 14 27 23 1.0 3.0
Nd 33.0 28.8 25.5 15.4 0.04 12.3
Pr - - - - - -
Rb 67.3 47.2 41.0 13.0 0.1 36.0
Sm 5.90 6.59 5.07 4.27 0.01 3.14
Sn - - - - - -
Sr 662 330 443 395 0.4 294
Ta - - - - - -
Tb - - - - - -
Th 6.5 5.9 8.8 1.3 0.01 3.4
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Trace and rare earth element results from international rock standards (ppm)

Sample AGV-1 BCR-2 JB-1a JB-3 PCC-1 JA-3

Tl - - - - - -
Tm - - - - - -
U - - - - - -
A% 121 407 220 383 31 172
W - - - - - -
Y 20 38 24 27 0.1 21
Yb 1.72 3.38 2.10 2.62 0.02 2.18
Zr 227 190 146 98 10 119
As - - - - - -
Bi - - - - - -
Hg - - - - - -
Sb - - - - - -
Se - - - - - -
Sc 12.2 32.6 27.9 333 8.4 21.8
Te - - - - - -
Ag - - - - - -
Cd - - - - - -
Co - - - - - -
Cu 60 19 56 198 10 45
Li - - - - - -
Mo - - - - - -
Ni 16 13 140 39 2380 36
Pb 36 14 7.2 5.5 10 6.7
Zn 88 130 82 106 42 68
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Trace and rare earth element results from international rock standards (ppm)

Sample JA-2 JB-2 BHV0-1 DNC-1 JGb-1 BE-N
Ba 317 208 139 114 63 1025
Ce 33 6.8 39 11 7.9 152
Cr 465 27 289 285 59 360
Cs - - - - - -
Dy 3.01 3.66 5.20 2.70 1.53 6.40
Er 1.37 2.63 2.40 2.00 1.07 2.50
Eu 0.94 0.86 2.06 0.59 0.63 3.60
Ga - - - - - -
Gd 3.11 3.28 6.40 2.00 1.63 9.70
Hf 2.89 1.42 4.38 1.01 0.88 5.60
Ho - - - - - -
La - - - - - -
Lu 0.27 0.32 0.29 0.32 0.15 0.24
Nb 9.8 0.8 19 3.0 2.8 105
Nd 13.8 6.7 25.2 4.9 5.7 67.0
Pr - - - - - -
Rb 68 6.2 11 4.5 4.0 47
Sm 3.12 2.25 6.20 1.38 1.49 12.20
Sn - - - - - -
Sr 252 178 403 145 321 1370
Ta - - - - - -
Tb - - - - - -
Th 4.70 0.33 1.08 0.20 0.53 10.40
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Trace and rare earth element results from international rock standards (ppm)

Sample

JA-2

JB-2

BHV0-1

DNC-1

JGb-1

BE-N

Tl
Tm
U
\%
W
Y
Yb
Zrx
As
Bi
Hg
Sb
Se
Se
Te
Ag
Cd
Co
Cu
Li
Mo
Ni
Pb
Zn

130

18.1
1.67
119

142
19
63

578

24.9

2.51
51

110

317

27.6
2.02
179

105

79

148

18.0
2.01
41

247
6.3
66

640

10.8
0.97

34

111

235

30.0
1.8.0
260

267
4.0
120



