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Abstract
The paleomagnetic age dating technique is used to study the genesis of a fluorite
and four “sedimentary exhalative (SEDEX)” deposits which are hard to date by
conventional radiometric methods because they lack suitable minerals, which causes
controversy about their ore genesis. Paleomagnetic analysis of 359 specimens from the
Devonian St. Lawrence Granite and fluorite veins in Newfoundland shows that the granite
and fluorite veins are coeval and retain a primary remanence carried by pyrrhotite and/or
magnetite. The difference between the measured and expected paleopoles is attributed to
postemplacement counterclockwise rotation of ~17° of the area about a vertical axis
during the Late Devonian Acadian Orogeny. Paleomagnetic analysis of 333 specimens
from the Century Zn-Pb-Ag deposit in Australia isolates a stable characteristic remanent
magnetization (ChRM) for ore sites only that resides mainly in single (SD) or
pseudosingle domain (PSD) titanomagnetite and pyrrhotite. A positive fold test shows that
the ore’s ChRM predates D2 deformation in the Mesoproterozoic Isan Orogeny. The
paleomagnetic age of 1558±4 Ma supports a late diagenetic replacement model for ore
genesis. Paleomagnetic and rock magnetic analyses of 333 specimens from the Mount Isa
Zn-Pb-Cu-Ag and George Fisher Zn-Pb-Ag deposits in Australia isolate a stable ChRM
carried mainly by SD or PSD pyrrhotite and/or titanomagnetite. The negative fold test

vii

shows that the ChRM postdates the ~1510 Ma D3 deformation in the Isan Orogeny. Thus
the ~1505 Ma paleomagnetic age provides a minimum age for the ores and an age for the
greenschist metamorphism during the orogeny. Paleomagnetic and rock magnetic
analyses of 339 specimens from six mineralized panels in the Howards Pass Zn-Pb
deposits in Yukon isolate a stable ChRM that mainly resides in SD or PSD pyrrhotite and
titanomagnetite. The paleopole falls on Middle Jurassic portion of the North American
apparent polar wander path (APWP) or corrected APWP for the Intermontane terranes,
giving ~170 Ma and ~162 Ma, respectively. The results indicate that the Selwyn Basin
had undergone ~35° clockwise rotation with ~10° northward translation between Middle
Jurassic and mid-Cretaceous.
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CHAPTER 1
General Introduction

1.1 Background
Paleomagnetism is the study of the Earth’s geomagnetic field preserved in rock
magnetizations through time and it has broad applications to many disciplines within the
Earth Sciences. The paleomagnetic age dating method has been applied to date ore
forming events of world-class economic deposits (e.g. Ueno and Tonouchi 1987; Symons
et al. 1993; Evans et al. 2001), although the early attempts at dating carbonate-hosted
Zn-Pb deposits (e.g. Beales et al. 1974) and black shale-hosted Zn-Pb deposits (e.g.
Jowett et al. 1987) using paleomagnetism were unsuccessful due to the lack of both a
well-defined apparent polar wander path (APWP) and sufficiently sensitive measuring
equipment. With the recent availability of sensitive cryogenic magnetometers and
well-defined APWPs, the paleomagnetic technique has proven routinely successful at
dating carbonate-hosted Mississippi Valley-type (MVT) Pb-Zn-F deposits (e.g. Leach et
al. 2001), which share many similar geologic characteristics with shale-hosted Zn-Pb-Ag
“sedimentary exhalative (SEDEX)” deposits (Leach et al. 2005b). Nonetheless the
paleomagnetic age dating technique has been used only once before to study the genesis
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of a fluorite deposit (Symons 1994) and twice before on “SEDEX” deposits (Lewchuk et
al. 2004; Symons 2007).

1.2 Project objective
Establishing the timing of ore mineralization in a deposit or district is the single
most critical piece of information that can guide the isolation of a correct genetic model
for an ore deposit type and for the exploration for similar undiscovered ore deposits
(Leach et al. 2001). Dating of fluorite and black-shale “SEDEX” ores has been seriously
hampered by the lack of suitable minerals in them for conventional radiometric age dating
methods. Without direct dates for the timing of ore mineralization, many genetic models
may be postulated with each constrained by different equivocal geological and
geochemical observations. This research project aims to provide reliable age dates for the
previously mined fluorite veins in the St. Lawrence Granite, Newfoundland (Fig. 1.1ab),
the black-shale Zn-Pb mineralization of the Howards Pass deposits in Yukon (Fig. 1.2),
and the Century Zn-Pb-Ag, Mount Isa Zn-Pb-Cu-Ag and George Fisher Zn-Pb-Ag
deposits in Australia (Fig. 1.3). Knowing these ages will not only allow testing of the
currently postulated genetic models for these mineralization types, but may also help to
better constrain possible new model(s) for their ore genesis.

3

1.3 Fluorite Deposit in the St. Lawrence Granite
Fluorite, commercially known as fluorspar (CaF2), has important uses in the
chemical, metallurgical and ceramic industries. Fluorite deposits are found in a range of
geologic settings and are formed by varied processes under different physicochemical
conditions. These deposits are mostly of two lithologic types: 1) those in sedimentary
rocks, dominantly carbonates; and 2) those found as veins in, or associated with,
dominantly alkaline-peralkaline igneous rocks that are akin to magmatic-hydrothermal
vein-type deposits (Strong et al. 1984).
Economically significant fluorite deposits in Canada are confined largely to
Newfoundland, Nova Scotia, Ontario and British Columbia. The fluorite at St. Lawrence,
Newfoundland, was discovered in 1843 (Collings and Andrews 1988), and more than
forty individual fluorite veins are known in the area (Fig. 1.1b). Most of these veins are
hosted by the St. Lawrence Granite and its outliers (Howse et al. 1983). The fluorite veins
constitute a major high-grade resource by world standards and are the premier known
fluorspar resource in Canada. During 44 years of operation until closure in 1978, the St.
Lawrence fluorspar mines produced >4.2 million tonnes (Mt) of ore. However, the
Director, Blue Beach and Tarefare veins alone still contain ~8 Mt of fluorspar
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mineralization at a grade of 35% CaF2 (Howse et al. 1983; Collings and Andrews 1988).
There are two recognized groups of veins: a) high-grade veins that averaged ≤1 m in
width and contain ~95% CaF2; and, b) low-grade veins that averaged ~7 m in width and
contain ~70% CaF2 with 10 to 15% SiO2. Quartz (SiO2) is the most abundant gangue
mineral and sulphides, such as sphalerite and galena, are commonly associated with the
veins.
Van Alstine (1948) concluded that the fluorite came from the same magma
chamber as the granite, and that the ore fluids were released by late-stage differentiation,
forming fluorite veins along faults and shears as the granite cooled and contracted.
Similarly, Williamson (1956) concluded that the primary control on fluorite was the
fracture pattern developed due to the stress system produced by cooling of the granite.
Based on fluid inclusion, rare earth element and isotopic data, Strong et al. (1984) and
Collins and Strong (1988) presented genetic models in which fluorite deposition occurred
as a result of increasing pH caused by boiling of the magmatic fluid or the mixing of
cooled magmatic fluids with highly saline connate waters. Bell and Blenkinsop (1975)
reported a 4-point Rb/Sr whole rock isochron age of 315±10 Ma. Conversely, Irving and
Strong (1985) reported a 10-point Rb-Sr isochron age of 360±5 Ma. Kerr et al. (1993)
reported an U-Pb zircon age for the St. Lawrence Granite of 374±2 Ma and suggested that
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the granite formed as an integral part of Appalachian-cycle magmatism.

1.4 Sediment-hosted zinc-lead deposits
Sediment-hosted Zn-Pb deposits contain >50% of the world’s Zn and Pb reserves
in two broad subtypes, ie MVT and “SEDEX”. MVT deposits are the larger family of
carbonate-hosted deposits that are epigenetic and consist mainly of sphalerite, galena,
pyrite, dolomite and calcite. Sub-types of MVT deposits include the carbonate-hosted F
(±Ba,

±Zn,

±Pb)

deposits

and

Irish-type

deposits

that

are

stratabound,

structurally-controlled, carbonate-hosted Pb-Zn deposits (Paradis et al. 2007)
“SEDEX” Zn-Pb deposits are a diverse group of ore deposits hosted by a wide
variety of carbonate and siliciclastic rocks that have no obvious associated magmatic
activity (Leach et al. 2005b). These deposits are mainly limited to two groups in terms of
age: a) a Proterozoic group, including the large deposits in the Mt.Isa-McArthur basin of
Australia (Large et al. 2005); and, b) a Phanerozoic group, including the large deposits in
the Selwyn Basin, Canada (Leach et al. 2005a). “SEDEX” deposits have traditionally
been considered to have formed by the precipitation of sulphide from warm fluids
discharged into seawater through fractures in the seafloor (Goodfellow et al. 1993; Leach
et al. 2005b). The major sulphide minerals are sphalerite and galena. Although “SEDEX”
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deposits are classified as vent-proximal or vent-distal based on the relative position of
these stratiform ores to the discordant feeder pipe, more than 80% of “SEDEX” deposits
are vent-distal (Sangster 2002). The vent-distal deposits are stratiform, concordant with
enclosing strata, and display well-developed internal layering. Many distal deposits, such
as George Fisher, Mount Isa, Century and Howards Pass, are regarded as typical distal
“SEDEX” deposits (Sangster 2002), although not all of them have necessarily formed by
sedimentary-exhalative processes (Large et al. 2005). Radiometric age dating of Zn-Pb
mineralization in these black-shale deposits has proven unsuccessful due to their colloidal
to ultrafine grain size.

1.4.1 Century Zn-Pb- Ag deposit
The Paleo- to Mesoproterozoic (Gradstein and Ogg 2004)) Mt. Isa-McArthur
basin of the North Australian craton contains four world-class black-shale-hosted
base-metal deposits (Mount Isa, George Fisher, Century and HYC) (Fig. 1.3). All four
deposits are generally classified as “SEDEX” deposits although they have not necessarily
formed by sedimentary-exhalative processes (Large et al. 2005). The Century Zn-Pb-Ag
deposit in the northwestern Queensland, Australia, is located on the Lawn Hill platform,
~250 km north-northwest of Mount Isa (Fig. 1.3) and contains 118 Mt of ore with grades
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of 10.2% Zn, 1.5% Pb and 36 g/t Ag (Waltho and Andrews 1993; Broadbent et al. 1998).
The stratiform mineralization occurs in fine parallel lamellae in ~1595 Ma siderite-rich
siltstones and black shales of the upper Lawn Hill Formation in the Proterozoic
McNamara Group. The McNamara Group was deformed by the 1595-1500 Ma Isan
orogeny, which comprises three main deformation stages, D1, D2 and D3 (Blake et al.
1990; O’Dea et al. 1997; Broadbent et al. 1998).
Sulphide mineralization is concentrated dominantly in the black to dark gray
shale beds, and weakly observed in the siltstone facies. Sphalerite is the most common
sulphide with minor pyrite and galena (Broadbent et al. 1998). The shale and siltstone are
composed of fine-grained detrital quartz, illite and carbonaceous matter. Galena from the
deposit has given a Pb/Pb model age of ~1575 Ma. Broadbent et al. (1998) proposed that
the Century deposit was formed 800 to 3000 m below the basin floor during basin
inversion by late syndiagenetic replacement of organic-rich siltstone layers by fluids
emanating from the nearby Termite Range fault. However, there are other genetic models
such as the primary SEDEX model of McGoldrick and Large (1998) and the secondary
“fluid expulsion by far-field orogenic events model” of Oliver (1986).

1.4.2 Mount Isa Zn-Pb-Cu-Ag and George Fisher Zn-Pb-Ag deposits
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The Mount Isa Zn-Pb-Cu-Ag and George Fisher Zn-Pb-Ag deposits in
northwestern Queensland, Australia, occur along a 25 km strike length of the ~1655 Ma
Urquhart Shale Formation in the Mount Isa Group (Page and Sweet 1998; Page et al.
2000). The Mount Isa Group is a 4.5-6.0 km thick sequence of carbonaceous and
dolomitic siltstones, mudstones and shales that exhibit greenschist facies metamorphism
(Large et al. 2005). The Mount Isa and George Fisher deposits contain 150 Mt of ore with
grades of 7% Zn, 6% Pb and 150 g/t Ag, and 108 Mt of ore with grades of 11.5% Zn,
5.4% Pb, 93 g/t Ag, respectively (Large et al. 2005). The Mount Isa deposit is also
comprised of a world-class sedimentary-rock-hosted Cu deposit, containing 225 Mt at
3.3% Cu (Perkins 1990) and subeconomic gold (<100 ppb) (McGoldrick 1986; Wilde et
al. 2006).
Lead model ages for both the Mount Isa and George Fisher Zn-Pb-Ag deposits
are ~1655 Ma (Sun et al. 1994), and an Ar-Ar biotite age has given ~1523 Ma age for Cu
mineralization in the Mount Isa deposit (Perkins et al. 1999). The Zn-Pb-Ag orebodies
occur as a series of stratabound sheets, whereas the Cu-Au orebodies occur in large
nonconformable breccia-hosted zones in a silica-dolomite alteration envelope. The
genesis of the stratiform Zn-Pb-Ag deposits in the Mount Isa district has been
controversial for >100 years. Another question is the relationship between the timing of
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emplacement of the Cu-Au and Zn-Pb-Ag ores. There are three alternative models: 1) the
Zn-Pb-Ag lenses formed during sedimentation (synsedimentary) whereas the Cu ores
formed much later during the Isan orogeny by syntectonic replacement (e.g., Chapman
2004); 2) Cu-Au and Zn-Pb-Ag mineralization are cogenetic and syntectonic during the
Isan orogeny (e.g. Perkins 1997); and 3) both Cu-Au and Zn-Pb-Ag ores formed early
during sedimentation and diagenesis in the upper tens of meters of sediment both on and
just below the sea floor (e.g. Smith 2000).

1.4.3 Howards Pass Zn-Pb deposits
The Selwyn Basin is an elongate Paleozoic marine basin represented mostly by
black shales and cherts, and it is one of the most potentially productive basins for
Zn-Pb-Ag “SEDEX” deposits in the world (Goodfellow and Lydon 2007). Within the
Selwyn Basin, there are three districts containing Zn-Pb-Ag deposits: 1) the Anvil District
in Late Cambrian strata; 2) the Howards Pass District in Early Silurian strata; and, 3) the
MacMillan Pass and Gataga Districts in Late Devonian strata (Goodfellow 2007). The
Howards Pass district is located in the Selwyn Mountains astride the Yukon-Northwest
Territories border and consists of the XY, XY Nose, XY West, Anniv Central, Anniv West,
Annive East, OP, OP West, Brodel, HC, HC West, HP, Don, Don East, and Pelly North
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deposits (Selwyn Resources Ltd. 2010). These Zn-Pb deposits occur in the “zinc corridor”,
a local second-order basin that is oriented northwest-southeast and extends for ~35 km
(Goodfellow 2004) that contains 115 Mt of ore with grades of 5.4% Zn and 2.1% Pb
(Goodfellow 2007). The Howards Pass Zn-Pb deposits are sheet-like stratiform sulphide
bodies that range up to 50m thick that extend for ~30 kilometers along strike. The
deposits are hosted in a sequence of Silurian calcareous chert, mudstone and limestone
with sphalerite, galena and pyrite as the major sulphide minerals (Goodfellow and
Jonasson 1986).
The Howards Pass deposits are currently thought to have formed from Zn- and
Pb- rich fluids that were discharged episodically into a stable, starved marine basin during
a period of restricted seawater circulation with resultant sulphidic, anoxic bottom waters
(Goodfellow and Jonasson 1986). Although the laminated sulphides are interpreted as
synsedimentary evidence, these features could be result of sub-seafloor hydrothermal
replacement (Leach et al. 2005b). Faults extend to depth up which mineralizing fluids
could have traveled and mineralized favorable horizons by replacement at depth. In
addition, bedded barite mineralization is found in both much younger and older Paleozoic
strata in the adjacent area (Dawson and Orchard 1982), indicating either a much younger
hydrothermal event or multiple mineralization events.
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1.5 Methodology and Principles
Paleomagnetic methods used in this research include conventional paleomagnetic
techniques described in paleomagnetic text books (e.g. Tarling 1983; Butler 1992; Tauxe
1998; McElhinny and McFadden 2000). A brief description of the paleomagnetic methods
used for each research project has been given in their respective chapters, and brief
general descriptions of the theory of the paleomagnetic methods follow, mostly
paraphrased from these paleomagnetic texts.

1.5.1 Principle
The geocentric axial dipole (GAD) is a basic concept utilized throughout
discussions of paleomagnetic data and applications. In the GAD model, the Earth’s
magnetic field is considered to be produced by a single magnetic dipole at the centre of
the Earth that is aligned with the rotation axis, ie the geomagnetic and geographic axis
coincide, and therefore the magnetic field lines always point North (Fig. 1.4). A GAD
would produce lines of inclination that vary from -90° at the south magnetic pole to +90°
at the north magnetic pole with 0° at the equator. If the Earth’s field were a GAD field,
the declination would be zero everywhere. It is known from paleomagnetic measurements
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that when averaged over some 10000 years, the Earth’s magnetic field for the past few
million years has conformed to the GAD model, so that paleomagnetic results can be
applied to the study of geomagnetic field on a geological time scale. The inclination of
the magnetic field (I) is directly related to the paleolatitude (λ) for a field produced by
GAD with the equation [tan I = 2 tan λ]. This relationship between I and λ is often called
“the dipole formula” and is essential to understanding many paleogeographic and tectonic
applications, including dating ore deposits, when using paleomagnetism.

1.5.2 Equipment
A

very

sensitive

cryogenic

magnetometer

operating

inside

a

magnetically-shielded room with an ambient magnetic field of ≤0.2% of the Earth's
magnetic field intensity is essential for the paleomagnetic dating of ore mineralization.
The Windsor paleomagnetic laboratory currently operates an automated 2G Enterprises
755R DC-SQUID superconducting rock magnetometer that is among the world’s most
sensitive (~2 × 10-6 A/m) and efficient magnetometers (Fig. 1.5). Because this
magnetometer completes a measurement cycle in 50 seconds, or about five times faster
than most DC-SQUID magnetometers, large collections of specimens can be tested. This
is important because the greater the number of specimen characteristic remanent
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magnetization (ChRM) directions averaged, the smaller the age errors are likely to be
(Symons et al. 1996).
Room-temperature low-field magnetic susceptibility (χ) is measured with an
AGICO kappabridge KLY3-S susceptibility meter. The determination of susceptibility is
useful because it provides an estimate of the total magnetic content of a specimen.

1.5.3 Sampling
Collection of samples from suitable rock exposures is carried out by gathering
oriented samples using either a sun compass and/or Brunton compass. Samples are
collected either by drilling cores from an outcrop using a portable rock drill or by hand
sampling of blocks. Typically ~5 to 7 drilled-cores or ~3 to 4 hand-sampled blocks are
collected at a site and sampling is done at ~25 to 30 sites in the target geologic unit. The
drilled-cores are sliced in the laboratory into 10 to 15 cylindrical specimens, each 2.4 cm
diameter and ~2.20 cm long, per site. The block samples are drilled perpendicular to
bedding and then sliced into a comparable number of cylindrical specimens also. The
prepared specimens are stored for several weeks to several months in the
magnetically-shielded room with an ambient magnetic field of ~100 γ to allow their
unstable and undesirable viscous remanent magnetization (VRM) components to
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substantially decay. All subsequent magnetic measurements are done without removing
the specimens from the shielded room.

1.5.4 Demagnetization
The natural remanent magnetization (NRM) is the magnetization in a rock
sample before any laboratory treatment and it is typically composed of more than one
magnetic remanence component. Partial step demagnetization techniques, ie alternating
field (AF) and thermal, are used to magnetically clean the NRM of its unstable and
unwanted VRM so that its ChRM component(s) can be isolated. When a rock specimen is
placed in an AF demagnetizer, the magnetic moments of grains (crystals) dispersed
throughout the specimen with coercivities of less than the peak value of the applied field
are weakly remagnetized in random directions as the intensity of the AF is reduced slowly
and uniformly to zero in the absence of a direct field, ie in a field-free space, leaving only
the more stable magnetization components with higher coercivities. The Windsor
Paleomagnetic Laboratory hosts a Sapphire Instruments (SI-4) AF demagnetizer with a
peak field of ~180 mT for AF demagnetization.
Thermal demagnetization involves heating a specimen to successively higher
temperature steps up to the Curie temperatures of the constituent ferromagnetic minerals,
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and then cooling to room temperature after each incremental step in a zero magnetic field.
The progressive randomization of the lower unblocking temperature magnetizations
leaves the residual higher temperature components present in the specimen’s NRM.
Thermal demagnetization at Windsor is performed using a Magnetic Measurements
MMTD-80 thermal demagnetizer.

1.5.5 Mineral Magnetics
The magnetic mineral carriers of the stable ChRM components and their
effective grain size in a specimen are studied using saturation isothermal remanent
magnetization (SIRM) tests. SIRM analyses are done using a Sapphire Instruments (SI-6)
pulse magnetizer on a representative suite of lithologic specimens from the target unit.
The specimens are pulse magnetized in direct current (DC) fields in steps up to 900 mT
and then AF step demagnetizing in fields up to 140 mT. A method of plotting the SIRM
data for analysis has been discussed in detail by Symons and Cioppa (2000).
.
1.5.6 Statistical Analysis
The ChRM directions of the specimens are determined using a combination of
vector analysis (Zijderveld 1967), principal component analysis (Kirschvink 1980),
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remagnetization circle analysis (Bailey and Halls 1984) and vector directional density
contour plots (Kamb 1959). Zijderveld diagrams, also called orthogonal projections, are a
set of two projections of the vectors, one on the horizontal plane and one on a vertical
plane. Principal component analysis is a quantitative technique for defining the ChRM
direction by determining the least-squares best-fit line through the scattered directions of
the decaying remanence vectors. When a specimen that contains more than one remanent
component is progressively demagnetized, the resultant direction of magnetization moves
along a great circle during the preferential demagnetization of lower coercivity or lower
blocking temperature component towards the stable ChRM direction. Remagnetization
circle analysis is useful when the ChRM is not obtained due to overlap in the stability
spectra of two components. When more than one great circle is available from different
specimens, then the great circles converge to estimate the ChRM direction.
The ChRM directions for each specimen, determined using partial step
demagnetization, are averaged to obtain the site mean direction, and then they are
averaged in turn to get the mean ChRM direction for the target geologic unit. Once the
ChRM direction(s) in each specimen is (are) determined, the site and unit mean directions
are calculated using Fisher (1953) or Bingham (1974) statistics. Fisher statistics requires
spherically symmetric data. Conversely, Bingham statistics is applicable to elliptical and
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elongate distributions. In the case of specimens from unoriented drill cores, only
inclination data are available. Several approaches to analyse inclination-only data have
been addressed by Briden and Ward (1966), Kono (1980) and McFadden and Reid (1982).
The approach of Briden and Ward (1966) is not suited for computational ease. Conversely,
the approach of McFadden and Reid (1982) can be written into a computer program and
is a maximum likelihood estimate for true inclination, which less biased than that of Kono
(1980).
The unit mean ChRM direction and its dispersion are then used to calculate the
paleopole using the dipole equation, and the paleopole is compared to the APWP for the
plate or terrane carrying the unit to obtain the age. The APWP is based on numerous rock
units with known radiometric, paleontological and stratigraphic ages so that time can be
scaled along its length. The error limits on the age of the ChRM are derived from the
minimum and maximum ages scribed by either the 1σ or 2σ oval of confidence about the
pole. The well-defined APWP for North America is ranged between Eocene and
Ordovician although this path includes a mid-Cretaceous standstill which coincides with
Cretaceous Normal Superchron. Idnurm (2000) reported an APWP for northern Australia
from Late Paleoproterozoic to Early Mesoproterozoic.
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1.5.7 Field tests
Laboratory step demagnetization experiments reveal the constituent magnetic
components of the NRM and ChRM directions. Blocking temperature and/or coercivity
spectra indicate whether or not the ferromagnetic grains carrying a ChRM are capable of
retaining a primary or secondary ChRM. Field tests of paleomagnetic remanence stability
can also provide crucial information about the timing of ChRM acquisition. Common
field tests of paleomagnetic remanence stability include the fold test (or bedding-tilt test)
(Fig. 1.6), conglomerate test (Fig. 1.7) and baked contact test (Fig. 1.8). Fold tests are
possible where oriented samples can be collected from a unit at sites with an appreciable
difference in bedding attitudes ie >20°. A fold test is useful for deducing the relationship
between the timing of ChRM acquisition and folding ie postfolding, synfolding or
prefolding, based on the change in the precision parameter (k) of Fisher (1953) before,
during, and after tilt correction (McElhinny 1964; McFadden and Jones 1981). The baked
contact test is useful for determining whether or not the studied lithology has undergone
pervasive secondary overprinting. When an igneous body is intruded, it heats the contact
zone of its host rock to above the Curie temperature of its magnetic minerals. The
maximum temperature reached in the baked zone decreases away from the intrusion and
the remagnetization is increasingly incomplete. Therefore, the ChRM direction of the
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baked zone gradually changes from that of the intrusion to that of the host rock. Such a
condition would argue against pervasive magnetic overprinting in the host rock or in the
intrusion since its emplacement, whereas if both retain the same ChRM, then it is likely
that both units were metamorphosed at some time after intrusion.

1.5.8 Ore concentrate
It is important in paleomagnetic age dating studies of ore deposits to test, if
possible, if the ChRM is carried by the ore mineral(s) and/or ore-stage gangue minerals.
SIRM tests of ore and host rock specimens estimate magnetic mineral carriers of the
stable ChRM components in each and their effective grain size. However, a further
examination of these magnetic minerals will provide a better understanding of the
relationship between the ore minerals and ChRM. For this purpose, samples of ore
concentrate and tailings from a mine's mills are subjected to thermomagnetic analyses and
SIRM acquisition curves using a Petersen Instruments Magnetic Measurements Variable
Field Translation Balance (MMVFTB). The MMVTB with an electromagnet is used for
measurements of hysteresis loops, isothermal remanent magnetization (IRM) acquisition,
remanence coercivity, and thermomagnetic curves at temperatures between -180°C and
800°C. The MMVFTB with a solenoid is used for measurements of hysteresis loops, IRM
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acquisition,

remanence

coercivity,

AF

demagnetization,

anhysteretic

remanent

magnetization (ARM) acquisition and thermomagnetic curves at temperatures between
room temperature and 800°C.
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Fig. 1.1 a) Geological map of the St. Lawrence area; b) Geological setting of the fluorite
veins at St. Lawrence (modified from Howse et al. 1983; Strong et al. 1984).
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Fig. 1.2 Locality map showing the location of the Howards Pass deposits from Norford
and Orchard (1985).
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Fig. 1.3 Location map for the Century, Mount Isa and Geoge Fisher black-shale-hosted
Zn-Pb-Ag "SEDEX" deposits in the Mt. Isa - McArthur basin of northern Australia
(modified from Large et al. 2005).
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Fig. 1.4 Geocentric axial dipole model. Magnetic dipole is placed at the centre of the
Earth and aligned with the rotation axis. The observed magnetic inclination, I, between
the magnetic vector and the local horizontal at any location is a function of magnetic
latitude, λ, according to the equation [tan I = 2 tan λ] (modified from Butler 1992).
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Fig. 1.5 2G Enterprises 755R DC-SQUID superconducting rock magnetometer.
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Fig. 1.6 The fold test. a) Directions of ChRM are shown by arrows for pre-folding
magnetization. ChRM directions are dispersed in the observed in situ orientation;
restoring bedding to horizontal results in maximum grouping of the ChRM directions; b)
Directions of ChRM for post-folding magnetization. Maximum grouping of the ChRM is
in the observed in situ orientation. ChRM directions are dispersed when bedding is
restored to horizontal restoring bedding to horizontal; and, c) Directions of ChRM for
synfolding magnetization. ChRM directions are dispersed in both the in situ orientation
and when bedding is restored to horizontal; maximum grouping of the ChRM directions
occurs when bedding is partially restored to horizontal (Butler 1992).
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Fig. 1.7 a) The paleomagnetic conglomerate test. The directions of samples from the
studied lithology are shown in b) indicating that it is relatively homogeneously
remagnetized. Material from the studied lithology was incorporated into a conglomerate
bed and then remagnetized. If the conglomerate clasts are also homogeneously
magnetized as in c) then the magnetization must post-date formation of the conglomerate.
In a positive conglomerate test d), the magnetization vectors of samples from the
conglomerate bed are random from clast to clast (Tauxe 1998).
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Fig. 1.8 The baked contact test. In a positive test (black arrows), zones baked by the
intrusion are remagnetized and have directions that grade from that of the host rock. In a
negative test (gray arrows), the intrusion, baked zone, and unbaked host rock show
uniform directions, indicating widespread remagnetization of all lithologies (Tauxe 1998).
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CHAPTER 2
Paleomagnetism of Fluorite Veins in the Devonian St. Lawrence Granite,
Newfoundland, Canada

2.1 Introduction
Fluorite

deposits

are

formed

by

various

processes

under

different

physicochemical conditions in a range of geologic settings. Such deposits are mostly of
two lithologic types: 1) those in sedimentary rocks, dominantly carbonates; and 2) those
found as veins in, or associated with, dominantly alkaline-peralkaline igneous rocks that
are akin to magmatic-hydrothermal vein-type deposits (Strong et al. 1984). More than
forty distinct fluorite veins are known in the St. Lawrence area, Newfoundland (Figs. 2.1,
2.2ab), and most are hosted by the 374±2 Ma St. Lawrence Granite and its outliers
(Howse et al. 1983). The fluorite veins constitute a major high-grade resource by world
standards and are the premier known resource in Canada. During 44 years of operation
until closure in 1978, the St. Lawrence fluorspar mines produced >4.2 Mt of ore, and the
Director, Blue Beach and Tarefare veins alone still contain ~8.09 Mt of fluorspar
mineralization (Howse et al. 1983).
As well as the spatial relationship, there is a presumed genetic relationship based
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on geochemical arguments between the St. Lawrence Granite and fluorite veins (Teng and
Strong 1976). Irving and Strong (1985) reported paleomagnetic data for the St. Lawrence
Granite but not for the fluorite veins. They observed two remanence components, N and
H, in the granite, interpreting the N component to be the primary magnetization acquired
during cooling of the pluton and the H component to be a Kiaman overprint from low
temperature alteration that deposited hematite diffusely throughout the granite. Our study
aimed to date the fluorite veins and to establish their genetic relationship to the granite.

2.2 Geology
The St. Lawrence area is in the Avalon Terrane (Fig. 2.1), the widest and most
continuous tectonostratigraphic zone of the Appalachians (Williams 1979). The Avalon
zone consists mainly of Late Precambrian volcanic and sedimentary rocks that are
relatively unmetamorphosed and undeformed compared to coeval rocks of nearby
terranes, suggesting that the St. Lawrence Granite was intruded into a relatively stable
tectonic environment (Collins and Strong 1988). The granite batholith outcrops over an
area of ~30 km by 10 km with a number of outliers (Teng and Strong 1976) (Fig. 2.2a).
This pluton is mainly syenitic to alaskitic in composition, fine to medium grained,
porphyritic to equigranular, and bright red in colour (Howse et al. 1983). The granite
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consists of quartz, orthoclase and albite with minor amounts of riebeckite, aegirine,
biotite, fluorite, magnetite and hematite. Alkali feldspar makes up 30 to 60% of the rock,
and is generally turbid because of finely disseminated hematite (Irving and Strong 1985).
The pluton is clearly post-tectonic, intruding most stratigraphic units in the southern
Burin Peninsula and cutting all deformation features such as cleavage, folds and thrust
faults (Strong et al. 1978). Miarolitic cavities occur near the pluton’s contacts where
tuffisites (gas breccias) are common, indicating shallow emplacement (Irving and Strong
1985). Kerr et al. (1993) reported an U-Pb zircon age for the granite of 374±2 Ma, in
good agreement with a 10-point Rb-Sr isochron age of 360±5 Ma reported by Irving and
Strong (1985). Kerr et al. (1993) suggested that the granite was formed as an integral part
of Appalachian-cycle magmatism and interpreted a prior 4-point Rb/Sr whole rock
isochron age of 315±10 Ma (Bell and Blenkinsop 1975) to be disturbed and unreliable.
The St. Lawrence fluorspar deposits comprise fluorite veins that are found
mostly within the granite or its related porphyry dikes (Fig. 2.2b). The veins are open
fracture fillings that Collins and Strong (1988) believed were formed from regional stress
and contraction during cooling of the granite. The fluorite is mostly massive and coarsely
crystalline, forming veins from wall to wall. Close to the vein walls, the fluorite tends to
be finely banded with rhythmic variations in colour. Two groups of veins have been
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recognized: a) high-grade veins with strikes from 70° to 110° that average ≤1 m in width
with acid-grade ore averaging ~95% CaF2; and b) low-grade veins with strikes from 140°
to 160° that average ~7 m in width with grades up to ~70% CaF2. The principal gangue
minerals are quartz, calcite, sulphides and barite with minor amounts of secondary iron,
copper and manganese minerals (Howse et al. 1983). Galena and sphalerite are the most
abundant sulphides with pyrite and chalcopyrite occurring rarely.
Van Alstine (1948) concluded that the fluorite came from the same magma
chamber as the granite, and that the ore fluids were released by late-stage differentiation,
forming fluorite veins along faults and shears as the granite cooled and contracted.
Similarly, Williamson (1956) concluded that the primary control on fluorite was the
fracture pattern developed due to the stress system produced by cooling of the granite.
From fluid inclusion, rare earth element and isotopic data, Strong et al. (1984) and Collins
and Strong (1988) presented genetic models in which fluorite deposition occurred because
of either increasing pH caused by boiling of magmatic fluid or mixing of cooled
magmatic fluids with highly saline connate waters. Based on laser ablation – inductively
coupled plasma – mass spectrometry analyses, Gagnon et al. (2003) found that the
fluorite exhibits compositional trends that represent either the progressive mixing of
magmatic and formational waters or the interaction of hydrothermal fluid with wall rocks.
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2.3 Methods and results
2.3.1 Sampling and initial measurements
Six to eight 2.54 cm diameter cores were drilled at 28 sites (Fig. 2.2b) and oriented in situ
with a solar or magnetic compass, and three oriented block samples were collected at one
additional site. The 29 sites included: 19 sites in fluorite veins, 7 sites in granite, 1 site in
a diabase dike, 1 site in the contact zone next to the dike, and 1 site in the contact zone of
the granite’s hostrock. Six to 16 core specimens, each ~2.20 cm long, were prepared for
each site in the paleomagnetic laboratory at the University of Windsor, providing 359
specimens. The specimens were stored for one month in a magnetically-shielded room
with an ambient field of ~100 γ to allow their unstable and undesirable viscous remanent
magnetization (VRM) components to substantially decay. All subsequent magnetic
measurements were done without removing the specimens from the shielded room.
Natural remanent magnetizations (NRM) were measured on a 2G Enterprises 755R
DC-SQUID magnetometer with a specimen sensitivity limit of ~2 × 10-6 A/m. The
median NRM intensity of the fluorite specimens was 5.13 × 10-4 A/m (quartiles: Q1 =
1.35 × 10-4, Q3 = 1.72 × 10-3) and of the granite specimens was 3.19 × 10-3 A/m (quartiles:
Q1 = 1.83 × 10-3, Q3 = 3.98 × 10-3).
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2.3.2 Demagnetization
One typical specimen from each site was thermally (Th) demagnetized in 24
steps to 680°C using a Magnetic Measurements MMTD-80 oven with the Th steps biased
into the diagnostic unblocking temperature ranges of the common magnetic minerals, ie
goethite (80 to 140°C), pyrrhotite (260 to 340°C), magnetite (500 to 580°C), and hematite
(600 to 675°C) (Dunlop and Özdemir 1997) (Fig. 2.3). A second typical specimen from
each site was alternating field (AF) demagnetized in 13 steps to 120 mT using a Sapphire
Instruments SI-4 demagnetizer. Based on the initial results, the remaining specimens were
either Th demagnetized in 19 steps up to 680°C (Fig. 2.3) or AF demagnetized in 11 steps
up to 120 mT. All remanence directions from the fluorite and granite specimens were
plotted separately on Schmidt equal-area nets for each demagnetizing step using a
computer program based on the Kamb method (1959), which gives directional density
contours in 2σ increments (Fig. 2.4).
The fluorite specimens yielded two major clusters of NRM directions (Fig. 2.4a).
One cluster – the A remanence component – was directed almost vertically downward,
apparently recording the present Earth's magnetic field (average 1900-2005 is D = 334°, I
= 71°; IGRF-10, International Geomagnetic Reference Field). The second cluster – the B
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component – was directed shallowly downward to the south. On demagnetization, the A
component cluster migrated towards the southerly shallow B component direction in steps
up to ~280°C (e.g. Fig. 2.4bcd). Thereafter, the B component cluster was present and
relatively constant in direction until ~580°C (e.g. Fig. 2.4defgh). Above ~580°C, the B
component directions started scattering rapidly (e.g. Fig. 2.4i). These results showed that
the major remanence carriers are pyrrhotite and/or magnetite. Similar results were
observed in granite specimens. Therefore, the characteristic remanent magnetization
(ChRM) end point directions for both vein and granite specimens belong to the B
component cluster. Since the A component remains above 580°C in some specimens, its
ChRM carrier is hematite that was probably generated mostly by modern weathering.
The specimen ChRM directions were determined using principal component
(Kirschvink 1980) and remagnetization circle analysis (Bailey and Halls 1984), thereby
isolating the A and B component directions from the total population of remanence
directions. Site and unit mean directions were calculated following Fisher (1953) (Table
1). The site mean ChRM directions were dispersed but mostly in the B component
direction (Fig. 2.5). The mean direction for 15 sites in fluorite veins is declination (D) =
177.0°, inclination (I) = 15.0° (number of sites (N) = 15, radius of cone of 95%
confidence (α95) = 5.7°, precision parameter of Fisher (1953) (k) = 46.0), giving a
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paleopole at 35.4°N, 128.2°E (with semi-axes for the oval of 95% confidence of dp = 3.0°
and dm = 5.8°). Including the two sites from Irving and Strong (1985) (Redhead (H
component) and St. Lawrence village (H component) sites), the mean for 9 granite sites is
D = 176.1°, I = 15.4° (N = 9, α95 = 8.1°, k = 41.2), giving a paleopole at 35.2°N, 129.2°E
(dp = 4.3°, dm = 8.3°). The Redhead H component direction was derived from only 11
specimens from 9 samples spaced at intervals up to 1 km apart around the shoreline, and
the St. Lawrence H component from 7 specimens from 7 similarly spaced samples along
Highway 220 across the batholith (Irving and Strong 1985).

2.3.3 Contact test
A paleomagnetic baked contact test is useful for determining whether or not the
studied lithology has undergone pervasive secondary remanence overprinting. If an
igneous intrusion and its baked contact zone give a ChRM direction that differs from that
of remote host rock, then the baked contact test is positive and shows that the host rock's
ChRM was acquired before the dike was intruded (Everitt and Clegg 1962). Conversely,
if the dike, baked contact zone and hostrock give the same ChRM direction, then the test
is negative and indicates that the host rock was remagnetized at the time of intrusion or
later. In this study, we attempted three contact tests.
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Site 3 is in a ~1.4 m wide fluorite vein (strike 125°, dip 75°S), and site 4 is in its
granitic contact zone. Although the ChRM directions of site 3 are scattered, the site mean
ChRM direction for the contact zone is not significantly different at 95% confidence from
the mean direction for the B component in the 15 fluorite vein sites (Table 2.1). This
result indicates that the ChRM in the fluorite veins and the granite are coeval in origin.
Site 24 is in a ~2 m wide diabase dike (strike 107°, dip 72°S); site 25 is in the
dike’s baked contact zone; and, site 26 is in remote hostrock about 35 m from the dike.
The mean ChRM direction of the dike is D = 152.3°, I = 49.8° (N = 12, α95 = 5.4°, k =
74) and it is significantly different from both the mean ChRM direction of its contact zone
of D = 121.5°, I = -7.7° (N = 15, α95 = 4.7°, k = 68) and its remote host rock, which gives
the B component direction. The dike’s virtual pole position is at 8.6°N, 148.4°E, (dp =
4.8°, dm = 7.2°). Th step demagnetization of the dike’s specimens indicates that the main
remanence carrier is magnetite (Fig. 2.6a). Also, the rapid NRM intensity decay on AF
step demagnetization results for the dike specimens indicate that the magnetite remanence
is carried both by single domain (SD) or pseudosingle domain (PSD) grains and by
multi-domain (MD) grains (Fig. 2.6b). Such MD magnetite is likely to carry a VRM that
easily changes direction to the ambient Earth’s magnetic field to give the aberrant
direction.
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Site 20 sampled the Cambrian Inlet Group (Fig. 2.2b) in the St. Lawrence
Granite’s contact zone. The site 20 mean direction is not significantly different from the
unit mean direction of the granite (Table 2.1), suggesting that the granite’s ChRM has
been stable since it was intruded. Since there is no significant difference between the
mean directions of site 20 and the 9 granite sites, the ChRM direction of site 20 can be
combined to recalculate the unit mean direction of the granite (D = 175.6°, I = 13.8°, N =
10, α95 = 7.8°, k = 39.3).

2.4 Discussion
There is no statistically significant difference at 95% confidence between the unit
mean ChRM directions of the fluorite veins and granite batholith (correlation test; f =
0.3837 << F = 3.232 (2σ), McFadden and Jones 1981). Thus the site mean directions for
the fluorite veins (15 sites), granite (9 sites) and the granite contact (site 20) can be
combined, giving a mean ChRM direction for the B component of D = 176.5°, I = 14.6°
(N = 25, α95 = 4.4°, k = 44.7) (Fig. 2.5) with a pole position at 35.6°N, 128.8°E (dp = 2.3°,
dm = 4.5°). This paleopole falls on the Early Pennsylvanian (Gradstein and Ogg 2004)
portion of the APWP for North America of Van der Voo (1993) (Fig. 2.7). However, the
implied paleomagnetic age of 316±8 Ma is ~58 Ma younger than the granite’s Late
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Devonian U/Pb zircon age of 374±2 Ma. There are three possibilities to consider for the
origin of this implied age: 1) a Kiaman overprint, 2) remagnetization by later
hydrothermal fluids forming the fluorite veins, and 3) tectonics.
The Kiaman Superchron represents a 50-60 Ma interval in the Pennsylvanian and
Permian during which the Earth’s magnetic field maintained a reversed polarity (Buchan
and Chandler 1999). A Kiaman overprint has been observed in many North American and
European Paleozoic sedimentary rocks (e.g. Kent and Opdyke 1978; Van der Voo 1979;
McCabe and Elmore 1989). Irving and Strong (1985) interpreted their H remanence
component in the St. Lawrence Granite to be a Kiaman overprint from low temperature
alteration that deposited hematite diffusely throughout the granite, and their N component
to be the primary magnetization acquired during cooling of the pluton. However, their N
component direction is from only 22 specimens and gives an inconsistent Early Silurian
paleopole at 11.1°N, 117.6°E, (dp = 9.1°, dm = 13.5°) that predates the Late Devonian St.
Lawrence Granite. Therefore, it is highly unlikely that their N component is a valid
primary component. Further, the main remanence carriers of the fluorite veins and granite
specimens are pyrrhotite and/or magnetite with only minor hematite. If low temperature
alteration had caused hematite deposition in the rocks as Irving and Strong (1985)
interpreted for their H component, the hematite remanence should be dominant and its
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direction should be the similar to the B component, not the observed low intensity A
component direction of this study. Excluding the results from sites SLH and RDH in the
St. Lawrence Granite of Irving and Strong (1985), we offer no explanation for the origin
of their N and H components, which were obtained from several rock units in addition to
the granite. The slight difference between the present Earth’s magnetic field direction in
the study area (average, 1900 to 2005 is D = 334°, I = 71°; IGRF-10) and the hematite A
component is likely the result of the combination of a large secondary modern weathering
component in hematite and a small primary hematite component.
Remagnetization of the granite in a later thermal event by the hydrothermal fluid
that formed the fluorite veins is highly unlikely. Strong et al. (1984) and Collins and
Strong (1988) presented a genetic model based on geochemical observations including
fluid inclusion, rare earth element and isotopic data in which the fluorite veins were
formed from late-stage hydrothermal fluids that were derived from the granite magma. In
this study, the fluorite vein specimens were collected from both the narrow high-grade
E-W and thick low-grade NNW-SSE veins, and the granite specimens were collected
from both close to and remote from the veins. There is no significant difference between
ChRM directions for the granite specimens that are close to, or remote from, the veins,
indicating no impact by later hydrothermal fluid. Further, the peak homogenization
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temperature (Tp) found in the fluorite fluid inclusions is ~485°C (Strong et al. 1984).
Since fluorite responds like calcite to a metamorphic event (Turgarinov and Vernadsky
1970; Bodnar and Bethke 1984; Goldstein and Reynolds 1994), a lower amphibolite
facies regional metamorphic event would be required to have re-equilibrated the fluorite
to give a Tp of 485°C (Barker and Goldstein 1990), whereas the granite and surrounding
country rocks provide no evidence of a metamorphic event (Strong et al. 1978). Also it is
unlikely that the small veins could carry sufficient heat to remagnetize the entire granite
batholith. Thus, it is highly unlikely that the granite was remagnetized by later
hydrothermal fluid.
Kent and Opdyke (1978) reported that upper Paleozoic sedimentary basins
within the Appalachian orogenic belt gave paleomagnetic poles that were divergent from
those from ancestral North America. They suggested the discrepancy was evidence for
large-scale (~1500 km) lateral translation of the north-central Appalachians (Acadia)
during the mid-Carboniferous. However, Irving and Strong (1984) reported that the Early
Carboniferous sedimentary rocks of the Deer Lake Group in Newfoundland (Fig. 2.1)
gave a paleopole that was not statistically different from other paleopoles from within the
orogenic belt, and they concluded that such a large scale translation did not occur during
or after Viséan time (345 Ma to 326 Ma). Subsequent studies (Johnson and Van der Voo
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1989; Morris 2002) supported Kent and Opdyke’s (1978) original observation,
concluding that paleopoles from locations within the orogenic belt are significantly
different from those sampled on the craton.
The fluorite veins sampled in this study come from both E-W trending
high-grade veins and NNW-SSE trending low-grade veins. The average dip of the veins is
almost vertical (dip azimuth = 44.4°, dip angle = 88.9° (N = 19, α95 = 3.2°, k = 114)).
Further, there is no significant difference between the mean ChRM directions of the
high-grade veins (D = 176.1°, I = 16.0°, N = 10, α95 = 6.6°, k = 55) and low-grade veins
(D = 178.7°, I = 13.3°, N = 3, α95 = 16.0°, k = 60), which makes post-emplacement tilting
of the St. Lawrence Granite improbable. The U-Pb zircon age of 374±2 Ma for the St.
Lawrence Granite (Kerr et al. 1993) corresponds to a pole position on the North American
APWP of 30°N, 110°E (A95 = 13°) (Van der Voo 1993). To match this pole position, the
declination for the ChRM of the St. Lawrence fluorite veins and granite combined (25
sites) must be rotated clockwise by 17°±11°, indicating at least that this part of the Avalon
Terrane of Newfoundland was rotated counterclockwise by 17°±11° after the granite and
fluorite veins were emplaced. The relatively large error for the rotation estimate is caused
by the large A95 value of the reference pole.
The timing of the rotation of the terrane can be determined by comparing
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northern Appalachian to cratonic North American paleopoles. Fig. 2.8 is a plot of
Carboniferous paleomagnetic poles determined from the northern Appalachians. Note that
the Late (C1, C2) and middle (C3) Carboniferous paleopoles (Table 2.2) are not
significantly different from the North American reference pole path of Van der Voo (1993).
However, the Early Carboniferous paleopole from New Brunswick and Nova Scotia (C5)
is displaced from its reference pole, whereas the paleopole from Newfoundland (C4) is
not significantly different from the reference pole (Fig. 2.8). This result indicates that,
while the mainland provinces may have been rotated or displaced, Newfoundland has not
undergone significant displacement with respect to stable North America since the
beginning of the Carboniferous. Therefore, the counterclockwise rotation of the Avalon
Peninsula occurred during Late Devonian, and was probably related to the Acadian
Orogeny. The Acadian Orogeny is generally thought to be Devonian with the upper age
limit for Acadian deformation provided by the Viséan Codroy Group cover rocks
(Waldron et al. 1998).
The paleolatitude found for the Late Devonian St. Lawrence paleopole of
7.4°±4.4° is the same at 95% confidence as the 12°±10° value for the Late Devonian
cratonic paleopole of Van der Voo (1993). The paleolatitudinal difference between the St.
Lawrence paleopole and the Early Carboniferous poles (Fig. 2.8) is attributed in part to
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apparent polar wander and in part to inclination shallowing in the sedimentary rocks
and/or the presence of modern hematite rather than to latitudinal displacement of the
terrane. The Early Carboniferous data are collected from sandstones, red beds or both red
beds and volcanics (Table 2.2). Shallowing of the inclination causes an underestimate of
the paleolatitude. Tan and Kodama (1998) reported that clay-containing sedimentary
rocks typically experience from 10° to 20° of inclination shallowing due to burial
compaction. Based on the remanence intensity for redeposited sediments as a function of
the salinity and pH of the sediment-water mixture, Katari and Tauxe (2000) reported that
magnetite is always included as a combined clay-magnetite assemblage that is the
smallest unit reoriented by a magnetic field. Also, anomalously shallow inclinations are
found worldwide in red beds (e.g. Li et al. 1988; van der Pluijm 1993; Garcés et al. 1996).
Recently Tan et al. (2007) reported rock magnetic results that indicate inclination
shallowing in red beds from the northern Appalachian Newark basin has caused a
systematic error in the APWP. In contrast, the St. Lawrence samples come from fluorite
veins and granite that are not affected by inclination shallowing, that are shown by vein
attitudes to be untilted, and in which the main remanence carriers are pyrrhotite and/or
magnetite rather than hematite.
Murthy (1983) reported paleomagnetic results for the Early Devonian
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Deadman’s Bay dikes in the Gander Zone in Newfoundland (Fig. 2.1) and suggested that
any relative motion between Acadia and cratonic North America predated the Early
Carboniferous (Mississippian). Gales et al. (1989) reported paleomagnetic results from
Silurian rocks in the Dunnage Zone and concluded that the Central Mobile Belt of
Newfoundland was adjacent to the North American craton. However, they also indicated
the possibility of a small (<10°) counterclockwise rotation of central Newfoundland.
These results are consistent with our St. Lawrence paleopole in suggesting that the
Gander,

Dunnage

and

Avalon

zones

underwent

a

minor

pre-Carboniferous

counterclockwise rotation of ~17° during the Acadian Orogeny.

2.5 Conclusions
There is no statistically significant difference at 95% confidence between the site
mean ChRM directions of the St. Lawrence fluorite veins and granite. Since no
post-granite metamorphic event is known in the area, these concordant directions indicate
that the granite and fluorite veins are coeval in origin and retain a primary remanence.
This syngenetic result agrees with a genetic model in which the fluorite veins were
formed from late-stage hydrothermal fluids that were derived from the granite magma
(Strong et al. 1984; Collins and Strong 1988). However, the pole position of St. Lawrence
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fluorite and granite falls on the Early Pennsylvanian portion of the APWP for North
America, which is much younger than the granite’s Devonian age. The declination
difference between the measured and expected paleopoles is explained by a
postemplacement counterclockwise rotation of the St. Lawrence granite region about a
vertical axis by ~17°±11°. The timing of this rotation at St. Lawrence, from the analysis
of Carboniferous paleopoles in the northern Appalachians, is Late Devonian during the
Acadian Orogeny.
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Table 2.1. Site Mean Characteristic Remanent Magnetization Directions
Site Lithology
Strike Dip NE NR
D
I
°
°
°
°
1 * fluorite vein (l) 335 87
2 granite
3
5
182.2
12.3
3 * fluorite vein (l) 125 75
4 granite
7
0
171.4
20.1
5 fluorite vein (h) 100 85
6
4
180.9
12.6
6 fluorite vein (h) 70
85
10
5
175.8
13.4
7 granite
9
0
166.8
19.2
8 fluorite vein (h) 65
88
5
5
173.7
8.0
9 granite
2
6
170.5
26.9
10 fluorite vein (h) 107 90
1
3
197.8
16.8
11 fluorite vein (h) 107 86
4
4
173.3
22.2
12 granite
5
1
184.5
23.7
13 fluorite vein (h) 105 88
3
4
161.7
7.8
14 fluorite vein (h) 105 88
4
5
177.1
29.6
15 fluorite vein (h) 85
81
4
3
169.1
0.9
16 fluorite vein (h) 95
90
1
7
177.3
30.0
17 fluorite vein (h) 280 90
8
1
180.0
15.7
18 fluorite vein (l) 300 75
5
4
177.3
18.8
19 * fluorite vein (h) 265 80
20 granite contact
9
1
171.2
0.1
21 fluorite vein (h) 110 90
1
6
169.4
21.8
22 fluorite vein (h) 303 76
4
5
183.9
5.1
23 * fluorite vein (h) 277 83
24 diabase dike
107 72
1
11
152.3
49.8
25 dike contact
15
0
121.5
-7.7
26 granite
10
0
187.4
11.6
27 fluorite vein (l) 293 83
10
0
172.8
4.0
28 fluorite vein (l) 293 83
6
0
186.2
16.9
29 granite
5
1
176.1
25.3
RDH granite
172
2
SLH granite
174
-4

α95
°
9.9
8.0
8.4
7.9
7.7
7.3
14.3
9.3
5.7
21.6
17.4
5.3
9.0
5.8
7.5
13.8
6.7
10.2
8.2
5.4
4.7
10.3
14.9
8.0
5.7
9
19

mean fluorite
15
177.0
15.0
5.7
+
10
175.6
13.8
7.8
granite
Note: * - omitted sites from average directions due to incoherent specimen directions.
High-grade veins (h) and low-grade veins (l) are determined by their strike and width.
NE - Specimen end points, NR - Remagnetization circles
Mean Declination (D), Inclination (I) and Radius of Cone of 95 % Confidence (α95)
in degrees (°) and precision parameter (k) of Fisher (1953)
RDH - Redhead (H component) and SLH - St. Lawrence village (H component) from
Irving and Strong (1985)
+
- includes the baked contact (site 20), SLH and RDH sites

k
36.2
57.8
35.2
40.8
45.4
40.8
18.4
180.5
104.9
10.8
15.4
102.3
52.2
117.6
48.5
16.0
53.1
46.9
43.6
74.3
67.6
22.8
11.4
59.8
142.6
27
11
46.0
39.3
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Table 2.2. Carboniferous paleomagnetic poles from the northern Appalachians and cratonic North America
Keyº Rock unit
Lithology
Lat Long A95 References
°N °E °
†
Late Carboniferous
C1 Combined pole of Maritimes*
42 129 3.8 Johnson and Van der Voo (1989)
C2 Combined pole of craton
40 127 6.1 Johnson and Van der Voo (1989)
mid Carboniferous†
C3 Combined pole of Maritimes*
35 121 4.2 Johnson and Van der Voo (1989)
Early Carboniferous†
DL Deer Lake Group, NL
Red to grey sandstones & siltstones 21 128
Irving and Strong (1984)
T
Terrenceville, NL
Red sandstone
27 124
Kent (1982)
SF Sprout Falls, NL
Red sandstone
29 140
Murthy (1985)
JV Jeffreys Village, NL
Red sandstone & siltstone
27 131
Murthy (1985)
FB Fisset Brook, NS
Red beds & volcanics
20 139
Johnson and Van der Voo (1989)
NB New Brunswick, NB
Red beds & volcanics
21 135
Seguin et al. (1985)
CH Cheverie Fm., NS
Red sandstone
24 152
Spariosu et al. (1984)
WR White Rock Fm., NS
Sandstone & volcanics
22 148
Spariosu et al. (1984)
ST Stellarton Graben, NS
Sandstone & conglomerate
29 131
Morris (2002)
C4 Combined pole of NL
Key poles: DL, T, SF & JV
26 131 7.9
C5 Combined pole of NB & NS
Key poles: FB, NB, CH, WR & ST 23 141 8.3
Devonian
SL St. Lawrence
Granite & fluorite veins
36 129 3.4 this study
Note: º - the symbol used to identify collection locations and poles in Figures 1 and 8.
†
- Early Carboniferous (Tournaisian & Visean), mid Carboniferous (Namurian), Late Carbonifertous (Westphalian & Stephanian).
* - Martimes includes poles from the northern Appalachian Orogen in New Brunswick (NB), Newfoundland (NL) and Nova
Scotia (NS), Canada
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Fig. 2.1 Major tectonic elements of Atlantic Canada (modified from Williams et al. 1999).
QU: Quebec, NB: New Brunswick, NL: Newfoundland and Labrador, NS: Nova Scotia.
Italic letter symbols show sampling locations for Early Carboniferous rocks listed in
Table 2.2.
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Fig. 2.2 a) Geological map of the St. Lawrence area with sampling sites of Irving and
Strong (1984) (▲) (modified from Howse et al. 1983); and, b) Geological setting of the
fluorite veins at St. Lawrence with sampling sites (●) (modified from Howse et al. 1983;
Strong et al. 1984).
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Fig. 2.3 Thermal step demagnetization of example specimens. Solid circles [open circles]
denote projection on the horizontal [vertical] plane defined by the North (N), East (E),
South (S) and West (W) [North (N), Down (D), South (S) and Up (U)] axes. Axial
intensity values (J) are expressed as a ratio of the NRM intensity (J0).
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Fig. 2.4 Vector directional density contour plots on equal area projections of the lower
hemisphere (Kamb 1959) for thermal step demagnetization data from the fluorite veins.
Density contour intervals in 2σ increments.
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Fig. 2.5 Unit mean characteristic remanent magnetization (ChRM) directions on the
lower hemisphere of an equal-area stereonet.
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Fig. 2.6 Step demagnetization of example specimens of the dike. A) Thermal step
demagnetization; and, B) Alternating field step demagnetization. Plotting conventions as
in Fig. 2.3.
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Fig. 2.7 Pole position for the combined population of fluorite vein and granite site mean
directions with its oval of 95% confidence (Table 2.2) on the apparent polar wander path
(APWP) for North America of Van der Voo (1993). Penn. = Pennsylvanian.
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Fig. 2.8 Carboniferous paleomagnetic poles from the northern Appalachians (C1, C2, C3,
C4 and C5) and St. Lawrence Granite and fluorite veins (SL) with their cones of circular
standard deviation (1σ confidence) (Table 2). The APWP for North America is
represented by a solid line with its 1σ confidence bounds (shaded area) is from Van der
Voo (1993). P: Permian, C: Carboniferous, D: Devonian, e: early, l: late.
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CHAPTER 3
Paleomagnetism of the world-class Century Zn-Pb-Ag deposits, Australia

3.1 Introduction
The Century Zn-Pb-Ag deposit is located on the Lawn Hill platform in
northwestern Queensland, Australia, at 18.7° S, 138.6°E (Fig. 3.1). It is a world-class
Zn-Pb-Ag sedimentary exhalative (SEDEX) deposit, containing 118 million tonnes (Mt)
of ore with grades of 10.2% Zn, 1.5% Pb and 36 g/t Ag (Waltho and Andrews 1993;
Broadbent et al. 1998). The Century deposit is one of five giant SEDEX deposits (Century,
HYC, Mt. Isa, George Fisher and Hilton) in the Mt. Isa – McArthur basin system (Fig.
3.1), which exhibit many similar geological and geochemical features, such as locations
close to synsedimentary faults, laminated bedding-parallel sulphide minerals in black
shales, and broad ranges of δ34S values for the sulphide minerals (Large et al. 2005).
Various genetic models – syngenetic through diagenetic to epigenetic models – have been
proposed for their origin. However, the lack of suitable minerals for high-precision
radiometric age dating has led to a lack of agreement on a given model. Symons (2007)
reported paleomagnetic results for the HYC (an acronym for “here's your chance!”)
Zn-Pb deposit in the McArthur Basin and concluded controversially that the HYC deposit
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had an epigenetic origin. This study extends the paleomagnetic approach to studying such
SEDEX deposits and provides an estimate for the mineralization age of the Century
Zn-Pb-Ag deposit.

3.2 Geology
The stratiform mineralization in the Century deposit occurs as fine parallel
lamellae in a 40 m-thick interlayered black shale and siltstone sequence belonging to the
~1595 Ma Pmh4 unit of the Proterozoic Lawn Hill Formation in the upper part of the
McNamara Group of the Lawn Hill platform in the Western Fold Belt of the Mount Isa
district (Fig. 3.1, Fig. 3.2) (Andrews 1998; Page et al. 2000). The McNamara Group was
deformed by the 1595-1500 Ma Isan orogeny, which comprises three main deformation
stages, D1, D2 and D3 (Blake et al. 1990; O’Dea et al. 1997; Broadbent et al. 1998). Local
D1 southeast to northwest compression appears to be synchronous with the main-stage
mineralization (Ord et al. 2002). The absolute age of the D1 phase of the Isan orogeny is
poorly constrained, but metamorphic zircon overgrowths in the Eastern Fold Belt of the
Mount Isa district have been interpreted to have formed at the peak of the D1 phase at
1584±17 Ma (Page 1993). D1 in the Century area is indirectly correlated with the final
stages of the D1 event of the Isan Orogeny (Ord et al. 2002). D2 is an east-west
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compression event that includes folding of the main-stage mineralization and is
interpreted to have formed at a late stage of the Isan orogeny (Broadbent et al. 1998).
Century is located adjacent to a regional synsedimentary fault, the Termite Range
fault (Fig. 3.3, Fig. 3.4), that is thought to have channelled fluids into the ore environment
(Broadbent et al. 1998). The Century ore body comprises two major blocks, the northern
and southern blocks, which are separated by the north-dipping normal Pandora’s fault that
ceased being active prior to cessation of activity along the Termite Range Fault (Waltho
and Andrews 1993; Broadbent et al. 1998) (Fig. 3.4).
The Mineralization Sequence (Fig. 3.2) is divided into four main units: a) a
series of interbedded stylolitic and sideritic siltstones and mineralized black shales that is
up to 25 m thick with individual shale and siltstone beds varying in thickness between 0.1
and 1.5 m (Unit 100); b) a black shale package about 4 to 5 m thick that is characterized
by fine sphalerite and pyrite lamellae (Unit 200); c) an ~5 m siltstone-dominated unit that
comprises interbedded black shale-siltstone layers and stylolitic and sideritic siltstone
layers (Unit 300); and, d) a shale-dominated unit that comprises of a 15 m thick
mineralized, finely laminated black shale sequence (Unit 400) (Table 3.1) (Waltho and
Andrews 1993). Sulphide mineralization is concentrated dominantly in the shale beds,
and weakly observed in the siltstone facies. Sphalerite is the most common sulphide with
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minor pyrite and galena. Chalcopyrite is rare in the main-stage mineralization (Broadbent
et al. 1998). The shale and siltstone are composed of fine-grained detrital quartz, illite and
carbonaceous matter. The clastic components of the shale and siltstone are very similar.
The main differences are their grain size, scale of layering and the amount of the
incorporated organic matter, ie the shale facies has as much as 5% total organic carbon
within the mineralization. The sphalerite is associated with significant quantities of
pyrobitumen. Sideritic carbonate with ~70% Fe is the principal iron-bearing gangue phase
(Broadbent et al. 1998).
Polito et al. (2006) reported fluid inclusion homogenization temperatures
between 74°C and 125°C from coarse-grained sphalerite in the ore zone, which are lower
temperatures than the 120°C to 160°C range calculated from vitrinite reflectance and illite
crystallinity data for the deposit. Polito et al. (2006) concluded that mineralization likely
formed at a depth of 1900 to 3100 m. According to galena Pb/Pb model ages, the main
ore-stage of mineralization at Century formed at ~1575 Ma (Carr et al. 1996). Ord et al.
(2002) quoted 1570±5 Ma as the refined age based on work by Carr (pers. comm. 2000).
This age is ~25 Ma after the 1595±6 Ma U-Pb zircon deposition age of the host shale
sequence (Page et al. 2000). Broadbent et al. (1998) proposed that the Century deposit
was formed 800 to 3000 m below the basin floor during basin inversion through late
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syndiagenetic replacement of organic-rich siltstone layers by fluids emanating from the
nearby Termite Range fault (Fig. 3.3). However, other genetic models such as the SEDEX
model have been proposed because many of the features of Century are similar to other
SEDEX deposits for which both synsedimentary and syndiagnetic processes have been
proposed (Large et al. 2005).
Regional lode deposits, such as Watson’s Lode and the Silver King lode (Fig.
3.3), occupy predominantly northeast-striking fault structures in a 10 x 20 km area to the
west and southwest of the Termite Range Fault (Broadbent et al. 1998). The fault
structures cut folds that have been correlated with the D2 event, and the fluid system
during the D2 event seems to have been responsible for the regional base-metal lode
mineralization (Broadbent et al. 1998; Ord. et al. 2002). The Watson's Lode is a vein- and
breccia-style Zn-Pb-Ag deposit that occurs within the Lawn Supersequence of the Isa
superbasin (Fig. 3.2) (Polito et al. 2006). Pb isotope model ages from galena at Watson's
Lode range from 1575 to 1485 Ma (Carr et al. 2001, cited in Polito et al. 2006).

3.3 Methods and results
3.3.1 Sampling and initial measurements
Two to four oriented block samples were collected at 24 sites (Fig. 3.4),

75
including 9 and 6 sites in mineralized zones of the north and south blocks, respectively,
and 5 sites in footwall siltstone, 3 sites in hanging wall sandstones, and 1 site in hanging
wall sideritic siltstone of the north block only (Table 3.1). The block samples were drilled
perpendicular to bedding and then sliced into 6 to 16 core specimens, each 2.4 cm
diameter and ~2.20 cm long, per site in the paleomagnetic laboratory at the University of
Windsor. The 333 specimens were stored for one month in a magnetically-shielded room
with an ambient field of ~100 γ to allow their unstable and undesirable viscous remanent
magnetization (VRM) components to substantially decay. All subsequent magnetic
measurements were done without removing the specimens from the shielded room. The
natural remanent magnetizations (NRM) of the specimens were measured on a 2G
Enterprises 755R DC-SQUID magnetometer with a specimen sensitivity limit of ~2 ×
10-6 A/m. The median NRM intensity of the mineralized specimens was 1.97 × 10-4 A/m
(quartiles: Q1 = 1.39 × 10-4, Q3 = 2.81 × 10-4) and of the sandstone and siltstone
specimens was 2.23 × 10-4 A/m (quartiles: Q1 = 1.75 × 10-4, Q3 = 3.35 × 10-4).

3.3.2 Demagnetization
One typical specimen from each site was thermally demagnetized in 27 steps up
to 680°C using a Magnetic Measurements MMTD-80 oven with the thermal steps biased
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into the diagnostic unblocking temperature ranges of the common magnetic minerals ie
goethite (80 to 140°C), pyrrhotite (260 to 340°C), magnetite (500 to 580°C), and hematite
(600 to 675°C) (Dunlop and Özdemir 1997). Most specimens, both from the mineralized
zones and host rocks, show moderate to rapid decreases in remanence intensity up to
~140°C, slower progressive decreases between 140°C to ~380°C, and then erratic
increases above ~380°C except for the sandstone specimens (Fig. 3.5). Two additional
typical specimens from each site were alternating field (AF) demagnetized in 13 steps up
to 120 mT using a Sapphire Instruments SI-4 demagnetizer. Based on the initial results,
the remaining specimens were thermally demagnetized in 3 or 4 steps up to 250°C and
then AF demagnetized in 11 steps up to 120 mT (Fig. 3.6).
All remanence directions from mineralized zone and host rock specimens were
plotted separately on Schmidt equal-area nets for each demagnetizing step using a
computer program based on the Kamb (1959) method, which gives directional density
contours in 5σ increments (e.g. Fig. 3.7). The NRM cluster was directed shallowly
upward to the north, apparently recording mostly the present Earth's magnetic field
(average 1900-2005 is D = 5°, I = -48°; IGRF-10, International Geomagnetic Reference
Field). This cluster waned rapidly between 80°C and 140°C and started to migrate above
140°C (Fig. 3.7), indicating that both VRM and modern goethite retained this initial
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direction. The mineralized specimens showed an ~70-80% intensity drop during thermal
step demagnetization between NRM and 140°C (Fig. 3.5, Fig. 3.6). Above 140°C, the
cluster migrated continually toward end points directed steeply downward to the
northwest by ~70 mT (Fig. 3.7). The specimen ChRM directions were determined using
both principal component (Kirschvink 1980) and remagnetization circle analysis (Bailey
and Halls 1984), although remagnetization circle analysis proved more effective in
determining the residual remanent components of residing magnetite and/or pyrrhotite in
a majority of cases. The specimens from host rocks also showed a single cluster of NRM
directions but started to migrate to differing directions above 140°C.
Site and unit mean directions were calculated following Fisher (1953) (Table 3.1).
The site mean ChRM directions for the mineralized specimens, excluding site 30, show
distinct clustering directions for both the north and south blocks (Fig. 3.8b). The mean
direction for the mineralization in the north block is declination (D) = 247.2°, inclination
(I) = 80.3° (number of sites (N) = 9, radius of cone of 95% confidence (α95) = 5.0°,
precision parameter of Fisher (1953) (k) = 106). In the south block mineralized zone, site
21 failed to give coherent specimen ChRM directions, and site 30 gave a mean direction
that was aberrant relative to the remaining four sites. Therefore the results of sites 21 and
30 were excluded from further analysis, giving a mean direction for the mineralization in
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the south block of D = 339.6°, I = 60.5° (N = 4, α95 = 8.9°, k = 108) (Fig. 3.8b).
Conversely, the site mean ChRM directions for the 4 hanging wall sandstones and
siltstone sites (D = 351.4°, I = -59.1°, N = 4, α95 = 29.6°, k = 10.6) and the 5 footwall
siltstones sites (D = 262.6°, I = 48.4°, N = 5, α95 = 17.1°, k = 21.0), which are all in the
north block only, are both poorly clustered and discordant with the ore block directions
(Fig. 3.8a).

3.3.3 Fold test
The 13 accepted ChRM directions for the ore sites from the north and south
blocks (Table 3.1) were compared using a paleomagnetic fold test to determine the timing
of magnetization relative to tectonic deformation. Untilting the bedding causes the
precision parameter k to increase from 23.6 at 0% unfolding to 49.3 at 100% unfolding
with the optimal bedding correction at 80±25% (2σ) unfolding, and therefore the fold test
is positive (Watson and Enkin 1993; Enkin 2003) (Fig. 3.9). For the maximum k value at
80% unfolding, the mean ChRM direction for the 13 sites in mineralization is D = 249.1°,
I = 73.8° (N = 13, α95 = 5.7°, k = 54.0) (Fig. 3.8c) (Watson and Enkin 1993). This
positive result shows that the ore ChRM either predates or mostly predates the D2
deformation stage, indicating that the mineralization retains an essentially prefolding
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magnetization.

3.3.4 SIRM acquisition test
The magnetic minerals and their effective domain size were tested using
saturation isothermal remanence (SIRM) analysis of 9 specimens ie 3 in south-block and
3 in north-block mineralization, and 1 each in hanging wall sandstone, hanging wall
siltstone, and footwall siltstone of the north block. SIRM analyses were done using a
Sapphire Instruments (SI-6) pulse magnetizer to magnetize each specimen in 13 direct
current (DC) field steps up to 900 mT. The value of 0.9 x J900 is used as saturation. The
specimens were subsequently AF demagnetized in 11 steps up to 140 mT (Fig. 3.10ab).
The rapid acquisition of SIRM to saturation at 200 mT for the hanging wall sandstone
(Fig. 3.10b) is typical of multidomain (MD) magnetite or pyrrhotite. The rest of the
specimens are not entirely saturated magnetically by ~300 mT and demagnetized
moderately rapidly to low values, indicating that the main remanence carrier is single
domain (SD) or pseudosingle domain (PSD) magnetite or pyrrhotite. The continuously
increasing SIRM acquisition above 300 mT to 900 mT indicates the presence of a minor
high-coercivity mineral ie goethite and/or hematite.
Based on the SIRM acquisition and thermal step demagnetization tests, the
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dominant magnetic mineral in the sandstones is MD magnetite. Such MD magnetite
carries a substantial VRM that easily changes direction to the ambient Earth’s magnetic
field to give an aberrant remanence direction. The AF and thermal demagnetization (Fig.
3.5) results show the presence of MD magnetite and goethite in the mineralized
specimens. However, these components are thoroughly demagnetized by heating up to
250°C so that the SD or PSD magnetite components, which carry the ChRM, can be
isolated by thermal demagnetization to 250°C and then AF step demagnetization.
Siderite is common in sedimentary carbonate rocks. Siderite may crystallize
either at shallow or deep depths during the burial of the sediments and during diagenesis
(e.g. Pye 1984; Feltrin 2007). At Century, zincian siderites formed either from
recrystallization of diagenetic siderites or through addition to the mineralized sequence
during hydrothermal alteration (Cooke et al. 2000). The spatial distribution of siderite at
Century is controlled by the lithological character of the host sediments and is most
abundant in siltstone layers (Feltrin 2007). Siderite is a paramagnetic iron mineral.
However, natural siderites oxidize rapidly when exposed to air over periods of weeks to
months, even at room temperature (Hus 1990). In addition, siderite undergoes rapid
oxidation to magnetite, maghemite or hematite above 300°C (Fig. 3.5) (Dunlop and
Özdemir 1997). The magnetic minerals generated by oxidization during thermal step
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demagnetization acquire an unwanted chemical remanent magnetization that can
overshadow the NRM of the specimens if sufficiently intense. The scattered ChRM
directions in the siltstone specimens (Fig. 3.8a) are likely due to their abundant siderite.
Although such sideritic specimens can be demagnetized by AF demagnetization, the
Century specimens also contain goethite from the oxidation of the siderite that has
coercivities of 10’s of teslas that cannot be AF demagnetized (Tauxe 1998). Therefore, it
is difficult to determine the primary remanence of the siltstone specimens at Century by
either AF or thermal demagnetization.

3.3.5 Ore concentrate
It is important for paleomagnetic age dating of ore deposits to test that the ChRM
is carried by the ore mineral(s) and/or ore-stage gangue minerals. For this purpose, 0.3 g
of Zn and Pb concentrates and of tailings from the mine's mill were subjected to
thermomagnetic analyses. Thermomagnetic curves were obtained in the temperature
range from room temperature to 700°C using a Petersen Instruments Magnetic
Measurements Variable Field Translation Balance (MMVFTB) EM. A well-defined Curie
temperature was observed around 320°C for the Pb concentrate (Fig. 3.11a), which
identifies pyrrhotite as the predominant magnetic carrier. Conversely, a continuous
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decrease of intensity up to ~400°C is observed for the Zn concentrate that records the
presence of titanomagnetite (Fig. 3.11b). The slower decreasing rate of intensity to 400°C
for the tailings than for the Zn concentrate and the remaining intensity after 600°C
indicate the presence of both titanomagnetite and hematite in tailings, although the
hematite could have been generated by the oxidation of either magnetite or siderite during
heating (Fig. 3.11c). The sudden increase in intensity around 450°C in all three tests was
caused by the transformation by oxidation of iron sulphide minerals such as pyrite and
pyrrhotite to magnetite (Tarling 1983; Dunlop and Özdemir 1997). These results indicated
that the ChRM for the mineralized zone is carried by inclusions of pyrrhotite in the galena
mineralization and of titanomagnetite in both the sphalerite mineralization and the
gangue.

3.4 Discussion
The mean ChRM direction of the ore sites after an optimal 80% bedding
correction (D = 249.1°, I = 73.8° (N = 13, α95 = 5.7°, k = 54.0) gives a pole position at
26.5°S, 107.0°E (dp = 9.2°, dm = 10.3°). This paleopole falls on the Mesoproterozoic
portion of the apparent polar wander path (APWP) for northern Australia (Fig. 3.13),
which is based tentatively by Idnurm (2000) on poorly age-constrained paleopoles from
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the Mt. Goldsworthy iron ores (MG3-I) and Yilgarn dykes (YA-I) in other cratons and on
overprint paleopoles in the McArthur Basin (OP3) and Lawn Hill platform (OP3A). From
fold tests, Idnurm (2000) interpreted both the OP3 and OP3A paleopoles to postdate the
main D3 deformation phase in the Mt. Isa Inlier. Connors and Page (1995) reported U-Pb
zircon ages from pegmatites that set a maximum and minimum age limits for D3 of
1532±7 Ma and 1480±14 Ma, respectively. Mortimer et al. (1988) reported a Rb-Sr
minimum age of 1549±63 Ma for the Gawler Craton dykes (GB). The GB pole position
(23°S, 86°E, A95 = 11°; Idnurm and Giddings 1988) is not significantly different from
OP3 (25.9°S, 76.0°E, A95 = 8.1°), indicating that the Australian cratons had likely been
assembled by 1549 Ma so that the age of GB can be used for the northern Australian
APWP. The paleomagnetic age of the Century mineralization, obtained by scaling along
the APWP, is 1558±4 Ma. Although the ore’s paleopole includes OP3A, it precedes OP3A
on the APWP and the positive fold test indicates that the mineralization predates the D2
deformation stage. The 1558±4 Ma age supports a late diagenetic replacement model for
the genesis of the Century ore body. This 1558±4 Ma age is slightly younger than the
Pb-Pb model age of the 1570±5 Ma (Carr, pers. comm. 2000, in Ord et al. 2002). The age
difference could result from the poor age constraints on this part of the APWP. The
regional Pb-Zn-Ag vein deposits display a wide range of isotope ratios with model ages
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between ~1585 Ma and ~1485 Ma (Richards 1975; Large et al. 2005). Carr et al. (2001,
cited in Large et al. 2005) interpreted these Pb-Pb data as mixed leads from at least three
different events, ie a) a very early event (~1585 Ma) that could be synsedimentary; b) a
major epigenetic event (~1575 Ma) that was responsible for the deposition of the bulk of
the Century sulphide mineralization; and, c) a later epigenetic event (~1485 Ma)
responsible for the Lawn Hill vein mineralization. Therefore, a younger age of 1570±5
Ma for the Century mineralization could be the result of mixing with a later infiltrating
Pb-bearing fluid (Feltrin et al. 2007). Since the positive paleomagnetic fold test results
indicate that the mineralization retains a primary remanence and acquired the remanence
before the D2 deformation stage, it is highly unlikely that the Century mineralization was
impacted by the later fluid. Therefore, the observed paleomagnetic age, which shows
good agreement with the Pb-Pb age, suggests that the Pb-Pb galena ratios also reflect the
mineralization age at Century.
The Mt. Isa - McArthur basin system hosts five giant SEDEX deposits (Century,
HYC, Mt. Isa, George Fisher and Hilton) which exhibit similar morphological, textural,
chemical features (Large et al. 2005). Symons (2007) reported paleomagnetic results for
the HYC Zn-Pb deposit where diagenetic and metamorphic overprints are minimal, and
found that the ChRM of both mineralized zone and host rocks gave a postfolding
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direction with an age that dictates an epigenetic origin at a depth of ~800 m. Also,
Lewchuk et al. (2004) found that the Red Dog Zn-Pb-Ag deposit in Alaska was epigenetic
in origin. These two paleomagnetic studies, plus this study, suggest that the syngenetic
and syndiagnetic models, which have been thought to be favourable for the origin of these
black shale SEDEX deposits (e.g. Large et al. 2005), may not be correct (Leach et al.
2005).

3.5 Conclusions
The positive fold test given by the ChRM directions from the mineralized zones
shows that the ore ChRM predates the D2 deformation stage of the Isan orogeny,
indicating that the mineralization retains a primary or prefolding diagenetic remanence.
Based on step demagnetization, rock magnetic tests and thermomagnetic analyses of ore,
Pb and Zn concentrates and tailings, the main remanence carriers in the Century ore are
SD or PSD titanomagnetite in sphalerite and gangue and pyrrhotite in galena along with
modern goethite and/or hematite that mostly retain the present Earth’s magnetic field
direction. The pole position for the optimum 80% tilt-corrected unit mean ChRM
direction for the Zn-Pb mineralization falls on the Mesoproterozoic portion of the APWP
for northern Australia. The paleomagnetic age of 1558±4 Ma for the Century
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mineralization is close to the previously reported Pb-Pb galena model age of 1570±5 Ma
for the mineralization at Century, and both ages support a late diagenetic replacement
model for the genesis of the Century ore body.
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Table 3.1. Site mean characteristic remanent magnetization (ChRM) directions.
k Description
Site Lithology
Block NE NR Strike Dip Dec. Inc. α95
(°) (°) (°)
(°)
(°)
(colour, grain size, lithology)
1 Unit 200 Mineralization
North 4 7 200 8 276.9 84.5 5.7 71.3 bk, vf, lam sh
2 Unit 430 Mineralization
North 2 10 160 14 240.6 77.2 6.1 58.6 bk, vf, strongly lam sh
3 Unit 450 Mineralization
North 2 9 160 14 174.1 78.4 9.2 25.9 dk gy, vf, lam sh
4 Unit 200 Mineralization
North 1 11 110 12 271.6 74.9 8.4 31.2 bk, vf, lam sh
5 Sandstone, hanging wall
North 0 8
40
7 2.9 -83.0 11.0 45.8 lt gy, md, ss
6 Sandstone, hanging wall
North 9 0 160 19 351.9 -35.4 7.3 50.4 lt gy, md, ss
7 Sandstone, hanging wall
North 12 0 160 19 355.1 -40.0 7.3 36.0 lt gy, md, ss
8 Sideritic Siltstone, hanging wall North 13 0 204 9 150.8 76.9 5.8 52.3 lt gy, f, lam stst
15 Siltstone, footwall
North 3 3
78 48 260.1 62.0 17.1 18.4 md gy, f, lam stst
16 Siltstone, footwall
North 7 0
82 33 234.8 39.4 14.3 18.8 md gy, f, lam stst
17 Siltstone, footwall
North 8 3 148 19 278.2 35.9 11.2 17.9 md gy, f, lam stst
18 Siltstone, footwall
North 7 1 158 18 267.9 38.2 5.9 89.8 md gy, f, lam stst
19 Siltstone, footwall
North 0 5 152 16 273.4 60.9 4.4 653.9 md gy, f, lam stst
20 Unit 410 Mineralization
South 3 4
82 36 344.9 57.5 8.4 59.8 bk, vf, strongly lam sh
21 Unit 160 Mineralization*
South bk, vf, lam sh
22 Unit 170 Mineralization
South 2 4
80 38 349.8 55.9 16.8 20.6 md gy, vf, lam sh
23 Unit 430 Mineralization
North 1 11 143 17 209.0 76.7 9.2 26.5 bk, vf, strongly lam sh
24 Unit 410 Mineralization
North 5 6 159 22 220.7 84.9 4.0 141.3 bk, vf, strongly lam sh
25 Unit 160 Mineralization
North 4 3 150 20 261.5 79.2 9.8 42.7 dk gy, vf, lam sh
26 Unit 150 Mineralization
North 5 7 161 14 272.0 79.3 5.9 57.7 dk gy, vf, lam sh
27 Unit 200 Mineralization
North 7 2 140 14 269.1 71.3 6.5 64.5 bk, vf, lam sh
28 Unit 410 Mineralization
South 4 1
89 32 333.1 58.9 2.5 972.4 bk, vf, strongly lam sh
29 Unit 410 Mineralization
South 2 8
76 27 325.0 68.6 4.7 120.0 bk, vf, strongly lam sh
30 Unit 200 Mineralization*
South 1 11 79 33 226.0 79.0 8.0 34.5 dk gy, vf, strongly lam sh
Notes: Mean declination (Dec.), inclination (Inc.) and radius of cone of 95% confidence (α95) in degrees and precision
parameter (k) of Fisher (1953).
NE, specimen end points; NR, remagnetization circles; colour: bk, black; gy, gray; dk, dark; md, medium; lt, light; grain
size: vf, very fine; f, fine; md, medium; lithology: sh, shale; stst, siltstone; ss, sandstone; lam, laminated
* sites omitted from average directions due to incoherent or aberrant directions.
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Fig. 3.1 Location map for the Century mine and other major Zn-Pb-Ag SEDEX mines in
the Mt. Isa - McArthur basin of northern Australia (modified from Large et al. 2005).
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Fig. 3.2 A schematic diagram of the Lawn Hill Formation stratigraphy, Century area
(modified from Waltho and Andrews 1993; Feltrin 2008). At Century, unit Pmh6 is
entirely missing below the Cambrian unconformity. BMR = the Bureau of Mineral
Resources, Geology and Geophysics; and, CRAE = CRA Exploration Pty Limited
(Waltho and Andrews 1993).
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Fig. 3.3 Simplified geology of Lawn Hill region, showing the location of the Century
Zn-Pb-Ag deposit and smaller crosscutting faults with Pb-Zn lodes in relationship to the
Termite Range fault (modified from Large et al. 2005).
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Fig. 3.4 Sampling site locations in the Century ore deposit with respect to the mine grid.
The Termite Range fault is the approximate subsurface projection.
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Fig. 3.5 Thermal step demagnetization of example specimens from sites 1, 7 and 16 with
initial NRM intensities (JNRM) of 3.45, 4.74 and 1.62 x 10-4 A/m, respectively. Solid
circles [open circles] denote projection on the horizontal [vertical] plane defined by the
North (N), East (E), South (S) and West (W) [North (N), Down (D), South (S) and Up
(U)] axes. Axial intensity values (J) are expressed as a ratio of the natural remanent
magnetization (NRM) intensity (JNRM). Some steps are labeled in °C.
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Fig. 3.6 Thermal (Th) and then alternating field (AF) step demagnetization of example
specimens of mineralization from sites 1 and 20 with initial NRM intensities (JNRM) of
3.05 and 1.57 x 10-4 A/m, respectively. The plotting conventions are as in Fig. 3.5.
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Fig. 3.7 Stereocontour plots for mineralized specimens from the north block on an
equal-area projections of the upper (NRM and 80-140°C) or lower (200°C and 20-70 mT)
hemisphere (Kamb 1959) for thermal and then AF step demagnetization data. The number
of specimens is n. The initial contour is at the 5σ level and subsequent increments
increase by 5σ. The star shows the present Earth’s magnetic field direction in the study
area.
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Fig. 3.8 An equal-area stereonet showing the site mean characteristic remanent
magnetization (ChRM) directions with their cone of 95% confidence for: a) the hanging
wall sandstones and siltstones (▼) and the footwall siltstones (▲); b) the mineralized
zones from the north (●) and south (■) blocks; and, c) the unit mean ChRM direction for
the mineralized zones with a 80% bedding correction.
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Fig. 3.9 Fold test (Watson and Enkin 1993) for the 13 mineralized zone sites showing the
change in the precision parameter (k) of Fisher (1953). Note that the best grouping of
ChRM directions occurs at 80% unfolding (dashed line) with 95% confidence error
(dotted line).
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Fig. 3.10 Saturation isothermal remanent magnetization (SIRM) intensity for example
specimens with their acquisition (solid lines; Hdc) and subsequent alternating field
demagnetization curves (dashed lines; Haf). a) Average of 6 SIRM acquisition and decay
curves with the standard deviation for 3 mineralized specimens from each of the north
and south blocks; and b) SIRM acquisition and decay curves for one specimen each from
the hanging wall sandstone (●), hanging wall siltstone (▲) and footwall siltstone (■).
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Fig. 3.11 Thermomagnetic heating curves with simple moving average (n = 5) for: a) Pb
concentrate; b) Zn concentrate; and c) tailings. The curves were measured with the
specimens in air. The expanded boxes show the heating curves up to 450°C to spot the
thermal changes before iron sulphide minerals are transformed to magnetite. The arrows
show approximate Curie temperature.
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Fig. 3.12 Pole position for the 80% tilt-corrected unit mean ChRM direction of the
mineralized zones with its oval of 95% confidence on the younger part of the apparent
polar wander path (APWP) for northern Australia of Idnurm (2000). Parts of the APWP
that are regarded as tentative are shown in light gray.
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CHAPTER 4
Paleomagnetism of the Mount Isa Zn-Pb-Cu-Ag and George Fisher Zn-Pb-Ag
deposits, Australia
4.1 Introduction
The Paleo- to Mesoproterozoic Mt. Isa-McArthur basin of the North Australian
craton contains four world-class economic black-shale-hosted base-metal deposits (Mount
Isa, George Fisher, Century and HYC) (Fig 4.1) that are generally classified as
sedimentary exhalative (SEDEX) although not all have necessarily formed by
sedimentary-exhalative processes (Large et al. 2005). Mount Isa Zn-Pb-Cu-Ag and
George Fisher Zn-Pb-Ag deposits are located ~22 km apart in the Western fold belt of the
Mount Isa inlier (Figure 4.2). The Mount Isa deposit contains 150 million metric tons
(Mt) of ore (at 7% Zn, 6% Pb and 150 g/t Ag) and George Fisher contains 108 Mt of ore
(at 11.5% Zn, 5.4% Pb, 93 g/t Ag) (Large et al. 2005). Mount Isa also includes a
world-class Cu deposit with 225 Mt at 3.3% Cu (Perkins 1990) and <100 ppb of gold
(Wilde et al. 2006). Various syngenetic, diagenetic and epigenetic models have been
proposed for the origin of these deposits. Further, the relationship between the Mount Isa
Cu and Zn-Pb-Ag orebodies has been much debated (e.g. Large et al. 2005). Given the
lack of suitable minerals for high-precision radiometric age dating to constrain ore genetic
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models, this paleomagnetic study was undertaken to try to provide additional age control.
The metamorphic grade of the host rocks in the Mt. Isa-McArthur basin ranges
from subgreenschist facies for the northern HYC and Century deposits, through
greenschist facies for the central Lady Loretta, Mt. Isa, George Fisher deposits, to
amphibolite facies for the southeastern Cannington deposit (Large et al. 2005). Symons
(2007) reported paleomagnetic results for the unmetamorphosed HYC black-shale Zn-Pb
deposit of the McArthur Basin and concluded controversially that the HYC deposit had a
postfolding epigenetic origin. Subsequently, Kawasaki et al. (2010) reported a prefolding
~1560 Ma paleomagnetic age for the Century Zn-Pb deposit in the Mt. Isa basin,
supporting a late diagenetic or epigenetic origin for the ore body. This study extends the
paleomagnetic dating approach to the black-shale Mount Isa and George Fisher deposits
where the black shales have undergone middle greenschist facies metamorphism.

4.2 Geology
4.2.1 Regional Geology
The Mount Isa and George Fisher deposits occur in the Urquhart Shale
Formation of the Mount Isa Group (Fig 4.1), immediately east of the steeply
westward-dipping Mount Isa fault (Fig 4.2) (Chapman 2004). The supracrustal volcanic

107
and sedimentary rocks of the Mount Isa Group were deposited in a series of
intracontinental extension-related basins between 1785 and 1650 Ma (Fig 4.3) (Duncan et
al. 2006), intruded by the ~1660 Ma Sybella Batholith (Fig 4.2), and subjected to multiple
regional deformation and metamorphic events during the ~1595 to 1500 Ma Isan orogeny
(Bell and Hickey 1998). The Mount Isa Group is a 4.5-6.0 km thick sequence of
carbonaceous and dolomitic siltstones, mudstones and shales that include the Urquhart
interbedded siltstones and shales (Gregory 2006).
The three recognized deformation events around Mount Isa-George Fisher are
the: early subhorizontal N-S shortening from ~1610 to 1590 Ma (D1), subvertical E-W
shortening at ~1544 Ma (D2), and subvertical E-W shortening at ~1510 Ma (D3) events
(Fig 4.2, Fig 4.4) (e.g., Page and Bell 1986; Chapman 2004). The Urquhart Shale is
truncated to the west by the D1 Paroo fault (Fig 4.4) (Bell 1983) and the early D2 Mount
Isa fault (Chapman 2004). Peak temperatures from ~350°C to ~300°C at the Mount Isa
deposit accompanied the D3 event (Chapman 2004). West of the Mount Isa and Paroo
faults, peak metamorphism occurred between D2 and D3 with metamorphic grades
increasing westward from biotite to sillimanite-K-feldspar grade toward the ~1660 Ma
Sybella batholith (Fig 4.2) (Chapman 2004).
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4.2.2 George Fisher
The George Fisher deposit is located within a 65° west-dipping limb of a D2
anticline (Fig 4.2, Fig 4.4a) (Grenfell and Haydon 2006) and consists of two similar
mineralized zones, ie the George Fisher North and George Fisher South (formerly Hilton)
mines. These mines are displaced segments of the same 3-4 km long and 300 m thick
pyritic sequence that are separated by ~2 km of barren to subeconomic pyritic shales and
siltstone as a result of the left-lateral post D3 fault movement (Chapman 2004; Grenfell
and Haydon 2006). In the North mine, the mineralization occurs as 11 stacked
strata-bound lenses that are distinguished by bedding characteristics and tuffaceous
marker beds within a ~350 m thickness of laminated pyritic siltstones (Chapman 2004).
At the South mine, the economic mineralization occurs in 7 to 10 lenses that are confined
to a 100 to 250 m thick zone of the middle Urquhart Shale (Forrestal 1990). In general,
the North mine contains wider mineralized zones at lower Pb (5.1%) but higher Zn
(10.0%) grades, whereas the South mine contains narrower high-grade orebodies with
higher Pb (6.5%) but lower Zn (8.9%) (Grenfell and Haydon 2006).

4.2.3 Mount Isa
The Mount Isa deposit is located on the western limb of a regional D2 anticline
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(Fig 4.4b) (Bell et al. 1988) and contains ~30 stratiform Zn-Pb-Ag lenses over ~650 m of
stratigraphic thickness. The Mount Isa deposit differs mainly from the George Fisher
deposit in having less stratigraphic width and greater fault-induced structural complexity
(Forrestal 1990). At Mount Isa, the Zn-Pb-Ag and Cu mineralization occur as separate
orebodies within the Urquhart Shales (Perkins et al. 1999). The Zn-Pb-Ag ores are grossly
strata-bound and stratiform with discrete biotite-, stilpnomelane- and magnetite-rich
layers adjacent to some orebodies (Wilde et al. 2006). Their fine grained sulphides occur
predominantly as: a) thinly laminated pyritic layers; b) generally sphaleritic layers with
minor galena, pyrrhotite and pyrite; c) galena-rich folded zones and breccias; and, d)
distinctly crosscutting sulphides of all types (Perkins 1997). Some stratiform Zn-Pb-Ag
lenses occur above and close to the Cu ores (Perkins et al. 1999). Conversely, the Cu
orebodies occur in large nonconformable breccia-hosted zones within a quartz-dolomite
alteration envelope that extends to the Paroo fault (Fig 4.4b). The main geometric controls
on Cu ore grade are the proximity to the fault and to D3 fold zones. High-grade Cu ore
(>2.5%) is generally associated with rocks with 80 to 100% quartz and chalcopyrite,
whereas low-grade Cu ore contains a much higher proportion of vein and breccia-matrix
dolomite (Wilde et al. 2006). Pyrrhotite is common in the Mount Isa deposit and is
interpreted to reflect the higher degree of metamorphism and/or the subsequent
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introduction of higher-temperature copper mineralization (Large et al. 2005).

4.2.4 Radiometric ages and ore genesis
U-Pb SHRIMP dating of zircons from tuffaceous beds places deposition of the
Urquhart Shale at 1652±7 Ma for Mount Isa and 1655±4 Ma for George Fisher (Page and
Sweet 1998; Page et al. 2000). Lead model ages for Zn-Pb-Ag mineralization are ~1655
Ma in both mines, indicating a synsedimentary origin for both deposits (Sun et al. 1994).
Also Perkins et al. (1999) reported a 1523±3 Ma Ar-Ar biotite age and Gregory et al.
(2008) reported a Re-Os age of 1372±4 Ma for Mount Isa Cu mineralization. The timing
of mineralization, regional deformation, and the relationship between the Cu and
Zn-Pb-Ag orebodies have suggested three models: 1) the Zn-Pb-Ag lenses are
synsedimentary whereas the Cu ores formed later by syntectonic replacement during the
Isan orogeny (e.g., Chapman 2004); 2) Cu and Zn-Pb-Ag mineralization are cogenetic
and syntectonic during the Isan orogeny (e.g. Davis 2004); and 3) both Cu and Zn-Pb-Ag
ores formed during sedimentation and early diagenesis either at or within a few tens of
meters of the sea floor (e.g. Smith 2000). At George Fisher, the lack of significant Cu
suggests that the hydrothermal system did not reach temperatures of ≥250°C to transport
copper (Huston and Large 1989).
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4.3 Methods and results
4.3.1 Sampling and initial measurements
At Mount Isa, two to four oriented block samples were collected at 13
underground sites in the Cu deposit and at 4 sites in the Black Star open pit’s Zn-Pb-Ag
zones, and at another 10 sites in George Fisher’s Zn-Pb-Ag zones (Table 4.1). From 7 to
16 specimens per site were drilled from the blocks. The 332 specimens were stored in a
magnetically-shielded room for two weeks to allow their unstable viscous remanent
magnetization (VRM) components to substantially decay. The specimens’ natural
remanent magnetizations (NRM) were measured using a 2G Enterprises 755R
DC-SQUID magnetometer. The median specimen NRM intensity for the Mount Isa Cu
deposit was 1.32 × 10-3 A/m (quartiles: Q1 = 5.10 × 10-4, Q3 = 6.05 × 10-3), and for the
Mount Isa Zn-Pb-Ag deposit was 1.40 × 10-2 A/m (quartiles: Q1 = 5.41 × 10-3, Q3 = 6.10
× 10-2), and for the George Fisher Zn-Pb-Ag specimens was 7.45 × 10-3 A/m (quartiles:
Q1 = 1.80 × 10-3, Q3 = 1.49 × 10-1).

4.3.2 Demagnetization
One typical specimen per site was thermally demagnetized in 19 steps up to
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550°C using a Magnetic Measurements MMTD-80 oven with the steps biased into the
diagnostic unblocking temperature ranges of goethite (80 to 140°C), pyrrhotite (260 to
340°C), and magnetite (500 to 580°C) (Dunlop and Özdemir 1997). Nearly all specimens
showed remanence intensity decreases between ~260°C and ~340°C that is indicative of
pyrrhotite (Fig 4.5a). A second specimen was alternating field (AF) demagnetized in 13
steps up to 120 mT using a Sapphire Instruments SI-4 demagnetizer, and a third specimen
from each site was thermally demagnetized in 11 steps up to 320°C and then AF
demagnetized in 10 steps up to 75 mT. Based on the initial results, the remaining Mount
Isa Cu deposit specimens were thermally demagnetized in 11 steps up to 320°C and then
AF demagnetized in 10 steps up to 75 mT (Fig 4.5b), and the remaining Mount Isa and
George Fisher Zn-Pb-Ag deposit specimens were thermally demagnetized in 11 or 13
steps up to 370°C (Fig 4.5cd).
All specimens’ remanence directions for each demagnetizing step from the
Mount Isa Cu and Zn-Pb-Ag, and George Fisher Zn-Pb-Ag deposits specimens were
plotted separately using Kamb’s (1959) directional density contour method. The NRM
clusters were directed shallowly upward to the north, apparently recording mostly the
present Earth's magnetic field (average 1900-2005 is D = 5°, I = -48°; IGRF-10,
International Geomagnetic Reference Field). For the Mount Isa Cu deposit specimens, the
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cluster follows a steepening inclination path but retains the 320-330°C direction through
further AF demagnetization (e.g. Fig 4.6), indicating that this direction is carried by both
pyrrhotite and magnetite, whereas for the Zn-Pb-Ag mineralization the plots show that
pyrrhotite is the sole significant characteristic remanent magnetization (ChRM) carrier.
The specimen ChRM directions were determined using both principal component
(Kirschvink 1980) and remagnetization circle analysis (Fig. 4.5e) (Bailey and Halls
1984).
Site and unit mean directions were calculated following Fisher (1953) (Table 4.1).
Sites 2, 4, 9, 11-13, and 23-25 failed individually to give sufficient coherent ChRM
directions so that these nine sites were combined and re-analyzed to obtain three “site
mean” ChRM directions (Table 4.1). Also site 20 gave an aberrant mean direction and
was excluded. The mean direction for the George Fisher deposit is declination (D) = 18.2°,
inclination (I) = -55.2° (number of sites (N) = 7, radius of cone of 95% confidence (α95) =
13.3°, precision parameter (Fisher 1953) (k) = 21.7 and for the Mount Isa Cu and
Zn-Pb-Ag deposits are D = 5.0°, I = -54.8° (N = 9, α95 = 10.2°, k = 26.3) and D = 5.1°, I
= -53.6° (N = 4, α95 = 12.8°, k = 52.7), respectively (Fig 4.7).

4.3.3 Correlation tests
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There is no statistically significant difference at 95% confidence between the unit
mean ChRM directions for the Mount Isa Cu and Zn-Pb-Ag ores (correlation test; f = 0.02
<< F = 3.44, McFadden & Jones 1981), or for the combined Mount Isa Zn-Pb-Cu-Ag and
George Fisher Zn-Pb-Ag mineralizations (f = 1.09 << F = 3.26). Thus the site mean
directions for all three deposits can be combined, giving a mean ChRM direction of D =
9.5°, I = -54.9°, N = 20, α95 = 6.3°, k = 28.1.

4.3.4 Tilt test
The 18 accepted ChRM directions for the Mount Isa and George Fisher sites
(Table 4.1) were compared using a paleomagnetic tilt test to determine whether the
ChRM predates, is coeval with, or postdates tectonic deformation (Watson and Enkin
1993; Enkin 2003). Note that re-analyzed sites (sites 2, 4 and 9, and sites 23-25) are
excluded for the tilt test. Untilting the bedding causes the precision parameter k to
decrease from 29.2 at 0% to 2.3 at 100% untilting with the optimal bedding correction at
5±10% (2σ) untilting (Fig 4.8). This negative tilt test shows that the ChRM postdates D3
deformation, indicating that the mineralization and hostrocks retain a postfolding
magnetization.
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4.3.5 SIRM acquisition test
The magnetic minerals and their effective domain size were tested using
saturation isothermal remanence (SIRM) analysis on 7 representative specimens. Using a
Sapphire Instruments (SI-6) pulse magnetizer, each specimen was magnetized in 13 direct
current (DC) field steps up to 900 mT. An intensity of 0.9 x J900 is used as the saturation
magnetization. The specimens were then AF demagnetized in 10 steps up to 120 mT (Fig
4.9ab). The rapid SIRM acquisition to saturation by 200 mT for the specimens from sites
1, 14 and 27 is typical of multidomain (MD) or pseudosingle domain (PSD) magnetite or
pyrrhotite. The continuous SIRM acquisition above 300 mT to 900 mT indicates the
presence of minor high-coercivity goethite and/or hematite. Sites 5 and 6 specimens are
not entirely saturated magnetically by ~300 mT and demagnetized moderately rapidly to
low values, indicating that the main remanence carrier is single domain (SD) or PSD
magnetite or pyrrhotite with a minor (site 6) to moderate (site 5) percentage of goethite
and/or hematite. Based on the thermal step demagnetization results, there is little goethite
in these specimens, although it was clearly observed in the Century Zn-Pb-Ag specimens
(Kawasaki et al. 2010), and therefore trace hematite is likely. Specimens from sites 18 and
21 show relatively slow acquisition of SIRM and ineffective AF demagnetization,
indicating that the main remanence carrier is coarse-grained hematite with minor
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magnetite and/or pyrrhotite.

4.3.6 Ore concentrate
It is important in paleomagnetic age dating studies of ore deposits to test, if
possible, if the ChRM is carried by the ore and/or ore-stage gangue minerals. For this
purpose, 0.2 g of Cu concentrate and of tailings from Mount Isa’s mill were subjected to
thermomagnetic and SIRM analyses. Thermomagnetic curves were obtained from room
temperature to 700°C using a Petersen Instruments Magnetic Measurements Variable
Field Translation Balance (MMVFTB). Well-defined Curie temperatures were observed at
~320°C and ~580°C for the Cu concentrate (Fig 4.10a), identifying both pyrrhotite and
magnetite, respectively, as the predominant magnetic carriers. Conversely, a continuous
intensity decrease to ~400°C is observed for the tailings that records titanomagnetite (Fig
4.10b). The sudden intensity increase around 450-500°C in all tests records the oxidation
in the oven of iron sulphides such as pyrite and pyrrhotite to magnetite (Dunlop and
Özdemir 1997).
To obtain SIRM acquisition curves for the Cu concentrate and tailings, 0.2 g
specimens were magnetized in DC field steps up to 981 mT where 0.9 x Jmax is deemed to
be saturation (Fig 4.11). Both specimens reached saturation by 300 mT, which is typical
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of MD-PSD magnetite and/or pyrrhotite in agreement with the thermomagnetic analyses.

4.4 Discussion
The overall mean ChRM direction for the ore and hostrock sites from the Mount
Isa and George Fisher deposits (D = 9.5°, I = -54.9°, N = 20, α95 = 6.3°, k = 28.1) gives a
pole position at 73.1°S, 112.0°E (δp = 6.3°, δm = 8.9°) on the Mesoproterozoic apparent
polar wander path (APWP) for northern Australia (Idnurm 2000) (Fig 4.12). This APWP
is based tentatively by Idnurm (2000) on poorly age-constrained paleopoles from: the
1800-1500 Ma Iron Prince (IP) and Iron Monarch (IMN) hematite ores in the South
Australian craton (Porath and Chamalaun 1968); the overprint component in the Mount
Isa Inlier dolerite dykes and basalts (IM) of the North Australian craton (Tanaka and
Idnurm 1994); and, on overprint paleopoles from units in the McArthur Basin (OP3 and
OP4) and Lawn Hill platform (OP3A and OP4). From fold tests, Idnurm (2000)
interpreted the OP3 and OP3A paleopoles to both postdate D3 deformation in the Mount
Isa Inlier. The IM magnetite component records 1550-1500 Ma post-metamorphic cooling
in the Mount Isa Inlier (Tanaka and Idnurm 1994). The postfolding OP4 paleopole is
related to continued Mesoproterozoic tectonism and fluid movement in northern Australia
after the peak of the Isan orogeny (Idnurm 2000). Since the 1σ cones of confidence for
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the overall mean pole of this study and for the IM pole overlap (Fig 4.12b), the two poles
do not differ at 95% confidence. Thus the overall mean ChRM of this study is postfolding
with a paleopole that postdates the ~1510 Ma D3 event of the ~1595 to 1500 Ma Isan
orogeny.
Idnurm (2000) discussed whether or not the OP4 component found in the Lawn
Hill platform could represent a Cenozoic overprint. He noted that OP4 is mainly, but not
always, associated with hematite and that it is found in different geomorphic settings from
creek beds to cliff faces across the platform, leading him to conclude that OP4 is a
Mesoproterozoic magnetization. Kawasaki et al. (2010) found that goethite formed by
Recent weathering carries the present Earth's magnetic field direction in the Century
deposit, however, either no or only trace amounts of goethite are observed in the Mount
Isa and George Fisher specimens. Their main magnetic carrier is pyrrhotite and/or
magnetite with only minor to trace hematite. Therefore, we consider also that the ChRM
in the Mount Isa and George Fisher deposits is a Mesoproterozoic metamorphic
component rather than a modern weathering component.
Large et al. (2005) summarized three alternative models for the genesis of the
Mount Isa and George Fisher deposits: 1) the Zn-Pb-Ag lenses were formed during
sedimentation whereas the Cu ores formed syntectonically during the Isan orogeny (e.g.,
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Chapman 2004); 2) the Cu and Zn-Pb-Ag mineralizations are cogenetic and were formed
syntectonically during the Isan orogeny (e.g. Davis 2004); or, 3) both Cu and Zn-Pb-Ag
ores formed during sedimentation and early diagenesis (e.g. Smith 2000). The postfolding
ChRM shows that the overall paleopole falls on the Mesoproterozoic portion of the
APWP of Idnurm (2000) and is not significantly different from the 1550-1500 Ma IM
pole by Tanaka and Idnurm (1994) (Fig. 4.12), indicating that the paleomagnetic age for
the Mount Isa and George Fisher deposits is ~1510-1500 Ma. This paleomagnetic age can
be interpreted in three possible ways: a) syntectonic formation of the Cu and Zn-Pb-Ag
mineralization during the Isan orogeny; b) the fluid flow event that formed the Cu
mineralization also remagnetized both the hostrock and the synsedimentary Zn-Pb-Ag
ore; or, c) metamorphism during the Isan orogeny remagnetized the ChRMs of both the
Cu and the Zn-Pb-Ag ore that were formed earlier during sedimentation and diagenesis.
Therefore, although paleomagnetic methods have not yielded an absolute age for either
the Cu or the Zn-Pb-Ag ores’ genesis, they do set a minimum age of ~1505±10 Ma for ore
genesis that is similar to the Ar-Ar biotite age of ~1523 Ma reported by Perkins et al.
(1999).
Recently, Gregory et al. (2008) reported a Re-Os whole-rock age of 1372±41 Ma
for the Cu mineralization at Mount Isa, which is >100 Ma less than the Ar-Ar biotite age
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of ~1523 Ma of Perkins et al. (1999). Gregory et al. (2008) interpreted the 1372±41 Ma
age to record a major hydrothermal event at Mount Isa that deposited the chalcopyrite
mineralization, although they also mentioned the possibility that Re-Os isotopes from the
Urquhart Shale mixed with those from the ore-forming fluid. Our paleomagnetic results
support the alternative mixing model for the 1372±41 Ma Re-Os age because the
paleopole position at 20°N, 59°E (A95 = 17°) from ~1360 Ma Morawa Lavas in Australia
(Idnurm and Giddings 1988) is significantly different at 95% confidence from the
combined Mount Isa and George Fisher pole position at 73.1°S, 112.0°E (A95 = 7.6°).

4.5 Conclusions
The negative fold test given by the site mean ChRM directions overall shows
that the ChRM postdates the ~1510 Ma D3 deformation stage of the Isan orogeny,
indicating that the Mount Isa region was remagnetized by the metamorphic event. Based
on step demagnetization, rock magnetic tests of core specimens, ore concentrates and
tailings, the main remanence carriers are SD or PSD pyrrhotite for Zn-Pb-Ag ore
specimens and pyrrhotite and/or magnetite for Cu ore specimens along with minor
hematite from Recent weathering that retains the present Earth's magnetic field direction.
The paleopole for the overall ChRM direction falls on the poorly defined
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Mesoproterozoic portion of the APWP for northern Australia. Thus the age of this
magnetization is ~1505±10 Ma, which is slightly older than OP4 overprint poles from
McArthur basin and Lawn Hill platform, suggesting that the ChRM of the Mount Isa and
George Fisher deposits was acquired at the last major peak of regional metamorphism
during the Isan orogeny. Thus paleomagnetic methods define a minimum age only for
both the Cu and Zn-Pb-Ag ore genesis because of the regional greenschist facies
metamorphism, and they also indicate that further paleomagnetic study to date ages of the
amphibolite facies ore deposits in the Eastern Fold Belt of the Mount Isa Inlier, such as
the Cannington Pb-Ag-Zn deposit or Osborne Cu-Au deposit, would likely be
unsuccessful.
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Table 4.1. Site mean characteristic remanent magnetization (ChRM) directions.
α95
Location
Site Lithology
Inc.
k
NE NR Strike Dip Dec.
(°)
(°)
(°)
(°)
(°)
Mount Isa deposit
underground
1 Cu Ore footwall lenses
4
5
100 50 325.8 -68.7
9.0
36.2
2* Cu Ore footwall lenses
3
3
214 40 278.5 -62.2 40.3
3.9
3 Cu Ore footwall lenses
4
3
84
87 41.9
-54.8 11.9
28.9
4* Dolomitic alteration (recrystalized shale) 2
3
22
48 206.1 -61.9 45.9
4.3
5 Dolomitic alteration (recrystalized shale) 5
3
140 59 13.1
-49.1
6.4
80.4
6 Urquhart shale
9
3
178 77 10.1
-53.8
8.9
25.0
7 Urquhart shale
2
4
174 41 40.6
-54.4 16.1
22.3
8 35 Cu Ore body
2
5
194 70 344.0 -43.8 14.0
23.2
9* 35 Cu Ore body
3
0
202 83
10 35 Cu Ore body
4
2
290 74
1.1
-46.7 20.2
12.7
11* 3000 Cu Ore body (breccia)
9
0
290 74
12* 3000 Cu Ore body (breccia)
3
2
290 74 102.6 -54.7 34.0
6.6
13* 3000 Cu Ore body (breccia)
5
0
290 74 140.6
53.5
76.3
2.0
re-analyzed (sites 2, 4 & 9)
3
7
359.0 -51.6 12.3
17.8
re-analyzed (sites 11-13)
6
7
343.4 -51.1 12.2
12.8
5.0
-54.8 10.2
26.3
Mean (N = 9)
Black Star open pit
14 5 Zn-Pb Ore body
4
1
348 84
5.3
-49.3 12.7
39.3
15 5 Zn-Pb Ore body
8
1
303 67 23.4
-63.7 12.5
18.0
16 5 Zn-Pb Ore body
2
8
273 64
3.6
-43.3
6.7
59.8
17 1 Zn-Pb Ore body
3
7
359 75 352.5 -56.4 10.9
22.8
5.1
-53.6 12.8
52.7
Mean (N = 4)
5.0
-54.4
7.3
33.2
Mount Isa mean (N = 13)
George Fisher deposit
South
18 6 Ore body
10 1
186 61
0.8
-55.6
4.8
93.0
19 6 Ore body
0
6
146 68 335.3 -69.0 13.8
40.7
20* Siltstone
6
0
178 46 145.9 -44.0
6.8
99.2
21 Siltstone
7
0
162 64
4.9
-54.6
3.5
305.0
North
22 Barren siltstone/shale
12 0
155 32 23.6
-29.5
4.7
87.3
23* D Ore body
2
1
140 36 99.2
-44.4 38.2
15.4
24* D Ore body
1
5
149 55 231.3 -70.4 19.2
17.8
25* D Ore body
2
3
187 37 236.6 -68.9 47.0
3.8
26 D Ore body
3
3
353 23 25.6
-59.6 21.6
11.8
27 G Ore body
2
3
167 60 29.0
-60.6
7.5
137.0
re-analyzed (sites 23-25)
0 11
44.7
-46.3
7.4
46.8
18.2
-55.2 13.3
21.7
George Fisher mean (N = 7)
Overall mean (N = 20)
9.5
-54.9
6.3
28.1
Notes: Mean declination (Dec.), inclination (Inc.) and radius of cone of 95% confidence (α95) in degrees and precision parameter (k)
of Fisher (1953). NE, specimen end points; NR, remagnetization circles; N, number of sites
* sites omitted from average directions due to incoherent or aberrant directions.
Sites 2, 4, 9, 11-13, and 23-25 are reanalyzed and combined to obtain ChRM direction
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Fig. 4.1 Location map for the major black-shale-hosted Zn-Pb-Ag “SEDEX” mines (●),
Zn-Pb-Ag prospect (▲), and iron-oxide Cu-Au mine (■) in the Mt. Isa - McArthur basin
of northern Australia (modified from Large et al. 2005).
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Fig. 4.2 Simplified regional geology of the Mount Isa district, showing the locations of
the Mount Isa and the George Fisher North and South mines that are hosted in the
Urquhart Shale adjacent to the Mount Isa fault zone (modified from Chapman 2004;
Large et al. 2005).
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Fig. 4.3 A schematic stratigraphy of the Mount Isa basin, showing the position of the
Mount Isa and George Fisher deposits (solid oval) with selected SHRIMP U-Pb zircon
ages from Page et al. (2000) (modified from Chapman 2004; Large et al. 2005; Gregory et
al. 2008). Abbreviations: Ck = Creek, Fm = Formation, Qzit = quartzite, Slst = siltstone,
Volcs = volcanics.
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Fig. 4.4 Simplified geologic cross sections of the: a) George Fisher South mineralization;
and, b) Mount Isa mineralization (modified from Large et al., 2005).
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Fig. 4.5 Thermal step demagnetization (sites 6, 15 and 18) and thermal and then
alternating field step demagnetization (site 2) of example specimens with initial NRM
intensities (JNRM) of 8.70 x 10-3 A/m, 3.20 x 10-1 A/m, 8.34 x 10-4 A/m and 1.89 x 10-3
A/m, respectively. Solid circles [open circles] denote projection on the horizontal
[vertical] plane defined by the North (N), East (E), South (S) and West (W) [North (N),
Down (D), South (S) and Up (U)] axes. Axial intensity values (J) are expressed as a ratio
of the natural remanent magnetization (NRM) intensity (JNRM). Some steps are labeled
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in °C or mT. e) An example (site 29) of remagnetization circle analysis to obtain the
site-mean ChRM direction. The open triangles show specimen end points with negative
inclination. The open circles show directions for specimens without end points at three
demagnetization steps with their computer-calculated remagnetization circle. The open
square shows the site-mean ChRM direction for site 29 from the combination of end point
directions and remagnetization circle intersections.
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Fig. 4.6 Stereocontour plots for underground Mount Isa Cu mine specimens on equal-area
projections of the lower hemisphere (Kamb 1959) for thermal then AF step
demagnetization data. The initial contour is at the 2σ level and subsequent increments
increase by 2σ. Upper-hemisphere remanence directions are reversed to their antipodal
direction.
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Fig. 4.7 An equal-area stereonet showing the in situ unit mean characteristic remanent
magnetization (ChRM) directions with their cones of 95% confidence for the Mount Isa
and George Fisher deposits. MI: Mount Isa underground sites, BS: Black Star open pit
sites and GF: George Fisher sites. The star shows the present Earth’s magnetic field
direction in the study area.
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Fig. 4.8 Fold test of Watson and Enkin (1993) for the 18 sites showing the change in the
precision parameter (k) of Fisher (1953). Note that the best grouping of ChRM directions
occurs at 5% unfolding (dashed line) with its 95% confidence error (dotted line; Enkin
2003).

137

Fig. 4.9 Saturation isothermal remanent magnetization (SIRM) intensity for example
specimens: a) with their acquisition in a direct field; and b) subsequent alternating field
demagnetization curves. J/J900 is the ratio of the measured intensity to the maximum
SIRM intensity at 900 mT.
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Fig. 4.10 Thermomagnetic heating curves with simple moving average (n = 5) for: a) Cu
concentrate; and, b) tailings. The curves were measured with the specimens in air. The
solid arrows show approximate Curie temperatures. The peak intensities above the dashed
line (open arrows) indicate the generation of new magnetite by oxidation in the oven
(light gray).
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Fig. 4.11 SIRM acquisition curves for Cu concentrate (○) and tailings (●). J/Jmax is the
ratio of the measured intensity to the maximum SIRM intensity at 985 mT. DC = the
direct magnetizing field.
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Fig. 4.12 a) Pole position for the unit mean ChRM direction on the younger part of the
apparent polar wander path (APWP) for northern Australia of Idnurm (2000); and, b)
enlarged view of the APWP. The pole positions in “b” are surrounded by their 1σ cones of
confidence, which, to a close approximation, are not significantly different at 95%
confidence (2σ) if they overlap. Thus, the Mt Isa and George Fisher mineralization (MIF)
is significantly different from the IP, IMN and OP4 paleopoles but not from the IM
paleopole. The cone of confidence for OP4 is within the pole’s solid circle. Parts of the
APWP that are regarded as tentative by Idnurm (2000) are shown in light gray.
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CHAPTER 5
Paleomagnetism of the Howards Pass Zn-Pb deposits, Yukon, Canada

5.1 Introduction
Sediment-hosted Pb-Zn deposits, which contain the world’s greatest lead and
zinc resources, are divided primarily into two subtypes: Mississippi Valley-type (MVT)
and sedimentary exhalative (SEDEX). The MVT deposits are the larger family. They are
carbonate-hosted epigenetic deposits that are not associated with igneous activity, and
they consist of sphalerite, galena, pyrite, dolomite and calcite (Leach et al. 2005). SEDEX
Zn-Pb deposits are a diverse group of ore deposits that are hosted by a wide variety of
siliciclastic and carbonate rocks with no obvious associated magmatic activity (Leach et
al. 2005). One of the key classification features of SEDEX deposits is that they occur as
tabular Zn-Pb-Ag deposits that contain laminated stratiform mineralization. Although
sedimentary-exhalative processes are inherent in the term “SEDEX”, these deposits have
not necessarily formed by such processes (Leach et al. 2005), leading Leach et al. (2010)
to prefer the term “clastic-dominated (CD)” Zn-Pb deposits.
The Selwyn Basin is an elongate Paleozoic marine basin containing mostly black
shales and cherts, and it is one of the most potentially productive basins for Zn-Pb-Ag CD
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deposits in the world (Fig. 5.1) (Goodfellow and Lydon 2007). Within the Selwyn Basin,
there are three areas containing Zn-Pb-Ag deposits: 1) the Anvil district in Late Cambrian
strata; 2) the Howards Pass district in Early Silurian strata; and, 3) the MacMillan Pass
district in Late Devonian strata (Goodfellow 2007). The Howards Pass district is located
in the Selwyn Mountains astride the Yukon-Northwest Territories border and consists at
present of the XY, XY Nose, XY West, Anniv Central, Anniv West, Anniv East, OP, OP
West, Brodel, HC, HC West, HP, Don, Don East, and Pelly North deposits (Selwyn
Resources Ltd. 2010) (Fig. 5.2). These Zn-Pb deposits occur along the "zinc corridor", a
local second-order basin that is oriented northwest-southeast and extends for ~35 km
(Goodfellow 2004). The Howards Pass deposits contain 385 Mt of ore with grades of 5%
Zn and 2% Pb (Selwyn Resources Ltd. 2010). A syngenetic model has been proposed for
the sulphide mineralization at Howards Pass (e.g. Goodfellow and Jonasson 1986);
however, an epigenetic origin cannot be excluded as the synsedimentary characteristics
such as laminated sulphides could be the result of a later hydrothermal event (Leach et al.
2005, 2010). The lack of suitable minerals for high-precision radiometric age dating at
Howards Pass has led to uncertainty for its ore genetic model. Paleomagnetic age dating
methods have been applied elsewhere on three world-class CD deposits (Lewchuk et al.
2004; Symons 2007; Kawasaki et al. 2010) and have provided postdepositional ages for
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these deposits. This study extends the paleomagnetic approach to dating such laminated
stratiform Zn-Pb-Ag CD deposits and aims to provide an estimate for the mineralization
age of the Howards Pass deposits.

5.2 Geology
The elongate Selwyn Basin is a marine basin that has a complex history of
extensional tectonism from Late Proterozoic to Mississippian (Goodfellow 2007). The
oldest

rocks

exposed

in

the

basin

are

a

4-6

km

thick

sequence

of

Neoproterozoic-Cambrian clastic sedimentary rocks that comprise the Windermere
Supergroup (Eisbacher 1981). The Windermere rocks are overlain by the Rabbitkettle
Formation of the lower Road River Group, which is overlain in turn by basinal-facies
chert and shale of the Ordovician-Devonian Road River Group and by chert and
autochthonous black clastic rocks of the Devonian-Mississippian Earn Group (Fig. 5.3)
(Gordey 1988).

5.2.1 Stratigraphy
The Howards Pass Zn-Pb deposits are sheet-like stratiform sulphide bodies that
range up to 50m thick and extend for ~35 kilometers along strike in the “zinc corridor”
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(Fig. 5.2). The deposits are hosted in the Middle Ordovician to Silurian Road River Group
that consists of six rock units from bottom to top: 1) ~30 m of fine-laminated pyritic
shales; 2) ~60 m of weakly pyritic, calcareous dolomitic shale; 3) ~50 m of highly
carbonaceous, black cherty shale characterized by laminated pyrite and abundant
graptolites; 4) the Zn-Pb mineralized zone that is called the Active Member and ranges up
to 50 m thick near the centre of the sub-basin; 5) ≤50 m of black phosphatic chert with
thinly bedded or interlaminated apatite; and, 6) an orange-weathering, bioturbated,
laminated mudstone (Fig. 5.3) (Goodfellow and Jonasson 1986; Goodfellow 2004). The
Road River Group is overlain by black shale, chert, and clastic units of the Earn Group.
The major sulphide minerals in the Active Member are sphalerite, galena and pyrite. The
lower part of the member’s mineralized zones contains less pyrite than the upper part.
Chalcopyrite and molybdenite occur in minor or trace amounts (Goodfellow and Jonasson
1986). Conodonts establish an Early to Middle Llandoverian age for the mineralized beds
and a Late Llandoverian age for the closely overlying Road River strata (Norford and
Orchard 1983).

5.2.2 Regional deformation
The northwest-trending folds and thrust faults in the Selwyn Basin formed in
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response to northeasterly-directed horizontal compression, which can be interpreted
following a thin-skinned detachment model (Gordey and Anderson 1993). These folds
include the open syncline that contains the Howards Pass deposits, however, no detailed
structural analysis has yet been published on the Howards Pass deposits (McClay 1991;
Selwyn Resource Ltd. 2010). Jonasson and Goodfellow (1986) surmise that these folds
were formed during the Laramide orogeny and that regional greenschist metamorphism
took place at this time. Very curiously, Goodfellow and Jonasson (1986) infer from the
conodont Colour Alteration Index (CAI) values that the regional greenschist
metamorphism took place during extensional events contemporaneous with the Middle
Devonian to Mississippian Antler Orogeny, coeval with deposition of the Lower Earn
Group. Gordey and Anderson (1993) reported from regional mapping that the formation
of these folds occurred between mid-Triassic and Late Cretaceous. The mid-Triassic age
comes from the youngest deformed beds to set a maximum age, and the Late Cretaceous
age is based on the folds that are truncated by mid-Cretaceous plutons to set a minimum
age.

5.2.3 Regional tectonics
The northern Cordilleran orogen of Yukon and Alaska is a complex
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amalgamation of autochthonous North America rocks to the ENE and allochthonous
terranes to the WSW that were assembled and accreted between Early Jurassic and Late
Cretaceous (Mair et al. 2006). Although the Selwyn Basin strata are commonly referred to
as the offshelf part of the Canadian Cordilleran miogeocline (Mair et al. 2006),
paleomagnetic studies have led to conflicting tectonic scenarios for the Selwyn Basin.
Symons et al. (2005) reported a paleomagnetic estimate of 305±125 km for the
ENE-WSW shortening across the Selwyn Basin and Mackenzie Mountains in the
southern Yukon between the Intermontane Belt (IMB) and ancestral North America.
Symons et al. (2006) reported paleomagnetic results from the ~91 Ma Deadman Pluton in
the northwestern corner of the Selwyn Basin. They found a discordant paleopole for
Deadman Pluton and attributed it to minor (~7°) north-side-up tilt of the pluton caused by
northward displacement on the Dawson thrust fault after 92 Ma. Based on paleomagnetic
studies of ~70 Ma Carmacks Group volcanics that appear to rest on rocks of the IMB and
Yukon-Tanana terranes, Enkin et al. (2006) suggested that the Selwyn Basin originated
~1950±600 km further south relative to ancestral North America. Recently Symons et al.
(2008) reported paleomagnetic results from ~97 Ma Ragged Pluton in the easternmost
Selwyn Basin. They found the Ragged Pluton’s paleopole to be concordant with its
co-eval North American reference paleopole and therefore concluded that the eastern
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Selwyn Basin has been autochthonous since the mid-Cretaceous.
Gabrielse (1967) interpreted that the coarse clastic strata of the overlying Earn
Group were derived from an unknown western landmass through thrusting or orogeny.
Gordey et al. (1987) reinterpreted the evidence and suggested that the strata represent fill
in extensional basins that were formed by continental rifting or strike-slip faulting. Smith
et al. (1993) suggested that the source for the Earn Group was the Yukon-Tanana and
related terranes that they interpreted to be a westward mid-Paleozoic allochthon. Thus
Smith et al. (1993) proposed a flexurally-extending collisional foreland model for the
Selwyn Basin during Late Devonian to Mississippian time in the Antler orogeny.
Conversely, Goodfellow (2007) suggested a continental back-arc rift model during the
Devonian.

5.2.4 Ore genesis
The Howards Pass deposits are currently thought to have formed from Zn- and
Pb- rich fluids that were discharged episodically into a stable, starved marine basin during
a period of restricted seawater circulation with resultant sulphidic, anoxic bottom waters
(e.g. Goodfellow and Jonasson 1986). Although Goodfellow and Jonasson (1986)
interpreted the laminated sulphides to be evidence of synsedimentary deposition, these
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features could be the result of sub-seafloor hydrothermal replacement (Leach et al. 2005,
2010). Faults extend to depth up which mineralizing fluids could have travelled and
mineralized favorable laminations by replacement at depth. In addition, bedded barite
mineralization is found in both much younger and older Paleozoic strata in the adjacent
area (Dawson and Orchard 1982), indicating either a much younger hydrothermal event
or multiple mineralization events. All of the deposits at Howards Pass have similar
characteristics except size, suggesting that they are part of the same hydrothermal system
(Goodfellow 2004).

5.3 Methods and results
5.3.1 Sampling and initial measurements
Five to eight short core samples were collected from each of 18 drill cores from
6 different mineralized stratiform panels in 4 different deposits (Table 5.1). The 5 to 8
short core samples were distributed about uniformly throughout the length of the drill
core’s mineralized section. Three drill cores were selected from each mineralized panel
that intersected the panel at three distinctly different angles. In the paleomagnetic
laboratory at the University of Windsor, each short core sample was drilled perpendicular
to drill core’s long axis, yielding from two to four specimens from each sample, resulting
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in a total of 339 specimens with each being 2.4 cm in diameter and ~2.20 cm long. The
cores did not have a pre-existing master orientation line or scribe line. Thus, none of the
declination data for the entire collection could be used in the remainder of the analysis.
All of the prepared specimens were stored for seven months in a magnetically-shielded
room with an ambient field of ~100 γ to allow their unstable and undesirable viscous
remanent magnetization (VRM) components to substantially decay. All subsequent
magnetic measurements were done without removing the specimens from the shielded
room. The natural remanent magnetizations (NRM) of the specimens were measured on a
2G Enterprises 755R DC-SQUID magnetometer with a specimen sensitivity limit of ~2 ×
10-6 A/m. The median NRM intensity of the specimens was 6.05 × 10-5 A/m (quartiles: Q1
= 9.91 × 10-6, Q3 = 4.94 × 10-4).

5.3.2 Demagnetization
One typical pilot specimen from each site was thermally demagnetized in 17
steps up to 490°C using a Magnetic Measurements MMTD-80 oven with the thermal
steps biased into the diagnostic unblocking temperature ranges of goethite (80 to 140°C),
pyrrhotite (260 to 340°C), and magnetite (500 to 580°C) (Dunlop and Özdemir 1997). A
second typical specimen from each site was alternating field (AF) demagnetized in 13
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steps up to 120 mT using a Sapphire Instruments SI-4 demagnetizer. A third typical
specimen from eight sites (sites 1, 2, 5, 6, 8, 12, 13 and 14) was thermally demagnetized
in 14 steps up to 400°C and then AF demagnetized in 10 steps up to 110 mT. Also, eight
specimens which had been AF demagnetized (sites 1, 2, 3, 7, 8 12, 13 and 14) were
subjected additional thermal demagnetization up to 490°C in 11 steps.
All pilot specimens tested by thermal step demagnetization showed a sharp
remanent intensity drop between 300 and 340°C and then their intensity gradually
decreased up to ~400-490°C, leaving <1% of the original NRM intensity (Fig. 5.4a). The
results indicate that negligible goethite is present in the Howards Pass specimens, unlike
specimens from the Century Pb-Zn-Ag CD deposit in Australia (Kawasaki et al. 2010),
but do indicate demagnetization first of pyrrhotite and then of titanomagnetite. Some
specimens show a sudden increase in intensity above ~400°C, caused by the
transformation by oxidation in the oven of iron sulphide minerals such as pyrite and
pyrrhotite to magnetite (Tarling 1983; Dunlop and Özdemir, 1997). About one-sixth of AF
pilot specimens show initial rapid remanence intensity decreases up to 20-30 mT (Fig.
5.4d) whereas the rest of the specimens show slow to moderate decreases up to 120 mT
(Fig. 5.4c). The rapid decreases up to 20-30 mT indicate that the main magnetic carrier in
these specimens is multidomain (MD) magnetite and/or pyrrhotite. Conversely, the slow
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to moderate intensity decreases above ~100 mT indicate the presence of pyrrhotite with
coercivities of >100 mT due to the relatively high magnetocrystalline anisotropy (Dunlop
and Özdemir 1997; Tauxe 1998). AF then thermal step demagnetization results show
clearly the presence of pyrrhotite during thermal step demagnetization (Fig. 5.4b).
Because pyrrhotite has a high coercivity that cannot be entirely AF demagnetized and
pyrrhotite is one of the main remanence carriers, the remaining 60 glued specimens were
AF demagnetized in 12 steps up to 110 mT, and the remaining 235 specimens were
thermally demagnetized in 8 steps up to 340°C and then AF demagnetized in 8 steps up to
110 mT. Thermal and then AF step demagnetization results showed that the remanence
intensity dropped sharply between 300 and 340°C and then it progressively decreased up
to 110 mT (Fig. 5.4ef), indicating the thermal demagnetization first of pyrrhotite and then
AF demagnetization of magnetite second. The potential exists for a drilling-induced
remanent magnetization (DIRM), which is typically acquired by biased steel core barrel
during drilling (Dunlop and Özdemir 1997). DIRMs are usually easily removed during
the initial steps (<200°C) of thermal demagnetization, and these specimens show little
change below 300°C (Fig. 5.4), suggesting that a DIRM is not present. As well, the 18
drill holes sampled are all oriented in different directions so that any bias would be
randomized. The specimen ChRM directions were determined using principal component
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analysis (Kirschvink 1980). The concordant ChRM directions of the pyrrhotite and
magnetite indicate that their ChRMs are coeval.
About 13% of the specimens show an apparently reversed inclination. There are
two possibilities for them: a) the directions are truly bipolar, recording normal and
reversed epochs of the Earth’s magnetic field; or, b) some short pieces of drill cores were
previously put back into the core box upside-down during logging or splitting or other
examinations. Drill cores were selected from each mineralized panel that intersected it at
three distinctly different angles (Table 5.1). Therefore, the observed ChRM inclinations
would not yield bipolar populations if the short cores had been put back upside down. For
example, a 70° ChRM inclination from a drill core with a 58° plunge would give a -46°
inclination when the short core was overturned. Since the observed negative inclinations
are similar to, but opposite from the observed positive inclinations within a given drill
core, case (b) is highly unlikely. Nonetheless, it is valid to use the absolute value of the
ChRM inclination for the following analysis.
Site mean inclinations were calculated following McFadden and Reid (1982)
(Table 5.1). The unit mean ChRM direction for each deposit was determined by the
core-magnetization-angle (CMA) method (Cioppa et al. 2000). VRM, which is typically
isolated by step demagnetization at low temperatures or low AF field strength, could not
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be used for core orientation. In general, the mean direction of VRM is aligned to the
present Earth’s magnetic field. Once the amount of rotation between the initial direction
and true direction of the VRM is calculated, then a pre-existing master orientation line is
rotated to its true position in space, giving the true orientation of the core (Cioppa et al.
2000). In this study, the drill cores do not have a pre-existing master orientation line.
Furthermore most of the VRM components have a relatively weak intensity and cannot be
clearly observed (e.g. Fig. 5.4ef). Hence the VRM method could not be used in this study.
The CMA method requires a minimum of three or more drill cores that intersect a
mineralized panel at three or more distinctly different angles. A drill core’s inclination is
defined as the angle between the specimen’s remanence inclination and the drill core’s
axis, ie the complement of the specimen’s remanence inclination. Assuming the three drill
core minimum, as done in this study, the unit mean ChRM is determined by the three
closest points of intersection for the three pairs of small circles on an equal-angle net that
are generated by rotating the drill core inclination about the drill core’s axis (e.g. Fig 5.5).
The radius of the cone of 95% confidence (α95) for a mineralized panel’s unit mean
ChRM direction is calculated by obtaining the root mean square of the three site α95
values for the panel.
A unique mean ChRM direction is determined by the CMA method for four of
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the mineralized panels (Table 5.2). Two possible ChRM directions are observed for the
XY Shallow panel and the HC West zone: a) northern direction (XY Shallow: declination
(D) = 2.0°, inclination (I) = 71.4°; HC West: D = 350.2°, I = 72.6°); and, b): northeastern
direction (XY Shallow: D = 67.7°, I = 70.0°; HC West: D = 52.3°, I = 68.3°). The mean
ChRM direction for the four panels have a unique solution is D = 10.1°, I = 61.3° (N = 4,
α95 = 9.8°, precision parameter of Fisher (1953) (k) = 88). This direction is compared
with the combined northern ChRM directions for the HC West and XY Shallow panels (D
= 356.3°, I = 72.1°, α95 = 8.4°, k = 895) and with the combined northeastern ChRM
direction for the HC West and XY Shallow panels (D = 59.7°, I = 69.3°, α95 = 12.5°, k =
401). There is no statistically significant difference at 95% confidence between the mean
ChRM directions excluding HC West and XY Shallow panel components and the mean
ChRM directions including the HC West and XY Shallow panel northern directions
(correlation test; f = 3.34 < F = 4.46, McFadden & Jones 1981). On the other hand, there
is a statistically significant difference at 95% confidence between the mean ChRM
directions excluding HC West and XY Shallow panel components and the mean ChRM
directions including the HC West and XY Shallow panel northeastern direction
(correlation test; f = 10.10 > F = 4.46, McFadden & Jones 1981). Therefore, the northern
component is used for the HC West and XY Shallow panels for further analysis (Table
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5.2).

5.3.3 Tilt test
The unit mean ChRM directions for the six mineralized panels (Fig. 5.6) were
analyzed using a paleomagnetic tilt test (Watson & Enkin 1993) to determine whether the
ChRM predates, is coeval with, or postdates tectonic deformation. The strike and dip for
each mineralized panel (Table 5.2) were calculated from the three entering intersection
points for each drill core into the mineralized Active Member by solving the “three point”
problem (Table 5.1). Untilting the bedding causes the precision parameter k for all six
panels (Fisher 1953) to decrease progressively from 77.3 at 0% untilting to 2.5 at 100%
untilting with the optimal bedding correction at 0% unfolding, and therefore the fold test
is negative (Fig. 5.7). This negative test result shows that the overall ChRM for the Active
Member postdates regional deformation. The mean ChRM direction for the Howards Pass
deposits, calculated following Fisher (1953), is D = 6.8°, I = 65.1° (N = 6, α95 = 10.9°, k
= 38.6), which is significantly different at 95% confidence from the present Earth's
magnetic field at Howards Pass (average 1910-2010 is D = 33.8°, I = 79.1°; IGRF-10,
International Geomagnetic Reference Field).
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5.3.4 SIRM acquisition test
The magnetic minerals and their effective domain size were tested by saturation
isothermal remanence (SIRM) analysis of 5 specimens in mineralization (sites 2, 9, 11, 15
and 16) and 2 specimens in host rock (sites 7 and 12). Note that the specimens from sites
12 and 15 had failed to give reliable remanence directions due to the rapid intensity decay
of the remanence on AF demagnetization (e.g. Fig. 5.4d). The SIRM analyses were done
using a Sapphire Instruments (SI-6) pulse magnetizer to magnetize each specimen in 13
direct current (DC) field steps up to 900 mT. Saturation magnetization is taken to be 90%
of the remanence intensity at 900 mT (J900; ie 0.9J900). The specimens were subsequently
AF demagnetized in 10 steps up to 120 mT (Fig. 5.8ab). The rapid acquisition of SIRM to
saturation by 200 mT for the specimens from sites 12 and 15 is typical of MD magnetite
or pyrrhotite. The rest of specimens are not entirely saturated magnetically by ~300 mT
and AF demagnetized to moderately low J/J900 values at 120 mT (Fig. 5.8b), indicating
that the main remanence carrier is single domain (SD) or pseudosingle domain (PSD)
magnetite or pyrrhotite. The continuously increasing SIRM acquisition above 300 mT to
900 mT (Fig. 5.8a) indicates the presence of a minor percentage of a high-coercivity
mineral ie goethite and/or hematite. Based on thermal step demagnetization results, there
is negligible goethite in the Howards Pass specimens so that the high coercivity mineral
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in these specimens is likely trace hematite.

5.4 Discussion
5.4.1 Mineral magnetics
Based on step demagnetization and SIRM tests, the main magnetic carriers in
nearly all specimens are SD-PSD pyrrhotite and SD magnetite with a very stable ChRM.
On the other hand, the dominant magnetic mineral of the very few specimens that failed
to give a reliable ChRM is MD magnetite, which carries a substantial VRM that easily
changes direction to the ambient Earth's magnetic field to give an aberrant remanence
direction. In most specimens once the minor VRM is removed by step demagnetization,
the resultant ChRM is very stable (Fig. 5.4aef).

5.4.2 Apparent polar wander path
The overall mean ChRM direction for the Howards Pass Zn-Pb deposits (D =
6.8°, I = 65.1°, N = 6, α95 = 10.9°, k = 38.6) gives a pole position at 74.0°N, 33.7°E (δp =
10.0°, δm = 12.4°). This paleopole falls near the early Middle Jurassic (Gradstein and
Ogg 2004) portion of the apparent polar wander path (APWP) for North America of
Besse and Couritillot (2002) (Fig. 5.9a). The slightly “off” position of the Howards Pass
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paleopole relative to the North American APWP implies the possibility that the Selwyn
Basin has undergone tectonic motion relative to the North American plate. Three tectonic
options merit consideration: a) simple clockwise rotation, b) clockwise rotation with a
short-distance of northward translation, and c) clockwise rotation with a long-distance of
northward translation. The following tectonic rotations and translations with their error
limits have been calculated following Demarest (1983).
a) Simple clockwise rotation
The first possible tectonic motion is simple clockwise rotation of the Howards
Pass region about a vertical axis. The Howards Pass paleopole is compared first with the
North American APWP (Fig. 5.9a). In Figure 5.9a, the APWP and pole position are
surrounded by their 1σ cones or boundaries of confidence, which, to a close
approximation, are not significantly different at 95% confidence (2σ) if they overlap. The
results show that the Howards Pass paleopole is barely significantly different at 95%
confidence from North American APWP. A paleomagnetic age of 170 +−10
7 Ma is

determined for the Howards Pass paleopole by a simple counterclockwise rotation of
28°±15° to best-fit the North American APWP (reference paleopole at 170 Ma: 75.5°N,
110.1°E, radius of cone of 95% confidence, A95 = 6.7°; Besse and Couritillot 2002) (Fig.
5.9a, 5.10a). Since the paleomagnetic age of 170 +−10
7 Ma provides the maximum age limit
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for this rotation and the minimum age is determined as mid-Cretaceous (Symons et al.
2008), this rotation occurred between Middle Jurassic and mid-Cretaceous following the
arrival of the IMB terrane, outboard of the Selwyn Basin, at the margin of the North
American continent in the Middle Jurassic (Greenwood et al. 1992). In this case, the
Selwyn Basin is autochthonous and deposited in place.
The observed 28°±15° clockwise rotation is attributed to thin-skin tectonics as
the IMB terranes moved northeastward over ancestral North America during Middle
Jurassic to mid-Cretaceous time. Irving and Park (1972) noted that sharp turning points or
hairpins in an APWP reflected abrupt changes in the driving and resisting forces of plates
upon collision. Thus the Early Jurassic hairpin in the North American APWP (Fig. 5.9)
could be reflecting the timing of the initial impact of the IMB terranes against North
America. The collision of the IMB terranes from the southeast against North America
caused northwest-trending folds and thrust faults in the Selwyn Basin. Although the
ChRM of the Active Member in this model could be either primary or a remagnetization,
the concordant directions of the pyrrhotite and titanomagnetite components argues for
remagnetization on the initial arrival of the IMB terranes but before the clockwise
rotation had taken place. In this model, the ChRM shows a poor fit to the North American
APWP due to the lack of translation. Evidence from the thickness of clastic units and
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paleocurrents indicates that the sediment source for the Selwyn Basin was to the west to
west-northwest of the basin (Gabrielse 1967; Gordey et al 1987). Correcting for the
indicated ~28° of rotation suggests a south-southwest to west sedimentary source for
which this model provides no evidence. Conversely, when the dominant northwest
trending folds in the Howards Pass region are rotated counterclockwise by ~28°, they fit
with collision by the IMB terranes from the southwest.
b) Clockwise rotation with short-distance northward translation

The second possible tectonic motion is clockwise rotation with a short distance
of northward translation. When the Howards Pass paleopole is compared with the rotated
North American APWP (Fig. 5.9a), it indicates an age of 170 +−10
7 Ma and to correct to this
age on the unrotated North American APWP requires a clockwise rotation and a
northward translation of 28°±15° and 6°±10°, respectively (reference paleopole at 170
Ma: 75.5°N, 110.1°E, radius of cone of 95% confidence, A95 = 6.7°; Besse and Couritillot
2002). The 6°±10° is not statistically significant at 95% confidence but nevertheless the
optimum fit requires the Selwyn Basin to have originated ~660 km southward inboard of
the IMB along the margin of ancestral North America from what is now north-central
British Columbia (Fig. 5.10b). This would imply that the Selwyn Basin is allochthonous
but was deposited on the margin of North America, and that the basin moved northward
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as a microplate by translation of ~6° and rotation clockwise by 28°±15° with the arrival
of IMB terrane. The negative fold test indicates that this motion took place before the
Middle Jurassic. The impact of the IMB from the southwest would have carried the
Selwyn Basin northward and rotated it clockwise along the North American margin
following an escape tectonic model. This model was developed by Tapponnier et al.
(1982) to describe Tibet and South China tectonics related to collision of India with Asia,
and has been applied to several other locations including the North Pacific Rim in Alaska
(Redfield et al. 2007).
Tectonic model (b) is very similar to tectonic model (a). The only difference is
that the Selwyn Basin is required to slide northward by ~6° or ~660 km. Assuming ~13
cm/yr for the terrane translation rate of the carrier Kula Plate (Engebretson et al. 1985;
Kelley 1993), it would have taken ~5.1 Ma to slide northward to its present position with
100% coupling or ~10.2 Ma with 50% coupling. A paleomagnetic age of ~170 Ma gives
enough time to slide the Selwyn Basin northward because the collision of the IMB
terranes would have started in the Early Jurassic at ~180 Ma, based on the hairpin in the
North American APWP (Fig. 5.9). Although the southwestern paleocurrent direction from
southwest does not agree with this model, the paleopole provides a better fit to the
evidence than model (a). In addition, the geographic distribution of the Omineca belt,
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which is broad in the southern Yukon and southern British Columbia but is narrow in
northern British Columbia (Gabrielse et al. 1991), might be explained by this tectonic
model, ie the Selwyn Basin’s move northward as a “thin-skin” following the arrival of the
IMB terranes may have caused the elongated hourglass-like distribution of the Omineca
belt.
c) Clockwise rotation and long-distance northward translation.

The third possible tectonic motion involves both clockwise rotation and
northward translation with the IMB terrane. Here the Howards Pass paleopole is
compared to the corrected APWP for the IMB terranes of Symons et al. (2005). The
original APWP for IMB terranes is rotated clockwise by 51°±14°, including 16°±6° since
54 Ma, and translated northward at 8.3°±7.0° between ~102 Ma and 54 Ma relative to the
North American path (Symons et al. 2005). Symons et al. (2008) reported paleomagnetic
results from ~97 Ma Ragged Pluton in the easternmost Selwyn Basin (Fig. 5.1) and
concluded that the Selwyn Basin has been autochthonous since the mid-Cretaceous at
least. Hence, the 16°±6° clockwise rotation from 54 Ma to present needs to be excluded
from the original IMB APWP to compare the results. In addition, the original APWP must
be corrected for 4° of dextral translation parallel to the Tintina fault to exclude the
Paleocene-Eocene Tintina fault motion (Fig. 5.9b). Consequently the Howards Pass
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paleopole falls on the Middle Jurassic portion of the corrected APWP for the IMB
terranes (Fig. 5.9b) and gives a paleomagnetic age of 162±7 Ma for the Howards Pass
deposits. This result suggests that the Selwyn Basin was likely part of the leading edge of
the IMB terranes and travelled with the IMB terranes until docking with North America,
thereby undergoing a clockwise rotation of 41°±16° and northward translation of 14°±10°
(Fig. 5.10c) when the Howards Pass paleopole is compared to the 162.3 Ma reference
paleopole on the North American path of 73.7°N, 149.7°E (A95 = 5.0) (Besse and
Couritillot 2002). We propose the term of “microcontinental drift model” for this motion.
The statistically nonsignificant difference from the corrected APWP for the IMB terrane
suggests that the Selwyn Basin is allochthonous and originally deposited beside the IMB
terrane.
In this tectonic model the Selwyn Basin was originally deposited and travelled as
part of the leading edge of IMB terranes. Assuming ~13 cm/yr for the terrane translation
rate, it takes ~11.8 Ma to slide to the present position with 100% coupling or ~23.6 Ma
with 50% coupling. The paleocurrent direction from southwest provides support for this
tectonic scenario, implying that the IMB terrane was the sediment source for the Earn
Group, and suggesting that the Selwyn Basin was allochthonous and traveled as part of
the IMB terrane.
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5.4.3 Regional deformation and metamorphism

The Howards Pass deposits are located in the Omineca Belt, which straddles the
boundary between the accreted terranes and ancestral North America (Gabrielse et al.
1992). The most intense metamorphism recorded in the Omineca Belt occurred in early
Middle Jurassic and was presumably linked to the arrival of the IMB terrane at the margin
of the North American continent (Greenwood et al. 1992). Either paleomagnetic age of
170 +−10
7 Ma or 162±7 Ma could be recording this metamorphic event. Norford and Orchard
(1993) reported that all conodonts from the Howards Pass deposits have “black colour”,
indicating a CAI value of 5 or post-depositional temperatures of between 300-480°C
(Epstein et al. 1977; Rejebian et al. 1987; Königshof 2003). Throughout the surrounding
Nahanni area (62-63°N, 128-130°W), the determined CAI values in the Paleozoic and
Triassic strata are similarly 5-6 (Read et al. 1991; Gordey and Anderson 1993). Therefore
Gordey and Anderson (1993) observed that the conodonts obtained their colour during a
postdepositional regional heating event with presumed temperatures of 300 to 325°C for
durations of heating from 100 to 10 million years rather than from a localized short term
(≤1 Ma) hydrothermal event. Although Gordey and Anderson (1993) suggested that this
regional heating event occurred during intrusion of the widespread mid-Cretaceous
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granitic rocks, our results indicate that it is a Middle Jurassic event following the
deformation caused by the initial orogenic interaction of the IMB terranes with North
America. Symons and Cioppa (2002) reported the relationship between CAI and
remanence unblocking temperatures. At a CAI of 5, any magnetite magnetization
unblocked up to 425°C and any pyrrhotite magnetization were formed by remagnetization
rather than being a primary remanence. Based on the thermal step demagnetization (Fig.
5.4) and SIRM tests (Fig. 5.8), the main magnetic carriers are SD-PSD pyrrhotite and
titanomagnetite. Thus the pyrrhotite component observed in the Howards Pass
mineralization is either a primary Middle Jurassic or a remagnetization component.
Although the Middle Jurassic metamorphism could have also remagnetized ChRMs that
were formed earlier during sedimentation and diagenesis, our results favours a primary
origin for the mineralization at Howard Pass.
Jonasson and Goodfellow (1986) interpreted two types of cleavage in the
Howards Pass Zn-Pb deposits: a) Silurian cleavage, and b) Laramide cleavage. They
suggested that the Silurian cleavages were formed by the pressure dissolution of
carbonate and quartz and contain mostly sphalerite and galena. They mentioned that the
formation of the new sulphide minerals in the very complex composite cleavage structure
by pressure dissolution and shortening are not observed elsewhere. The Early Jurassic
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hairpin in the North American APWP (Fig. 5.9) is likely reflecting the timing of the initial
impact of the IMB terranes against North America. This Early Jurassic impact suggests
that the cleavages, which contain residual coarse-grained sulphides, were likely formed
during the Early Jurassic collisional deformation event rather than by Silurian pressure
dissolution, indicating that the fluid flow event that formed the Zn-Pb mineralization
occurred during the Middle Jurassic metamorphic event and, therefore, that the ChRM of
Zn-Pb mineralization is primary. The concordant ChRM directions of the lower
temperature pyrrhotite and higher temperature titanomagnetite indicate that their ChRMs
are coeval, supporting a Middle Jurassic fluid flow event.
In addition to many smaller CD and MVT mineralized zones throughout the
Paleozoic stratigraphic section (Fig. 5.1), the Selwyn Basin contains three major CD
districts: 1) the Anvil district in Late Cambrian strata; 2) the Howards Pass district in
Early Silurian strata; and, 3) the MacMillan Pass district in Late Devonian strata
(Goodfellow 2007). Three major episodes of mafic volcanism have been identified in the
area, Middle-Late Cambrian, Middle Ordovician, and Middle-Late Devonian. These
volcanic pulses appear to have temporal and/or spatial relationships with the major CD
deposits in the Selwyn Basin, except for Howards Pass (Goodfellow 2004). In contrast
with most other Cordilleran CD deposits, the Howards Pass deposits did not form in an
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active extensional regime (Nelson and Colpron 2007). Goodfellow and Jonasson (1986)
inferred a stable and starved anoxic basinal setting for the Howards Pass deposits. The
tectonic setting of the Selwyn Basin has been a subject of debate due to its complex
history. The major problem is that these CD deposits are thought by Goodfellow (2007) to
be formed by synsedimentary or “SEDEX” processes. Our paleomagnetic results suggest
an epigenetic origin for the Zn-Pb mineralization at the Howards Pass deposits during the
Middle Jurassic metamorphic event, and suggest that the Selwyn Basin is allochthonous,
having been deposited on the margin of North America. This result implies that the three
major CD deposits, as well as the many smaller CD and MVT deposits, in the Selwyn
Basin might be formed by replacement during the Middle Jurassic metamorphic event. An
Early Toarcian (~183 Ma) global oceanic anoxic event (e.g. Jenkyns 1988) may have
provided the reduced environments in the sediment fill or water column that is required
for CD ore genesis. This Early Toarcian age for the anoxie event shows a good agreement
with the collision of the IMB terranes with North America started in the Early Jurassic at
~180 Ma, based on the hairpin in the North American APWP.
Geological relationships indicate that the formation of folds, including the open
syncline that contains the Howards Pass deposits, in the Selwyn Basin occurred between
mid-Triassic and Late Cretaceous (Gordey and Anderson 1993). The Middle Jurassic
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paleomagnetic age narrows the timing to Middle Triassic to Middle Jurassic and excludes
the previously proposed timing for the deformation in either the subsequent Laramide
orogeny (Jonasson and Goodfellow 1986) or the preceding Antler orogeny (Goodfellow
and Jonasson 1986). The negative paleomagnetic fold test results indicate that the ChRM
at Howards Pass is post-folding, indicating that the regional deformation must have taken
place before Middle Jurassic time and probably during the Early Jurassic. Therefore the
paleomagnetic results provide a minimum age for the regional deformation event of
~165±5 Ma.

5.5 Conclusions

Based on step demagnetization and rock magnetic tests, the main remanence
carriers are SD and/or PSD pyrrhotite and magnetite. The Howards Pass paleopole was
compared to the North American APWP and the corrected APWP for the IMB terranes.
The Howards Pass paleopole is barely significantly different at 95% confidence from
North American APWP and gives a paleomagnetic age of ~170 Ma. Conversely the
Howards Pass paleopole falls on Middle Jurassic portion at ~162 Ma on the corrected
APWP for the IMB terranes. Based on the observed ages, there are three possible tectonic
models: a) an autochthonous model with ~28° of clockwise rotation; b) an allochthonous
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model with ~28° of clockwise rotation and ~6° of northward translation; and, c) an
allochthonous model with ~41° of clockwise rotation and ~14° of northward translation.
Although all models could be true, the better fit with the North American APWP and the
geographic relationship with the Omineca Belt suggest that tectonic model (b) is most
likely. The negative fold test given by the ChRM directions shows that the ChRM of the
Howards Pass mineralized zones postdates the regional deformation stage, providing a
minimum age limit of Early Jurassic for the regional deformation event. The Middle
Jurassic paleomagnetic age and the concordant ChRM direction of the pyrrhotite and
titanomagnetite indicate that a Middle Jurassic fluid flow event formed the coarse-grained
Zn-Pb mineralization in the Howard Pass deposits at least. This fluid flow event during
the Middle Jurassic metamorphism may also have formed the fine-grained Zn-Pb
mineralization at Howards Pass as well as the other major and minor CD and MVT
mineralization throughout the Paleozoic sequence in the Selwyn Basin.

5.6 Acknowledgements

The authors gratefully thank: Selwyn Resources Ltd. for allowing access to the
study area; David Legault for his help in organizing sample collecting and other Selwyn
staff members for their help in collecting samples; and the Natural Sciences and

170
Engineering Research Council of Canada for funding this study through a Discovery
Grant to D.T.A.S.

5.7 References

Besse, J., Courtillot, V., 2002. Apparent and true polar wander and the geometry of the
geomagnetic field over the last 200 Myr. Journal of Geophysical Research, 107
(B11), 1-31.
Cioppa, M.T., Symons, D.T.A., Gillen, K.P., Lewchuk, M.T., 2000. Paleomagnetism
provides alternative core orientation methods. Oil & Gas Journal, 98, 46-53
Creaser, B., Spence, G., 2005. Crustal structure across the northern Cordillera, Yukon
Territory, from seismic wide-angle studies: Omineca Belt to Intermontane Belt.
Canadian Journal of Earth Sciences, 46, 1187-1203
Dawson, K.M., Orchard, M.J., 1982. Regional metallogeny of the northern Cordillera;
biostratigraphy, correlation and metallogenic significance of bedded barite
occurrences in eastern Yukon and western District of Mackenzie. Geological Survey
of Canada, 82-1C, 31-38
Demarest, H.H., 1983. Error analysis for the determination of tectonic rotation from
paleomagnetic data. Journal of Geophysical Research, 88, 4321-4328.

171
Dunlop, D.J., Özdemir, Ö., 1997. Rock Magnetism: Fundamentals and Frontiers.
Cambridge University Press, Cambridge, U.K., p. 45-82; 423.
Eisbacher, G.H., 1981. Sedimentary tectonics and glacial record in the Windermere
Supergroup, Mackenzie Mountains, northwestern Canada. Geological Survey of
Canada, 80-27, 40 p.
Engebretson, D.C., Cox, A, Gordon, R.G., 1985. Relative motions between oceanic and
continental plates in the Pacific Basin. Geological Society of America, Special Paper,
206, 1-59.
Enkin, R.J., Johnston, S.T., Larson, K.P., Baker, J. 2006. Paleomagnetism of the 70 Ma
Carmacks Group at Solitary Mountain, Yukon, confirms and extends controversial
results: Further evidence for the Baja British Columbia model. In: J.W. Haggart, R.J.
Enkin, J.W.H. Monger (eds.). Paleogeography of the North American Cordillera:
Evidence For and Against Large-Scale Displacements. Geological Association of
Canada, 221-232.
Epstein, A.G., Epstein, J.B., Harris, L.D., 1977. Conodont color alteration: an index to
organic metamorphism. U.S. Geological Survey Professional Paper, 995, 27 p.
Fisher, R.A., 1953. Dispersion on a sphere. Proceedings of the Royal Society of London,
A217, 295-305.

172
Gabrielse, H., Monger, J.W.H., Wheeler, J.O., Yorath, C.J., 1992. Morphogeological belts,
tectonic assemblages and terranes, Part A. In: H. Gabrielse, C.J. Yorath (eds.).
Geology of the Cordilleran Orogen in Canada. Geological Survey of Canada,
Geology of Canada, no. 4, 15-28.
Goodfellow, W.D., 2004. Geology, genesis and exploration of SEDEX Deposits, with
emphasis of the Selwyn Basin, Canada. In: M. Deb, W.D. Goodfellow (eds.).
Sediment-hsoted Lead-Zinc Sulphide Deposits: Attributes and models of some major
deposits in India, Australia and Canada. Narosa Publishing House, New Delhi,
24-99.
Goodfellow, W.D., 2007. Base metal metallogeny of the Selwyn Basin, Canada. In: W.D.
Goodfellow (ed.). Mineral Deposits of Canada: A Synthesis of Major Deposit-types,
District Metallogeny, the Evolution of Geological Provinces, and Exploration
Methods. Geological Association of Canada, Special Publication 5, 555-579.
Goodfellow, W.D., Jonasson, I.R., 1987. Environment of formation of the Howards Pass
(XY) Zn-Pb deposit, Selwyn Basin, Yukon. Canadian Institute of Mining and
Metallurgy, 37, 19-50
Goodfellow, W.D., Lydon, J.W., 2007. Sedimentary-exhalative (SEDEX) deposits. In:
W.D. Goodfellow (ed.). Mineral Deposits of Canada: A Synthesis of Major

173
Deposit-types, District Metallogeny, the Evolution of Geological Provinces, and
Exploration Methods. Geological Association of Canada, Special Publication 5,
163-183.
Gordey, S.P., 1988. Devono-Mississippian clastic sedimentation and tectonism in the
Canadian Cordilleran Miogeocline. Edited by N.J. McMillan, A.F. Embry, and D.J.
Glass. In Devonian of the World. Canadian Society of Petroleum Geologists,
Memoir 14, 1-14.
Gordey, S.P., Anderson, R.G., 1993. Evolution of the northern Cordilleran miogeocline,
Nahanni map area (105I), Yukon and Northwest Territories. Geological Survey of
Canada, Ottawa, GSC Memoir, 428, 214 p.
Gradstein, F.M., and Ogg, J.G. 2004. Geologic Time Scale 2004 – why, how, and where
next! Lethaia, 37, 175-181.
Greenwood, H.J., Woodsworth, G.J., Read, P.B., Ghent, E.D., Evenchick, C.A., 1992.
Metamorphism. In: H. Gabrielse, C.J. Yorath (eds.). Geology of the Cordilleran
Orogen in Canada. Geological Survey of Canada, Geology of Canada, no. 4,
535-570.
Jenkyns, H.C., 1988. The early Toarcian (Jurassic) anoxic event; stratigraphic,
sedimentary and geochemical evidence. American Journal of Science, 288, 101-151.

174
Kawasaki, K., Symons, D.T.A., Dawborn, T., 2010. Paleomagnetism of the world-class
Century Zn–Pb–Ag deposits, Australia. Journal of Geochemical Exploration, 106,
137-145.
Kelly, K., 1993. Relative motions between North America and oceanic plates of the
Pacific basin during the past 130 million years. M.Sc. thesis, Western Washington
University, Bellingham, Wash.
Kirschvink, J.L., 1980.The least squares line and plane and the analysis of paleomagnetic
data, Geophysical Journal of the Royal Astronomical Society, 62, 699-718.
Königshof, P., 2003. Conodont deformation patterns and textural alteration in Paleozoic
conodonts: examples from Germany and France. Senckenbergiana lethaea, 83,
149-156.
Leach, D.L., Sangster, D.F., Kelley, K.D., Large, R.R., Garven, G., Allen, C.R., Gutzmer,
J., Walters, S., 2005. Sediment-hosted lead-zinc deposits: A global perspective.
Economic Geology 100th Anniversary Volume, 561-607.
Leach D.L., Bradley, D.C., Huston, D., Pisarevsky, S.A., Taylor, R.D., Gardoll, S.J., 2010.
Sediment-hosted lead-zinc deposits in earth history. Economic Geology, 105,
593-625.
Lewchuk, M.T., Leach, D.L., Kelley, K.D., Symons, D.T.A., 2004. Paleomagnetism of the

175
Red Dog Zn-Pb massive sulfide deposit in northern Alaska. Economic Geology, 99,
1555-1567.
Mair, J.L., Hart, C.J.R., Stephens, J.R., 2006. Deformation history of the northwestern
Selwyn

Basin,

Yukon,

Canada:

Implications

for

orogen

evolution

and

mid-Cretaceous magmatism. Bulletin of the Geological Society of America, 118,
304-323.
McClay, K.R., 1991. Deformation of stratiform Zn-Pb (-barite) deposits in the northern
Canadian Cordillera. Ore Geology Reviews, 6, 435-462
McFadden, P.L., Jones, D.L., 1981. The fold test in palaeomagnetism. Geophysical
Journal of the Royal Astronomical Society, 67, 53-58
Nelson, J., Colpron, M., 2007. Tectonics and metallogeny of the British Columbia, Yukon
and Alaskan Cordillera, 1.8 Ga to the present. In: W.D. Goodfellow (ed.). Mineral
Deposits of Canada: A Synthesis of Major Deposit-types, District Metallogeny, the
Evolution of Geological Provinces, and Exploration Methods: Geological
Association of Canada, Special Publication 5, 755-791.
Norford, B.S., Orchard, M.J., 1985. Early Silurian age of rocks hosting lead-zinc
mineralization at Howards Pass: Yukon Territory and District of Mackenzie; local
biostratigraphy of Road River Formation and Earn Group. Geological Survey of

176
Canada, 83-18, 1-15
Rewad, P.B., Woodsworth, G.J., Greenwood, H.J., Ghent, E.D., Evenchick, C.K., 1991.
Metamorphic Map of the Canadian Cordillera. Geological Survey of Canada, Map
1714A. scale 1:2000000
Redfield, T.F., Scholl, D.W., Fitzgerald, P.G., Beck, M.E., 2007. Escape tectonics and the
extrusion of Alaska: Past, present, and future. Geology, 35, 1039-1042
Rejebian, V.A., Harris, A.G., Huebner, J.S., 1987. Conodont color and textural alteration;
an index to regional metamorphism, contact metamorphism, and hydrothermal
alteration. Geological Society of America Bulletin, 99, 471-479
Selwyn Resource Ltd. 2010. http://www.selwynresources.com/en/selwyn_basin.cfm
Symons, D.T.A., 2007. Paleomagnetism of the HYC Zn-Pb SEDEX Deposit, Australia:
Evidence of an epigenetic origin, Economic Geology, 102, 1295-1310.
Symons, D.T.A., Cioppa, M.T., 2002. Conodont CAI and magnetic mineral unblocking
temperatures: Implications for the Western Canada Sedimentary Basin. Physics and
Chemistry of the Earth, 27, 1189-1193
Symons, D.T.A., Harris, M.J., McCausland, P.J.A., Blackburn, W.H., Hart, C.J.R., 2005.
Mesozoic-Cenozoic paleomagnetism of the Intermontane and Yukon-Tanana terranes,
Canadian Cordillera. Canadian Journal of Earth Sciences, 42, 1163-1185

177
Symons, D.T.A., Harris, M.J., Hart, C.J.R., McCausland, P.J.A., 2006. Paleomagnetism of
the ~91 Ma Deadman pluton: Post-mid-Cretaceous tectonic motion in central Yukon.
In: D.S. Emond, G.D. Bradshaw, L.L. Lewis and L.H. Weston (eds.). Yukon
Exploration and Geology 2005. Yukon Geological Survey, 299-313.
Symons, D.T.A., Kawasaki, K., Hart, C.J.R., Harris, M.J., 2008. A paleomagnetic test for
northward tectonic transport of the eastern Selwyn Basin, northern Canadian
Cordillera: data from the mid-Cretaceous Ragged Pluton. Canadian Journal of Earth
Sciences, 45, 860-869
Tapponnier, P., Peltzer, G., Le Dain, A.Y., Armijo, R., Cobbold, P., 1982. Propagating
extrusion tectonics in Asia: new insights from simple experiments with plasticine.
Geology, 10, 611-616
Tarling, D.H., 1983. Palaeomagnetism: Principles and Applications in Geology,
Geophysics, and Archaeology. Chapman and Hall Ltd, New York, U.S.A., 379 pp.
Tauxe, L., 1998. Paleomagnetic Principles and Practice. Modern Approaches in
Geophysics, v. 17, Kluwer Academic Publishers, Dordrechit, the Netherlands., p.
37-73.
Watson, G.S., Enkin, R.J., 1993. The fold test in paleomagnetism as a parameter
estimation problem, Geophysical Research Letters, 20, 2135-2137.

178
Table 5.1. Site mean inclinations and drill core information
Length of
Drill Hole Entry point
Active Member
Zone
Panel site Intersection (m) Depth (m) Azimuth (°) Plunge (°)
Don East Flat
1
28.5
328.0
189.8
-78.2
2
18.3
97.3
122.3
-84.8
3
83.0
554.7
31.4
-51.5
Don East Inclined
4
10.2
320.0
228.5
-60.6
5
25.9
426.7
177.1
-86.3
6
21.7
302.4
178.7
-55.6
Don
7
23.2
248.7
12.9
-41.2
8
39.5
547.4
34.9
-49.5
9
88.3
0.0
10.0
-75.0
HC West
10
27.7
87.6
23.9
-67.7
11
29.7
93.3
109.2
-89.1
12
9.4
87.8
13.7
-57.7
XY
Shallow
13
47.0
53.9
120.7
-88.4
14
21.0
30.5
34.7
-68.5
15
47.0
22.3
33.1
-51.7
XY
Deep
16
27.0
993.0
219.0
-31.0
17
21.0
514.0
69.0
-85.0
18
13.0
841.0
17.0
-69.0

Characteristic Remanence
N Incl (°) α95(°)
k
14
14
15

41.2
62.1
63.6

2.2
2.8
4.2

225
148
65.7

15
13
17

39.6
60.3
27.6

6.2
2.7
2.4

26.8
163
148

16
18
13

69.2
72.8
76.6

2.4
2.8
7.4

175
109
38.4

16
16
16

79.0
69.4
70.4

2.7
2.8
2.7

151
127
148

16
12
11

70.1
78.9
65.1

1.5
2.5
1.9

403
265
434

8
6
7

6.7
59.0
76.5

1.7
9.0
3.4

755
45.3
282
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Table 5.2. Unit mean characteristic remanent magnetization (ChRM)
Mineralized zone
Don East - Flat panel
Don East - Inclined panel
Don
HC West
XY - Shallow panel
XY - Deep panel
Mean

Zone
Strike (°) Dip (°)

40
46
8
233
221
222

55
61
48
54
56
54

ChRM

Dec (°)
32.0
355.9
13.0
350.2
2.0
358.0
6.8

Incl (°)
58.0
63.1
62.0
72.6
71.4
58.7

◊ 95(°)
3.2
4.1
4.8
2.7
2.0
5.6

65.1

10.9
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Fig. 5.1 Morphogeological belts of the northern Canadian Cordillera with "SEDEX"

Zn-Pb deposits and stratiform barite deposits. The box with dashed outline indicates the
study area. Dashed lines represent major faults (modified from Creaser and Spence 2005;
Goodfellow 2007).
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Fig. 5.2 Simplified regional geology of the Howards Pass district, showing the locations

of the Howards Pass deposits (●) and “zinc corridor” (modified from Goodfellow 2007;
Selwyn Resource Ltd. 2010).
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Fig. 5.3 A schematic stratigraphy for the Howards Pass deposits (modified from

Goodfellow and Jonasson 1987; Goodfellow 2004). Age control for stratigraphic unit is
from Norford and Orchard (1983).
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Fig. 5.4 a) Thermal step demagnetization, b) alternating field (AF) and then thermal step

demagnetization, c and d) AF step demagnetization, e and f) thermal and then AF step
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demagnetization of example specimens with initial NRM intensities (JNRM) of 9.65 x 10-4
A/m, 2.81 x 10-4 A/m, 3.39 x 10-4 A/m, 1.28 x 10-5 A/m, 1.98 x 10-3 A/m and 2.73 x 10-3
A/m, respectively. Solid circles [open circles] denote projection on the horizontal
[vertical] plane defined by the North (N), East (E), South (S) and West (W) [North (N),
Down (D), South (S) and Up (U)] axes. Axial intensity values (J) are expressed as a ratio
of the natural remanent magnetization (NRM) intensity (JNRM). Some steps are labeled
in °C or mT.
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Fig. 5.5 An equal-angle stereonet shows the intersecting core-magnetization-angle

method used in ChRM orientations (XY Deep panel).
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Fig. 5.6 An equal-area stereonet showing the mineralized panel mean characteristic

remanent magnetization (ChRM) directions with their cones of 95% confidence for the
Howards Pass deposits. The star shows the present Earth’s magnetic field direction in the
study area.
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Fig. 5.7 Fold test of Watson and Enkin (1993) for the 6 ore panels showing the change in

the precision parameter (k) of Fisher (1953). Note that the best grouping of ChRM
directions occurs at 0% untilting.
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Fig. 5.8 Saturation isothermal remanent magnetization (SIRM) intensity for example

specimens: a) with their SIRM acquisition in a direct field; and b) subsequent SIRM
alternating field demagnetization curves. J/J900 is the ratio of the measured intensity to the
maximum SIRM intensity (J) at 900 mT (J900). Specimens from hostrock are plotted using
a dotted line.
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Fig. 5.9 Pole position for the unit mean ChRM direction on the North American APWP

and corrected APWP for Intermontane Belt (IMB) terranes (modified from Symons et al.
2005). Note that the corrected APWP was excluded 16° clockwise rotation from 54 Ma to
present and 4° Paleocene-Eocene Tintina fault motion. The pole positions are surrounded
by their 1σ cones of confidence, which, to a close approximation, are not significantly
different at 95% confidence (2σ) if they overlap.

190

Fig. 5.10 Simplified sketch showing approximate location of the Selwyn Basin. a) simple

rotation model; b) rotation with short northward translation model; and, c) rotation with
long northward translation model with the IMB terrane. IMB: Intermontane terrane. SB:
Selwyn Basin. Light colour parts show the past location.
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CHAPTER 6
SUMMARY

6.1 Fluorite Deposit in the St. Lawrence Granite

Paleomagnetic analysis of 359 specimens from 29 sites from the Devonian St.
Lawrence Granite and the fluorite veins within the granite or its related porphyry dikes
shows that there is no statistically significant difference at 95% confidence between the
site mean characteristic remanent magnetization (ChRM) directions carried by pyrrhotite
and/or magnetite of the granite and fluorite veins. There is no evidence of a
post-emplacement metamorphic event in the granite or surrounding country rocks. Thus
these concordant directions indicate that the granite and fluorite veins are coeval and
retain a primary remanence. However, the mean ChRM direction of the 25 vein and
granite sites yields an Early Pennsylvanian paleopole of ~316 Ma on the North American
apparent polar wander path (APWP) (Van der Voo 1993) at 35.5°N, 129.2°E (A95 = 3.4°)
that is significantly younger than the 374±2 Ma Devonian U/Pb zircon age for the granite
(Kerr et al. 1993). The 374±2 Ma U/Pb age is similar to the 378±2 Ma U/Pb age of the
Francois Granite in the Gander Zone in Newfoundland (Kerr et al. 1993), indicating a
Middle Devonian magmatic event and, therefore, it is highly unlikely that the reported
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U/Pb age is disturbed. Structural relationships of two intersecting vertical vein sets
indicate that the St. Lawrence Granite has not been tilted since the fluorite veins were
formed. Therefore, the difference between the measured and expected paleopoles is
interpreted to result from a postemplacement counterclockwise rotation about a vertical
axis of ~17° of the St. Lawrence Granite region. Analysis of Carboniferous paleopoles in
the northern Appalachian Orogen indicates the rotation of the St. Lawrence region took
place during the Late Devonian Acadian Orogeny.

6.2 Century Zn-Pb- Ag deposit

A paleomagnetic and rock magnetic study was carried out on the Century
Zn-Pb-Ag SEDEX deposit in northwestern Queensland, Australia. Paleomagnetic analysis
of 333 specimens from ore zones (15 sites), hanging wall sandstones or siltstones (4 sites),
and footwall siltstones (5 sites), using mostly thermal and then alternating field step
demagnetization, isolates a stable ChRM for the ore sites only. Only scattered ChRM
directions are observed in the hanging wall and footwall sites, probably due to the
presence of excessive amounts of siderite. Step demagnetization and rock magnetic
analyses of ore specimens, Zn and Pb concentrates, and tailings show that the main
remanence carriers are single (SD) or pseudosingle domain (PSD) inclusions of
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titanomagnetite in sphalerite and gangue, and pyrrhotite in galena with modern goethite
and/or hematite from the weathering of siderite. A paleomagnetic fold test using the
ChRM directions of the ore sites is positive, showing that the ore ChRM predates the D2
deformation of the poorly dated ~1595 to 1500 Ma Isan orogeny (Broadbent et al. 1998).
The D2 deformation is an east-west compression event that includes folding of main-stage
mineralization (Broadbent et al. 1998), and therefore the fold test shows that the
mineralization retains a primary magnetization. The optimum unit mean ChRM direction
after an 80% tilt-correction for the ore yields an Mesoproterozoic paleopole at 1558±4 Ma
on the northern Australian APWP (Idnurm 2000), which is close to the Pb-Pb model age
of the 1570±5 Ma (Carr, pers. comm., 2000, in Ord et al. 2002). Thus this result both
constrains the timing of mineralization and provides an upper age limit for D2
deformation in the Isan orogeny.

6.3 Mount Isa Zn-Pb-Cu-Ag and George Fisher Zn-Pb-Ag deposits

The Mount Isa Zn-Pb-Cu-Ag and George Fisher Zn-Pb-Ag black-shale-hosted
deposits in northwestern Queensland, Australia are in carbonaceous and dolomitic
siltstones, mudstones and shales of the ~1655 Ma Urquhart Shale Formation of the Mount
Isa Group that exhibits greenschist facies metamorphism (Large et al. 2005). Lead model
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ages for both deposits are ~1655 Ma (Page et al. 2000). Perkins et al. (1999) reported a
1523±3 Ma Ar-Ar biotite age and Gregory et al. (2008) reported a Re-Os age of 1372±4
Ma for the Mount Isa Cu mineralization. Paleomagnetic and rock magnetic analyses of
333 specimens (28 sites) isolate, excluding modern hematite, a stable ChRM carried
mainly by SD and PSD of pyrrhotite for the Zn-Pb-Ag ore specimens and of pyrrhotite
and/or titanomagnetite for the Cu ore specimens. There is little evidence of goethite in the
specimens with a viscous remanent magnetization component. A negative fold test shows
that the ChRM postdates D3 deformation of the ~1595 to 1500 Ma Isan orogeny, yielding
a Mesoproterozoic paleopole at ~1505 Ma on the northern Australian APWP (Idnurm
2000). The observed paleomagnetic age of ~1505 Ma is similar to the Ar40-Ar39 biotite
age of ~1523 Ma (Perkins et al. 1999) and it provides a minimum age for ore genesis as
well as an age for greenschist metamorphism during the last major metamorphic peak of
the Isan orogeny in the Mount Isa inlier.

6.4 Howards Pass Zn-Pb deposits

The Howards Pass district in Yukon is located in the Selwyn Basin. The district
consists at least 15 Zn-Pb deposits in the “zinc corridor”, which is oriented
northwest-southeast and extends for ~35 km. Conodonts establish an Early Silurian age
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for the mineralization’s host rocks (Norford and Orchard 1983). Paleomagnetic analysis
of 339 specimens from 18 sites in 6 different mineralized panels using mostly thermal and
then alternating field step demagnetization, isolates a stable ChRM using the
core-magnetization-angle (CMA) method (Cioppa et al. 2000). Step demagnetization and
rock magnetic analyses show that the main remanence carriers are SD or PSD pyrrhotite
and titanomagnetite. The unit mean ChRM direction gives a pole position that yields two
possible Middle Jurassic ages, ie ~170 Ma on the North American APWP (Besse and
Couritillot 2002) or ~162 Ma on the corrected APWP for Intermontane (IMB) terranes,
leading to three possible tectonic models: a) ~28° clockwise rotation; b) ~28° clockwise
rotation with ~6° northward translation; and, c) ~41° clockwise rotation with ~14°
northward translation. The first two models suggest that the Selwyn Basin was deposited
either in place (model a) or on the margin of North America (model b). Conversely the
Selwyn Basin could have been deposited beside the IMB terrane (model c). Although not
conclusive, the tectonic model (b) is more likely because of its better fit with the North
American APWP and the geographic relationship of the Selwyn Basin to the Omineca
Belt. The negative paleomagnetic fold test results indicate that the mineralization’s ChRM
at Howards Pass is post-folding, setting a minimum age for the regional deformation of
~165±5 Ma and suggesting an Early Jurassic arrival of the IMB terrane at the margin of
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the North American continent. The observed Middle Jurassic paleomagnetic age indicates
that the coarse-grained Zn-Pb mineralization in the Howard Pass deposits at least was
formed by replacement during the Middle Jurassic metamorphic event. This metamorphic
event may also have formed the fine-grained Zn-Pb mineralization as well as the other
CD and MVT deposits in the Selwyn Basin.

6.5 Future Work

The paleomagnetic age dating method has been applied to a fluorite and four
shale-hosted Zn-Pb-Ag “SEDEX” deposits because conventional radiometric age dating
has proven unsuccessful due to the lack of suitable minerals in these deposits, and
because very few previous paleomagnetic studies have been attempted to try to date the
genesis of such deposits. The successful age dating of the fluorite veins in the St.
Lawrence Granite indicates that the application of the paleomagnetic dating method to
other fluorite vein deposit, such as the world-class Montroc fluorite deposit in France
(Munoz et al. 2005), is likely to succeed in dating their genesis. In addition, the St.
Lawrence result indicates the probable counterclockwise rotation of the region,
suggesting the need for further paleomagnetic studies in the region to test this tectonic
model.
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Radiometric age dating of Zn-Pb mineralization in the black-shale “SEDEX”
deposits has proven unsuccessful in most instances due to their colloidal to ultrafine grain
size. Lewchuk et al. (2004) found paleomagnetically that the Red Dog Zn-Pb-Ag deposit
in Alaska was epigenetic in origin and that the paleopole for the Zn-Pb mineralization
shows a good agreement with a Re-Os age of 338±6 Ma from the Red Dog deposit after
correction for the Cretaceous rotation of Alaska (Morelli et al. 2004). Also Symons
(2007) reported paleomagnetic results for the HYC Zn-Pb deposit and found that the
ChRM of both its mineralized zone and host rocks gave a postfolding direction with an
age that dictates an epigenetic origin. These two paleomagnetic studies suggest that
syngenetic models, which heretofore have been favoured for the origin of these black
shale “SEDEX” deposits (e.g. Leach et al. 2005), may not be correct, leading Leach et al.
(2010) to suggest the term “clastic-dominated” (CD) Pb-Zn deposits instead of the
“SEDEX” deposits. The epigenetic age determined for the Century Zn-Pb-Ag deposit,
which is significantly younger than the host rock age, further supports with the previous
epigenetic paleomagnetic results from the HYC and Red Dog deposits. Further, the
paleomagnetic method has proven to be an efficient tool for dating fluid flow events that
form Zn-Pb mineralization in shale and therefore it should be considered for application
to other shale-hosted deposits to study their ore genesis.
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The paleomagnetic results from the Mount Isa and George Fisher deposits
provide a minimum age for ore genesis and for the age of the main regional metamorphic
event of the Isan Orogeny. The ChRM of these deposits was remagnetized by the
greenschist metamorphism, thereby potentially erasing an earlier ChRM of ore formation
age, suggesting that the application of the paleomagnetic age dating method is not
warranted for black shale-hosted deposits that have been subjected to greenschist or
higher metamorphism, unless there is clear evidences, such as fluid inclusions with
homogenization temperatures of ≤250°C, that the mineralization formed following peak
metamorphic temperatures.
The results from the Howards Pass deposits indicate that the Selwyn Basin is
likely allochthonous and has undergone ~28° counterclockwise rotation with ~6°
northward translation between the Middle Jurassic and mid-Cretaceous. So far, only two
other paleomagnetic studies have been carried out in the Selwyn Basin that were from
younger Cretaceous plutons (Symons et al. 2006, Symons et al. 2008). Hence further
paleomagnetic studies are needed from the Selwyn Basin, particularly from Jurassic or
older rocks, to test the basin’s tectonics.
A major question for paleomagnetic age dating of ore deposits is whether or not
the ChRM is carried by the ore mineral(s) and/or ore-stage gangue minerals. This study
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and previous studies (e.g. Symons 2007) show that ore minerals have pyrrhotite and/or
titanomagnetite inclusions that carry the ChRM. To strengthen the validity of the
paleomagnetic dating technique, it would be valuable to better characterize the magnetic
inclusions in the ore minerals through a detailed examination of their rock magnetic
properties and of other characteristics in order to develop tests to identify them and locate
their host minerals.
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