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“It is precisely for this that I love geology. It is infinite and ill defined: like poetry, it

immerses itself in mysteries and floats among them without drowning. It does not
manage to lay bare the unknown, but it flaps the surrounding veils to and fro; and every

so often gleams of light escape and dazzle one’s vision.”
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Frontispiece: Bonnet Plume River valley, Wernecke Mountains, Yukon, Canada
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ABSTRACT

The large scale Wernecke Breccia system occurs throughout the 13 km-thick Early
Proterozoic Wernecke Supergroup (WSG) and is spatially associated with regional-
scale faults. Breccia emplacement made use of pre-existing crustal weaknesses and
permeable zones; metaevaporitic rocks in the lower WSG may be intimately related to
breccia formation. The breccia bodies host vein and disseminated iron oxide-copper-
gold + uranium * cobalt mineralisation and are associated with extensive sodic and/or
potassic metasomatic alteration overprinted by pervasive carbonate alteration. Multiple
phases of brecciation, alteration and mineralisation are evident. Six widely spaced
breccia bodies that occur in different part of the WSG were examined in this study (i.e.
Slab, Hoover, Slats-Frosty, Slats-Wallbanger, Igor and Olympic). New information
includes geological, paragenetic, geochronological, isotopic, fluid inclusion
thermometric and compositional data.

Re-Os analyses of molybdenite from a late-stage vein that cross-cuts breccia
gave model ages of 1601 £ 6 and 1609 + 6 Ma. These ages range from older than to
within error of the ca. 1594.8 + 4.6 Ma published U-Pb (titanite) date for breccia in the
same area. A second molybdenite sample from a late-stage vein gave a Re-Os model
age of 1648 + 5.97 Ma. This date is considered analytically sound but the significance
of it is not clear as it is believed to cut the ca. 1595 Ma breccia. Step heating *°Ar-°Ar
analyses carried out on muscovite from Wernecke Breccia matrix, a syn-breccia vein
and two late-stage veins yielded dates of 1178.0 £ 6.1, 1135.0 £ 5.5, 1052 + 10 and
996.7 + 8 Ma respectively. These dates are significantly younger than the minimum age
(ca. 1380 Ma) of Wernecke Breccia indicated by cross-cutting relationships and must
have been reset. Samples submitted for U-Pb and Pb-Pb analyses gave discordant
results that cannot be used to constrain the age of Wernecke Breccia or Wernecke
Supergroup.

Fluids that formed Wernecke Breccia were hot (185-350 °C), saline (24-42 wt.
% NaCl eq.) NaCl-CaCl, brines. Isotopic compositions for hydrothermal minerals range
from: 8" Cearbonate = -7 t0 +1 %o (PDB), 8" Ocarbonate = -2 and 20 %o (SMOW),

87*S pyritechalcopyrite = -13 0 +14 %0 (CDT) and 8**Sparire = 7 to 18 %o. Calculated 8'*Opyig =
-8 to +14 %« The isotopic compositions indicate fluids were likely derived from

formation/metamorphic water mixed with variable amounts of organic water + evolved
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meteoric and/or evolved seawater. Metals and sulphur were probably derived from host
strata and fluids circulated via tectonic (and/or gravity) processes. Magmatic waters are
considered less likely as a fluid source because the isotopic data do not have a magmatic
signature and mafic to igneous rocks spatially associated with the breccia are
significantly older (i.e. ca. 1710 vs. 1600 Ma) thus ruling out a genetic connection. This
suggests IOCG mineralisation can occur in non-magmatic environments and a division
of the broad IOCG class into magmatic and non-magmatic end-members, with hybrid
types in between, is suggested that reflects the involvement of magmatic and non-
magmatic fluids. Wernecke Breccia and Redbank are representative of non-magmatic
end-members, Lightning Creek is a magmatic end-member and hybrid types include

Ernest Henry and Olympic Dam.
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breccia-associated IOCG prospects included in this study (modified from
Thorkelson, 2000).

Simplified geology map of the study area (for details see Thorkelson, 2000 and
Thorkelson et al., 2002). Legend shows approximate stratigraphic position of [OCG
prospects included in this study.

Time stratigraphic column of the study area showing major depositional, intrusive
and deformational events (modified from Thorkelson, 2000).

WSG a) stratigraphic column, see text and Table 1 for unit descriptions (information
from Delaney, 1981), b) typical FLG, c) probable meta-evaporite in F-Tr, d) typical
Quartet Group and e) GLG stromatolitic dolostone.

View of Slab mountain and Slab ridge (looking south) showing location of
metaevaporites. Insets: detail of metaevaporites in outcrop showing one thick
(labelled) and several narrow (light coloured) scapolite-rich layers and detail of
solution breccia that overlies metaevaporites.

Examples of Wernecke Breccia: a) clast supported breccia, Slab area, b) matrix
supported breccia, Olympic area, c) breccia with abundant clasts of earlier breccia,
Slab area, d) photomicrograph of Wernecke Breccia matrix (crossed polars) made
up dominantly of sedimentary rock fragments, carbonate, feldspar, lesser quartz and
minor hematite and magnetite, e) sharp contact between breccia and phyllitic
metasiltstone, Hoover area, f) crackle brecciated metasiltstone from a gradational
breccia contact, Hoover area.

Slab mountain area showing location of ‘Slab mountain’, ‘Slab ridge’, ‘Slab creek’,
Bonnet Plume River, fold axial trace in the river valley, Wernecke Breccia, high
strain zone, breccia that contains deformed clasts of phyllite and large clast of Slab
volcanics with some of the flows outlined.

Hoover area showing location of FLG, Quartet Group, marker carbonate horizon

and upper and lower breccias. (Photo taken by DJ Thorkelson).



9.

10.

11.

12.

13.

14.

Igor area showing location of ‘Igor ridge’, fold axial trace in ‘Igor creek’, Wernecke
Breccia, Quartet Group and Cambrian strata.

Examples of alteration and mineralization: a) grey sodic-altered breccia, b) red
potassic-altered breccia, c) biotite-scapolite alteration in FLG metasiltstone cut by
albite veins, cross-cut by calcite vein, d) potassic-altered Quartet Group
metasiltstone cut by dolomite-chalcopyrite vein, e) ankerite-magnetite vein cutting
FLG, Slab prospect, ) massive chalcopyrite-pyrite vein cutting FLG, Slab prospect,
g) clast of massive sulphide in breccia, Slab prospect, h) calcite-chalcopyrite vein
cutting FL.G, Slab prospect and i) chalcopyrite forming matrix to breccia, Hoover
prospect.

Composition of a) feldspar and b) carbonate in Wernecke samples, based on
microprobe data. Analyses were obtained with the James Cook University electron
microprobe in wavelength dispersive mode, at an accelerating voltage of 15 kV and
a current of 20 nA.

Examples of mineralization and deformation: a) massive magnetite-coarsely
crystalline hematite-ankerite-quartz vein, Slats-Frosty area, b) euhedral magnetite
replaced by hematite (r1), Igor prospect, c) euhedral magnetite overgrown by pyrite
(1), Igor prospect, d) hematite overgrown by pyrite with chalcopyrite filling
fractures (rl), Olympic prospect, e) clasts of foliated metasiltstone in Wernecke
Breccia, f) foliated FLG cut by ankerite vein, both have been kinked during Racklan
deformation and g) flattened clasts in foliated breccia. 1l = reflected light.
Simplified paragenesis for prospects in the Wernecke Mountains: a) Slab, b)
Hoover, c) Slats-Frosty, d) Slats-Wallbanger, e) Igor and f) Olympic prospects. NB:
paragenetic stages apply only to a specific area, e.g. Slab stage 3 # Hoover stage 3 #
Igor stage 3.

Cartoon depicting evolution of Wernecke Basin and structural controls on location
of Wernecke Breccia. Stage I: deposition of FLG. Stage II: deposition of Quartet
Group and GLG. Stage III: emplacement of Wernecke Breccia into pre-existing
weak zones in deformed and metamorphosed WSG. Breccia bodies are widespread
at the top of FLG in metaevaporite-bearing stratigraphy. See text for detailed

description of stages.
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1.

Location of study area, distribution of WSG and Wernecke Breccia (modified from
Thorkelson, 2000) plus simplified geology map of the study area (for details see
Thorkelson, 2000 and Thorkelson et al., 2002). Legend shows approximate
stratigraphic position of IOCG prospects included in this study.

Time stratigraphic column of the Wernecke area showing major depositional,
intrusive and deformational events (modified from Thorkelson, 2000).

Release spectra for OAr-PAr ages for muscovite from four Wernecke Breccia-
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27pp/A3U versus 2*°Pb/~*U plot for three fractions of titanite from a Wernecke
Breccia-related vein. Error for Pb/Pb age is quoted at the 2¢ level.

290pp2%pp versus 2*’Pb/***Pb plot for 5 analyses of a sample of GLG dolostone.

SECTION C

1.

Location of study area, distribution of WSG and Wernecke Breccia plus location of
breccia-associated IOCG prospects included in this study (modified from
Thorkelson, 2000).

Simplified geology map of the study area (for details see Thorkelson, 2000 and
Thorkelson et al., 2002). Legend shows approximate stratigraphic position of IOCG
prospects included in this study. Slats-F = Slats-Frosty, Slats-W = Slats Wallbanger.
Simplified paragenesis for prospects in the Wernecke Mountains: a) Slab, b)
Hoover, c) Slats-Frosty, d) Slats-Wallbanger, e) Igor and f) Olympic prospects. NB:
paragenetic stages apply only to a specific area, e.g. Slab stage 3 # Hoover stage 3 #
Igor stage 3.

Photographs of fluid inclusion samples: Slab area - a) large crystals of quartz,
calcite and fluorite locally make up the matrix of Wernecke Breccia, b) fluid
inclusions in quartz crystal, c) fluid inclusions containing L + V + H and d) fluid
inclusion containing L + V + H + h. L=liquid, V=vapour, H=halite, h=hematite;
Hoover area — e) metasedimentary clast in Wernecke Breccia, f) trails of secondary
fluid inclusions parallel to fractures within quartz in the clast; g) closer view of
inclusions in f; Slats-Frosty area - h) ferroan dolomite-pyrite-fluorite vein cutting
hematite-altered metasiltstone; the fluorite contains pseudosecondary fluid

inclusions, i) fluorite in h), note fluid inclusion trails parallel to fractures that do not
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10.

11.

extend beyond the fluorite crystal, j) and k) liquid + vapour fluid inclusions in
fluorite; Igor area — 1) Wernecke Breccia sample with large barite and magnetite
crystals, m) barite crystal in area shown in 1); and Olympic area — n) Wernecke
Breccia sample used for fluid inclusion analysis, 0) quartz grain from breccia matrix
with fluid inclusions in the outer rim, p) ferroan dolomite-quartz-chalcopyritetpyrite
vein and q) dolomite with primary fluid inclusions.

Summary of fluid inclusion data for samples from the Wernecke Mountains area. Th
= final homogenisation temperature; NaCl eq wt % = equivalent weight % NaCl.
See Table 1 caption for details of salinity calculations.

Comparison of fluid composition for inclusions from the Slab, Hoover, Slats-Frosty,
Igor and Olympic areas using the NaCl-CaCl,-H,0O system.

8'%0 versus 8"°C results for samples of hydrothermal carbonate from the Slab,
Hoover, Slats-Frosty, Slats-Wallbanger, Igor and Olympic areas. Also shown are
results for samples of host WSG limestone/dolostone from FLG, Quartet Group and
GLG.

Overall "0 versus 5'"°C results for carbonate samples from the Wernecke
Mountains. Also shown are fields for common large earth reservoirs that are
important in hydrothermal systems. Fields are from Taylor (1974), Sheppard (1977),
Graham and Harman (1983), and Hoefs (1987) as compiled in Rollinson (1993).
Mean values for Paleoproterozoic carbonates are from Shields and Veizer (2002).
FLG = Fairchild Lake Group, Quartet Group = Quartet Group, GLG = Gillespie
Lake Group.

'S results for samples from the Slab, Hoover, Slats-Frosty, Slats-Wallbanger, Igor
and Olympic areas. See text for discussion.

Overall 'S results for samples from the Wernecke Mountains. Also shown are
fields for common large earth reservoirs that are important in hydrothermal systems.
Fields are from Chambers (1982), Kerridge et al. (1983) and Chaussidon et al.
(1989) as compiled in Rollinson (1993).

Plot of calculated 83Oy aeer vErsus 8Dy values for mineral separates of biotite,
muscovite and actinolite from Wernecke samples. See Appendix VII for sample
descriptions. 8'*Oyaer values for biotite and muscovite were calculated using the
fractionation equations of Zheng (1993). dDyaeer values for biotite and muscovite

were calculated using the fractionation equations of Suzuoki and Epstein (1976).



12.

13.

14.

8" 0yater and 8Dyqier values for actinolite were calculated using the fractionation
equations of Zheng (1993) and Graham et al. (1984) respectively for Tremolite.
Magmatic water and formation waters fields are from Taylor (1974). Meteoric water
line is from Epstein ef al. (1965) and Epstein (1970). The metamorphic waters field
is from values in Taylor (1974) and Sheppard (1981) as compiled by Rollinson
(1993). The fields for felsic magma and high temperature volcanic vapour are from
Taylor (1992) and Giggenbach (1992) as shown in Hedenquist et al. (1998).
Composition of ancient seawater from Sheppard (1986). Isotopic trends are given
for: 1) seawater undergoing evaporation (Knauth and Beeunas, 1986), 2) meteoric
waters undergoing exchange with 80 in minerals, 3) evaporation of meteoric water
and 4) isotopic compositions of Salton Sea and Lanzarote geothermal waters
compared to their local meteoric waters (Sheppard, 1986). Black bars beneath the
main figure are calculated algowm values for calcite, dolomite and siderite from the
Slab, Hoover and Igor areas using the fractionation factors of Zheng (1999).
Examples of isochores from the Slab and Igor prospects. Diagrams were constructed
using the programme Flinc-Calc that is based on the equations of Zhang and
Fratz(1987) and Brown (1998).

Log fO, — log fS; plot for Slab area fluids. The following equations were used to
define the mineral stability fields. Log K values were calculated for temperature =
300 °C and pressure = 2500 bars using the programme “The Geochemists
Workbench”® release 4.0.2 (GWB uses information from many sources, these are

compiled for e.g. in Johnson et al., 1992).

Reaction used Equation Log K
Pyrite-Magnetite: 3 FeS, + 2 Oy(g) = Fes04 + 3 Sy(o) -4.6
Pyrite-Hematite: 4 FeS, + 3 Oy(2) =2 Fe, 05+ 4 S, (9) 33.88
Pyrrhotite-Magnetite: 6 FeS + 4 O,(g) =2 Fe;0,+ 3 S, 55.34
Bornite-Chalcopyrite:  CusFeS, + 4 FeS, =5 CuFeS; + S, 83.64
Graphite-CO2(g): C + O5(g) = COyx(e) -6.93
Calcite-gypsum: 2 CaCOs + Sy(g) + 3 Ox(g) + 4 H,O =2 CaSO4 + 2 COxg) 36.13

Plots of pH versus log fO, for the Slab area. a) using a medium value for log aH,S
of -2.6, b) using a low value for log aH,S of -3.23 and c) using a high value for log
aH,S of -1.97. The positions of 6834i contours are also shown in a); Numbers in

boxes on contours are 58, values calculated using 8S*ss = 0 %o(right side) and
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883425 = 18 %o(left side). The shaded oval shows approximate fluid conditions at
Slab. The position of sulphur isotope contours were calculated using the method of
Ohmoto (1972) and the following conditions: temperature = 300 °C, pressure = 2.5
kb, ionic strength = 3.2 (based on fluid inclusion data). Molality of species was
calculated using the programme “The Geochemists Workbench”® release 4.0.2; the

following species were most abundant.

Species Molality Mole Fraction

NaSOy 0.6985 0.497
CaSO,(aq) 0.3741 0.266
KSO4 0.165 0.117
SO4” 0.1623 0.115
H,S(aq) 2.51E-03 0.002
HSO, 1.54E-03 0.001
HS 1.30E-03 0.001

SECTION D

1. Location of selected IOCG districts. Modified from Hitzman (2000).

2. Location of Wernecke belt, distribution of Wernecke Breccia and location of
breccia-associated IOCG prospects included in this study (modified from
Thorkelson, 2000) plus simplified bedrock geology map of the study area (for
details see Thorkelson, 2000 and Thorkelson et al., 2002, 2003). Legend shows
approximate stratigraphic position of IOCG prospects studied.

3. Typical examples of Wernecke Breccia and associated [OCG mineralisation and
alteration: a) grey sodic-altered breccia, b) red potassic-altered breccia, ¢) breccia
with abundant clasts of earlier breccia, Slab area, d) photomicrograph of Wernecke
Breccia matrix (crossed polars) made up dominantly of sedimentary rock fragments,
carbonate, feldspar, lesser quartz and minor hematite and magnetite, e) calcite-
chalcopyrite vein cutting FLG, Slab prospect, f) massive chalcopyrite-pyrite vein
cutting FLG, Slab prospect, g) chalcopyrite forming matrix to breccia, Hoover
prospect, h) massive magnetite-coarsely crystalline hematite-ankerite-quartz vein,
Slats-Frosty area and i) photomicrograph of hematite overgrown by pyrite with
chalcopyrite filling fractures (reflected light), Olympic prospect.

4. Fluid temperature and salinity for selected IOCG deposits and prospects. References

and abbreviations as in Table 1.



5. Measured sulphur isotope compositions for mineralisation and calculated oxygen
isotope compositions for mineralising fluid from selected IOCG deposits. Legend
shows mineral(s) used for sulphur isotope analysis and mineral used to calculated
oxygen isotopic composition of fluid. References and abbreviations as in Table 1. *
Values calculated from actinolite are 5.4 if temperature of 200 °C is used or 9.5 if
temperature of 450 °C is used (see text for details). For 5'%0 values for magmatic,
metamorphic, formation and meteoric waters and modern seawater — cf. Sheppard,
1986; Rollinson, 1993. For 'S values for mantle and evaporite sources —cf.
Ohmoto and Goldhaber, 1997.

6. Suggested classification of IOCG systems into magmatic and non-magmatic end-
members with hybrid IOCG systems in between. Placement in the classification
indicates the degree of involvement of magmatic and/or non-magmatic fluids in the
formation of the IOCG system. Placement is also affected by the environment of
formation of the IOCG system, i.e., magmatic or non-magmatic, which is
determined by whether or not there is a temporal association with igneous rocks. At
the non-magmatic end of the IOCG spectrum it is possible for an IOCG system to
have formed from non-magmatic fluids but to have a temporal relationship with a
magmatic system, e.g. Salton Sea. See text for discussion and references.

7. Schematic model showing examples of hydrothermal alteration and mineralisation
produced by the circulation of non-magmatic fluids (adapted from Barton and
Johnson, 2000). Voluminous metal-depleted, sodic(-calcic) + shallow K feldspar-
hematite alteration forms in inflow zones and along the fluid pathway(s) (cf. Barton
and Johnson, 1996, 2000). Fluids are heated and as they rise and cool they produce
intense sodic and/or potassic alteration (depends on host rock composition) plus
overprinting and shallow hydrolytic alteration. Metals are leached along the flow

path and precipitate due to cooling and/or fluid mixing.
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1. Description of formations within WSG. Information from Delaney (1981).



2. Representative results of scapolite and biotite microprobe analyses. % meionite =
100 (Ca+Mg+Fe+Mn+Ti) / (Na+K+Ca+Mg+Fe+Mn+Ti); marialite = 100 - meionite
(after Deer et al., 1992). Analyses were obtained with the James Cook University
JEOL electron microprobe in wavelength dispersive mode, at an accelerating
voltage of 15 kV and a current of 20 nA, ZAF corrections were used. ' average of 70
analyses, 2 average of 10 analyses.

3. Main characteristics of [OCG prospects included in this study, see text for details. In
mineralization column: V = vein, D = disseminated, B = forms breccia matrix.
"Yukon MINFILE (2003) database number. Information from: 2(Thorkelson etal.,
2003), *(Yukon MINFILE, 2003), *(Stammers, 1995), *(Eaton & Archer, 1981) and
S(Caulfield, 1994).

SECTION B

1. Summary of published age dates for Wernecke Breccia-related samples, WSG and
Slab volcanics.

2. Summary of sample characteristics and new age dates obtained during this study.

SECTION C

1. Summary of fluid inclusion data for samples from the Wernecke Mountains area.
Tfm = temperature of first melting, Tmjc. = ice melting temperature, Tmy, =
hydrohalite melting temperature, Thv = vapour homogenisation temperature, Ths =
halite dissolution temperature, Th = final homogenisation temperature.
Temperatures in °C. NaCl eq wt % = equivalent weight % NaCl. NaCl eq wt %
values for Slab were approximated using the graphical methods of Vanko et al.
(1988) and Zwart & Touret (1994). Values for other areas were calculated from
Tmice, TMhydronatites Thhatiee using the programme FlinCalc (J. Cleverley, written
communication) which uses information from Zhang and Frantz (1987) and Brown
(1998). In the paragenesis column P = primary, S = secondary and PS = pseudo
secondary. In the FI (fluid inclusion) Type column L = liquid, V = vapour, H =
halite and Op = opaque.

2. Summary of carbon and oxygen isotope results. * mean value for ca. 1.8 to 1.7 Ba

carbonates is from Shields and Veizer (2002).
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8'80yuer values calculated from measured 5'20 values of syn-breccia carbonate
samples.

Summary of sulphur isotope results

Summary of hydrogen and oxygen isotope results. Also shown are calculated 6D
and 8'%0 values for co-existing water. #duplicate analysis. See figure 11 caption for
calculation details.

Estimates of fluid temperature from fluid inclusion and stable isotope data. *All
direct fluid inclusion analyses are minimum temperatures, i.e. not trapped during
phase separation. ** Using fractionation factors of Sheppard and Schwarcz (1970)
and Golyshev et al. (1981). *** Using fractionation factors of Ohmoto and Lasaga
(1982).

Estimates of: 1) thickness of strata overlying the [IOCG prospects based on
stratigraphic measurements (Delaney, 1981); 2) depth of the prospects based on
pressure estimates; 3) pressure from fluid inclusion data; and 4) trapping

temperature of fluid (see text for discussion).

SECTION D

1.

Size and grade of selected IOCG deposits. References: Lightning Creek — Perring
et al., 2000; Williams et al., 1999; Osborne — Adshead, 1995; Perkins and Wyborn,
1996, 1998; Adshead et al., 1998; Rubenach et al., 2001; Eloise — Baker, 1998;
Baker and Laing, 1998; Baker et al., 2001; Olympic Dam — Roberts and Hudson,
1983, 1984; Creaser, 1989; Reeve et al., 1990; Johnson and Cross, 1991; Oreskes
and Finaudi, 1992; Oreskes and Hitzman, 1993; Eldridge and Danti, 1994; Haynes
et al., 1995; Reynolds, 2000; Aitik — Frietsch et al., 1995, 1997; Carlon, 2000;
Wanhainen et al., 2003; Candelaria — Ullrich and Clark, 1999; Marschik and
Fontboté, 1996, 2001; Marschik et al., 2000; Salobo — Requia and Fontboté, 2000;
Souza and Vieira, 2000; Ernest Henry — Twyerould, 1997; Ryan, 1998; Mark and
Crookes, 1999; Mark et al., 2000; Williams et al., in progress; Wernecke Breccia
(Slab) — Hunt et al., 2004, 2005; Tennant Creek (West Peko, Eldorado) — Ahmad
et al., 1999; Skirrow and Walshe, 2002; Redbank — Orridge and Mason (1975);
Knutson et al. (1979).

Fluid temperature, salinity, composition and source plus precipitation mechanisms

for selected IOCG deposits. References and abbreviations as in Table 1.
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3. Tectonic setting, main host rocks, confining structure(s) and age of mineralisation
for selected IOCG deposits. References and abbreviations as in Table 1.

4. Regional and ore-related alteration types for selected IOCG deposits. References
and abbreviations as in Table 1.

LIST OF APPENDICES

I: Results of microprobe analyses.

II: Analytical Protocols for Ar-Ar, U-Pb, Pb-Pb and Re-Os analyses

IIT:  Thermometric data for fluid inclusions.

IV:  Results of stable isotope analyses.

V: Calculations for log fo, versus log fS, plots.

VI:  Calculations for pH versus log fo, plots.

VII: Rock sample locations and descriptions
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