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Fig. 14. a. Monazite from the main (~1781 Ma) age population in cordierite-2 (analysis 05TKO10A_2; backscattered secondary electron image; BSEI). b.
Older monazite from the ~1814 Ma population in cordierite-2 from sample 05TK054 (analyses M2-1, M2-2, M2-3; main photograph in cross-polarized
light, inset BSEI). ¢. Monazites intergrown with pyrrhotite in cordierite-2 from sample 05TK054 (analyses M1, M1-2; BSEI). Abbreviations: Bt = biotite;

Crd2 = cordierite-2; Po = pyrrhotite.

in Davies (2009), and a summary of
the most reliable analyses (using the
mixed double spike method) is shown
in Table 3. Total Re concentrations in
the samples range from 69—156 ppb,
and total '"Os concentrations range
from 1.4 to 2.9 ppb; the samples con-
tain little or no detectable '¥Os (used
to monitor the amount of common Os
present in the sample: total common
Os < 0.03 ppb). Consequently, almost
all the Os in arsenopyrite is interpreted
to be radiogenic '¥’Os* from the radio-
active decay of '*’Re, and model ages
can be calculated using a simplified
form of the decay equation, '’Os*
= 18Re (e*-1), where both '¥0Os and
187Re are measured directly using ID-
NTIMS (A = 1.666 x 10'a’'; Smoliar
etal., 1996).

Anomalously old ages (weighted
mean age of 1822 £ 21 Ma, n = 5,
MSWD = 6.5) were detected in one
batch of analyses, but these results

could not be reproduced in subsequent
analyses of different grains (Davies,
2009). Two other batches of analyses
gave a combined weighted mean age
of 1763 + 11 Ma (n =7, MSWD =6.5;
one outlier excluded at 1173 + 6 Ma), which is broadly
consistent with the younger population of monazite U-Pb
ages (1780.6 + 4.2 Ma). The origin of the apparently older
ages is unclear, but might relate to the presence of loelling-
ite cores within some of the larger arsenopyrite crystals, as
noted above (Fig. 12).

Discussion

Age of Host Rocks to the Three Bluffs Gold Deposit
An actual or minimum age of 2715.0 + 16 Ma (MSWD

Fig. 15. Concordia U-Pb plots for LA-ICP-MS in situ monazite analyses: weighted mean *’Pb/***Pb
age =1783.9 £ 6.9 Ma (n =28, MSWD = 1.7). Error ellipses are shown at 2.

= 46) for the host-rock sequence at Three Bluffs is con-
strained by a zircon U-Pb date for the dacite unit, which
is interbedded with (or possibly intrudes) the iron forma-
tion. A relatively imprecise age for the diorite body that
intrudes the supracrustal sequence is provided by a zircon
U-Pb date of 2634 + 27 Ma (MSWD = 20). Despite the
poor precision of these results, they confirm an Archean
age for the host-rock sequence, and in particular demon-
strate that the diorite intrusion predates Paleoproterozoic
tectonometamorphism and gold mineralization, despite its
generally undeformed nature.
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Timing of Tectonometamorphic Events at Three Bluffs

Carson et al. (2004) and Berman et al. (2005), work-
ing in other parts of the Committee Bay belt, identified
an upper amphibolite-facies metamorphic event (M,) that
occurred between ~1850 and 1820 Ma and was approxi-
mately synchronous with the development of an S, fabric.
This fabric is crosscut by unstrained monzogranites dated
at 1815 to 1820 Ma, and overprinted by a static but com-
parable grade M, event at 1777 £ 9 Ma. These events are
broadly related to the ~1.9—1.8 Ga Trans-Hudson Orogeny.
Notably, the U-Pb monazite data obtained on Three Bluffs
samples show no evidence of the ~1850 Ma metamorphic
event that is prominent in the monazite and zircon data of
Carson et al. (2004). Either the rocks at Three Bluffs did
not experience this earlier metamorphic event, or distinct
evidence of the event was erased by the ~1780 Ma meta-
morphism (here referred to as M,y) that is predominantly
recorded in the Three Bluffs samples. However, there is
evidence at Three Bluffs for two separate stages of gar-
net and cordierite growth, as well as bimodal populations
of monazite U-Pb ages (1813.8 + 8.7 Ma and 1780.6 +
4.2 Ma). This suggests that M,;; metamorphism either
lasted for a protracted period of time, or developed in two
stages, perhaps broadly paralleling the two events (M, and
M,) distinguished by Carson et al. (2004) and Berman et
al. (2005). We do find it surprising that the early generation
of garnet-1 and cordierite-1 porphyroblasts, which might
conceivably have formed during the regional 1850—-1820
Ma M, event, contain no monazites that record this age,
but their apparent absence does not preclude such an in-
terpretation.

Table 3. Re-Os Data for Arsenopyrites from Three Bluffs

The dominant group of monazite U-Pb ages from Three
Bluffs averages 1780.6 £ 4.2 Ma, which is similar to a
monazite U-Pb age of 1777 = 9 Ma obtained by Carson et
al. (2004) from other locations along the Committee Bay
belt, and which they interpreted to be the age of a high-
grade, but static M; metamorphic event. Because of the
lack of definitive evidence for a previous M, metamorphic
event at Three Bluffs, we refer to this ~1780 Ma event as
M, 3, but it is possibly equivalent to the regional M, event.
Metamorphic minerals and textures indicate that M, was
a high-grade (upper amphibolite facies) event, but, unlike
in the area studied by Carson et al. (2004), was accompan-
ied by significant S, fabric development (Figs. 7-9).

“Ar/*Ar dates for hornblende (1723 + 9 Ma; argon dif-
fusion closure temperature 550°-480°C), biotite (1710.1 +
9.1 Ma; closure temperature 400°-250°C), and muscovite
(~1710 Ma; closure temperature 350°-250°C; Richards and
Noble, 1998) indicate a protracted period of cooling after
peak M,;; metamorphism, or alternatively a more rapid
cooling followed by a reheating event at ~1720-1710 Ma.

Timing of Gold Mineralization at Three Bluffs

Gold mineralization is localized within the hinge zones
of regionally recognized F, folds, which geochronological
evidence constrains to have formed between ~1.86 and
1.82 Ga. The ~1815 Ma age for gold mineralization at
Three Bluffs therefore coincides with or slightly postdates
the regional M,/D, event, which is consistent with the gen-
erally late kinematic timing of orogenic gold deposits (e.g.,
Kerrich and Wyman, 1990; Groves et al., 2000; Parting-
ton and Williams, 2000). It also roughly coincides with the

187Re ¥70s Total Common  Model Age
Sample Aliquot Re +2¢0 (ppb) +20 (ppb) +20 Os (pg) (Ma) +26 Group!
Run #2: Mixed double spike; no magnetic separation
05TK006-2A 96.54 0.32 60.68 0.20 1.877 0.003  below detection 1828.8 10.1 Older
05TK006-2B 77.56 0.26 48.75 0.16 1.491 0.002 1.23 1808.1 9.3 Older
05TK006-2C 101.60 0.34 63.86 0.21 1.957 0.004  below detection 1812.2 10.7 Older
05TK006-2D 91.94 0.31 57.79 0.19 1.808 0.003 1.43 1849.6 10.3 Older
05TK006-2E 88.55 0.30 55.66 0.19 1.710 0.003  below detection 1816.1 10.3 Older
Run #4: Mixed double spike;, magnetic fraction
05TK006-M-B 113.2 0.4 71.15 0.24 2.125 0.006 0.98 1766.0 9.4 Younger
05TK006-M-D 123.8 0.4 77.83 0.26 2.318 0.007 1.86 1761.8 9.6 Younger
05TK006-2-M 109.8 0.4 68.99 0.22 2.033 0.006 0.77 1742.9 9.6 Younger
05TK006-4-M 119.2 0.4 74.91 0.24 2.242 0.006 1.26 1770.5 9.3 Younger
Run #5: Mixed double spike; magnetic and nonmagnetic fractions
05TK006-M0.05-0.2  69.1 0.2 43.42 0.15 1.304 0.002 0.65 1776.9 8.8 Younger
05TK006-M0.2-0.6 110.4 0.4 69.38 0.23 2.079 0.008 0.92 1771.8 10.3 Younger
05TK006-M1.1-1.2 106.0 0.3 66.61 0.22 1.974 0.004 0.92 1752.7 8.6 Younger
05TK006-M1.5-1.7 143.2 0.5 89.98 0.30 1.775 0.005 0.41 1172.5 6.3 Excluded
Notes

'0Older group weighted average age = 1822 + 21 Ma (n =5, MSWD = 11.0). Younger group weighted average age = 1763 + 11 Ma (n="7, MSWD =

6.5).
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Fig. 16. Isoplot histogram and relative probability curve of *’Pb/**Pb
monazite ages. There is a break in the data between 1794 and 1803 Ma.
More specifically, all the 5 m.y. time intervals for 1765 to 1795 Ma are
represented by two or more analyses, whereas there are no analyses in the
time interval between 1795 and 1800 Ma. On that basis, the data were
divided into two population, one with an average age of 1813.8 £ 8.7 Ma
(n = 6) and the other with an average age of 1780.6 £ 4.2 Ma (n = 22) as
represented by the thick vertical lines.

ages of post-kinematic felsic plutons that were emplaced
throughout the western Churchill Province at ~1.82 Ga
(LeCheminant et al., 1987; Skulski et al., 2003a). A broad
spatial and temporal, but not necessarily genetic, relation-
ship between mineralization and late-stage plutonism is
observed in orogenic gold belts worldwide (e.g., Wyman
and Kerrich, 1988; Wang et al., 1993; Partington and Wil-
liams, 2000; Goldfarb et al., 2005), and is thought to re-
flect common deep crustal thermal and tectonic processes
affecting the generation and ascent of both hydrothermal
fluids and magmas.

Early garnet-1 and cordierite-1 porphyroblasts (which
might have formed during the regional M, event, but in
any case precede peak M,) are altered and crosscut by
veinlets of strained quartz, and sulfides, indicating that
hydrothermal mineralization (inferred to include Au) was
introduced after their formation. A single monazite inclu-
sion intergrown with pyrrhotite in a cordierite-2 porphyro-
blast (Fig. 14¢) recorded a U-Pb age of 1811 + 12 Ma, sug-
gesting that gold (which is paragenetically associated with
pyrrhotite) was introduced at Three Bluffs at ~1815 Ma,
before peak M,z metamorphism at ~1780 Ma.

Further evidence for an ~1815 Ma timing for gold intro-
duction at Three Bluffs is provided by some tentative older
Re-Os dates for arsenopyrite (1822 + 21 Ma), and an im-
precise Pb-Pb secondary isochron age for pyrite and arsen-
opyrite of 1829 + 77 Ma (MSWD = 11.6).

Together, these results suggest that gold mineralization
at Three Bluffs was introduced during or shortly after the
terminal stages of the 1.9—1.8 Ga Trans-Hudson orogeny.
This mineralizing event was followed by a high-grade
metamorphic event, M, such that the gold is early rela-
tive to that later event (in contrast to the post-peak meta-
morphic timing of orogenic gold deposits in many other
settings, such as the Abitibi greenstone belt and the Yil-
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Fig. 17. “Ar/*Ar age spectra for a. hornblende (05TK007), b. biotite
(05TK039), and ¢. muscovite (05TK039). All errors are reported to 20;
filled steps are those used in the plateau age calculation, open steps were
excluded. Horizontal lines indicate plateau ages.
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garn block, Western Australia; Kerrich and Wyman, 1990;
Groves et al., 2000).

Gold Deposition at Three Bluffs

Given the very high degree of postmineralization meta-
morphism and deformation at Three Bluffs, it is difficult to
draw definitive conclusions about the mode of formation
of original gold mineralization. However, we speculate as
follows, based on the evidence presented above. Gold min-
eralization is structurally localized within the hinges of ma-
jor F, folds, where mechanical contrasts between the iron
formation and metasedimentary rocks might have focused
fluid flow. Silica-rich zones (interpreted to be quartz veins)
with high gold grades also increase towards the diorite in-
trusion at the eastern end of the deposit, whose rigid nature
might have created a pressure shadow effect, thereby fur-
ther localizing fluid flow. Interaction of ascending fluids
with iron formation within these structural zones resulted
in sulfidation reactions and co-precipitation of gold (as is
thought to have occurred in many other iron formation-
hosted orogenic gold deposits; e.g., Phillips et al., 1984).

The presence of coarse-grained (recrystallized) arsen-
opyrite with relict loellingite cores and associated inclu-
sions of Au®, suggests that an initial form of auriferous
arsenopyrite was present prior to peak-M,; metamorph-
ism. Based on the thermobarometric conditions recorded at
various localities along the belt (Skulski et al., 2003a; Car-
son et al., 2004; Berman et al., 2005), peak metamorphic
conditions at Three Bluffs reached temperatures above the
stability limit of arsenopyrite (400°-550°C; Pokrovski et
al., 2002; Tomkins et al., 2006), resulting in the formation
of prograde loellingite during M, ;. It is therefore possible
that the older Re-Os ages (1822 + 21 Ma) reflect the pres-
ervation of early metamorphic ages in loellingite variably
present in the aliquots used for analysis, although it should

be noted that we were unable to duplicate these results.
In contrast, the consistent grouping of younger (1763 +
11 Ma) ages likely reflects the timing of retrograde M,y
inversion of much of this loellingite to arsenopyrite.

A more extensive investigation of these possibilities
is beyond the scope of the present study, but the results
point to the potential for Re-Os dating in arsenopyrite and
loellingite to preserve age information from high-grade
metamorphic events.

Three Bluffs in a Regional Metallogenic Context

Multiple deformation and metamorphic episodes have
complicated the understanding of gold mineralization in
deposits such as Three Bluffs and similar Archean iron
formation-hosted gold deposits in northern Canada (e.g.,
Meliadine, Meadowbank). This has resulted in several dif-
ferent interpretations of the tectonometamorphic history of
the deposits, and the separation of deformation events is
not consistent (Table 4). Consequently, there is disagree-
ment as to which event is believed to be responsible for
gold introduction, although all studies support a Paleo-
proterozoic age for mineralization between 1.9 and 1.8 Ga,
prior to high-grade metamorphism at ~1.78 Ga.

Paleoproterozoic gold mineralization at ~1.8 Ga also
occurs further southwest along the Trans-Hudson orogen
in Saskatchewan and Manitoba (Ansdell and Kyser, 1991,
1992; Thomas and Heaman, 1994; Fayek and Kyser, 1995),
and has been reported in other Paleoproterozoic orogens
(e.g., Barley and Groves, 1992; Frei and Pettke, 1996; Par-
tington and Williams, 2000). These deposits share many
of the characteristics of typical Archean orogenic gold de-
posits (e.g., Hagemann and Cassidy, 2000; Goldfarb et al.,
2005), suggesting formation by similar processes related
to accretionary tectonics and cratonization. For the most
part, however, the Paleoproterozoic deposits are substan-
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Fig. 18. 27Pb/2“Pb vs. 2%Pb/**Pb plots of sulfides analyzed by LA-ICP-MS: a. All analyses combined yield a secondary isochron age of 1845 + 110 Ma,
with a relatively high MSWD = 28. b. Euhedral pyrite and arsenopyrite yield a more accurate secondary isochron age of 1829 + 77 Ma (MSWD = 11.6).
The crustal Pb isotopic growth curve of Stacey and Kramers (1975) is shown for reference; error ellipses are shown at 2¢.
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Table 4. Comparison of Tectonometamorphic Events at Iron Formation-Hosted Gold Deposits within the Western Churchill Province
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D, M, D, M, D, M; D,
Meliadine' 2450 Ma ? Timing ? Timing 1854 + 6 Ma* N-NW trending
Bedding-parallel unconstrained unconstrained Lower  N-S-directed crenulation
thrusting and NE-SW-directed greenschist to middle  shortening cleavage. No
folding, lacks shortening amphibolite facies and localized significant
identifiable E-W cleavage disruption
cleavage development of earlier
fabrics. Locally
developed, tight
angular NNW and
WSW oriented
kink banding
Meadowbank? 2590-2620 Ma  ? Timing 1900-1800 Ma* 1900-1800 Ma 1835-1790 Ma  1800-1790 Ma 1835-1760 Ma
Development unconstrained  NW-vergent Mid-greenschist SE-verging New growth of ~ Upright, open to
of macroscopic,  Interpreted fold set with through amphibolite minor fold mineral phases tight, S-plunging,
shallowly- to predate D, moderately facies assemblages sets, shallowly  that everywhere  F, folds
plunging, development SE-dipping N- and NW- overgrow D,
isoclinal folds and post-date axial surfaces dipping and locally D
2600 Ma fabrics, but are
granites. Mid- wrapped and/
greenschist or crenulated
facies mineral by D, fabrics
assemblages
Committee Bay®  2580-2350 2580-2350 1860-1810 Ma* 1840 Ma 1780-1750 Ma 1780 Ma
Ma Regional Ma Regional NW-vergent folds ~ Lower to middle NE-directed Middle to upper
N-NW- contact and NE-striking amphibolite facies shortening amphibolite
trending folds metamorphism:  foliation facies
lower to upper
amphibolite
facies
Three Bluffs ? Timing ? Timing 1820-1780 Ma* 1820-1710 Ma (M,5)
unconstrained  unconstrained =~ NW-vergent folds ~ Lower to middle
Regional N— Regional and NE-striking amphibolite facies
NW-trending contact foliation
folds metamorphism:
lower to upper
amphibolite
facies
Notes

! Dates for mineralization and deformational events at Meliadine are constrained by analyses of monazite found in arsenopyrite bearing quartz veins
(Carpenter et al., 2005).
2 Dates for Meadowbank are constrained by dating cross-cutting pegmatitic dikes, and by monazites included in staurolite porphyroblasts (Sherlock et

al., 2005).

3 Dates for the Committee Bay Belt constrained by monazites included in garnet and cordierite porphyroblasts and by cross-cutting relationships (Berman
et al., 2003; Sanborn-Barrie et al., 2003; Carson et al., 2004).
* Interpreted gold mineralization events.

tially smaller than their Archean counterparts, perhaps re-
flecting the smaller scale of Paleoproterozoic cratonization
processes compared to the ~2.7 Ga Archean events.

The Three Bluffs deposit, and similar deposits in
the western Churchill Province such as Meliadine and
Meadowbank, are unusual because, although the host rocks
are Archean, the timing of gold mineralization is Paleo-
proterozoic. This has led to suggestions that the gold might
have been locally remobilized from precursor Archean
mineralization. However, our study and others mentioned
above have found no evidence that this might be the case.
At Three Bluffs and Meadowbank (Sherlock et al., 2004),
it appears that the Archean iron formation units simply
provided suitable chemical traps for gold deposition from
fluids channeled along late Trans-Hudsonian orogenic

structures, and the Archean age of the host rocks was im-
material.

Conclusions

Three Bluffs is one of several Paleoproterozoic gold de-
posits hosted by Archean greenstone belt sequences of iron
formation and metasedimentary and metavolcanic rocks in
the Rae Domain of the western Churchill Province, northern
Canada. These deposits share many features: (1) gold min-
eralization is hosted within sulfidized (pyrrhotite, pyrite,
arsenopyrite, and minor chalcopyrite) and silicified (quartz
veined) iron formation; (2) deposits are located in close
proximity to large-scale fault zones and felsic/intermedi-
ate intrusive bodies, which might have generated structural

12/08/2011
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permeability during regional deformation; (3) high gold
grades occur within structurally favorable hinge zones of
F, folds; and (4) the deposits all appear to pre-date a high-
grade metamorphic event at ~1780 Ma.

Upper amphibolite facies metamorphism and penetra-
tive deformation at Three Bluffs has obscured the original
textures and mineralogy of the gold deposit. In particular, it
has recrystallized or isotopically reset many minerals that
could have been used to date the original mineralization.
The majority of U-Pb (monazite), “Ar/*°Ar (hornblende,
biotite, muscovite), and Re-Os (arsenopyrite) dates fall in
the range 1782 to 1701 Ma, reflecting peak metamorphic
crystallization/recrystallization (~1780 Ma) or cooling
ages. This event is referred to as M, at Three Bluffs, but
likely corresponds to the M; event reported elsewhere in
the Committee Bay Belt.

A subset of monazites, including one grain intergrown
with pyrrhotite in a cordierite-2 porphyroblast, yielded
older ages with a mean of 1814 = 6 Ma. These results,
combined with Re-Os dates for a subset of arsenopyrite
analyses (1822 + 21 Ma) and a poorly constrained Pb-Pb
secondary isochron from pyrite and arsenopyrite (1829 +
77 Ma; MSWD = 11.6), suggest that gold was introduced
prior to M, at Three Bluffs, and may have been broadly
related to terminal stages of the regional 1.9—1.8 Ga Trans-
Hudson orogeny.

Three Bluffs, along with Meliadine and Meadowbank,
provide unusual examples of Paleoproterozoic orogenic
gold deposits hosted by Archean iron formation and meta-
volcanic rocks. We consider that, at least in the case of Three
Bluffs, this relationship reflects the favorable chemistry of
the iron formation as a chemical trap for gold deposited
from orogenic fluids, rather than local remobilization of
previously introduced Archean gold from the greenstone
belt.
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Appendix 1
Sample Locations
Sample # Drill Hole ID UTM Easting' UTM Northing' Depth (m) Lithology
05TK004 04TB013 570215.6 7393994.0 85.52-85.72 Iron formation
05TK007 05TB038 570407.0 7392811.7 298.00 Iron formation
05TK006 04TB013 570215.6 7393994.0 225.49-225.68 Iron formation
05TK010 05TB038 570407.0 7392811.7 221.30 Graywacke
05TKO016 05TB038 570407.0 7392811.7 Iron formation
05TKO021 05TB040 570227.2 7392737.5 74.40-74.50 Graywacke
05TK022 05TB040 570227.2 7392737.5 102.00 Graywacke
05TK025 04TB009 570216.1 7393029.4 72.93-73.16 Dacite
05TK028 04TB009 570216.1 7393029.4 93.23-93.38 Iron formation
05TK030 04TB009 570216.1 7393029.4 84.67-84.82 Iron formation
05TK034 04TB009 570216.1 7393029.4 99.94-100.18 Iron formation
05TK038 04TB009 570216.1 7393029.4 114.23-114.43 Iron formation
05TK039 04TB009 570216.1 7393029.4 115.97-116.11 Iron formation
05TK043 04TB009 570216.1 7393029.4 158.00-159.50 Iron formation
05TK044 04TB009 570216.1 7393029.4 179.35-179.68 Graywacke
05TK054 04TB031 570363.3 7392765.2 239.36-239.55 Graywacke
05TK064 04TB031 570363.3 7392765.2 355.46-355.62 Graywacke
Notes

' Map grid: UTM NAD83, Zone 15.
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