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Abstract

Fluid pathways in hydrothermal ore deposits can potentially be traced through alteration zoning patterns and
the chemistry of mineral phases (i.e., major, trace elements, and isotopic composition), which provide insight
into the physico-chemical gradients within and adjacent to pathways. World-class Neoarchean gold deposits of
the eastern Yilgarn can be zoned with respect to alteration assemblages, but in many cases fluid pathways are
poorly understood, which makes it difficult to identify the nature and source of fluids. This study conducted
detailed core logging, SEM mineral mapping of alteration assemblages, and microprobe analysis of biotite and
apatite in order to identify chemical gradients across the East Repulse gold deposit of the St. Ives gold camp,
eastern Yilgarn, Western Australia. Results show that the East Repulse deposit is vertically zoned with relatively
oxidized sulfate-rich alteration in the footwall of the deposit (anhydrite, celestine and/or barite), sulfide-rich
alteration in the core of the deposit (pyrite + magnetite with minor barite and celestine), and relatively reduced
sulfide-only assemblages (pyrite = pyrrhotite with minor pentlandite, millerite, and cobaltite) in the hanging
wall of the deposit. Gold was identified as inclusions in pyrite and associated biotite implying a link between
biotite-pyrite alteration and gold mineralization. The abundance of F in biotite and apatite progressively
decreases from the footwall of the deposit into the mineralized core. This trend of decreasing F in biotite and
apatite with decreasing depth is consistent with an hypothesis that oxidized F- and K-bearing fluids were
focused along subvertical pathways beneath the deposit, within or subjacent to granitoid dikes. The biotite-
apatite geothermometer shows that these fluids were relatively hot (~480° + 60°C) at the time of alteration.
These relatively high temperature, oxidized, F- and K-bearing fluids may have been derived from a proximal

magmatic source.

Introduction

NEOARCHEAN gold deposits of the eastern Yilgarn goldfields
are world-class deposits, with the St. Ives gold camp alone
containing more than 12 million ounces (Moz) of gold (Miller
et al., 2010). These deposits have been classified as orogenic
gold deposits and are considered to have formed as a result of
focused fluid flow during late active deformation and meta-
morphism of volcano-plutonic terranes (Groves et al., 1998,
2003, 2005; Kerrich et al., 2000; Cox and Ruming, 2004;
Weinberg et al., 2004, 2005; Weinberg and van der Borgh,
2008). However, the architecture of crustal-scale flow systems
at the time of gold mineralization is poorly understood
(Groves et al., 2003), although Neumayr et al. (2008) sug-
gested that deposit- and camp-scale mineral zoning broadly
constrained the fluid regime in the St. Ives gold camp. They
identified lateral and vertical zoning from oxidized alteration
domains (magnetite-pyrite, hematite-pyrite) to reduced do-
mains (pyrrhotite-pyrite) across gold dep051ts and proposed
that redox gradients played a key role in the deposition of
gold. It remains unclear, however, how alteration patterns
specifically relate to fluid pathways in gold systems, and this
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gap in knowledge limits our understanding of the processes
controlling gold transportation and deposition. Here the halo-
gen content of biotite and apatite was investigated to test if a
fluid pathway(s) could be identified which links high-grade
gold zones of the East Repulse gold deposit with oxidized (an-
hydrite + magnetite) alteration assemblages in the footwall.
Recognition of such pathways will enhance the ability to iden-
tify fluid sources and will help to facilitate accurate crustal
fluid-flow modeling and potentially help explorers identify
new targets.

The compositions of biotite and apatite are sensitive to the
physico-chemical conditions of the hydrothermal system,
such as activity of halogens, oxidation and sulfidation states,
pH, volatile phase exsolution, element complexing, and parti-
tioning at temperature and pressure (Webster, 1997, 2004;
Cleverley, 2006; Boomeri et al., 2009, 2010). The substitution
of F and Cl into hydroxyl sites of biotite and apatite is con-
trolled by the activity of HF and HCl in the hydrothermal flu-
ids as well as the composition of the mica, pressure, and tem-
perature (Munoz and Ludington, 1977; Munoz and Swenson,
1981; Munoz, 1984; Zhu and Sverjensky, 1991; Boomeri et al.,
2009, 2010). The halogen content of biotite has been used to
infer the direction of fluid-flow based on the hypothesis that
evolving fluids may become depleted in F through the pref-
erential partitioning of F into mineral phases (Gunow et al.,
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1980). This method has proved useful in understanding the
fugacity of halogens relative to water fugacity, temperature,
and fluid pathways in porphyry environments (Beane, 1974;
Boomeri et al., 2009, 2010), but so far this method has not
been applied to alteration assemblages from Neoarchean gold
deposits. As biotite is a common alteration phase of Archean
gold deposits (e.g., St. Ives camp and Wattle Dam), this type
of data may be applicable to numerous other systems in the
region.

Regional- and Camp-Scale Geology

Gold mineralization in the Kalgoorlie terrane is thought to
have occurred over an extended period between ca. 2665 and
2630 Ma (e.g., Yeats et al., 1999; Czarnota et al., 2010). Gold
deposits occur in a wide variety of host rocks, including mafic
and ultramafic volcanic rocks, granitoids, and late basin sili-
clastics. Some of the most significant resources historically
occur in dolerite intrusions (e.g., Golden Mile; Bateman and

ET AL.

Hagemann, 2004). Economic accumulations of gold may be
associated with a diverse array of minerals and mineral as-
semblages. A common association is quartz in narrow veins,
with metasomatic carbonate + albite + sulfide. However sig-
nificant gold resources occur in the absence of this assem-
blage. For example the high-grade Wattle Dam deposit is
hosted in amphibole biotite-altered ultramafic rocks
(Hutchison, 2011).

The East Repulse deposit occurs within the Victory-Defi-
ance Complex, St. Ives gold camp, which is located approxi-
mately 15 km south-southeast of Kambalda, Western Aus-
tralia (Fig. 1). Rocks of the St. Ives camp form part of the
Norseman-Wiluna greenstone belt of the Kalgoorlie terrane,
which may have formed in a back-arc setting between 2715
and 2650 Ma (Swager, 1997; Blewett et al., 2010; Czarnota et
al., 2010; Squire et al., 2010). Stratigraphically, the Kalgoorlie
terrane is divided into (1) mafic to ultramafic volcanic and in-
trusive rocks of the Kambalda sequence (~2710-2690 Ma);
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(2) intermediate to felsic volcaniclastic successions of the Kal-
goorlie sequence (2690-2665 Ma; Black Flag Group) and (3)
the siliciclastic packages of the late basin sequence
(2665-2650 Ma; Merougil Beds; Fig. 1; Blewett et al., 2010).
The Kambalda sequence is intruded by intermediate to felsic
intrusions, which commonly show ages of ca. 2670 and 2630
Ma (Nelson, 1997; Watchorn, 1998; Yeats et al., 1999; Neu-
mayr et al., 2008; Camp, 2011). Rocks of the Kambalda se-
quence have been metamorphosed to upper greenschist and
lower amphibolite facies, and contain assemblages of plagio-
clase and amphibole. These rocks have sustained at least four
main deformation events between ca. 2700 and 2630 Ma
(Swager, 1997).

Deposit-Scale Geology

The East Repulse deposit is hosted in a sequence of mafic
and ultramafic volcanic and intrusive rocks, with minor inter-
flow sediments. Lithostratigraphic units of the deposit belong
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to the Kambalda sequence which comprises Kambalda Ko-
matiite, Devon Consols Basalt, and Paringa Basalt in the stud-
ied area (Fig. 2A, B; Swager, 1997; Kositcin et al., 2008). An
extensive interflow sedimentary unit, the Kapai Slate, occurs
between the Devon Consols and Paringa Basalts. Thin lenses
of magnetite-quartz rock occur within the Devon Consols
Basalt within the studied section of the East Repulse deposit.
It is unclear if these represent altered interflow sediments or
if they formed as a result of hydrothermal alteration. Here
magnetite-quartz-rich lenses are inferred to be altered Kapai
Slate (Fig. 2B).

The lithostratigraphic units of the Kambalda sequence are
intruded by the Defiance Dolerite and minor lamprophyre in-
trusions (comprised of biotite, amphibole, and feldspar). They
are also intruded by quartz-plagioclase-K-feldspar tonalite to
granodiorite and plagioclase-K-feldspar phyric trondhjemite
dikes, which are collectively referred to as “granitoids.” The
quartz-plagioclase + K-feldspar phyric tonalite to granodiorite

883000 mE

|
382200 mE

N,

—6534200 mN

|:| Proterozoic dike

|:| Granitoids (granite, tonalite, granodiorite
and trondhjemite)

- Condenser Dolerite
- Defiance Dolerite
|:| Black Flag Group
|:| Paringa Basalt

- Kapai Slate

|:| Devon Consols Basalt
- Kambalda Komatiite
- Lunnon Basalt

1 Projected 4 ppm gold grade shells
J (generated using Leapfrog™ 3D software)

‘\ Open pit outline

\

FI1G. 2. A. Geologic map of the area surrounding the East Repulse deposit, showing the location of major gold deposits,
as well as the location of the studied cross section shown in (B) (modified from Watchorn, 1998). B. A south-north geologic
cross section of the East Repulse deposit. Samples analyzed in this study were collected from diamond drill holes along this

section.



670

Quartz-plagioclase- "_
K-feldspar phyric
tonalite to granodiorite,

- Plagioclase-phyric
trondhjemite

== =—Thrust Fault

_[/ Diamond dfill hole

Limit of interpretatian

BATH ET AL.

B|® & o A @ & o q"\bl
N RS & &8 o &
CD14101A & P Oo%é\cw&\c’)fl_%&\’oﬂ
\ | L VA

\/ /

“ /

/

l 8,7}9/7 // 100m

) |:| Regolith

- Defiance Dolerite
|:| Paringa Basalt
- Kapai Slate 400m)|
|:| Devon Consols Basalt
- Kambalda Komatiite
100 m

Fic. 2. (Cont.)

dikes crop out in the Leviathan pit, which occurs to the north-
west of the East Repulse deposits. There tonalite to granodi-
orite dikes are near vertically dipping to steeply east dipping
and strike northwest in the footwall and north in the hanging

wall of the East Repulse shear zone (pers. commun., |. Don-
aldson, 2011).

Alteration and Mineralization

The Victory and Defiance deposits (Fig. 2A) formed in a
dominantly oxidized alteration domain, as defined by Neu-
mayr et al. (2008). The Conqueror deposit on the southwest-
ern side of the complex formed in a dominantly reduced do-
main that is replicated on the eastern side of the complex,
outboard of the East Repulse deposit (Neumayr et al., 2008).
Coherent patterns of trace Bi and Mo enrichment in altered
rocks aid definition of the oxidized domain that has a sharply
defined eastern boundary against the Playa-Repulse fault
(Prendergast, 2007).The East Repulse deposit sits immedi-
ately below this camp-scale redox boundary.

Gold mineralization within the East Repulse deposit occurs
at a depth of about 220 m below the present surface (at >0.5
g/t Au; Fig. 3). Discrete higher grade mineralized zones (i.e.,
>1 g/t Au), which are commonly less than 50 m in diameter,
occur beneath the Repulse thrust. Gold mineralization can be

traced to depths of at least ~400 m, and in these domains gold
mineralization occurs in altered granitoids and adjacent mafic
and ultramafic wall rocks.

Based on crosscutting and overprinting relationships, three
dominant stages of alteration have been established relative
to mineralization. These include (1) early-stage albite-car-
bonate (+ sulfates, sulfides, magnetite and/or epidote); (2)
main-stage biotite-amphibole-carbonate (+ anhydrite, pyrite
and/or gold) and (3) late-stage carbonate (+ albite, quartz,
pyrite, chlorite, epidote and/or clinozoisite) alteration (Fig.
4). These stages of alteration overprint Kambalda Komatiite,
Devon Consols Basalt, Paringa Basalt, Defiance Dolerite,
Kapai Slate and granitoids. Thin lamprophyre intrusions (<1
m thick in drill core) appear to cut altered and mineralized
rocks in some areas.

Alteration assemblages of the East Repulse deposit have
been divided into domains that reflect lithology and the zon-
ing of alteration assemblages from the footwall through to the
hanging wall of the deposit (Figs. 4, 5A, B). The five alter-
ation domains include (1) a lower domain, (2) a granitoid do-
main, (3) an ore domain, (4) a transitional domain, and (5) an
upper domain. The lower domain occurs in the footwall of the
deposit, the ore domain occurs in the core of the deposit, and
the upper and transitional domains occur in the hanging wall.
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Rocks belonging to the granitoid domain were identified in
the footwall, core, and hanging wall of the deposit.

The above alteration domains are in part based on the as-
semblage of minor minerals associated with the various stages
of alteration. These minor mineral phases were identified
using the SEM (Philips XL 40) on samples collected at 10-m
intervals from numerous diamond drill holes shown on the
cross section in Figure 2. Mineral Liberation Analysis (MLA)
software was used to drive the SEM and to identify mineral
phases with a higher backscattered reflectance than pyrite.
Results show that the ore and granitoid domains include very
similar types of minor mineral phases (Fig. 5A). These phases
include early- and late-stage barite and celestine, and main-
stage scheelite, molybdenite, monazite, and galena (Fig. 4).
In contrast the lower domain may include one or several of
these phases of the ore and granitoid domains; however, their
distribution is more random in the lower domain. The transi-
tional domain is marked by a notable change in the minor
mineral phases. In particular, sulfate minerals are rare, and
scheelite and molybdenite were not identified in these rocks
(Fig. 5A). In contrast, some samples contained bismuthinite,
galena, and nickel sulfides, which were all associated with
main-stage alteration. Nickel sulfides (pentlandite, millerite,
and siegenite) were all identified in the upper domain (Fig.

5A, B). These minerals are associated with both biotite and
clinozoisite (Fig. 4).

Lower domain

The lower domain, beneath the ore domain, occurs within the
Devon Consols Basalt and Kambalda Komatiite. Early-stage
calcic alteration is developed in the Devon Consols Basalt. The
alteration is locally texturally destructive with epidote alteration
overprinting metamorphic assemblages dominated by plagio-
clase and amphibole (Fig. 6A-D). This stage of alteration has
been crosscut by veins of albite (An <10)-carbonate (late-stage),
which contain traces of apatite and molybdenite (Fig. 6B, E).

Main-stage alteration in the lower domain comprises as-
semblages of biotite-amphibole-anhydrite + calcite + pyrite
(Fig. 6A, F, G). Main-stage alteration is pervasive in some
areas but also occurs as veins with anhydrite and quartz in the
Devon Consols Basalt and Kambalda Komatiite (Fig. 6A). Bi-
otite alteration is well developed in the Devon Consols Basalt
adjacent to granitoid intrusions. In these areas biotite alter-
ation also occurs with carbonate, titanite, rutile, quartz, and
traces of scheelite. Gypsum within the Devon Consols Basalt
commonly leaches or is pseudomorphous after primary anhy-
drite, which is best preserved in veins within the Kambalda
Komatiite (Fig. 6F).
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Late-stage alteration in the lower domain occurs in the
Devon Consols Basalt as veins comprising quartz-magnetite-
anhydrite-epidote-carbonate overprint main-stage biotite-an-
hydrite veins (Fig. 6F). Late-stage epidote alteration is either
pervasive and/or occurs as selvages around veins that comprise
<0.3-mm quartz, magnetite, calcite, and anhydrite (Fig. 6F, H).

Granitoid domain

Early-stage alteration in the granitoid domain is character-
ized by plagioclase phenocrysts (~Anso) replaced by albite
(~Ans), which has produced a fine-grained texture (Fig. 7TA-
E). The <200-um-size albite is porous (Fig. 7TD-E). Pores are
partly filled with carbonate, pyrite, barite, and celestine.

Main-stage biotite-pyrite veins crosscut early-stage albite
and carbonate (Figs. 7C, 8A). These veins include monazite,
minor amounts of anhydrite, barite, pyrite, calcite, and traces
of electrum (Au:Ag = 3:7; Fig. 7F). A minor amount of K-
feldspar is associated with biotite alteration in granitoid dikes.
Main-stage biotite is overprinted by late-stage quartz-albite-
carbonate-pyrite alteration, which occurs as veins and/or as
local pervasive alteration (Fig. S8A). The albitization com-
monly overprints a deformation fabric in the granitoids de-
fined by the alignment of main-stage biotite in some areas.

Ore domain

Alteration assemblages of the Devon Consols Basalt and
Defiance Dolerite are characterized by locally pervasive al-
bite-carbonate-barite-celestine-magnetite (early-stage), which
is crosscut by main-stage biotite-pyrite stringers (Fig. 8A, B).
Main-stage veins have been crosscut by late-stage carbonate-
albite + quartz veins (Fig. S8A-C). Gold mineralization in the
ore domain occurs as inclusions in main-stage pyrite and bi-
otite (Fig. 8D, E). Visible gold, apatite, and silver tellurides
were identified as inclusions in main-stage pyrite, biotite
and/or quartz. Bismuthinite, sphalerite, galena, chalcopyrite,
rutile, ilmenite, monazite, and scheelite also occur as inclu-
sions in main-stage pyrite or coexist in quartz veins (Fig. SF),
indicating that these minerals likely crystallized during main-
stage alteration.

Transitional domain

The transitional domain occurs in the hanging wall of the
ore deposit in the Paringa Basalt and Kambalda Komatiite.
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The Paringa Basalt and parts of the Kambalda Komatiite
show pervasive main-stage amphibole-biotite alteration, with
medium-grained amphibole intergrown with biotite (Fig. 9A-
D). Amphibole contains inclusions of bismuthinite, millerite,
pentlandite, galena, and sphalerite (Fig. 9D). Amphibole-bi-
otite-altered Paringa Basalts are also crosscut by carbonate-
amphibole-albite-pyrite veins, which are inferred to be re-
lated to late-stage alteration (Fig. 9A-B). Late-stage pyrite
overprints and contains inclusions of main-stage biotite and
amphibole (Fig. 9A-B). The occurrence of bismuthinite in
main-stage amphibole indicates that bismuthinite, Ni sul-
fides, galena, and sphalerite either formed prior to or during
main-stage alteration.

The Kambalda Komatiite in the transitional domain also
contains localized zones of pervasive talc-chlorite-carbonate
alteration. These zones appear to be crosscut by biotite-am-
phibole-carbonate alteration and may reflect an earlier stage
of alteration within the transitional domain.

Upper domain

The upper domain is hosted in the Paringa Basalt. The
Paringa Basalt is a meta-basalt that comprises amphibole, pla-
gioclase, and spotty biotite, which is overprinted by numerous
stages of alteration. Alteration stages are difficult to link with
those in other domains. In particular notable sharp changes in
alteration assemblages occur between the transitional and the
upper domains (Fig. 4). These changes are consistent with an
alteration front that separates two distinct camp-scale alter-
ation domains (Neumayr et al., 2008). Movement of the
upper-domain block relative to other domains following alter-
ation and mineralization is not discounted.

In the upper domain the earliest stage of alteration is chlo-
rite-carbonate alteration (early-stage?), which overprints meta-
morphic amphibole, plagioclase, and biotite. Chlorite-carbon-
ate alteration is overprinted by main-stage(?) biotite alteration,
and chlorite-altered rocks have been crosscut by veins of K-
feldspar-calcite-biotite-pyrite with traces of millerite and
chalcopyrite (main-stage (?); Fig. 10A-B). There also appears
to be a late-stage(?) chlorite alteration event that overprints
metamorphic and/or main-stage(?) biotite. There are also
quartz-clinozoisite/epidote-pyrite-calcite-chlorite  veins and
disseminated clinozoisite and pyrite = pyrrhotite alteration,
which are considered to be a part of late-stage(?) alteration

F16. 6. Typical lower domain alteration assemblages. A. Diamond drill core of lower domain Devon Consols Basalt, which
has been altered by early-stage epidote and crosscut by main-stage quartz-anhydrite veins with biotite selvages (DDH
CD7043-361.7m). B. Early-stage epidote alteration is crosscut by a late-stage albite-carbonate vein in Devon Consols Basalt.
Devon Consols Basalt sample is from the lower domain and is viewed in plane-polarized light. White squares denote areas
where images for (C), (D), and (E) were taken from DDH CD7055-326.45m. C. Backscattered electron image of least
altered area of Devon Consols Basalt as shown in (B). Least altered zones consist of subhedral amphibole and anhedral pla-
gioclase. Small inclusions of sphene are common in plagioclase and amphibole. D. Backscattered electron image of early-
stage epidote-altered Devon Consols Basalt as shown in (B). Early-stage epidote preferentially has replaced plagioclase and
partially replaced amphibole. E. Backscattered electron image of late-stage(?) albite-carbonate vein as shown in (B). The vein
also contains amphibole as well as traces of molybdenite and apatite. F. Diamond drill core of Devon Consols Basalt over-
printed by main-stage biotite alteration, which has been overprinted by late-stage epidote selvage of a quartz-magnetite-
anhydrite-calcite vein. White square denotes area where (H) was collected from DDH CD7061-330.4m. G. Main-stage
biotite-amphiole-calcite alteration of Devon Consols Basalt in plane-polarized light (DDH CD7055-294.8m). H. Backscat-
tered electron image of a late-stage quartz-magnetite-anhydrite-calcite vein, which crosscuts Devon Consols Basalt in the
lower domain as shown in (F). Mineral abbreviations for Figures 6-10: ab = albite, ak = ankerite, am = amphibolite, au =
gold/electrum, ba = barite, bi = biotite, bm = bismuthinite, ¢b = carbonate, ch = chlorite, cp = chalcopyrite, ¢z = clinozoisite,
il = ilmenite, mt = magnetite, mi = millerite, pl = plagioclase, py = pyrite, ru = rutile, sp = sphene, sh = scheelite, qz = quartz.
Letters in parentheses represent inferred stage of alteration: early-stage = (e), main-stage = (m) and late-stage = (I).
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Fic. 7. Alteration assemblages of the granitoid domain. A. Diamond drill hole of biotite- and albite-altered plagioclase-
phyric trondhjemite, which intrudes rocks of the lower domain. The sample includes milky white plagioclase phenocrysts with
interstitial early-stage fine-grained albite and carbonate, and main-stage biotite-pyrite-carbonate alteration (DDH CD7055-
399.9m). B. Biotite- and albite-altered plagioclase-phyric trondhjemite in cross-polarized light (same sample as (A)). Plagio-
clase phenocrysts show multiple twinning. Some phenocrysts also show simple twinning, which is consistent with K-feldspar.
Patches of early-stage fine-grained albite-carbonate and main-stage biotite-pyrite-carbonate alteration occur in the interstitial
to feldspar phenocrysts. C. Diamond drill hole of pervasively early-stage albite-altered plagioclase-phyric trondhjemite from
the ore domain area. The sample also contains thin veins of main-stage biotite, pyrite, and carbonate. D. Backscattered image
of andesine (~Ans) partially replaced by early-stage albite (~Ans) from a quartz-plagioclase-phyric tonatile to granodiorite
intrusion. The parent andesine has a relatively smooth textured surface, whereas the albite has pores (black). The albite also
contains pores filled with barite and is intergrown with pyrite and carbonates, which are inferred to have been deposited dur-
ing sodic-calcic alteration (DDH CD7043-373.0m). E. Pervasively albite-altered plagioclase-phyric trondhjemite as shown
in (D) in cross-polarized light. The sample has been completely recrystallized to fine-grained albite, carbonate, and quartz
during early-stage alteration. The sample also includes patches of biotite and pyrite alteration, which are inferred to have
been deposited during main-stage alteration. F. Backscattered electron image of main-stage biotite-calcite-pyrite alteration
within a granitoid host rock. The image also shows that inclusions of electrum occur in main-stage pyrite (DDH CD7043-
373.0m). Abbreviation Any refers to anorthite component of plagioclase. See Figure 6 for additional abbreviations.
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F16. 8. Common alteration assemblages of the ore domain and mineralized zones of the granotoid domain. A. Albite-bi-
otite-pyrite—altered Devon Consols Basalt (left of the white dashed line) and albite-biotite-pyrite-carbonate-altered grani-
toid (right of the white dashed line). Devon Consols Basalt and granotoid have been pervasively overprinted by early perva-
sive albite alteration, which has been crosscut by main-stage biotite-pyrite veins and late-stage carbonate veins (DDH
CD7177-260.5m). B. Albite-carbonate-biotite-pyrite-altered Devon Consols Basalt from the lower domain in plane-polar-
ized light. The sample consists of turbid early-stage albite-carbonate alteration that has been crosscut by main-stage biotite-
pyrite veins, which in turn have been crosscut by late-stage albite-carbonate veins (DDH CD7055-247.8m). C. Backscattered
electron image of late-stage albite-carbonate vein in ore domain Devon Consols Basalt (shown in (B)), showing that the veins
consist of abundant barite and pyrite. D. Backscattered electron image of pervasive early-stage albite-magnetite. Early-stage
albite-magnetite has been crosscut by main-stage pyrite-quartz-biotite veins which contain gold. Gold occurs as inclusions in
quartz and pyrite (DDH CD7176-259.1m). E. Backscattered image of main-stage biotite-pyrite alteration of Devon Consols
Basalt from the ore domain (as shown in (B)). Gold inclusions occur in both pyrite and biotite, indicating that main-stage bi-
otite alteration was associated with the deposition of gold in the ore domain. F. Biotite coexisting in a vein with carbonate,
apatite, rutile, ilmenite, scheelite monazite, and quartz. The vein crosscuts early albite. Rutile and ilmenite are often inter-
grown in the ore domain (DDH CD7055-252.0m). See Figure 6 for mineral abbreviations.

(Fig. 10C). These late-stage(?) alteration assemblages can be  to determine if geochemical links exist between biotite in the
associated with pentlandite, sphalerite, siegenite, cobaltite, ore domain and biotite in other domains. The composition of
and traces of galena (Fig. 10D-E). biotite and apatite were also used to establish the temperature
of biotite-apatite equilibration and to determine the fi,o/fur
ratios of fluids in equilibrium with biotite (Munoz, 1992; Zhu

The composition of biotite and associated apatite across al-  and Sverjensky, 1992). Since main-stage biotite alteration is
teration domains of the East Repulse deposit was investigated  associated with gold in the ore and granitoid domains, these

Biotite and Apatite Geochemistry
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FI16. 9. Transitional domain alteration assemblages. A. Diamond drill core of biotite-amphibole-carbonate-pyrite-altered
Paringa Basalt from the transitional domain. Main-stage biotite-amphibole-carbonate alteration has been crosscut by am-
phibole-carbonate-pyrite veins, which are inferred to be related to late-stage alteration (DDH CD7055-220.7m). B. Transi-
tional domain Paringa Basalt that shows main-stage biotite-amphibole-carbonate alteration in plane-polarized light. Main-
stage biotite and amphibole are overgrown by pyrite, which may be related to late-stage alteration. Sample same as (A). C.
Backscattered electron image of main-stage amphibole and biotite in Paringa Basalt from the transitional domain (same
sample as (A)). Main-stage amphibole contains inclusions of bismuthinite and calcite. D. Backscattered electron image of in-
clusions in main-stage amphibole from the transitional domain (same sample as (A)). Inclusion includes calcite, bismuthinite,
sphene, galena, chalcopyrite, and millerite. See Figure 6 for mineral abbreviations.

temperatures are likely to constrain the temperature of gold
mineralization. Analyses were obtained from a range of textural
settings and rock types, including main-stage biotite-pyrite
veins and stringers in mafic rocks and granitoids of the lower
and ore domains and biotitic selvages to anhydrite + quartz
veins in the Devon Consols Basalt in the lower domain.
Analyses were also conducted on biotite-apatite pairs from
pervasive biotite-amphibole-carbonate-altered zones within
Kambalda Komatiite in the lower domain. These pervasive bi-
otite-amphibole-carbonate zones occur around anhydrite +
quartz veins. Biotite-apatite was also analyzed from pervasive
biotite-amphibole alteration domains within the transitional
domain and on the margins of granitoid intrusions as well as
spotty biotite in the upper domain.

Methods

Biotite and apatite grains were mounted in epoxy, polished
and coated with carbon prior to analysis. Grains were ana-
lyzed using the JEOL 8900R electron probe microanalyzer at
the CSIRO laboratories in Clayton, Victoria, Australia. Beam
conditions were an accelerating voltage of 15kV, a beam cur-
rent of 15 nA, and a defocused beam diameter of 10 um. Ele-
ments Si, Ti, Al, Cr, Fe, Mn, Mg, Ca, K, Na, Ba, Cl, and F

were analyzed in biotite. Peak counting time for Si, Ti, Al, Fe,
Mn, Mg, Ca, K, Cl, and F was 20 s, for Ba 40 s, for Cr 30 s,
and for Na 10 s. Background counting times were typically
half the peak counting time. The detection limit of halogens
in biotite was approximately 560 and 150 ppm for F and chlo-
rine, respectively. Known standards were used at the begin-
ning and end of probe sessions in order to assess accuracy and
correct for machine drift during analysis.

All apatite grains analyzed in the current study occur with
biotite and are either associated with main-stage alteration or
a possible earlier phase of metasomatism and/or metamor-
phism (e.g., upper-domain Paringa Basalt). Elements Si, Al,
Fe, Mn, Mg, Ca, Na, Sr, P, La, Ce, Nd, Eu, Y, S Cl, and F
were analyzed in apatite. A peak counting time of 20 s was
used for the analysis of Si, Al, Fe, Mn, Mg, Na, Sr, La. Ce,
Nd, Eu, Y, and S, whereas a peak counting time of 10 s was
used for the analysis of F, P, Cl, and Ca. Background counting
times were typically half the peak counting time. Fluorine
and Cl had detection limits of between 600 and 660 ppm, re-
spectively. Known standards were also used to assess accuracy
and correct for machine drift during probe sessions. Apatite
grains that had their ¢ axis approximately normal to the beam
were preferentially selected for analysis in order to minimize
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F1G. 10. Alteration assemblages of the upper domain. A. Chlorite-biotite-K-feldspar-calcite—altered Paringa Basalt from
the upper domain in plane-polarized light (DDH CD7055-120.8m). The sample includes spotty biotite alteration in the wall
rock. The wall rock is also crosscut by calcite-biotite-K-feldspar veins. Spotty biotite has overgrown an earlier phase of chlo-
rite alteration. B. Backscattered electron image of K-feldspar vein with calcite, chalcopyrite, and pyrite from the upper do-
main (DDH CD7055-89.2m). C. Diamond drill core of quartz-clinozoisite-chlorite-calcite vein, which crosscuts Paringa
Basalt from the upper domain. The quartz-clinozoisite-chlorite-calcite vein also crosscuts thin biotite veins (DDH CD7061-
63.8m). D. Backscattered electron image of pyrite, millerite, and clinozoisite alteration of Paringa Basalt from the upper do-
main (same sample as (B)). E. Backscattered electron image of clinozoisite-calcite alteration of Paringa Basalt. Clinoziosite
contains inclusions of galena, sphalerite, and chalcopyrite (DDH CD5026-218.4m). See Figure 6 for mineral abbreviations.

the effects of F migration toward the beam (Stormer et al.,
1993). In addition the stage was continually moved under the
defocused beam, which has been shown to minimize the effect
of F migration toward the beam (Webster et al., 2009). Some
apatite samples at depths of greater than 300 m have greater
than 2 apfu F (equiv to ~3.77 wt %); however it is unclear if
this is a result of substitution reactions (see below) and/or the
effects of F migration toward the beam. Hence some analyses
of apatite may have yielded higher than actual F content.

Estimation of the Fe3+/Fe?+ ratio of biotite

Calculation of Fe3+Fe?+ ratios of microprobe analyses of bi-
otite by assuming 14 cations or 24 anions/fu can significantly
underestimate the amount of Fe?+ (e.g., Feldstein et al., 1996).
An alternative approach, in the absence of measured Fe?+, is
to approximate Fe3+/Fea based on the redox conditions of

biotite formation indicated by coexisting redox sensitive min-
erals (Samson et al., 1999). Guidotti and Dyar (1991) re-
ported Fe3*/Fey values for metamorphic biotite under a
range of redox conditions. They reported that biotites in equi-
librium with ilmenite and graphite had consistent Fe3+/Fea
of approximately 0.12, biotites coexisting with magnetite
had Fe3*/Feoa of 0.22 + 0.04, and a sample that contained
hematite had Fe?*/Fe values of 0.46 + 3. Anthony and Tit-
ley (1988) used Mossbauer spectroscopy to determine the
Fe3+Fe of biotites coexisting with quartz, magnetite, and
K-feldspar from granodiorite of a porphyry copper deposit in
Arizona. Results yielded values between 0.19 and 0.24, which
is consistent with values from Guidotti and Dyar (1991) for
magnetite-bearing rocks.

In part, biotite from the East Repulse coexists with mag-
netite, pyrite, quartz, and very minor amounts of K-feldspar
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in the hanging wall, core, and footwall of the deposit. Biotite
also coexists with ilmenite and rutile in the ore and granitoid
domains, anhydrite in the lower domain, and titanite in the
upper and lower domains. These assemblages suggest biotite
formation over a range of redox conditions, implying a range
of Fe3*Feww values. However, large inaccuracies in the
Fe3+/Fea ratio (i.e., £0.1) correspond to relatively small er-
rors in biotite-apatite geothermomtery and log(fu,0/fur)nuia
calculations (i.e., approximately +5°C and +0.02 log(fir,0/
fur)nid, respectively). Hence for the purpose of reporting bi-
otite analyses here (Table 1) we assume an intermediate value
of Fe3+/Fego of 0.22.

Mg and Ti content of biotite

The Mg number (i.e., Mg/(Mg + Fe)) of biotites range
between 0.57 and 0.62 in Paringa Basalt from the upper do-
main (Fig. 11A). In the transitional domain the Mg number of
biotite is markedly higher (0.67-0.76) for Paringa Basalt than
in the upper domain. Biotite in Devon Consols Basalt, Kapai
Slate, and Defiance Dolerite have Mg numbers between 0.66

and 0.78 and overlap with the range of transitional domain bi-
otites. The granitoids also have biotites with a similar range of
the Mg number (0.65 and 0.75) in mineralized zones between
220- and 250-m depths. At depths between 300 and 410 m,
the granitoids contain biotites with Mg numbers that range
between 0.54 and 0.74, which is a greater range than those
between 220- and 250-m depths. Biotites in Kambalda Ko-
matiites have Mg numbers between 0.70 and 0.86. Weakly bi-
otite altered Kambalda Komatiite from the hanging wall of
the Repulse Thrust in the Leviathan pit (Victory-Defiance
deposit; Fig. 1) has biotites with Mg numbers between 0.67
and 0.70.

The Ti in biotite ranges between 0.15 and 0.22 apfu (Fig.
11B) in Paringa Basalt from the upper domain, and between
0.07 and 0.18 apfu for biotite from the transitional-domain
Paringa Basalt (Fig. 11B). Devon Consols Basalt contains bi-
otite with between 0.18 and 0.20 apfu Ti, and Defiance Do-
lerite biotites have between 0.13 and 0.16 apfu Ti. Biotite in
granitoids from mineralized zones (220- to 250-m depth) con-
tain between 0.08 and 0.26 apfu Ti. Granitoids that occur at

TABLE 1. Selected Microprobe Analysis of Biotite from the East Repulse Deposit

Defiance
Rock unit Paringa Basalt Dolerite Devon Consol Basalt Granitoid Kambalda Komatiite
DDH CD7055 CD7055 CD7177 CD7177 CD7055 CD7177 CD7055 CD7177 CD7055
Depth 150.6 220.0 282.2 228.0 294.8 253.2 399.9 372.0 440.8
SiOg 37.19 38.35 39.61 39.62 37.98 39.09 38.71 38.06 38.89
TiOs 2.00 1.28 1.19 1.49 1.23 1.58 1.58 0.85 0.66
Al,O3 17.21 14.64 13.75 14.26 16.08 15.27 15.27 15.87 14.20
FeO 15.72 11.28 11.81 10.19 13.98 14.33 13.48 13.02 9.15
MnO <0.12 0.20 <0.12 0.16 0.24 <0.12 <0.12 0.15 <0.12
MgO 14.48 20.08 18.17 19.09 17.42 13.97 19.30 17.25 21.20
Na,O 0.08 0.11 0.11 0.09 0.05 0.08 0.05 0.11 0.28
K20 10.22 10.73 10.50 10.36 10.40 10.32 10.51 10.36 10.63
BaO 0.45 <0.04 0.12 0.05 0.10 0.25 0.59 0.06 <0.04
Cr:03 0.31 0.34 0.31 <0.15 <0.15 0.00 <0.15 0.37 0.25
CaO 0.28 <0.03 0.04 <0.03 <0.03 0.05 <0.03 0.10 <0.03
Cl 0.017 0.028 <0.015 0.020 0.020 <0.015 <0.015 <0.015 0.015
F 0.19 0.36 0.70 0.19 0.62 0.35 1.51 0.42 0.50
Total 98.24 97.39 96.58 95.60 98.23 95.42 101.02 96.70 95.90
O=F 0.08 0.15 0.29 0.08 0.26 0.15 0.64 0.18 0.21
Total 98.16 97.24 96.28 95.52 97.96 95.27 100.38 96.53 95.69
Calculated by normalizing to 20 O + 4 (OH, F, CI)
Si 5.400 5.535 5.786 5.754 5.489 5.790 5.492 5.558 5.651
Al(IV) 2.600 2.465 2.214 2.246 2.511 2.210 2.508 2.442 2.349
Al(VI) 0.345 0.026 0.153 0.195 0.228 0.456 0.043 0.289 0.083
Ti 0.218 0.139 0.130 0.163 0.134 0.177 0.168 0.093 0.072
Fed+a 0.420 0.299 0.317 0.272 0.372 0.390 0.352 0.350 0.245
Fe2+a 1.489 1.061 1.125 0.965 1.318 1.384 1.247 1.240 0.868
Mg 3.134 4.320 3.956 4,134 3.752 3.085 4.081 3.755 4.592
Mn 0.013 0.024 - 0.020 0.029 - - 0.018 0.011
Ca 0.043 - 0.006 - - 0.007 - 0.015 -
Na 0.024 0.030 0.031 0.027 0.013 0.024 0.012 0.031 0.078
K 1.894 1.975 1.956 1.920 1.916 1.950 1.902 1.930 1.969
OH 3.908 3.828 3.676 3.909 3.690 3.835 3.349 3.807 3.576
F 0.087 0.165 0.324 0.086 0.305 0.165 0.651 0.193 0.421
Cl 0.004 0.007 - 0.005 0.005 - - - 0.004

Notes: Note that detection limits (e.g., <0.1) are approximate values for the analysis; AFe3*/Feq values are fixed at 0.22
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Fic. 11. Element and element ratios of biotite and apatite versus depth (samples collected from DDH CD7055, CD7061
and CD7177). A. Biotites from the upper domain (i.e. <200-m depth) and some granitoids have the lowest Mg number. Ore
and transitional domain biotites and some granitoids have intermediate Mg numbers, whereas biotite from the Kambalda
Komatiite has the highest Mg number. B. The Ti value of biotites shows almost the opposite trend to Mg number, and hence
upper domain biotites and some granitoids have the highest Ti values. Biotites from the ore and transitional domains and
some granitoid have intermediate Ti values, whereas biotite from Kambalda Komatiite has the lowest values. C. Fluorine in
biotite vs. depth for different rock units across the East Repulse deposit. There is an increase in the amount of F with depth
for biotites that occur in basalts and granitoids. Biotites in Kambalda Komatiite are variably enriched in F, which does not
appear to correlate with depth. D. The distribution of F in apatite with increasing depth for the East Repulse deposit. There
is an increase in F in apatite with increasing depth. The main trend of increasing F in apatite with increasing depth mirrors

the trend of F in biotite.

depths of between 300 and 400 m have biotites with between
0.07 and 0.32 apfu Ti. Kambalda Komatiite and Kapai Slate
have biotites with the lowest abundance of Ti, which is be-
tween 0.05 and 0.10 apfu. Biotites from weakly biotite al-
tered Kambalda Komatiite from the hanging wall of the Re-
pulse Thrust in the Leviathan pit (Victory-Defiance deposit)
have between 0.16 and 0.21 apfu Ti. There is a general de-
crease in the amount of Ti in biotites with depth in Paringa
Basalt and Kambalda Komatiite but a general increase in the
Mg number.

Halogens in biotite

The abundance of F in biotite is lowest in the Paringa Basalt
from the upper domain (<0.06-0.30 wt % or <0.03-0.14
apfu) and most elevated in the biotites from the granitoid in-
trusions that occur in the deepest parts of the studied cross
section (i.e., 0.9-1.8 wt % or 0.43-0.85 apfu; Fig. 11C; Table
1). Biotite from Paringa Basalt of the transitional domain con-
tains between 0.25 to 0.4 wt % F (0.12-0.19 apfu), and the
ore domain biotite from Devon Consols Basalt, Defiance Do-
lerite, Kapai Slate, and granitoid intrusions contain between
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0.5 and 1 wt % F (0.24-0.47 apfu). Biotite from Devon Con-
sols Basalt of the lower domain occurs as selvages to quartz-
anhydrite veins (Fig. 6F, G) and has between 0.7 and 1.3 wt
% F (0.33-0.61 apfu). Kambalda Komatiite biotites contain
the lowest abundance of F (0.5-0.9 wt % or 0.24-0.43 apfu)
for rocks in the lower domain. Biotite from weakly biotite al-
tered Kambalda Komatiite from the Leviathan pit has F be-
tween 0.05 and 0.21 wt % and is within the range of Paringa
Basalt from the hanging wall of the East Repulse deposit.
Chlorine in biotite is mostly below detection limit (150 ppm)
for all rock types; however some individual analyses yielded
values as high 350 ppm.

Halogens in apatite

The abundance of F is lowest in apatite from the upper do-
main Paringa Basalt (2.1-2.3 wt % or 1.12-1.22 apfu; Fig.
11D; Table 2), and the abundance of F in apatite increases
from the upper to the lower domain (2.1-4.1 wt % or
1.12-2.18 apfu). In particular, F is highest in apatites from
granitoid intrusions and Devon Consols Basalt, which occur
at depths greater than 300 m (3.7-4.1 wt % or 1.97-2.18
apfu). These apatites are mostly stoichiometrically enriched
in F relative to the normal 2 apfu (equiv to ~3.77 wt %),
which may indicate some substitution of (CO3 F") for PO} in
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the structure (Binder and Troll, 1989) and/or analytical error.
The total abundance of P, S, and Si is between 5.8 and 6.0
apfu, indicating that (CO%F") substitution may have occurred
in some samples, but is limited (i.e., <0.2 apfu or <0.4 wt %
F). Apatite from weakly biotite altered Kambalda Komatiite
from the Leviathan pit has a relatively low abundance of the
F (ie., 1.8-2 wt %). The trend of increasing F in apatite with
increasing depth parallels the increase in F in biotite with in-
creasing depth.

Biotite-apatite geothermometry

The biotite-apatite geothermometer of Zhu and Sverjensky
(1992) was used to estimate the temperature at which apatite
and biotite pairs equilibrated. This geothermometer is less
prone to subsolidus reequilibration compared to carbonates
and oxides (Tacker and Stormer, 1989; Andersen and Aus-
trheim, 1991). Apatite is also considered to be less vulnerable
than micas to subsolidus exchange of halogens (Parry and Ja-
cobs, 1975; Tracker and Stormer, 1989; Piccoli and Candela,
1994). Apatite and biotite grains selected for analysis were in
direct contact and are from main-stage veins in the ore do-
main (Fig. 12A). For samples used in the current study, ap-
atite occurs as euhdral to subhedral inclusions in biotite
grains with no obvious textural evidence for disequilibrium

TaBLE 2. Selected Microprobe Analysis of Apatite from the East Repulse Deposit

Rock unit Paringa Basalt Devon Consol Basalt Granitoids Kambalda Komatiite
DDH CD7061 CD7177 CD7177 CD7061 CD7177 CD7177 CD7177 CD7177 CD7177
Depth 150.7 208.0 228.0 344.4 253.2 284.4 306.0 372.0 392.8
SiO2 0.22 0.04 0.10 0.07 0.04 0.20 0.09 0.11 0.08
LasOs <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
Ceq0s3 0.11 0.10 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08
Nd:O3 <0.07 <0.07 <0.07 <0.07 <0.07 0.09 0.07 <0.07 <0.07
Eu03 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07
Y203 <0.18 <0.18 <0.18 <0.18 <0.18 <0.18 <0.18 <0.18 0.19
Fe O3 0.34 0.75 0.17 0.11 <0.1 <0.1 0.17 0.15 0.25
MnO <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
MgO <04 <04 <04 <04 <04 <04 <04 <04 <04
CaO 55.58 55.02 55.01 55.47 55.72 54.84 55.70 55.04 55.10
SrO <0.11 0.12 0.55 <0.11 0.18 0.31 <0.11 <0.11 <0.11
NaO <0.05 0.14 0.09 <0.05 0.14 0.16 0.12 <0.05 0.07
K20 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
P20s 41.78 41.99 42.22 42.28 42.07 41.16 41.85 42.22 41.97
SOs <0.22 <0.22 <0.22 <0.22 <0.22 0.31 <0.22 <0.22 <0.22
F 2.13 2.12 2.80 4.05 3.56 3.36 3.86 3.47 3.66
Cl <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07
Total 100.17 100.28 100.92 101.98 101.70 100.43 101.84 101.00 101.31
-O=Fd 0.90 0.89 1.18 1.71 1.50 1.42 1.62 1.46 1.54
Total 99.27 99.39 99.74 100.27 100.21 99.01 100.22 99.53 99.77
Number of ions on the basis on 16 cations

Si 0.04 0.01 0.02 0.01 0.01 0.03 0.01 0.02 0.01
Fe 0.05 0.11 0.02 0.02 - - 0.02 0.02 0.03
Ca 9.98 9.87 9.88 9.97 9.98 9.94 9.99 9.94 9.93
Sr - 0.01 0.05 0.00 0.02 0.03 0.00 - 0.00
Na - 0.04 0.03 - 0.05 0.05 0.04 - 0.02
P 5.93 5.95 5.99 6.00 5.95 5.90 5.93 6.02 5.98
S - - - - - 0.04 - - -

F 1.13 1.12 1.49 2.14 1.88 1.80 2.04 1.85 1.95
Cl - - - - - - - - -
OH 0.87 0.88 0.51 - 0.12 0.20 - 0.15 0.05
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FIc. 12. A. Apatite and biotite, like this example, were selected for electron microprobe analysis and geothermometry es-
timates. These two phases appear to be in equilibrium. B. Depth vs. calculated temperature from biotite-apatite geother-
mometry. The graph demonstrates that there is a tendency for lower calculated temperatures with increasing depth. Tt is un-
clear if this trend truly reflects a temperature gradient, or is it an effect of the substitution of (COYF) for POT, resulting in
lower calculated temperatures with increasing depth. Dash line represents average temperature and gray area represents 1o

of uncertainty.

between the two phases. Temperature estimates are based on
electron microprobe data (Table 3). The formula used to cal-
culate temperatures is the following:

T (°C) = ((8852 — 0.024 P (bars) +

5000X%,)/(1.987 InK4P% + 3.3666)) - 273.15, (1)

where

X, = (Fe2r + AIVI)/(Fe2r + Mg + AlVI), (2)

and

(Xe/Xon)/(Xe/Xon)H, (3)

KA
a

and Xr and Xon are mole fractions of F and OH in apatite and
biotite.

The effects of pressure are negligible (i.e., 2 = 1 kbars cor-
responds to temperature variations of less than +5°C), and
the analytical error associated with F analysis is the largest
source of uncertainty in calculating temperatures. A pressure
of 2 kbars was assumed here, which is based on estimates of
mineral equilibria and fluid inclusions of the nearby Victory
deposit (Clark et al., 1989).

Temperature estimates were made for 21 biotite-apatite
pairs. Most pairs were from a limited depth interval between
295 and 290 m within the transitional and ore domains and
were selected from diamond drill holes CD7061 and CD7177
(Fig. 2B). As mentioned above, apatite samples from areas of
the lower and granitoid domains have measured F values of
greater than 2 apfu and may contain some CO3™ ions (Binder
and Troll, 1989). Hence their true composition could not be
determined and therefore they were not used for geother-
mometry. For the purpose of the calculations, it is assumed

that apatites, which have less than 2 apfu F, have negligible
amounts of CO%™ in their structure, although this may not al-
ways be the case. In any case, an overestimate of the abun-
dance of F in the hydroxyl site of apatite, through the substi-
tution of (CO3 F") for PO}~ or analytical error, would result in
lower calculated temperatures. For example a 10% overesti-
mation of F in the hydroxyl site of apatite would yield calcu-
lated temperatures that are approximately 40°C cooler.
Hence temperature estimates provided here may be consid-
ered minimum temperature estimates.

Biotite-apatite pairs from Devon Consols Basalt and grani-
toid intrusions yielded temperatures between 410° and
560°C (Fig. 12B). Biotite-apatite pairs from Kambalda Ko-
matiite in the lower domain showed a wide range in calcu-
lated temperature (360°-440°C). Temperature estimates
within the lower domain are within error of estimates within
the ore domain, and therefore no thermal gradient can be es-
tablished from the current dataset.

The average temperature for apatite-biotite pairs is approx-
imately 480°C with a standard deviation of 60°C. The average
temperature is higher than some previous temperature esti-
mates, although within error of gold deposition in the Victory-
Defiance complex (390° + 40°C for carbonates; Clark et al.,
1989). Early and late alteration assemblages that comprise of
epidote-quartz-carbonate in mafic rocks and albite-carbonate
in granitoids may reflect relatively low temperature alteration
assemblages (i.e., <400°C, Dilles and Einaudi, 1992). How-
ever as shown by Bird and Helgeson (1980, 1981) epidote can
be stable at temperatures above 600°C.

Halogen fugacity of fluids

The concentration of F and Cl in hydrothermal biotite re-
flects the F and Cl content of the fluid, expressed as fugacity
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Whole-Rock Geochemistry
Samples

X-ray fluorescence (XRF) K data for metabasalts and meta-
komatiites from the East Repulse deposit were used to assess
K alteration. Biotite is the main K-bearing phase across the
East Repulse deposit, and therefore whole-rock K is used here
as a proxy for biotite alteration. Granitoids were also analyzed;
however these rocks contain primary K-feldspar phenocrysts,
and hence K values do not strictly reflect biotite alteration.

Ion-selective electrode (ISE) and XRF analysis of F was
conducted in order to test for host-rock F enrichment of vari-
ably altered samples. Samples used were from each of the five
main alteration domains and correspond to samples used for
biotite and apatite analysis.

Methods

Whole-rock samples were crushed using a steel jaw crusher
and small chips (3-15 mm) were then separated and washed
in an ultrasonic cleaner for 10 min. Clean chips were then
dried and milled using agate or mild steel mills. Mills were
cleaned using quartz sand and thoroughly scrubbed with syn-
thetic cleaning pads in hot soapy water, rinsed, and then dried
using compressed air between samples to reduce chances of
contamination.

X-Ray Whole-Rock Analysis (K and F)

XRF analysis of K and F was conducted at the University of
Tasmania. Fusion disks (32 mm) were made with a 1:9 dilu-
tion of sample: 12-22 flux (12 pts. LisB4O7-22 pts. LiBOy),
fused for 10 to 15 min at 1,100°C in a 5% Aw/Pt crucible, and
poured into a 5% AwPt mould. These were used for major
element analysis including K and F. For F, standard disks (0,
2.5, 5.0, 10.0 wt % F in SiOs) were prepared with ignited
CaF3 and pure quartz. Fusion disks of 25 international refer-
ence rocks containing 0.001 to 8.62 wt % F were prepared to
check the accuracy of the method. A PANalytical Axios Ad-
vanced XRF Spectrometer with SST-mAX 4kW Rh tube was
operated at 25kV 160 mA, using a PX-1 multilayer, vacuum,
700 gmm collimator, flow counter with P10 gas, K alpha
(FKA) with backgrounds of -3.39° and +2.11° to avoid Fe
and Al lines. A correction was made for the FeLA overlap.
Counting times of 200, 200, 200 s (bgd.1, peak, bgd.2) gave a
detection limit (30) of 0.04 wt % F. Samples were analyzed in
duplicate (Table 4). Table 4 compares the XRF results with
published values for the reference rocks. Note that many
published values are not certified as F is not an easy element
to determine and there is often poor agreement between
laboratories.

F16.13. A. Depth vs. calculated HF fugacity ratios of fluids in equilibrium
with biotite (at 480°C) from the East Repulse deposit. The log (fii,o/fur) for
fluids in equilibrium with biotite decreases with increasing depth in grani-
toids and biotite-anhydrite—altered basalt, which may reflect a decrease in
the activity of HF in fluids as they moved through the wall rocks from depth.
B. Xug vs. log (Xe/Xon) for biotite from each of the lithologies of the East Re-
pulse deposit. Parallel lines show log (fu,o/fur) values of fluids in equilib-
rium with biotite at 480°C (see text). C. Xy vs. log (Xci/Xon) for biotite from
each of the alteration domains of the East Repulse deposit. Parallel lines
show log (fi,0/fur) values of fluids in equilibrium with biotite at 480°C.
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TABLE 4. Rock Reference Materials and Selected Unknowns from ISE and XRF Whole-Rock Analysis of Fluorine

Method XRF ISE Published

Detection limit 0.04 sd Duplicate 0.01 Duplicate values sd
Reference material Depth Rock unit (wt %) (wt %) (wt %) (wt %) (wt %) (wt %) (wt %)
GBW 07113 0.130 0.130

SCO-1 0.080 0.080

DR-N 0.050 0.050

UB-N <0.01 0.010

W-2a 0.010 0.021

SGR-1b 0.200 0.196

BHVO-2 (6x) 0.040 0.032 0.040

JG-1 0.055 0.050

JR-1 (3x) 0.089 0.025 0.094

AC-E (3x) 0.214 0.019 0.210

GSP-2 (3x) 0.385 0.022 0.30 to 0.41

OShBO (5x) 1.190 0.070 1.130 0.160
MICA-FE 1.660 1.600

MA-N (4x) 1.455 0.024 1.3to0 1.7
MICA-MG (10x) 2.790 0.060 2.850

GXR3/538 8.640 8.620 0.340
Selected unknowns from the East Repulse deposit

Diamond drill hole Depth Rock unit XRF Duplicate ISE Duplicate

CD7055 60.1 Paringa Basalt <0.04 <0.04 <0.01

CD7055 180.8 Paringa Basalt <0.04 <0.04 <0.01

CD7055 326.45 Devon Consol Basalt 0.170 0.166 0.130

CD7055 360.9 Kambalda Komatiite 0.060 0.040 0.040

CD7055 409.6 Kambalda Komatiite 0.397 0.401 0.420

CD7055 440.8 Kambalda Komatiite 0.250 0.246 0.310

CD7177 253.2 Granitoid <0.01 <0.01

CD7055 290.25 Devon Consol Basalt 0.150 0.170

Ion-Selective Electrode F Analysis

Ion-selective electrode analysis for F in whole rock was con-
ducted by Activation Laboratories Limited, Ontario, Canada.
For the analyses, 0.2 g of samples were fused with a combi-
nation of lithium metaborate and lithium tetraborate in an in-
duction furnace. The fuseate was dissolved in dilute nitric
acid, and the ionic strength was adjusted using an ammonium
citrate buffer. The fluoride ion electrode is immersed in this
solution to measure the fluoride-ion activity directly. An auto-
mated Mandel Scientific fluoride analyzer was used for the
analysis. Certified standards were used throughout the analy-
sis (Table 4). Comparison between ISE and XRF results shows
that most analyses are within 20% of each other (Table 4).

Results

Paringa Basalt in the hanging wall has between 0.03 and 0.7
wt % K20 (Fig. 14A). In the transitional domain, where bi-
otite-amphibole alteration is pervasive, the Paringa Basalt has
between 3 and 5 wt % KO, indicating that these rocks con-
tain greater than four times the amount of K compared to
their least altered equivalent. Devon Consols Basalt in the ore
domain has between 1.2 and 3 wt % K>0O, whereas in the
lower domain it has a wider range between 0.2 and 4.6 wt %
K50. The wide range of KoO in the lower domain reflects
variable degrees of biotite alteration throughout the ore and
lower domains. A talc-chlorite-carbonate-altered Kambalda
Komatiite sample from the transitional domain contains 0.1

wt % K50, and least biotite altered Kambalda Komatiite rocks
from the Leviathan Pit contain <0.22 wt % K>O. Kambalda
Komatiite in the lower domain show pervasive biotite-amphi-
bole-carbonate alteration and contains between 4.5 and 5 wt
% Ks0.

Whole-rock F values were plotted against depth (Fig. 14B).
Results show that upper domain Paringa Basalts have F val-
ues of less than 0.01 wt %. The talc-chlorite-carbonate-al-
tered Kambalda Komatiite from the transitional domain con-
tains 0.04 wt % F. Variably biotite altered Devon Consols
Basalt from the ore and lower domain contains 0.09 to 0.33 wt
% F, and biotite-amphibole-altered Kambalda Komatiites
from the lower domain contain between 0.25 and 0.50 wt %
F. Overall there appears to be an increase in the amount of F
in mafic and ultramafic rock types with increasing depth.

Most granitoids from the ore and lower domain contain less
than 0.01 wt % F; although two samples contain 0.10 and 0.13
wt % F. These two samples are from the lower domain area
and appear to contain more biotite than other samples. Two
granitoid samples from the ore domain contain 0.01 and 0.02
wt % F, respectively.

Fluorine versus K shows that Kambalda Komatiites from
the lower domain have the highest abundance of F and K
(Fig. 14C). Biotite-rich Devon Consols Basalts from the
lower and ore domains have highly variable F/K ratios, which
likely reflects (1) increases in the F content of biotite and ap-
atite with increasing depth and (2) the possibility that other
phases such as amphibole, titanite, and/or epidote contain F.



Depth (m)

Depth (m)

F (wt. %)

TRACKING PATHWAYS OF OXIDIZED FLUIDS, ARCHEAN E. REPULSE Au DEPOSIT, AUSTRALIA

0w
@€« Leastbiotite-altered
Kambalda Komatiite from the
] % Leviathan pit (Victory-
o Defiance deposit)
100
@]
o Upper-domain
200 ©
@ Transitonal-domain © meetaut. O ...
10 ©
Ore-domain
300 @
(@] o @
10
® ® ®
400 &P o ° o
Lower-domain
| | | I I =
0 1 2 3 4 5 6
K,O (wt. %)
0
B
100
2007
@)
Q.....Q?... eeeieo........ Repulsefaut
) ©
@]
300 e ©
o m @)
(@]
® @
400 o o me
I I = I. I T
0 0.1 0.2 0.3 0.4 0.5
F (wt. %)
0.5 @
C
@
0.4 m
) @
0.3 e
b ]
0.2 O
| B e
@ O OO
0.1 ) o ° 0
o @]
Oi@@:‘)ﬁ_@_@l T T T
0 1 2 3 5 6
K,O (wt. %)
Key

OO Paringa Basalt E® Devon Consols Basalt
B @ Kambalda Komatiite O Granitoid

687

Paringa Basalt from the transitional domain contains lower
F/K ratios than ore and lower domain mafic and ultramafic
rocks. This trend is consistent with decreases in the F content
of biotite between the lower and/or ore domains and the tran-
sitional domain. Upper domain Paringa Basalts have the low-
est F/K ratio of mafic and ultramafic rocks, which is consis-
tent with F-poor biotite in these rocks. Granitoids show
highly variable F/K ratios, which likely reflect the presence of
variable amounts of K-feldspar and biotite between samples.

Discussion

Metasomatic fluorine

Fluorine and K have been added to biotite-altered meta-
basalts and komatiites during potassic metasomatism. Ac-
cording to Aoki et al. (1981), unaltered theoliites typically
contain 0.01 to 0.03 wt % F and less than 1 wt % K>O. Least
altered Paringa Basalts in the upper domain of the East Re-
pulse have less than 0.7 wt % KO (Fig. 14A) and are within
the range of regional least altered Paringa Basalts (e.g., 0.1-1
wt % Ko0; Said and Kerrich, 2009). Fluorine values in upper
domain Paringa Basalt are below detection limit of 0.01 wt %
and have low values when compared to typical theoliites.
Transitional domain Paringa Basalts contain between 3 to 5
wt % KO, reflecting pervasive K metasomatism and the ad-
dition of significant amounts of potassium in parts of the
hanging wall. Transitional domain rocks are also relatively en-
riched in F (0.02-0.09 wt % F). Given the relatively high
amounts of F in biotite (>0.25 wt %), it is also likely that these
rocks have gained some F during K metasomatism.

Biotite-amphibole-altered Kambalda Komatiite in the
lower domain contains between 4.5 and 5.5 wt % K20 (Fig.
14A). These values are significantly higher than regional
Kambalda Komatiites, which generally have less than 0.1 wt
% Ks0 (Arndt and Lesher, 1992). Potassic metasomatism of
Kambalda Komatiites in the lower domain resulted in the ad-
dition of F; with one sample containing 0.5 wt % F. Based on
the available evidence it appears that lithologic controls on
the amount of K and F for strongly biotite altered metabasalts

Fi1c. 14. A. Depth vs. the abundance of KzO in various rock types from the
East Repulse deposit and adjacent Leviathan pit. Transitional domain
Paringa Basalts are significantly more enriched in K compared to least al-
tered Paringa Basalts from the upper domain. Lower domain Kambalda Ko-
matiites are significantly more enriched in K compared to least altered Kam-
balda Komatiite from the Leviathan pit and tale-chlorite-carbonate-altered
Kambalda Komatiite from the transitional domain. B. Depth vs. F abundance
for selected samples from the upper, transitional, granitoid, and lower do-
mains. Lower domain basalts and ultramafics are enriched in F compare to
their counterpart in the upper and transitional domains, respectively. C. F vs.
K20 showing lower domain Kambalda Komatiites have higher F:K ratios
compared to rocks from the upper and transitional domains. This pattern is
consistent with increasing fluorine in biotite with increasing depth (see Fig.
11C). Devon Consols Basalts have variable F/K ratios, which also likely re-
flects increasing fluorine in biotite with depth; however, some samples have
more fluorine than can be account for by K (biotite) content, which indicates
that phases (e.g., amphibole, epidote, and apatite) may contain much of the
F in these samples. Granitoids contain very low amounts of F and there is no
correlation between F and K, which is explained by the occurrence of K-
feldspar phenocrysts in samples. Note that for plots involving fluorine,
squares signify that the fluorine analysis was carried out by XRF, whereas cir-
cles signify that the F analysis was done by the ISE.
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and komatiites were negligible. Our data shows that these ele-
ments are well above expected background values for theoli-
ites and komatiites, and hence these elements were likely
added to these rocks at the time of biotite alteration.

Temperature controls on fluorine variations in biotite

Whole-rock and biotite data support the contention that the
most F rich fluids occurred in the lower domain and relatively
F poor fluids occurred in the upper domain. However in the-
ory, variations in the F composition of biotite could also be ex-
plained by temperature variations across the East Repulse de-
posits. A steep inverse temperature gradient of approximately
200°C over 200 m would be required to form F-poor biotite
in the transitional and upper domains and F-rich biotites in
the lower and granitoid domains at a constant fluid composi-
tion. Temperature constraints provided by biotite-apatite ge-
othermometry yielded lower average temperatures between
depths of 230 (~550°C) to 285 m (~450°C) consistent with an
inverse temperature gradient. However as mentioned earlier
these temperature estimates are all within error of each other.

We examined use of the Ti-in-biotite geothermometer,
developed by Henry et al. (2005), to help identify possible
thermal gradients across the East Repulse deposit. This geo-
thermometer was developed for biotite in peraluminous
metapelites with coexisting rutile, ilmenite, and graphite at 4
to 6 kbars pressure. The presence of graphite in the assem-
blage constrains low fo, and consequently Fe’+ in biotite to
low and approximately constant amounts of ~12% Feol
(Guidotti and Dyar 1991). Biotite from the ore and granitoid
domains of the East Repulse deposit occurs with rutile and il-
menite (Fig. 8F), satisfying the requirement of Ti saturation,
but as noted above the Fe®+in biotite is likely to be relatively
high and variable. Biotite in the upper and transition domains
is associated with titanite, rather than ilmenite and rutile. No
accessory Ti phases occur with biotite in the Kambalda Ko-
matiite and their absence is consistent with low Ti contents of
biotite from these rocks (Fig. 11B). The Ti-in-biotite geot-
hermometer was applied to biotite of the ore and granitoid
domain. Results yield an average temperature of 610° + 60°C
(1o error) that is significantly higher than estimated using the
biotite-apatite thermometer. The differences in absolute tem-
perature estimates may reflect the oxidized conditions in the
East Repulse deposit and uncertainties associated with the
higher inferred Fe®+in biotite compared with the system
modeled by Henry et al. (2005). The Ti-in-biotite geother-
mometer provided no qualitative evidence for a thermal gra-
dient between granitoids in the lower and ore domains at the
time of main-stage biotite alteration. We conclude that varia-
tions in the abundance of F in biotite across the East Repulse
deposit most likely reflect changes in the log (fu,o0/fir)ua of
metasomatic fluids as opposed to a temperature gradient.

Oxidized fluorine- and potassic-bearing fluids

The occurrence of F-rich biotite and anhydrite in the lower
and granitoid domains of the East Repulse deposit link F and
K metasomatism to an oxidized, sulfate-rich, fluid regime in
the lower domain. This association persists into the ore do-
main, where traces of sulfate minerals (barite and celestine)
occur as inclusions in pyrite associated with F-rich biotite (Fig.
5A, B), indicating that sulfate-bearing fluids were present in
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the core of the deposit. In the hanging wall of the deposit, sul-
fate minerals are rare. Minor pentlandite, millerite, siegenite,
cobaltite, sphalerite, and trace galena occur with an assem-
blage of clinozoisite, pyrite, and pyrrhotite, indicating re-
duced rather than oxidized conditions in the transition and
upper domains. Systematic changes in 034S values of sulfides
between the footwall of the Repulse fault (-10-0%0 VCDT)
and the hanging wall (0-5%0 VCDT), associated with the
change from epidote to clinozoisite (Roache et al, 2011), are
indicative of a switch from oxidized conditions in the footwall
to reduced conditions in the hanging wall.

Some authors argue that redox gradients in major deposits
such as the Golden Mile and the St. Ives camp arise from pro-
gressive oxidation of reduced fluids through fluid rock reac-
tions. One suggested mechanism utilizes magnetite in wall
rocks to trigger the oxidation (Lambert et al., 1984; Evans et
al., 2006; Evans, 2010). Quartz-magnetite-rich rocks occur in
the ore domain of the East Repulse deposit (Fig. 5B) and
could provide the source of ferric iron needed to drive oxida-
tion of reduced fluids. However, our data show that the most
oxidized assemblages are not centered on the quartz-mag-
netite—rich rocks but occur lower in the section within the
granitoids and the Kambalda Komatiite of the lower domain.
The quartz-magnetite-rich rocks mark a transition from sul-
fate-rich assemblages of the lower domain to sulfide-rich
rocks of the ore domain.

Alteration zonation, pathways, and sources of fluids

As noted by a number of authors (Gunow et al., 1980; Markl
and Piazolo, 1998; Aksyuk, 2002; Boomeri et al., 2009, 2010),
F, unlike Cl, preferentially partitions into mineral phases dur-
ing fluid-rock interaction and may be depleted in the fluid over
relatively short transport distances. Domains of high fur rela-
tive to fu,o should represent domains of least evolved fluid that
have retained most source characteristics, including their redox
properties that are also likely to be readily degraded through
fluid-rock reaction and fluid-mixing. Systematic changes in F
concentrations in biotite and other phases may provide a tool
to track pathways of highly oxidized fluids. Sharp gradients in
the fugacity of HF in fluids could be used to define the bound-
aries of pathways of oxidized, F-bearing fluids. In the East
Repulse deposit example, the focus of oxidized fluid appears
to have been the granitoid domain below the deposit with the
fugacity of HF decreasing through fluid-rock reaction, fluid-
mixing, or possibly degassing as fluids migrated upward.

The pathways may have been internal to the granitoids. Al-
bite-altered granitoids contain abundant micropores (<20 um),
which in places are partly filled with barite, pyrite (with elec-
trum inclusions), carbonate, and biotite (Fig. 7D, F). The mi-
cropores appear in zones of albitization of relatively Ca rich
feldspar and appear similar to those described by other authors
(e.g., Engvik et al., 2008; Putnis, 2009; Hovelmann et al., 2010).
Micropores were generated in albite-altered granitoids during
early-stage albite alteration that commonly overprints a defor-
mation fabric. Increased permeability of steeply dipping dikes
may have provided pathways for oxidized fluids to migrate
upward during main-stage biotite alteration. Fluids could
have also migrated along the contact between the granitoid
dikes and mafic or ultramafic wall rocks, as some mineralized
zones have elevated gold along the contact of the granitoids.
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Detailed work using the scanning electron microscope re-
vealed that many granitoids beneath the ore domain have as-
semblages of celestine, Ce monazite, barite, galena, bismuthi-
nite, molybdenite, and scheelite, whereas adjacent Kambalda
Komatiite and Devon Consols Basalt only in part contain
these phases in the lower domain. Elsewhere, these minerals
are only common in the ore domain where they occur in a
wide variety of different rock types. This commonality of min-
eral assemblages, together with gold occurrences in the al-
tered granitoids that have intruded lower domain rocks, pro-
vides an additional connective link with the ore domain.

The source of oxidized fluids is impossible to identify based
on the current dataset. However the sharp increase in
log(fu,0/fur) of fluids in equilibrium with biotite over short
vertical distances appears inconsistent with processes involv-
ing fluid-rock equilibration over large transport distances. Ox-
idized, F-rich, low-salinity potassic fluids and/or volatiles may
have been derived from proximal magmatic sources beneath
the East Repulse at the time of gold mineralization.

Conclusions

The F content of biotite has been used to identify the path-
way and flow direction of sulfate-rich potassic fluids in the
footwall of the East Repulse deposit. A systematic decrease in
F abundance and increase in the log (fi,0/fir)nuids is consis-
tent with oxidized fluids migrating upward along contacts
between steeply dipping granitoid dikes and mafic and/or ul-
tramafic wall rocks which show pervasive biotite-amphibole-
sulfate alteration. Oxidized-potassic fluids may have also mi-
grated through steeply dipping granitoid dikes, which exhibit
porosity that was developed during an earlier albite-carbon-
ate alteration event where andesine and/or oligoclase was re-
placed by albite. Sulfur in these fluids became progressively
more reduced promoting the precipitation of sulfides over
anhydrite, barite and/or celestine.

Evidence for fluids moving along granitoid dikes is sup-
ported by the occurrence of elevated gold in these intrusions
beneath the ore domain and a correlation of minor mineral
phases (e.g., scheelite, monazite, barite, and celestine) in the
granitoids at depth with altered rocks in the ore domain. The
addition of significant amounts of K and F to rocks in the
lower domain is also evidence that K- and F-bearing {luids in-
teracted with wall rocks in the lower domain.

Geothermometry of main-stage biotite-apatite alteration in
the ore, transitional, and granitoid domains has yielded tem-
peratures of 480° + 60°C. Our data have demonstrated that F
in biotite and apatite can be useful in determining pathways
of oxidized fluids that are related to gold mineralization. This
dataset along with the alteration zonation patterns recorded
here could be used to vector toward structures that host min-
eralization and may be a particularly useful targeting tool in
systems that have been rotated.
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