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Abstract We report concordant ages of 451.1+6.0 and
450.543.4 Ma from direct Rb—Sr and Re-Os isochron
dating, respectively, of ore-stage Zn—Cu—Ge sulfides,
including sphalerite for the giant carbonate-hosted Kipushi
base metal (+Ge) deposit in the Neoproterozoic Lufilian
Arc, DR Congo. This is the first example of a world-class
sulfide deposit being directly dated by two independent
isotopic methods. The 451 Ma age for Kipushi suggests
that the ore-forming solutions did not evolve from
metamorphogenic fluids mobilized syntectonically during
the Pan-African-Lufilian orogeny but rather were generated
in a Late Ordovician postorogenic, extensional setting. The
homogeneous Pb isotopic composition of the sulfides
indicates that both Cu—Ge- and Zn-rich orebodies of the
Kipushi deposit formed contemporaneously from the same
fluid system. The sulfide Pb isotope signatures in combi-
nation with initial *’Sr/**Sr and '"*’0s/'**Os ratios defined
by the isochrons point to metal sources located in the
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(upper) crust. The concordant Re—Os and Rb—Sr ages
obtained in this study provide independent proof of the
geological significance of direct Rb—Sr dating of sphalerite.
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Introduction

Precise constraints on the timing of mineralization are of
fundamental importance in understanding the genesis of
hydrothermal ore deposits. However, isotope geochronolo-
gy of hydrothermal sulfide deposits has been proved
problematic due to the lack of datable minerals in most of
the common base metal mineralization types. Among the
few isotopic methods applicable to hydrothermal base metal
deposits, Rb—Sr and Re—Os dating of sulfides have attained
increasing attractivity as these techniques allow for direct
dating of common ore-forming minerals. The Re—Os
chronometer, mostly utilized to date molybdenite (see Stein
et al. 2001 and references therein), has been successfully
applied to some common Cu-Fe sulfide minerals in a
number of recent studies, including pyrite, chalcocite, and
bornite (e.g., Stein et al. 2000; Morelli et al. 2004; Trista-
Aguilera et al. 2006). Like molybdenite, these sulfides may
have extremely low concentrations of highly radiogenic Os,
for which they have been termed LLHR (low-level, highly
radiogenic) minerals by Stein et al. (2000). The pioneering
work of Nakai et al. (1990) has demonstrated the suitability
of sphalerite as a Rb—Sr geochronometer. Since then, the
age of many carbonate-hosted base metal deposits has been
successfully determined by direct Rb—Sr dating of sphaler-
ite which has significantly advanced the genetic under-
standing of this mineralization style (see Christensen et al.
1996, and references therein).
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While most workers agree that the Re—Os chronometer
provides robust ages for sulfide mineralization, it has been
repeatedly suspected that the Rb—Sr system in sphalerite may
be largely controlled by unrelated mineral inclusions such as
micron-scale, detrital sheet silicates, thereby casting doubts
on the reliability and geochronological significance of the
method (e.g., Garven and Sverjensky 1994; Bradley and
Leach 2003; Bradley et al. 2004). In this paper, we present
a comparative geochronological study on the giant carbon-
ate-hosted Kipushi base metal (+Ge) deposit, Democratic
Republic of Congo (DRC), that employs direct Re—Os
dating of Cu-Zn-Ge sulfides and Rb-Sr dating of
sphalerite and bornite from discordant, epigenetic ore-
bodies. Applying two different dating methods to sulfide
ore minerals from the same deposit will provide internal,
independent control on the isotopic ages so obtained,
thereby contributing to a further critical evaluation of the
Rb—Sr method applied to sphalerite. Complementary Pb
isotope analyses of the dated sulfides will help to assess
their paragenetic relationships.

Geology

The world-class Kipushi base metal deposit is located
30 km SW of Lubumbashi in southeastern DR Congo, at
27°14'E/11°47'S, within the northern extension of the
Central African Copperbelt (Fig. 1). Kipushi is the largest
among a number of Zn—Cu—Pb deposits in the Copperbelt.
Its original ore reserves are estimated at >70 Mt at 8.8%
Zn, 4.8% Cu, 0.5% Pb, 150 g/t Ag, and production between
1925 and 1993 amounted to ca. 60 Mt at 12% Zn, 8.0% Cu,

Fig. 1 Map of southern central

0.9% Pb (e.g., Holl et al. 2007). The geology and ore
mineralization of the Kipushi deposit have been described
in detail by De Vos et al. (1974), Intiomale and Oosterbosch
(1974), and de Magnee and Francois (1988). The host rocks
belong to the Katangan Supergroup, a Neoproterozoic, >9-
km-thick succession in the foreland of the Pan-African-
Lufilian Arc (Fig. 1) composed of dolomites, dolomitic
shales, siltstones, sandstones, and arkoses. The Kipushi
deposit is hosted in the upper Katangan Kundelungu Group
(760-565 Ma; Key et al. 2001; Master et al. 2002) that
consists of alternating carbonate rocks, shales, and sand-
stones and contains two diamictite horizons at the base of
its lower and upper part, respectively. The orebodies at
Kipushi occur at the northern margin of the Kipushi
anticline along a steep, NNE striking fault zone (Kipushi
Fault) at the contact between Kundelungu dolomites and
dolomitic shales with a breccia body that occupies the core
of the Kipushi anticline. The orebodies comprise a zone of
stringer, massive, and semimassive sulfides about 600 m
long and 15-75 m wide, striking in a north-easterly
direction and dipping about 70° to the northwest. The
sulfides occur in the fault plane, in joints, fractures, and
bedding planes in the dolomite and as subvertical chimneys
in carbonate rocks. The orebody has been traced from
surface down to the 1,800-m level and it is open at depth.
Zn—Cu—PD sulfide mineralization is interpreted to be mostly
epigenetic and forms (1) discordant bodies (Cu + Zn ca.
20%) filling cavities and voids in the collapse breccia and
adjacent Kundelungu dolomites along the Kipushi Fault
and (2) Zn-rich (up to 40%), elliptical pipe-like structures in
massive, upper Kundelungu carbonate rocks. Broadly
stratiform horizons of Cu-poor (ca. 2%) ores are confined
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to both sides of the boundary between the upper and lower
Kundelungu Group. Sphalerite, Ag-bearing bornite, chal-
cocite, chalcopyrite, galena, and arsenopyrite are the
principal ore minerals whereas a number of rare sulfosalts
and sulfides including gallite and molybdenite occur in
trace amounts. Abundant germanium sulfides such as
renierite and briartite make the Kipushi deposit one of the
largest known Ge anomaly in the Earth’s crust; total past
production amounted to ca. 120 t Ge (H6ll et al. 2007).

Various contrasting models have been proposed for the
genesis of the Kipushi deposit. Using structural criteria,
Kampunzu et al. (1998) favored a synorogenic ore
emplacement during D1 deformation in the Lufilian Arc
(ca. 790-730 Ma) from tectonic brines and interpreted ore
Pb isotope data from the literature to reflect binary mixing
of distinct crustal Pb components ca. 750 Ma ago.
Conversely, de Magneé and Francois (1988) suggested a
postorogenic formation based on galena Pb—Pb model ages
of ca. 425 Ma and by reference to U-Pb ages in the range
of 525-500 Ma obtained for epigenetic uraninite from
Copperbelt mineralizations. Walraven and Chabu (1994)
and Kamona et al. (1999) interpreted galena Pb—Pb model
ages of 454+14 and 456+18 Ma to reflect the age of
mineralization at Kipushi, in agreement with U-Pb zircon
ages in the range of 458-427 Ma for syenites located
farther south. Kamona et al. (1999) suspected a significant
mantle component in the Kipushi ore lead.

Samples and analytical methods

Two cores from drillholes 1270 and 787 that intersect Zn-
and Cu-Ge-rich portions of the Kipushi deposit were
sampled for this study. Sample types and drillhole depths
are given in Tables 1 and 2. Drill core material was studied
using reflected light microscopy, and the composition of
sulfide phases was determined by electron microprobe
(CAMECA SX 100) following procedures outlined in
Melcher et al. (20006).

Germanium-rich sulfide ore from core 787 is mainly
composed of renierite, chalcopyrite, and tennantite, subor-
dinate bornite, sphalerite, briartite (Cuy(Fe,Zn)GeS,), py-
rite, arsenopyrite, galena, and traces of gallite (CuGaS,),
tungstenite, molybdenite, 16llingite, and scheelite. Most
conspicuous are exsolution intergrowth textures of Ga-
bearing chalcopyrite (up to 18 wt.% Ga), gallite, and
reniérite in a number of samples (Fig. 2a,b). Reniérite
carries from 7 to 10 wt.% Ge, 2 to 3.5 wt.% Zn, and 13 to
15 wt.% Fe. Zinc-rich sulfide ore from core 1270 mainly
consists of sphalerite and pyrite with partly abundant
chalcopyrite, galena, arsenopyrite, and tennantite, and
traces of stannite. A Cu-rich zone (Fig. 2c,d) carries Ag-
rich bornite, chalcopyrite, sphalerite, tennantite, and acces-
sory renierite and stromeyerite (CuAgS). Sphalerite has
variable but low Fe concentrations, ranging from <I to
6 wt.% Fe and from 0.4 to 0.6 wt.% Cd.

Table 1 Rb-Sr and Pb isotopic data of sphalerite and bornite samples from borehole 1270, Kipushi deposit

Sample Depth®  Mineral Rb+20° Sr+20° STRbAOSI  ¥Sr/A0Sr+20°  2%Pb/2%Pb  2O7PbA%Pb  208Pb/2%Ph
(m) (ppb) (ppb) 20°
KI 1270/ R 108 sph 747+ 141.90+  0.1524+ 0.70994+ 18.076 15.636 37.678
113 0.11 1.28 0.0015 0.00002
L 0.1293+ 0.71068+
0.0016 0.00002
KI 1270/ R 121 sph 14.33+ 117.30+  0.3536% 0.71125+ 18.018 15.635 37.666
115 0.10 0.84 0.0037 0.00003
L 0.0293+ 0.70991+
0.0004 0.00004
KI 1270/ R 136 bn 10.55+ 27553+  0.1052+ 0.70965+ 18.032 15.625 37.648
122 0.12 2.88 0.0010 0.00002
L 0.0773+ 0.70955+
0.0010 0.00001
KI 1270/ R 162 sph 1.89+ 8.84+ 0.6195=+ 0.71293+ 18.008 15.634 37.692
128 0.02 0.09 0.0067 0.00002
L 0.2456+ 0.71143+
0.0034 0.00002
KI 1270/ R 197 sph 2243+ 18233+ 0.3560+ 0.71129+ 18.011 15.638 37.688
135 0.24 2.11 0.0042 0.00003
L 0.0512+ 0.71044+
0.0007 0.00003

R Sphalerite/bornite residue; L corresponding fluid leachate; sph sphalerite; bn bornite

Refers to sampled borehole depth. ® Absolute errors
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Table 2 Re-Os and Pb isotopic data of renierite and bornite samples from borehole 787, Kipushi deposit

Sample Depth® (m)  Mineral ~ Re+20° Os£20°  '87Re/'®® 1870g/188 206pp204pp  207pp204pp  208pp/204pp
(ppb) (ppt) Os=20° Os+20"

KI787/12  18.1 ren 17.98+£0.18 871 29,820+417  224.00+1.12  18.017 15.630 37.667

KI787/13 18.4 ren 4936+0.49 256+3  28,127+394  211.68+1.06  18.038 15.637 37.711

KI 787/14  18.6 bn 17.66+0.18  118+1  2,255+32 16.60£0.08  17.989 15.646 37.775

KI 787/17  20.3 bn 36.49+0.37  207+2  4,450+62 32.84+0.16  17.987 15.640 37.734

ren Renierite; bn bornite
Refers to sampled borehole depth. ® Absolute errors

All samples were carefully crushed, sieved (40—60 mesh-
size fraction), and precleaned in deionized water. For Rb—Sr
isotopic analysis, four sphalerite separates and one bornite
sample were produced by careful handpicking of material
extracted from core 1270, whereas the Re—Os work was
performed on two separates of renierite (CuygZn,.
GeyFegS3,) and two bornite samples obtained from core
787. Sphalerite and bornite separates for Rb—Sr dating and
Pb isotope analysis were weighed and crushed in 400 pl of
deionized water using a clean boron carbide mortar and
pestle to extract and sample the inclusion fluids, following
methods outlined in, e.g., Nelson et al. (2002). The fluid
inclusion fractions were then separated from their sphalerite
residuals by centrifuging and collected for separate Rb—Sr
analysis. The crushed residues were subsequently leached
with 2 N HCI for 10 min to remove possible unrelated
carbonate contaminants and then repeatedly centrifuged and
rinsed with deionized water until neutral reaction of the

Fig. 2 Reflected light (a, ¢) and
electron back-scatter images (b,
d) of Ge-rich sulphide ore (a, b)
and Zn-rich sulphide ore (¢, d)
from Kipushi. Bn, bornite; Cp,
chalcopyrite; Ga, gallite; Ren,
reniérite; Sph, sphalerite; Tn,
tennantite

@ Springer

supernate. The dry residues were then allowed to decom-
pose in 2 ml of 6 N HCI (aqua regia for bornite) on a hot
plate. Vial tops were lifted repeatedly to release H,S. All
sample solutions were totally spiked using a mixed tracer
containing highly enriched ®’Rb and ®*Sr. Rubidium and
strontium were separated with 3 N HNO; using EICHROM
Sr resin on 50-ul Teflon columns. The first 600 pl of HNO;
wash were collected for Rb and further purified using
standard ion-exchange procedures. Sr was stripped from the
columns with 1 ml of deionized water. Subsequently, Pb
was eluted with 1 ml of 6 N HCI. The Pb cut was further
processed through 50-pl columns containing precleaned
EICHROM Pre Filter Resin.

The procedures for Re—Os isotopic analysis are fully
described in Brauns (2001) and Woodhead and Brauns
(2004). Renierite and bornite separates were weighed into
Carius tubes prespiked with a mixed '**Re—'"°Os tracer and
dissolved and equilibrated over 3 days using inverse aqua
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regia in an oven at ca. 240°C. Osmium as the volatile OsO,
was then directly distilled from the Carius tubes, condensed
on ca. 2 pl of chilled sulfuric acid and finally collected in
0.5 ml of 7 N HBr. Rhenium was recovered from the
remaining solutions with 0.5-4 N HNOj; on anion exchange
columns using 1 ml AG1-X8 resin. Osmium was further
purified using microdistillation techniques. Lead was
separated from aliquots of the sample solutions used for
the Re chemistry, following the procedure described above.

All isotopic measurements were performed on FINNI-
GAN MAT 261/262 and THERMO ELECTRON TRITON
thermal ionization mass spectrometers. Sr, Rb, Pb, and Re
were measured in static multicollection mode on Faraday
detectors using P-TIMS and N-TIMS methods, respective-
ly, whereas Os isotope ratios were determined by N-TIMS
using an ion-counting system. Details on mass spectrometry
techniques and error propagation procedures are given in
Schneider et al. (2003) and Woodhead and Brauns (2004).
Total procedural blanks amounted to 10-25 pg St/2 pg Rb
for sulfide residues, 20-50 pg Sr/5—12 pg Rb for the fluid
leachates, 0.1 pg Os, and 5 pg Re. All data were blank-
corrected, the uncertainties in '*"Re/'*®0s and '%70s/'%%0s
are conservatively estimated to be £1.3—1.4 and +0.5 %,
respectively. Individual uncertainties (20) are given for Rb—
Sr elemental concentrations and isotope ratios (Table 1).

Pb isotope ratios were corrected for instrumental mass
fractionation using a mean discrimination factor of 0.085+
0.006 (20)%/[amu], based on replicate measurements of the
NBS SRM 981 common lead (n=31) standard. Errors and
error correlations were calculated after Ludwig (1980); 20
uncertainties for the corrected 2°°Pb/?**Pb, 2°7Pb/?**Pb, and
208p294py ratios are +0.06, 0.09, and 0.12%, respectively.
The ISOPLOT/Ex version 3.00 software (Ludwig 2003)
was used for Rb—Sr and Re—Os isochron regressions and
errors on the ages are quoted at the 2o level.

Results and discussion

The results of the Rb—Sr, Re-Os, and Pb—Pb isotopic
analyses are given in Tables 1 and 2. The sulfide residues
from drillcore 1270 have variable *’Rb/*°Sr ratios between
0.10 and 0.62 and ®’Sr/**Sr ratios ranging from 0.7099 to
0.7129. Their elemental concentrations (0.0019 to
0.0224 ppm Rb and 0.0088 to 0.2755 ppm Sr) are generally
low and consistent with other published Rb—Sr data for
sulfides (see Christensen et al. 1996 and references therein).
Rb and Sr concentrations for the corresponding fluid
leachates are not given, as the mass of fluids extracted
during the crush-leach experiments cannot be determined
with confidence. Re and Os abundances in bornite and
renierite samples from drillcore 787 range from 17.6 to 49.4
and 87 to 256 ppt, respectively. The four samples have

187Re/'®80s ratios between 2,255 and 29,820 and show
highly radiogenic '®’Os/'®*Os ratios ranging from 32.8 to
224. In the absence of comparable literature data for
renierite, our bornite samples have much higher Re-Os
contents and '®’Re/'®*Os ratios and higher radiogenic Os
than those reported by Trista-Aguilera et al. (2006) for
bornite and chalcocite from a stratabound Cu deposit in
northern Chile.

Both sulfide data sets define statistically well-supported
Rb—Sr and Re-Os isochrons (MSWD=1.4 and 1.1) giving
concordant Late Ordovician ages of 451.1+£6.0 and 450.5+
3.4 Ma, respectively, within errors (Fig. 3a,b). No linear
data arrangement can be observed in the *’Sr/*°Sr vs 1/Sr
space (not shown), indicating that the line in Fig. 3a is not a
pseudo-isochron produced by binary mixing of distinct Sr
components. The initial *’Sr/**Sr ratio of the isochron
(0.70897+2) is slightly higher than published values for
contemporaneous Late Ordovician seawater (Veizer et al.
1999) and reflects an overall crustal source for Sr. With
exception of the bornite fluid leachate KI 1270/122 L,
which plots close to its corresponding sulfide residue, all
other leachates derived from sphalerite fall outside of the
Rb-Sr sulfide isochron (Fig. 3a) indicating that they
represent mixtures of primary and secondary fluid inclu-
sions. This phenomenon has been observed in other
datasets (Christensen et al. 1996 and references therein;
Nelson et al. 2002) and makes the calculation of apparent
leachate/sulfide residue pair ages insignificant. In Fig. 3b,
the renierite samples show much higher Re—Os isotopic
ratios than bornite. We attribute this systematic shift to
specific yet unknown crystal chemical conditions that favor
incorporation of Re into renierite rather than to contamination
by micron-scale molybdenite, which forms a rare accessory
phase at Kipushi. We would expect cogenetic and paragenetic
bornite to be equally radiogenic if accessory molybdenite
would control the Re—Os system in the Kipushi Cu-Ge
sulfides which is, however, obviously not the case. The initial
¥705/'%80s ratio of 0.74+0.23 as defined by the Re-Os
isochron in Fig. 3b is, despite its high uncertainty, much
more radiogenic than the chondritic reference '*’0s/'**0s
ratio of ca. 0.125 at 450 Ma. We infer that the Os contained
in the Kipushi Cu—Ge sulfides is of crustal origin.

Figure 4 shows comparative Pb—Pb diagrams for all
sulfides analyzed in this study and available data for galena
samples from Kipushi (Walraven and Chabu 1994, Kamona
et al. 1999). Sphalerite, bornite, and renierite display
uniform Pb isotope signatures within errors, indicating that
the Cu—Ge- and Zn-dominated portions of the Kipushi
deposit are paragenetic and have formed contemporaneous-
ly from the same fluids. All samples plot close to the
average crustal lead growth curve of Stacey and Kramers
(1975). This indicates a crustal origin for lead, fully
consistent with the crustal signatures of the Sr and Os
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Fig. 3 Isotopic parent-daughter correlation diagrams for sulfide
samples from Kipushi, a Rb—Sr data of four sphalerite residues (black
dots), one bornite residue (black square), and corresponding fluid
inclusion leachates (open circles, open square), b Re—Os data of two
bornite and two renierite samples. All data from Tables 1 and 2.
Isochron fits calculated using the ISOPLOT vs 3.00 routine of Ludwig
(2003), A¥Rb=1.42x10""" year ', A'"®"Re=1.666x10""" year '

isochron initials in Fig. 3. The slightly enhanced
207pb/2%Ph and lowered 2*Pb/2**Pb ratios relative to the
crustal average ratios point to upper crustal source rocks
containing multistage lead components that partly evolved
in ancient cratonic reservoirs. The Pb isotope population of
our samples largely corresponds to the average of the
depicted literature data. Therefore, we suspect that the
linear trends observed in these data reflect instrumental
mass fractionation rather than mixing of distinct Pb
components as proposed by Kampunzu et al. (1998) and
Kamona et al. (1999).

Conclusions
Ore-stage sulfides from an epigenetic base metal deposit
have been dated directly by two independent isotopic

methods for the first time, yielding concordant ages of
451 Ma for the world-class, carbonate-hosted Kipushi Zn—
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Cu—Pb (+Ge) mineralization. This age is in agreement with
previously published galena Pb—Pb model ages but much
more precise and based on the analysis of complete parent/
daughter isotope systems. The Rb—Sr and Re—Os ages truly
represent mineralization ages as it is highly improbable that
two geochemically distinct parent/daughter systems were
reset simultaneously by any hypothetical postmineralization
event, leaving little doubt in the reliability of both methods.
Our combined Rb—Sr, Re—Os, and Pb—Pb study demon-
strates that both Zn- and Cu—Ge-dominated orebodies at
Kipushi formed from the same fluids during postorogenic
extension in the Late Ordovician which refutes models of
mineralization by tectonic brines during the Pan-African-
Lufilian orogeny. Initial *’Sr/*°Sr and '®’0s/'**Os ratios
derived from Rb—Sr and Re—Os sulfide isochrons and Pb
isotope data for the sulfides indicate crustal reservoirs as
metal sources, ruling out a contribution from the mantle to
the Kipushi orebodies.

15.80
207Ph204Ph

7} 20 o

15.70

15.60

15.50 o)
15.40 | | | | 206Ph,204Ph
1740 17.60 17.80 18.00 18.20 18.40 18.60
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208 204
Pb24Pb S&K 100 Ma
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38.00
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37.00 | | | | 206Ph204PhH

1740 17.60 17.80 18.00 18.20 18.40 18.60

Fig. 4 Pb—Pb diagram showing all sulfides analyzed for Rb—Sr and
Re—Os in this study (filled circles) and literature data for Kipushi
galena (open circles, see text for references). S & K growth curve
shown represents average crustal lead evolution after Stacey and
Kramers (1975)
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The concordant Re—Os and Rb—Sr ages obtained in this
study provide independent proof of the geological signifi-
cance of direct Rb—Sr dating of sphalerite. Likewise, Cu
and Cu—Ge ores from carbonate-hosted base metal deposits
appear suitable for Re—Os dating. Especially Ge sulfides
show characteristics of typical LLHR sulfides, although the
relative scarcity of Ge sulfides limits the wide applicability
of Re—Os dating of such sulfides.
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