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Rare earth element and yttrium characteristics of carbonates within
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ABSTRACT. The Neoproterozoic Central African Copperbelt is a world-class metallogenic province characterized by sediment-
hosted stratiform Cu-Co ore deposits and polymetallic vein-type deposits. Two main mineralization phases have been recognized in
the Katanga Copperbelt (Democratic Republic of Congo). The first phase occurred during early to intermediate diagenesis and the
second during deep burial and the Lufilian orogeny. The Rare Earth Element and Yttrium (REY) concentrations of gangue dolomites
associated with the second mineralization phase at the Kamoto and Luiswishi ore deposits were determined and compared to those
of their respective host rocks. Kamoto samples exhibit convex Upper Continental Crust-normalized patterns with a pronounced light
REE depletion without significant Eu anomalies and with positive La anomalies. The Luiswishi samples exhibit either progressively
increasing REY patterns or ramp-shaped patterns with minor mid REE-heavy REE fractionation, accompanied by pronounced negative
Ce and Eu anomalies. These differences suggest that a more intense metamorphic overprint at Luiswishi contributed to the differences

with the Kamoto deposit.
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1. Introduction

The Neoproterozoic Central African Copperbelt located at the
border between Zambia and the Democratic Republic of Congo
(DRC) is the world’s richest sediment-hosted stratiform Cu-Co
province, containing numerous deposits hosting a total of about
200 Mt of copper (Cailteux et al. 2005b) and over 8§ Mt of cobalt
(Misra, 2000). Conflicting genetic models have been proposed
including epigenetic-magmatic (e.g. Bateman, 1930; Davidson,
1931) over synsedimentary (e.g Mendelsohn, 1961; Fleischer
et al., 1976), diagenetic (e.g. Bartholomé et al., 1972; Annels,
1989) and epigenetic-synorogenic (e.g. Molak, 1995; McGowan
et al., 2003, 2006). Recent papers favor a multistage hypogene
mineralization model, involving an early to intermediate
diagenetic mineralization followed by a multiphase synorogenic
mineralization (e.g. Selley et al., 2005; Cailteux et al., 2005b;
Dewaele et al., 2006; El Desouky et al., 2009; Muchez et al.,
2010).

This research paper seeks to better understand the nature
and evolution of the fluids responsible for Cu-Co mineralization

and to better understand fluid-rock reactions during initial
mineralization and subsequent remobilization. The focus lies on
the REY patterns in the second Cu-Co mineralization at Kamoto
and Luiswishi (Fig. 1), two well-studied deposits in the Katanga
Copperbelt (e.g. Dewaele et al., 2006; El Desouky et al., 2009,
2010).

2. Geological setting

2.1 Geotectonic context

The Cu-Co deposits of the Copperbelt are hosted by the Katanga
Supergroup, a Neoproterozoic sedimentary sequence deposited
between >880 and <570 Ma (Armstrong et al., 2005; Master et al.,
2005). The Katanga basin that hosts this supergroup is generally
considered to be part of an aulacogen, a failed intracontinental
rift (e.g. Clemmey, 1974; Porada & Berhorst, 2000). The Roan
Group forms the base of the Katanga Supergroup and consists of
siliciclastic and carbonate sequences which record the transition
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Figure 1. Geologic map
of the Central African
Copperbelt  showing  the
location of the Luiswishi and
Kamoto deposits. Originally
from  Frangois  (1973),
adapted by Cailteux (1994)
and El Desouky et al. (2009).
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Figure 2. Map showing the different tectonic zones in the Lufilian Fold-
and-Thrust Belt, from south to north, the Katanga High, the Synclinorial
Belt, the Domes Region and the External Fold-and Thrust Belt. The
latter hosts the Luiswishi and Kamoto deposits. The distribution of the
Copperbelt deposits and the position of the Katanga Copperbelt (KCB)
and the Zambian Copperbelt (ZCB) are also indicated. From Kampunzu
& Cailteux (1999), modified by Porada & Berhorst (2000), De Waele et
al. (2006) and Kipata (2013).

from a continental rift basin to a Red Sea-type proto-ocean
with predominantly dolomitic shales in the Upper Roan and the
overlying Nguba Group (Clemney, 1974). Convergence between
the Congo and Kalahari cratons during the Lufilian Orogeny
between 590 and 530 Ma (Rainaud et al., 2005) resulted in closing
of this basin, folding and predominantly northward displacement
of nappes, generating the Lufilian Fold-and-Thrust belt, currently
present as a northward convex arcuate belt straddling the border
between Zambia and the DRC. From south to north, this belt
is subdivided in four distinct tectonic zones (e.g. Selley et al.,
2005): (1) the Katanga High, (2) the Synclinorial Belt, (3) the
Domes Region and (4) the External Fold-and-Thrust Belt (Fig.
2). This paper focuses on the Katangan part of the Copperbelt
situated in the External Fold-and-Thrust Belt (EFTB). The
EFTB is characterized by thin-skinned tectonics with macroscale
fragmentation and repeated stacks of the Katanga Supergroup
along thrust faults. Except for the basal Nzilo conglomerate, all
exposed Roan deposits in the DRC are therefore allochtonous
(Cailteux et al., 2007). At Luiswishi, in the southeastern part of
the Katanga Copperbelt (Fig. 1), the mineralization occurs within
a discordant megabreccia in a tightly folded syncline (Cailteux
et al., 2003). The occurrence of secondary enrichment through
supergene reworking is evidenced by the occurrence of malachite-,
chrysocolla- and heterogenite-dominated deposits (Decrée et al.,
2010; De Putter et al., 2010). The Kamoto deposit is located in the
so-called Kolwezi megabreccia klippe, a 10 by 20 km erosional
remnant of a thrust sheet emplaced in the northwestern part of the
Katanga Copperbelt (Frangois, 1974; Decrée et al., 2011).

2.2 Stratigraphy

The Katanga Supergroup is traditionally subdivided into the
Roan, the Nguba and the Kundulungu Groups, which are
separated by regionally extensive glacial diamictites (e.g.
Francois, 1974; Cailteux et al., 2005b). In the DRC, the Roan
Group is further subdivided in the Roches Argillo-Talqueuses
(R-1, RAT), the Mines (R-2), the Dipeta (R-3) and the Mwashya
(R-4) Subgroup (Cf. Fig. 3 for a detailed overview). In spite of
their name, unweathered Roches Argillo-Talqueuses units are
devoid of talc (Cailteux et al., 2005a) and consist dominantly of
chlorite, dolomite and quartz. The aptly named Mines Subgroup
hosts the majority of economic mineralization and comprises
an alternation between dolomites and organic-rich argillaceous
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dolomites and siltstones, subdivided in the Kamoto (R-2.1),
Dolomitic Shale (R-2.2) and the Kambove (R-2.3) Formations.
Ore deposits occur at three stratigraphic intervals separated by
poorly mineralized or barren zones: (1) the Lower Orebody in the
Kamoto Formation (R-2.1), (2) the Upper Orebody at the base of
the Dolomitic Shale Formation (R-2.2, SD) and (3) discontinuous
intervals in the Third Orebody in the lower part of the Kambove
Formation (R-2.3).

2.3 Cu-Co mineralization

Mineralogically and texturally, the Cu-Co mineralization in the
Kamoto and Luiswishi deposits are similar (e.g. Dewaele et al.,
2006; El Desouky et al., 2009, 2010). Early diagenetic framboidal
pyrite and widespread dolomitization predates the main Cu-Co
mineralization of chalcopyrite, bornite, carrollite and chalcocite
(Dewacle et al., 2006; Muchez et al., 2008). Gangue material is
mostly dolomite and quartz with some accessory Mg-chlorite
and muscovite (El Desouky et al., 2009; Fontaine et al., 2010).
At Kamoto, Dewaele et al. (2006) recognized four generations
of dolomite cement using cathodoluminescence. In this deposit
carrrolite, digenite, bornite and chalcocite dominate the Lower
and Upper Orebodies whereas the presence of pyrite and
chalcopyrite is restricted to the upper part of the Upper Orebody
(Dewacle et al., 2006).

El Desouky et al. (2009) described four different
mineralization textures and occurrences: (1) disseminated fine-
or coarse-grained sulfides, individual or in aggregates; (2) fine
and coarse-grained sulfides in individual nodules and layers; (3)
coarse-grained sulfides in mm- to dm-thick massive veins and
finally (4) coarse-grained sulfides in cm- to m-scale tectonic
breccia cement. Fine-grained Cu-Co sulfides coexist with quartz
replacing dolomite, while coarser grained sulfides are associated
with dolomite overgrowing and partially replacing quartz. Pyrite
is replaced by chalcopyrite, which is in turn replaced by bornite
and finally chalcocite replaces bornite, consistent with the
paragenetic sequence predicted by reactive transport modeling
(Muchez & Corbella, 2012). Supergene minerals comprise,
among other, chalcocite, digenite and covellite, malachite,
heterogenite, azurite, chrysocolla, hematite and limonite (El
Desouky et al., 2009, 2010; De Putter et al., 2010).

Fluid inclusion studies revealed distinct mineralizing fluids,
inferred to represent at least two main mineralization phases
(El Desouky et al., 2009, 2010). The first stratiform Cu-Co
mineralization formed at temperatures between 115 and 200 °C,
from moderately saline mineralizing fluids (11.3-20.9 eq. wt%
NaCl). The second, synorogenic stratiform to stratabound Cu-Co
mineralization phase is linked with a highly saline (35-45.5 eq.
wt% NaCl), hot (270-385 °C) mineralizing fluid (El Desouky et
al., 2009). Although the second phase has not been dated, it is
thought to be contemporaneous with the Lufilian Orogeny (e.g. El
Desouky et al., 2010), which started at ca. 590 Ma and culminated
around ca. 530 Ma (Rainaud et al., 2005). The second phase of
Cu-Co mineralization is thought to rework the mineralization
from the first phase, because of its similar mineralogy and
the preservation of a dominantly bacterially reduced sulfur
component (El Desouky et al., 2009, 2010). All samples studied
belong to the second mineralization phase.

3. Methodology

Fresh, unweathered dolomite samples from cores LSW1215,
LSW1216, LSW1301 at Luiswishi and F120 at Kamoto (identical
samples were studied by El Desouky et al., 2009, 2010) were
analyzed. Dolomite and quartz form the main, ubiquitous gangue
minerals. Since the REY content in quartz is negligible, the REY
concentration of the gangue dolomites is measured. A diamond-
tipped drill was used to sample £0.1 g of gangue dolomite
taking care to avoid sulfides, clay or carbonate particles from
the surrounding host rocks. This dolomite was subsequently
dissolved with 1 ml 6 M HCI, while heating in a warm water
bath for 2 hours at 80 °C. The acid-insoluble fraction did not
exceed 2 wt%, except in KHO5 and KH15 (69 and 18 wt%
respectively) and is almost exclusively composed of quartz, the
other main gangue mineral phase. The obtained sample digests
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were subsequently diluted to 50 ml with Milli-Q (18.2 MQ-cm),
spiked with internal standards (In and Re; both 5 ug L) and
analyzed with a Perkin-Elmer SCIEX Elan DRCPlus single-
collector ICP-MS instument at Ghent University. International
rock reference standards GBW7114, DWA-1, CCH-1 (carbonates
with variable clay content) and basalt BCR-1 were included in the
measuring sequence and calibration was performed via external
calibration versus a set of multi-element standard solutions with
concentrations ranging between 1 and 20 pg L' (prepared by
appropriate dilution of a 0.1 g L' commercially available REY
multi-element standard solution). Oxide and hydroxide ratios were
determined for the light REE, by measuring separate sets of multi-
element standard solutions under identical measuring conditions
(in order to be able to determine the signals for X', XO* and
XOH" interference-free). In this way, possible spectral overlap of
REE-signals with those of oxides or hydroxides of the low REE
can be corrected for. Geo-reference standards GBW7114, DWA-
1, CCH-1 and BCR-1 were dissolved with microwave-assisted
dissolution (HF-HNO,-HCIO,), while GBW7114 and two in-
house carbonate standards namely dolomite from the black ore
mineralized zone or BOMZ from Kambove and pure calcite of
unknown origin from the mineral collection at the Geo-institute,
KU Leuven were dissolved according to the same HCI procedure
used on the dolomite samples studied. The reference composition
of the in-house standards was constrained by three repeated ICP-
MS measurements of Li-borate fluxed samples performed by
Actlabs (Torremans, 2011). The REE concentrations obtained
from both the HCI- and the microwave-assisted dissolution
procedure are in good agreement with the reference values.
The Y-recovery was only 88 +2% (1s, n=6), likely because the
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Figure 4. Upper Continental Crust (UCC)-normalized REY-composition
of the Kamoto dolomites (A) and (B) and REY patterns at Luiswishi (C).
In (C), Type I patterns and Type II patterns (see 4.) correspond to blue
and light purple shades respectively. The dark grey shaded area in Figd A
corresponds to the main range of hydrothermal carbonate composition
reported by Wagner et al. (2010), whereas the grey shaded area (B) and
(C) shows the composition range of the host rocks, compiled from De
Putter et al. (2010), Torremans (2011) and own data. The Kambove
BOMZ (black ore mineralized zone) is a host rock sample, depleted in
LREE and HREE compared to the BOMZ samples analyzed by De Putter
et al. (2010). Abbreviations: massive vein (mas), irregular vein (irr),
breccia cement (br). UCC composition after Rudnick & Gao (2003).
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Sample ID  Tag Host Drillcore  Depth Description Table 1. Petrographic description,
rock (m) core ID and depth to surface of
- — - th 1 lyzed for thei
KAO7HAO5 KHO5 Dstrat F120 64.7-  massive vein with dolpmlte quartz REYsacrggt:;t.a?r? };izguresorand 611;
67 and chalcocite/carrollite the text, the sample IDs listed
KAO7HA1S5 KHI15 RSC F120 75.7 breccia cement, 5 mm thick are abbreviated to the format
dolomite, quartz and minor apatite, displayed in the second column.
sulfides oxidized See Fig. 3 for the abbreviations of
KA05VD52 KV52 RSF F120 73.0  irregular vein crosscutting chertified the stratigraphic units.
host rock with layer-parallel bands
and lenticules with dolomite, quartz
and chalcocite/carrollite
KAO05VD67 KV67 SDla F120 98.0 irregular vein (3 cm thick), sulfides
oxidized
LS06HA09 LH09 SD3a LSWI1215 52.1 irregular vein, boudinaged, coarse-
grained with chalcopyrite (<3mm
thick)
LS06HA23 LH23 BOMZ LSWI1215 80.3 massive, 1 cm thick dolomite core
surrounded by 4 cm quartz and a
few cm-sized apatite grains, rimmed
by chalcopyrite
LS06HA37 LH37 RSF LSWI216 120.9 breccia cement with dolomite,
quartz and chalcopyrite, coarse-
grained
LSO6HA60 LH60 L-CMN LSWI216 172 breccia cement with dolomite and
chalcopyrite, slightly ferrous
LS0O6HA64 LH64 SD2a LSW1216 185.2  breccia cement, mostly ferrous, with
dolomite and chalcocite, non-ferrous
central part drilled
LSO6HA70 LH70 SDB LSW1216 192.4 irregular vein with dolomite and
chalcopyrite rim, 7 mm wide, central
part drilled
LS06HA108 LH108 Gray LSW1301 144.4 massive vein with quartz, dolomite
RAT and chalcopyrite
LS11PM23 LP23  RSF LSWI1216 121.1 irregular vein with quartz, dolomite,
chalcopyrite and accessory apatite
LS11PM26 LP26 CMN LSWI1216 172.2  breccia cement consisting of
dolomite, quartz and chalcopyrite
LS11PM27 LP27  SD2a LSWI1216 184.7 breccia cement consisting of
dolomite, quartz, chalcocite,
chalcopyrite and accessory apatite
LS11PM32 LP32 SD3a LSWI1215 52.0 irregular vein with quartz, dolomite,
chalcopyrite and minor apatite
LS11PM33  LP33 BOMZ LSWI1215 804 massive vein with quartz ,dolomite,
chalcopyrite and minor apatite
LS11PM34 LP34 SDB/ LSWI1215 824 massive vein with quartz, dolomite,
RSC chalcopyrite and accessory apatite
Sample ID Type La Ce Pr Nd Sm  Eu Gd Tb Dy Ho Y Er Tm Yb Lu
KAO7HAO5  massive vein 024 066 0.15 138 1.54 033 153 0.19 089 0.13 337 0.28 0.03 021 0.03
KAO7HA15  brecciacement 090 1.25 021 099 081 021 088 0.11 0.55 0.09 242 021 0.03 0.15 0.02
KAO05VD52  irregular vein 036 094 028 273 543 1.18 492 062 268 038 993 0.87 0.10 0.62 0.08
KAO5VD67  irregular vein 032 203 055 4.04 308 033 307 047 245 042 11.82 1.09 0.15 098 0.14
LSO06HA09 irregular vein 1.87 3.60 068 388 271 0.13 3.18 048 238 036 839 0.84 0.11 0.69 0.09
LS06HA23 massive vein 8.08 743 127 459 118 0.08 099 0.11 049 0.07 1.69 0.18 0.02 0.15 0.02
LS06HA37 breccia cement 0.98 0.86 0.16 0.61 0.15 0.01 0.13 0.02 0.17 0.05 125 0.19 0.04 039 0.08
LS06HA60 breccia cement 1.56 2.55 0.70 3.69 1.75 0.06 231 026 282 052 1291 136 0.17 1.01 0.14
LS06HA64 breccia cement 0.11 0.09 0.02 0.07 0.03 0.01 005 0.01 008 0.02 0.51 0.08 0.02 0.16 0.03
LSO6HA70  massive vein 0.79 086 024 158 155 0.15 357 065 395 0.76 1632 218 034 240 0.34
LSO6HA108 massive vein 192 3.10 124 725 387 0.13 482 084 506 093 2365 244 033 199 025
LS11PM23 irregular vein 3.00 334 080 336 087 0.04 092 0.19 158 042 1246 161 031 250 041
LS11PM26 breccia cement 2.03 3.54 098 5.18 2.50 0.09 3.07 057 352 065 19.10 1.65 021 124 0.16
LS11PM27 breccia cement 0.71 1.74 036 1.79 0.76 0.07 093 0.18 1.16 022 749 0.63 0.09 0.62 0.10
LS11PM32 irregular vein 142 400 081 484 352 0.16 4.18 068 350 054 1515 126 0.16 1.02 0.14
LS11PM33 massive vein 0.58 059 0.10 043 0.16 0.04 0.19 0.03 022 0.05 1.63 0.18 0.03 0.28 0.05
LS11PM34  massive vein 043 039 0.11 056 032 0.03 048 0.09 062 0.13 3.89 037 0.06 043 0.07
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Sample ID Type >REE Lan/Luy Lan/Smy Dyn/Ybyn Tbn/Luyn Ce/Ce* Pr/Pr* Eu/Eu*
KAO07HAO05 massive vein 7.59 0.07 0.02 2.20 2.48 0.72 0.69 0.93
KAO07HA15 breccia cement 6.40 0.44 0.17 1.89 2.46 0.68 1.04 1.08
KA05VD52 irregular vein 21.20 0.05 0.01 222 3.46 0.58 0.68 0.99
KA05VD67 irregular vein 19.12 0.02 0.02 1.28 1.48 0.74 0.85 0.47
LS06HA09 irregular vein 20.99 0.20 0.10 1.78 2.31 0.73 0.95 0.20
LSO06HA23 massive vein 24.68 3.57 1.04 1.63 2.18 0.54 1.24 0.33
LSO06HA37 breccia cement 3.85 0.13 1.01 0.23 0.13 0.51 1.22 0.45
LS06HA60 breccia cement 18.89 0.12 0.14 1.43 0.87 0.54 1.12 0.12
LS06HA64 breccia cement 0.78 0.03 0.50 0.26 0.13 0.50 1.09 1.05
LS06HA70 massive vein 19.36 0.02 0.08 0.85 0.84 0.46 0.92 0.25
LS06HA108 massive vein 34.17 0.08 0.08 1.30 1.46 0.42 1.10 0.13
LS11PM23 irregular vein 19.35 0.07 0.52 0.32 0.20 0.51 1.27 0.19
LS11PM26 breccia cement 25.39 0.12 0.12 1.46 1.55 0.55 1.11 0.14
LS11PM27 breccia cement 9.34 0.07 0.14 0.97 0.81 0.75 1.08 0.33
LS11PM32 irregular vein 26.22 0.10 0.06 1.76 2.14 0.80 0.93 0.18
LS11PM33 massive vein 2.93 0.11 0.55 0.40 0.27 0.57 1.10 0.96
LS11PM34 massive vein 4.09 0.06 0.20 0.74 0.59 0.41 1.21 0.27

Table 2. Acid-soluble REY composition (in pg g"') of the Kamoto and Luiswishi carbonates analyzed. The table includes the Upper Continental Crust
(UCC)-normalized La/Lu, La/Sm, Dy/Yb and Tb/Lu ratios, the sum of the REE concentrations (3 REE, in ppm) and finally the Ce, Pr and Eu anomalies
with respect to the UCC (Ce/Ce*, Pr/Pr* and Eu/Eu* respectively), wherein Ce, Pr and Eu are the UCC-normalized concentrations and Ce*, Pr* and
Eu* are calculated as the arithmetic mean of the UCC-normalized La and Pr, Ce and Nd, and Sm and Gd concentrations respectively. UCC composition

after Rudnick & Gao (2003).

atomic mass of Y (atomic mass 88.9 g/mol) falls below the mass
range bracketed by the internal standards. The Y-values were
therefore corrected to match the standard reference values. The
performed oxide corrections had no significant effect on the
REE concentrations, except for a very small barium(hydr)oxide
overlap on Eu.

4. Results

The samples analyzed belong to the synorogenic mineralization
phase and comprise dolomitic breccia cement, irregular
mineralization and massive veins. Petrographic descriptions,
borehole ID and depth to surface can be found in Table 1, while
the results from the chemical analysis are presented in Table 2,
wherein all ratios are reported as Upper Continental Crust (UCC)-
normalized ratios, using the UCC composition from Rudnick &
Gao (2003). This study elects to present and discuss the REY
data with respect to the UCC reference frame. In Fig. 4, the REY
patterns are presented in three groups: Kamoto dolomites with
respect to typical hydrothermal carbonates (Fig. 4A), Kamoto
dolomites and their host rocks (Fig. 4B) and Luiswishi dolomites
and their host rocks (Fig. 4C).
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Figure 5. Eu/Eu* versus ) REE plot showing the correlation between
the UCC-normalized Eu anomaly and the total REE concentration for
the Luiswishi dolomites (3 REE, in pg g'). Type I patterns and Type
II patterns (see 4.) are represented by blue and light purple diamonds
respectively.

The host rocks display highly variable patterns which are
either slightly LREE depleted, UCC-like or (extremely) LREE
enriched compared to the UCC, with normalized concentrations
mostly between 0.3 and 7, although some host rocks contain
LREE concentrations up to ~40 times the UCC-content. Most
are characterized by relatively flat MREE-HREE patterns mainly
ranging between 0.15 and 3 times the UCC composition.

The gangue dolomites from Kamoto (Fig. 4A and 4B)
display depleted REE-patterns with total REE concentration
(XREE) ranging between 6 and 21 ppm and La/Lu, ratios
between 0.02 and 0.07, except in the breccia (0.44), which
shows an elevated LREE content. The UCC-normalized LREE
and HREE concentrations are lower than the MREE content,
resulting in a convex-upward REY pattern centered on Eu. Such
convex-upward UCC-normalized REY patterns with an apparent
MREE enrichment are commonly observed in high temperature
hydrothermal fluids (Fig.. 4A; Liiders et al., 1993; Hecht et al.,
1999; Allwood et al., 2010).
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Figure 6. Ce-Pr diagram from Bau & Dulski (1996): Ce* and Pr* are
calculated as the arithmetic mean of the UCC-normalized La and Pr, and
Ce and Nd concentrations respectively. Originally designed to distinguish
between Ce anomalies and positive La anomalies (defined as the field
indicated on the graph) in marine carbonates. Host rocks data from De
Putter et al. (2010), Torremans (2011) and own data. UCC composition
after Rudnick & Gao (2003).
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Apart from massive vein LH23, all Luiswishi dolomites are
depleted in LREE compared to their respective UCC-normalized
MREE and HREE content (Fig. 4C). Their total REE content
ranges between 0.8 and 34 ppm with an average La,/Lu, ratio
of 0.10. Two general types of patterns are observed at Luiswishi.
Type I patterns display a pronounced LREE-MREE fractionation
(La,/Sm 0.06-0.20), followed by near-flat to slightly decreasing
MREE-HREE patterns (Fig. 4C, blue shades). They are
reminiscent of the Kamoto patterns, although the MREE-HREE
fractionation is slightly less pronounced, as indicated by their
Dy, /Yb,, ratio between 0.85 and 1.78 compared to 1.28-2.22
at Kamoto. Type Il patterns (LP23, LP33, LH37, LH64) are
characterized by a relatively small LREE-MREE fractionation
(La/Sm 0.50 - 1.01) associated with a pronounced MREE-
HREE enrichment (Dy,/Yb, 0.26 - 0.32 by Fig. 4C, light purple
shades). Their La/Luy ratios are similar to those in the Type I
veins (average 0.09). Massive dolomite LH23 (Fig.4C, dark
purple) shows a flat LREE-MREE pattern followed by a gradual
MREE-HREE depletion which fits neither pattern type.

Eu anomalies are absent at Kamoto, except in the irregular
vein (KV67) that shows the highest REE-concentrations. In
contrast, most Luiswishi dolomites show pronounced negative Eu
anomalies (Eu/Eu* 0.12-0.45), with the exception of a massive
vein (LP33) and a breccia cement (LH64). Furthermore, there
is a significant correlation between the total REE concentration
(XREE) and the size of the Eu anomaly at Luiswishi (Fig. 5).
While the slope of a linearly decreasing trend is significantly
different from zero at the 99.7 % confidence level, this trend is
associated with a relatively low correlation coefficient (r?) of
0.66, indicating a large amount of residual variation not explained
by this trend.

The Ce-Pr diagram from Bau & Dulski (1996) is used to
distinguish between La and Ce anomalies (Fig. 6). The analyzed
host rocks often show pronounced negative Ce and Eu anomalies
(Fig. 6; De Putter et al., 2010). The Kamoto dolomites show
low Pr/Pr* values indicative for positive La anomalies rather
than real negative Ce anomalies, with the exception of breccia
KH15. All Luiswishi dolomites show Ce/Ce* ratios below unity,
which combined with the elevated Pr/Pr*-ratios in most samples
indicates a negative Ce anomaly. Dolomites LH09, LH67, LH70
and LP32 also show Pr/Pr* ratios below unity indicating positive
La anomalies (Fig. 6).

5. Discussion

The Cu-Co mineralizing fluids in the Copperbelt are thought
to leach their metals from the basement and/or the overlying
siliciclastics, after which interaction with reducing sediment
layers rich in organic matter or with hydrocarbon reservoirs
resulted in metal-sulfide precipitation (Annels, 1989; Selley et
al., 2005; Muchez et al., 2008). To assess fractionation from the
REY composition in the source, REY patterns are commonly
normalized over the Post-Archean Australian Shale (PAAS
) composition, which is then assumed to approximate the
composition of the source (e.g. Roberts et al., 2009; Wagner et al.,
2010). This study elects to normalize the REY data over the UCC
composition (Rudnick & Gao, 2003), which is similar to PAAS,
but results in less pronounced LREE depletions and lower Eu/
Eu* values for the analyzed dolomites. Hydrothermal carbonates
generally display normalized REY patterns with strongly depleted
LREE, comparatively high MREE concentrations, a progressive
decrease towards the HREE and near-chondritic Y/Ho ratios (e.g.
Allwood et al., 2010; Wagner et al., 2010; Bons et al., 2012).
Mineralogical fractionation in hydrothermal calcite and
dolomite appears to be relatively minor and therefore it can
be assumed that the dolomite composition approximates the
composition of the fluid from which it precipitated (e.g. Zhong &
Mucci, 1995; Hecht et al., 1999; Roberts et al., 2009). The apparent
MREE enrichment is traditionally explained by a combination of
HREE retention in resistant source rock minerals (e.g. zircon)
with complexation-driven LREE depletion (e g. Liiders et al.,
1993; Hecht et al., 1999). However, recent experimental studies
(Migdisov et al., 2009) have shown that at elevated temperatures,
CIl' and F- preferentially complexate the LREE. Both Cl" and F-
are inferred to be important REE-ligands in hydrothermal brines

(Bach et al., 2003; Kucera et al., 2009), especially at higher
temperatures (Migdisov & Williams-Jones, 2007), and therefore,
complexation-driven fractionation is unlikely to explain the
observed LREE depletion. Furthermore, the magnitude of the
LREE depletion precludes a direct inheritance of the source and
therefore, the LREE depletion likely resulted from precipitation
of one or more LREE-selective mineral phases. Minerals that
preferentially incorporate LREE and which have been reported
from Kamoto or Luiswishi are chlorite and chalcocite, the latter
of which may contain more than 300 ppm of La and Ce and a
La /Yb, ratio close to 30 (De Putter et al., 2010). Elevated La /
Lu, ratios in some samples both at Kamoto (e g., in breccia
cement KH15) and Luiswishi can in principle be explained
through interaction with their host rock (carbonate). Sr isotope
data indeed suggests that the Sr of the second mineralization
phase at Kamoto and Luiswishi (¥St/*Sr_,  ~0.70881-0.71135)
can largely be buffered by the host rock carbonates (¥Sr/*Sr_,
0.70698-0.70903) rather than by the felsic basement (¥St/*Sr_, -
0.72201-0.78745) which has a much more radiogenic Sr signature
(Nyogi et al., 1991; EI Desouky et al. 2010). However, mass
balance considerations and Sr-Nd isotope studies illustrate that
REY-buffering is much more unlikely compared to Sr-buffering
in hydrothermal carbonate systems (e.g. Banner et al., 1988;
Barker et al., 2009).

At Luiswishi, ramp-shaped Type I or ‘linearly’ increasing
Type II REY patterns occur seemingly independent of the
stratigraphic position, depth to surface, host rock or morphology
(irregular, massive mineralization or breccia cement). The
difference between both types indicates a distinct difference
in physicochemical conditions in the brines and/or source
composition at this deposit. The temperature of the synorogenic
fluids at Luiswishi, as indicated by fluid inclusion studies, ranges
between 300 °C and 385 °C compared to 270-320 °C at Kamoto
(El Desouky et al., 2009). The latter is consistent with a relatively
minor metamorphic overprint inferred for Kamoto (Bartholomé
et al., 1972; Bartholomé, 1974) and hence more intense
metamorphic conditions at Luiswishi are expected to contribute
to the differences with the Kamoto deposit.

The presence of positive Eu anomalies is also a characteristic
feature of hydrothermal carbonates and is commonly explained by
less efficient sorption and differences in complexation behavior
between divalent Eu and the trivalent REE (e.g. Allwood et
al., 2010). However, positive Eu anomalies with respect to the
UCC are absent at Kamoto, whereas they are prominent in other
hydrothermal carbonates (e.g. Wagner et al., 2010; Eu/Eu* 1.20-
1.82). These comparatively small Eu/Eu*-values likely relate
to the oxidizing conditions inferred for the Copperbelt brines
wherein Eu is not fractionated from the other REE during brine
transport.

The large negative Eu anomalies at Luiswishi are either
inherited from the sources, generated during brine transport or
through remobilization during the second mineralization stage.
The association of these negative Eu anomalies with high total
REY contents (Fig. 5) are in favor of the latter interpretation.
Under the reducing conditions at the sites of mineralization,
Eu is likely reduced to fluid-mobile, divalent Eu and therefore
preferentially lost to the fluid during subsequent remobilization.
In this context, the absence of Eu anomalies in the REY-poor
breccia cement LH64 and in massive vein LP33 is explained
by less remobilization from the mineralized rocks, resulting in
a REY signature more characteristic for the pristine fluid. The
presence of both Ce and Eu anomalies at Luiswishi can be
explained by changing redox conditions during fluid migration,
mineral precipitation and later recrystallization or by inheritance
from the source rocks or marine fluids (e.g. Liiders et al., 1993;
Roberts et al., 2009). If Ce is (partly) tetravalent in the oxidizing
mineralizing brines, it is most likely depleted with respect to the
trivalent REE (Brookins, 1988).

a

6. Conclusion

While the stratiform to stratabound Cu-Co deposits at Kamoto and
Luiswishi display similar ore mineralogy, paragenesis, textural
characteristics and their host rocks are lateral stratigraphic
equivalents, the REY-signature of gangue dolomites from the
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second main mineralization phase is remarkably different. Most
features of the Kamoto dolomites and (to a lesser extent) Type I
Luiswishi dolomites are typical for hydrothermal carbonates (e.g.
Wagner et al., 2010). The LREE depletion most likely results
from fractionation of a LREE-selective mineral phase, while
the progressive depletion from MREE to HREE likely results
from HREE retention in the sources (Liiders et al., 1993). The
presence of ramp-shaped Type I patterns and ‘linearly’ increasing
Type Il patterns at Luiswishi indicates distinct difference
in physicochemical conditions in the brines and/or source
composition at this deposit. More intense metamorphic conditions
during synorogenic mineralization at Luiswishi (Bartholomé
et al., 1972; Bartholomé, 1974; El Desouky et al., 2009) are
expected to contribute to the differences with the Kamoto deposit.
The increased LREE content in some samples is indicative for
a (minor) REY contribution from the host rocks. Unlike most
Kamoto dolomites, the Luiswishi dolomites generally display
pronounced negative Eu anomalies which correlate with their
total REE content. The latter is taken to reflect Eu-depletion
during remobilization, while the residual variation reflects the
influence of variable physicochemical conditions in the brine and/
or differences in source composition.
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