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ABSTRAgT

Barian-bearing feldspar and muscovite are associated with barite in the sulfide mineralization of the Kipushi Zn-Pb{u deposit
(Zaire), hosted by Lower Kundelungu dolornites and dolomitic shales, in part brecciated, ofl,ate koterozoic age. The celsian (Cn)
content of (BaK)-feldspan, which include celsian, hyalophane and orthoclase, varies from 1 to 84 mole 7o, but exhibits rwo
discontinuifies, at Cn5-36 and Cn4j-56. The coexisting albite is mostly barium-free. The highest BaO content measured in muscovite
is 7.66 w.Vo, but values around 6 wt.%o BaO are more common, even though the associated feldspars vary from Ba-bearing
orthoclase to celsian. The replacement of K by Ba in muscovite follows the substitution BaAl = (K,Na)Si and is accompanied by
increasing vacancies in octahedral positions and by the replacement ofAl by Ti. The muscovite also is phengitic, showing the
exchange (Mg,Fe)'*Si* = ''Al'"A1. Structural and textural fabrics indicate that Kalangan regional metamorphism postdated the
mineralization. It is characterized by mineral assemblages of the greenschist facies. We contend that barian muscovite and
(Ba,K)-feldspar are metamorphic in origin, and that their baxium content was inherited from barite associated with the Zn-Pb{u
ores.

Keywords: barian feldspar, barian muscovite, barite, Kipushi Zn-Pb-Cu deposit, Lower Kundelungu Group, celsian, hyalophane,
o(hoclase, substitution schemes, Katangan metamoryhism, Zaire.

SOMMATRE

Des exemples de feldspath et de muscovite baryfdres sont associ6s i la barytine dans les minerais sulfurds du gisement
Zn-Pb{u de Kipushi (Zai?e), encaiss6 dans les dolomies et shales dolomitiques, en partie br6chifi6s, du groupe du Kundelungu
infdrieur, d'dge prot6rozoique supdrieur. La teneur en celsiane du feldspath varie de I d,84%o (base molaire), mais elle prdsente
une discontinuitd majeure entre Cn5 et Cn30, et une autre moins marqu6e entre Cn46 et Cn56. L'albite associ6e renferme trds peu
ou pas de Ba. La muscovite la plus riche en Ba contient jusqu'd 7 .66Vo BaO en poids, mais les valeurs autour de 67o sont plus
cour:rntes quelle que soit la nature du felspath baryfdre associ6. Le remplacement du K par le Ba dans le r6seau de la muscovite
ob6it i la substitution BaAl = KSi accompagn6e de lacunes dans les sites octah6driques et par le remplacement de Al par Ti. Une
substitution phengitique est 6galement observ6e dans ce mica. Des donndes structurales et texfurales indiquent que le
m6tamorphisme r6gional katanguien est post6rieur i la mise en place de la mindralisation. Nous considdrons que la muscovite et
le feldspath baryfbres sont d'origine m6tamorphique et que le baryum qu'ils contiennent a6t6h6it9 de la barytine associ6e au
minerai.

Mots-clds: feldspath bary{bre, muscovite baryfbre, barytine, gisement Zn-Pb-Cu de Kipushi, Kundelungu inf6rieur, celsiane,
hyalophane, orthose, modble de substitution, m6tamorphisme r6gional katanguien, Zarie.

INTRoDUcnoN

The Kipushi deposit is one ofthree major carbonate-
hosted Zn-Pb deposits that have been recognized in
Shaba province, southeastern Zaire. They all occur at the
snme stratigaphic level, in the Lower Kundelungu
Group, just as the Kabwe lead-zinc deposit of 7,arnbia,
whereas the Cu-Co and U-(Ni-Co) deposits are found
in a lower stratigraphic position, in the Roan Super-

goup, in bothZambia andZairq' the Zambian deposits
are stratigraphically below their Zairean counterparts
(Lefebvre & Tshiauka 1986).

In the Kipushi deposit, the gangue contains (BaK)-
feldspars including celsian, hyalophane and orthoclase.
These occur in association with barian muscovite and
barite as accessory minerals within the ore zones, along
with quartz, chlorite and dolomite.

Barian silicates are rare and most commonlv occur in
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manganese deposits (Deer et al. 1962, 1963). Very few
compositions have been reported in the literature. In this
study, we provide analyical data for (Ba,K)-feldspar
and barian muscovite resulting from the metamorphism
of a carbonate-hosted base-metal deposit. Coupled
substitution ofBa for K and Al for Si is characteristic of
both muscovite and feldspar.

GEoLocrcAL SBrrrl'tc

The Kipushi deposit has been studied by Intiomale &
Oosterbosch (1974), Intiomale (1982), de Magn€e &
Frangois (1988) and Chabu (1990), who described the
geology and tectonic setting of the area. The deposit is
one of over 35 occurrences of Cu{o, U-{Ni-Co) and
Zn-Pb deposi* that together constitute the Central
African Copperbelt of Z.are and Zarnbi4 a region that
contains about l5%o of world's copper reserves.

Deposits in the Copperbelt are hosted by Late ho-
terozoic Katangan sediments exposed in the Lufilian
fold belt (Fig. 1). The sediments were deformed during

the Katangan (also known as Lufilian) Pan-African
orogeny (ca. 65G-500 Ma) and thrust to the north. The
Katangan sequence consists of conglomerates, arkoses,
greywackes, sandstones, shales, carbonates, and of two
tillitic formations totalling nearly 10,000 m in thickness.
It is subdivided, from bottom to top, into the Roan and
Kundelungu Supergroups. The base of the latter is
marked by a tillite, the "Grand Conglom6rat", which
represents a lithostratigraphic marker of regional extent.
The other tillite of the Katangan sequence, the '?etit
Conglom6rat", divides the Kundelungu Supergroup into
the Lower Kundelungu and the Upper Kundelungu
Groups (Fig. 2). In the Zairean Copperbelt, rocks of the
Roan Supergroup invariably appear as huge fragments
up to several kilometers wide, in megabreccias located
in the cores of anticlines. Because ofthat fact. its base is
unknown.

The Kipushi Zn-Pb-Cu deposit is located on the
northem flank of the Kipushi anticline Grg. 3), near the
contact between a complex breccia field with rocks of
the Lower Kundelungu Group. The eastern limit of the
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Ftc. l. Simplified geological map of the Lufilian fold belt showing the locations of major deposits. Modified after Sodimiza
Company records.



breccia body has been termed the Kipushi fault, and its
central part defines the axial fault-zone (Intiomale &
Oosterbosch 1974).

The axial fault breccia is composed ofhuge blocks of
different lithologies derived from Roan Supergroup
rocks. Blocks of a mafic green rock also are found in this
breccia. The so-called Kipushi fault brecci4 at the
eastern margin ofthe brecciabody, is perpendicular to
the strike and contains rock fraEments of tlte enclosins

tt45

Lower Kundelungu beds. Their composition exclusively
reflects strata in contact with the breccia or stratigraphi-
cally higher, suggesting that the breccia is a gravity-col-
lapse feature. The breccia matrix is carbonaceous and
exhibits sedimentary features (graded bedding, lamina-
tion) and structures indicative of collapse prior to folding
of the enclosing host-rocks (Chabu 1990). De Magnde
& Frangois (1988) attributed the megabreccia in the
cores ofanticlines ofthe Zairean Copperbelt to evaporite
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Ftc. 2. Simplified stratigraphic column of the Katangan sediments in the Tairan sector of
the Lufilian arc (Gecamines concession). The base is here unknown. Abbreviations: RAT
clay-talc rocks; R Roan; Ki Lower Kundelungu; Ks Upper Kundelungu, 1 sandstone,2
shale, 3 tillite, 4 dolomite. Modified after lntiomale (1982) and Lefebwe & Tshiauka
(1986).
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ascending diapirically under gravitational and tectonic
stresses: the later dissolution of the salt formations
resulted in collapse brecciation. However, the failure of
hundreds of drill holes in the surrounding areas to
intersect evaporite of sufficient thickness to explain the
large ore-bearing breccias at Kipushi and several other
Cu-{o deposits of the T,airean Copperbelt, lends no
credence to this interpretation. Nor can it explain the
formation of mineralized solution-cavities, some of
which are discordant pipes found at Kipushi in unbrec-
ciated Lower Kundelungu dolomites (see below).

The mineralization affected the base of the "S6rie
r6currente", which is composed of alternating dolomites
and dolomitic shales. and the karst structures in the
underlying Kakontwe dolomites. Together with the rock
matrix and gangue minerals, the ore also fills interfrag-
mental voids of the collapse breccia described above.
Remobilized ores also are common in veins.

Morphologically, the mineralization forms bodies
that are either discordant or broadly concordant with
lithological boundaries. The discordant bodies fill voids
in collapse breccia and karstic structures that are mainly

TIIE CANADIAN MINERALOGIST

Frc. 3. Geological map of the Kipushi anticline and location of the orebody. 1 BrecciL 2
siliceous dolomite (Lower Mwashya), 3 shale (Upper Mwashya), 4 "Grand Conglom6-
rat",5 dolomite (Kakontwe), 6 shale and dolomite ("Sdrie r6currente"),7 shale and
sandstone, 8 ore deposit. Modified after Intiomale (1982) and Gecamines Company
records.

located in massive Middle to Lower Kakontwe dolo-
mites. The concordant bodies are confined to well-bed-
ded carbonaceous, black Upper Kakontwe dolomite and
to the "S6rie rdcurrente", where the mineralization is
predominantly cupriferous.

Important sulfide minerals are sphalerite, chalcopy-
rite, bomite, galena, pyrite, with minor tennantite,
chalcocite, arsenopyrite, marcasite, renierite, briaflite,
gallite, germanite, betekhtinite and canollite. The min-
eralization is zoned stratigraphically. Copper ores in the
"Sdrie r6currente" are separated from zinc-lead ores
located in Middle to Lower Kakontwe dolomite strati-
graphically below the copper ores. The transition zone
behveen the two types of ores, which is found in the
Upper Kakontwe, is a mixture of both rypes
(Zn+Pb+Cu). All ore types are present in the collapse
breccia.

Gangue minerals are phyllosilicates, feldspars, car-
bonates and quartz, with very rare barite. This study
concentrates on barium-rich mica and feldspar.
Other gangue minerals will be addressed in later stud-
ies.
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Muscovrre

Muscovite and chlorite are the most abundant phyl-
losilicate minerals in the gangue. These appear in all ore
types and are associated with all gangue minerals. Talc
has not been observed within the mineralized zones.
whereas phlogopite is minor.

Muscovite compositions include phengitic and barian
varieties. Muscovite enriched in Ba was found in two
mineral assemblages, at the 8l I m and 992 m mine levels
(depth): (i) Ba-bearing muscovite - Ba-bearing ortho-
clase - dolomite - barite - albite (+ rare hyalophanel,
and (ii) Ba-bearing muscovite - hyalophane - celsian -
dolomite - barite - albite.

Ba-poor muscovite also is present in these unusual
associations. It is generally finer grained than the Ba-rich
muscovite. It should be noted that muscovite with as
much as 3.06 wt.Vo BaO has been observed in the
absence ofbarite and of (B4K)-feldspars.

Analyses of Ba-enriched muscovite were carried out
at the Universit6 Pierre et Marie Curie (Paris VI), using
a Camebax Microbeam electron microprobe at an accel-
erating voltage of 15 kV, abeam current of20 nA and a
peak counting time of 1 5 seconds. The spot size was 1-2
pm. Standards used were natural and synthetic minerals
or compounds, namely orthoclase for Si, Al and K,
diopside for Mg and Ca albite for Na, Fe2O, for Fe,
MnTiO3 for Mn and Ti, sphalerite for Zn, barite for Ba,
and LiF and fluorite for F. Results are given in Table l.

BaO contents range from 3.63 to 7.66 w'r..%o, with 6
wt.7o BaO being more common in muscovite from both
of the above mineral assemblages. Similar values have
been reported in muscovite from a stratabound Ba-Zn
mineralization subjected to amphibolite-grade regional
metamorphism at Aberfeldy, Scotland (Fortey & Bed-
doe-Stephens 1982). Pan & Fleet (1991) also reported
on muscovite with up to 10.3 wt.7o BaO in the Hemlo
area, Ontario. The barium content is rarely constant,
even within individual grains. The following discussion
of the compositional variations in muscovite emphasizes
the nature ofcoupled substitutions involved toachieve
charge balance.

Examination of Table I shows that occupancy of the
octahedral sites ranges between 3.95 and 4.08. Octahe-
drally coordinatedAl occupies 87Vo ofthetotal occupied
positions, the remaining being mostly Mg and Fe.
Titanium contents are relatively high, ranging from 0.02
to 0.24 ions per formula unit, whereas Mn and Zn are
generally below the detection limits.

Si is commonly greater than 6 atoms per formula unit;
in comparison, the associated Ba-poor muscovite (data
not included) have still higher contents of Si and Mg.
The total occupancy ofthe interlayer site ranges from
1.56 to 1.98, including l.16 to 1.56 K and 0.19 to 0.43
Ba per formula unit. These barium contents in muscovite
are comparable to those reported by Fortey & Beddoe-
Stephens (1982) and by Dymek et al. (1984). The low
occupancy of some of the interlayer sites may be due to
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vacancies resulting from a 1 : I replacement ofK+ by Ba2+
in the substitution scheme Ba + N = 2K (Guidofti 1984).
However, the lack of a negative conelation between the
Ba contents and the total number of interlayer cations
indicates that this model of substitution is not the most
effective. Ba and Ti contents are positively correlated
(Fig. 4). Pan & Fleet (1991) also reported high Ti
contents in barian muscovite.

There is a crude negative correlation between Ba
contents and the total number of octahedrally coordi-
nated cations (Fig. 5), which suggests that the excess
interlayer charge is partly balanced by increasing vacan-
cies in the octahedral site, resulting in an increase in
negative charge in the layer of octahedra. This relation-
ship may be due to the positive correlation of Ba with Ti
shown in Figure 4; however, on a plot ofTi versus totaT
octahedrally coordinated cations, the data are more
scattered than in the above relationship (Fig. 5). This fact
casts doubt on the existence of the substitution 2vIR2* =
qTi 

+ N, reported by Guidotti (1984) in both biotite and
muscoviten as a possible scheme for the incorporation of
Ti in the muscovite analyzed, thus indicating that the
relationship between Ba and the total number of octahe-
dral cations is not due to Ti.

Si displays a relatively well-defined negative correla-
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Ftc.4. Relationship between Ti and Ba in barian muscovite.

tion with Al (Fig. 6.4'). This is an expression of the
common phengitic substitution of normal muscovite
(Mg,Fe)2+Si = vlAllvAl. If the muscovite is a binary

3to 3.95 1,OO 1A6 1to
Total nambar of octah.dr.l catlont

Ftc. 5. Variation of the occupancy of octahedrally coordinated
sites with Ba content in muscovite.

Frc. 6. A. Relationship between Al and Si in muscovite
(phengitic substitution). B. Relationship between Mg+Fe
and Si expressing the Tschermak or phengitic substitution.

solid-solution composed of end-member muscovite and
celadonite (Guidotti 1984, Miyashiro & Shido 1985) by
Tschermak substitution, it must plot on the straight line
shown in the diagrams (Fig. 6). Actually, most compo-
sitions plot considerably below the straight line in Figure
64' and considerably above the ideal slope in Figure 68.
The Al content (too low) and the (Mg+Fe) content (too
high) result from the fact that Al also is involved in other
substitutions, such as Ti = vrAl (Guidofti 1984) and BaAl
= (Na,K)Si (Fortey & Beddoe-Stephens 1982, Guidotti
1984), as depicted in Figure 7. Despite a corrsiderable
scatler in the dat4 Figure 7 shows a broad positive
correlation between Ba and IvAl. The excess interlayer
charge resulting from the replacement of K by Ba thus
seems also partly balanced by substitution of Al for Si
in tetrahedral oositions.
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Ftc. 7. Correlation of Ba with IvAl in muscovite. The two
c.ompositions of Ba-rich muscovite showing the highest
"Al contents deviate from a muscovite composition in that
they have less than 6 Si atoms per formula unit (Guidotti
1984). These could then be neglected in interpretations of
this diagram.

(Ba,K)-Fsluspans

In the Kipushi deposit, the (BaK)-feldspars include
orthoclase, hyalophane and celsian. These represent
about l7o in volume of some ores and are confined to
the same mineral assemblages as barian muscovite.
These feldspars mostly occur as optically inhomogene-
ous untwinned crystals in which cleavage is generally
poorly developed. Celsian and hyalophane commonly
display sector zoning and complex patlerns of extinc-
tion. They show white-grey, turbid and dark grey zones
in crossed nicols. These zones" of variable width and
habit, bear different chemical compositions, the clear
zones being richer in barium than darker zones. These
probably represent unmixed crystals. Orthoclase grains
also show undulatory extinction, but they have a con-
stant composition. The nearly euhedral rhombic grains
of orthoclase are enclosed in dolomite and sphalerite.

Fto. 8. Photomicrograph showing relict $ains of barite (white)
in orthoclase. Scale bar: 50 um.
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Locally, the orthoclase encloses relict barite (Fig. 8) and
is commonly conoded by dolomite.

Results of electron-microprobe analyses of the
(Ba,K)-feldspar grains, at instrumental conditions de-
scribed above, are given in Table 2. In terms of a
Cn-Or-Ab diagram (Fig. 9), the (BaK)-feldspars from
Kipushi can be divided into three types: (i) Cn-rich
specimens with compositions Cn5e-eaOrt,-3eAb3_4, (ii)
Cn-poor, Or-rich feldspars with the compositions
Cn1_5Ore1eeAb6-,, which show very low contents of
albite, and (iii) specimens with intermediate composi-
tions: Cn31- aOrar-srAbs-t r. One feldspar of this type has
an inclusion of an albite-rich phase, probably repre-
senting an unmixed crystal with the composition
Cn OrroAbru.

It is noteworthy that the albite content of these
feldspars increases from the orthoclase end-member
toward Ba-poor hyalophane, whereas it decreases from
Ba-poor hyalophane to Ba-rich hyalophane (Cnso<).
Ba-rich hyalophane and celsian have the same amount
(3-4 mole 7o Ab) of albite content. There is a greater
spread in the albite content (l-57o) ofcelsian from the
zone of Ba-Zn mineralization in the Scottish Dalradian
(Fortey & Beddoe-Stephens 1982). Viswanathan &
Kielhorn ( 1983) reported a decrease in the albite content
with an increase in Cn content in Ba-rich feldspar from
Otjosondu, Namibia. In their study, the albite content of
a barian feldspar containing 30407o celsian is higher
(more than 20 mole 7o Ab) than in feldspar with 46-557o
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celsian (10-12Vo Ab). In the present study, there is no
change in the albite content of feldspars (8-ll7o Ab)
over this compositional range. However, a strong de-

, ,.t t.2 ,.3 t,1 ,,6 ',6 1,7 '.E ',9 20 Al

Frc. 10. Correlation of Ba with Al in (BaK)-feldspar. Line
represents theoretical substitution. I Data from this study,
2 additional data from Fortey & Beddoe-Stephens (1982).

Ftc. 9. Variations in chemical composition of the (Ba,K)-feldspars from Kipushi, Zaire. I
Cn-poor specimens, 2 feldspar with intermediate composition, 3 Cn-rich feldspar.

crease in the albite content does appear in Ba-rich
feldspar containing at least 56Vo celsian.

Examination of Figure 9 suggests the presence of t'rvo
compositional discontinuities, at Cn5-30 and Cn40.s0. Pan
& Fleet (1991) also reported a compositional disconti-
nuity at Cnr125 and two more at Cn30 40 and CnaT_65,
whereas Gay & Roy (1968) postulated a compositional
gap befrveen Cnu5 and Cnro, also reported by Fortey &
Beddoe-Stephens (1982); in the present study, the
composition of (Ba,K)-feldspars is continuous through
this compositional range.

The feldspar compositions plot close to the ideal line
BaAl = (Na,K)Si (Fig. l0) in the series KAlSi3Os -
BaAl2Si2O8, reflecting the low abundance of other
cations in the feldspar strucfure as compared to musco-
vite. But most of our data plot slightly below the line,
especially in those cases representing feldspar with
relatively high albite contents.

Drscussror.l

The Katangan episode of regional metamorphism
(650-500 Ma) has affected the Kipushi deposit (Chabu
1990). It is of lower $eenschist facies and is charac-
terized by the following mineral assemblages: (i) dolo-
mite - albite - muscovite - quartz - biotite (phlogopite)
- chlorite in ores, and (ii) dolomite - quaxtz - albite -
talc - magnesite - phlogopite in gypsum- and anhydrite-
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bearing dolomite in the "S6rie r6currente", above the
mineralization.

These mineral assemblages give support to the sug-
gestion by Lefebvre & Patterson (1988) thatthe Kipushi
deposit is situated in the biotite zone of the regionally
metamorphosed sequence.

Available experimental data (Winkler 1,965, 1967,
Puhan & Johannes 1974) and studies ofmetamorphosed
carbonate rocks (Ferry 1976, Rice 1977, Bowman &
Essene 1982) are consistent with the first development
of biotite under a total pressure of a few kilobars, at
temperatures between 300' and 400'C.

The biotite - chlorite isogradic reaction muscovite +
dolomite + quartz + water = biotite + chlorite + calcite
+ carbon dioxide, which seems to apply to the mineral
assemblages foundin the Kipushi deposit, was estimated
to occur at 370'C in the metamorphism of impure
dolomite (Ferry 1976).

Experiments (Fawcett & Yoder 1966) indicate that
Mg-rich chlorite is stable over a wider range of P-T
conditions than Fe-rich chlorite. The stability field of the
latter is drastically limited under reducing conditions to
a temperature below 350'C under a pressure of 1 kbar.
Since Fe-rich chlorite is present in the reducing environ-
ment of the Kipushi ores (Chabu 1990), it seems
reasonable to assume that the temperature that affected
the deposit during the Katangan regional metamorphism
was below 350'C. This is in agreement with Cluzel's
(1986) estimate of the P-T conditions of the Katangan
regional metamorphism in the area.

CONCLUSIONS

Although barian feldspar is most common in manga-
nese deposits (Denr et al. 1962,1963), celsian also has
been reporied in cases of exhalative base-metal miner-
alization (Fortey & Beddoe-Stephens 1982). These
autlors suggested that Ba-rich feldspar and barian
muscovite in the schists at the Aberfeldy Ba-Zn deposit,
Scotland, originated either by replacement of barite or
by the dehydration of cymrite [BaAl2Si2(O,OH)8.H2o]
during metamorphism. Pan & Fleet (1991) also con-
cluded that barian muscovite and (BaK)-feldspar in the
late Archean Hemlo - Hero Bay greenstone belt,
Ontario, were formed by regional thermal metamor-
phism of a barite-rich unit.

The close association ofbarian silicates with barite-
bearing metamorphic mineral assemblages and the
presence of relict barite in some Ba-bearing orthoclase
grains give support to the suggestion that barian musco-
vite and (BaK)-feldspar in the Kipushi deposit derived
theirbariumby the breakdown of barite during Katangan
metamorphism.

Under oxidizing conditions, barite is stable up to very
high temperature (e.g., 1000'C: Segnit & Gelb 1970).
This fact accounts for its survival in some high-grade
amphibolite-facies metamorphic rocks (Fortey & Bed-
doe-Stephens 1982). For barian silicates to form from
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barite, a reducing agent is necessary. This has been
demonstrated in experiments in ceramic systems (Segnit
& Gelb 1970). Heating of kaolinite-barite mixtures up
to 1000'C railed to produce any barian silicates, but
when carbon was added to the mixture, the sulfate was
reduced according to the following reaction:

BaSOo r 4C -+ BaS + 4CO
3BaSOa + BaS -r 4BaO + 4SO2

and celsian was formed at 800oC. To form celsian from
barium carbonate and kaolinite, a reducing agent was
naturally not necessary. Although these experiments
were carried out at a much higher temperature than that
which can be expected to apply to assemblages of
metamorphic minerals found at Kipushi, they show that
in the absence of a reducing agent, barite is stable at a
temperature at which barian feldspar may form in its
presence.

Because of the very low solubility of barite (Blount
1977) and considering the fact that this mineral is
unstable under sulfate-reducing conditions or conditions
that favor the formation of witherite, BaCO, (Segnit &
Gelb 1970, Blount 1977), we assume that for barian
muscovite and (Ba,K)-feldspar to have formed in the
Kipushi deposit, barite was lrst decomposed by reaction
with either CO produced during the metamorphism of
impure dolomite or with carbonaceous matter. The latter
is abundant in the Kakontwe dolomite (see above) and
in karstic structures (Chabu 1990). The released BaO
reacted with quartz, detritic ordiagenetic chlorite orclay
minerals to form barian silicates during the Katangan
regional metamorphism.
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