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Emerald mineralization in the Kafubu area, Zambia
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Abstract. This study provides the first quantitative geochemical, petrological, and mineralogical data on major rock types and minerals in the Kafubu
area. Highly magnesian talc-chlorite + actinolite + magnetite metabasites hosting emerald mineralization are identified as metamorphosed komatiites.
These rocks contain 3000-4000 ppm Cr, and provided the amount of this element necessary for the crystallization of emeralds. Associated amphibolites
of andesitic and basaltic-andesitic composition are low in chromium. The estimated equilibration temperatures during regional metamorphism, using am-
phibole-plagioclase thermometry on several amphibolite samples, gave a narrow interval of 590-630 °C, assuming a pressure of 400-600 MPa. This
metamorphic event pre-dates the emerald mineralization and the emplacement of pegmatite dikes. Emerald-bearing phlogopite schists are confined to the
contacts of quartz-tourmaline veins and quartz-feldspar pegmatites with magnesian metabasites. The quartz-tourmaline veins and pegmatite dikes are ge-
netically related to a hidden fertile granite pluton. The formation of phlogopite schists from metabasite was associated with the introduction of ca.
8-10 wt.% K,0, 3—4 wt.% fluorine, 0.12-0.74 wt.% Li,0, 1700-2900 ppm Rb, and spikes of beryllium. Quartz-feldspar pegmatites of the Kafubu area,
often evolved as albite-dominated types, belong to the rare-element pegmatites of the LCT family (i.e., Li-Cs-Ta), with common beryllium enrichment.
The identification of several Nb-Ta minerals (manganocolumbite-manganotantalite, niobian rutile, tantalian rutile, and plumbomicrolite) underlines the
geochemical typology of pegmatites. High activities of fluorine (up to 4 wt.% F in phlogopite schists) and boron (in exceptionally abundant tourmaline)
probably functioned as solidus/liquidus depressants during evolution of mineralizing fluids and their separation from the parent granite. These fluids de-
posited quartz-tourmaline veins, and altered the adjacent metabasites into emerald-bearing phlogopite schists. Thus, in the case of the Kafubu emerald
area, the classical explanation for the origin of emeralds in schist-related deposits still stands. Data on pegmatite occurrences in active mines and explora-
tion pits, and their extrapolation into the surrounding area, point to the existence of a single, major Kafubu pegmatite field that overlaps the extensive hori-
zons of Cr-rich metabasite. Ar dating of muscovite from a muscovite pegmatite and a quartz-tourmaline-muscovite vein accompanying the
Be-mineralization records closure of the system within the interval of 452-447 Ma.

Emerald samples from the Kafubu area range in intensity of colour from light to dark green. The colour is unevenly distributed and often exhibits zon-
ing. The emeralds have many inclusions and are moderately fractured. Electron microprobe analyses of Kafubu emeralds (n = 97) show the contents of
0.17-0.59 wt.% Cr,03, 0.69—1.21 wt.% FeO', 1.66-2.54 wt.% MgO, and 1.72-1.98 wt.% Na,O, besides the major components. The emeralds exhibit a
distinct dichroism, are inert to long- and short-wave ultraviolet radiation, and commonly show green under the Chelsea filter. UV-VIS spectra show peaks
of both divalent and trivalent iron, besides chromium. Niobian rutile is newly identified as an inclusion in emeralds from the Mbuwa mine. For the first
time, data on fluid inclusions in beryl/emerald, tourmaline and quartz are provided for these deposits. Three types of fluids were recognized: aque-
ous-only, aqueous-carbonic, and carbonic. Ambiguous primary inclusions were identified in some beryl/emerald crystals, scarce primary inclusions in
tourmaline, and pseudosecondary inclusions in quartz. Several generations of secondary inclusions are common in all minerals considered here. The
highest homogenization, i.e. minimum trapping conditions at 400-450 MPa and 360-390 °C, were recorded in the quartz of several samples. The major-
ity of the quartz-tourmaline + emerald veins was deposited at lower pressures around 200-400 MPa.
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of the emerald mineralization. During the fieldwork 36 of
the main mines and open pits were visited and studied. All  Figure 1. Location of the Kafubu emerald area in Zambia.
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field data, including the interpretation of a magnetic sus-
ceptibility survey, structural data on the quartz-tourmaline
veins and pegmatites, and the exact GPS positioning of
documented points, have been recorded on digitalized to-
pographic map sheets at 1 : 50,000 and 1 : 25,000 scale. Al-
together 146 rock and mineral samples, and 39 samples for
the determination of heavy minerals in rock samples were
studied. The results of the analyses of these samples and
the interpretation of this data constitute the main parts of
this paper.

The topographic materials used include map Sheet 1328
Al at 1 : 50,000 scale, a geological map of the Luanshya
area at 1 : 100,000 scale, Report no. 46 (Hickman 1973), an
aeromagnetic survey map of Sheet 1328 Al at 1 : 50,000
scale, and a Mining Rights Plot map issued by the Mining
Department of the Ministry of Mines and Minerals Devel-
opment in Zambia.

For many years the Kafubu area and the Ndola Rural
Restricted area have been subdivided into a large number
of prospecting plots as a result of the enormous interest in
mineral exploration. This was done without the benefit of a
thorough geological evaluation, the consideration of fa-
vourable indicators, or modern prospecting and explora-
tion techniques. The main production is currently limited
to the largest mechanized mines of Kagem, Kamakanga,
and Grizzly.

Topography, drainage, and transportation

The present study area of some 200 square km is bound by
latitudes 13° 02” and 13° 11’ south and longitudes 28° 03’
and 28° 11’ east, as a part of Sheet 1328 Al at 1 : 50,000
scale. The area is situated south of Zambian Copperbelt,
45 km southwest of Kitwe.

The Kafubu River, a right tributary of the Kafue River,
drains the area together with small Pirala and Mitondo pe-
rennial streams. Except for the quartzite ridges in the south,
there are no prominent topographic features and the whole
area is typically flat. The average altitude is around
1200 m. The residual plateau clayey soils are yellow brown
or red-brownish over much of the surface area, and support
relatively thick Brachystegia-Isoberlinia types of wood-
land.

The area can be reached by 15 km of paved road from
Kitwe to Kalulushi, and then by 30 km of poorly main-
tained gravel road. The accessibility of the main localities
within the mining area is secured by many tracks which are
passable throughout the year.

The population, composed mostly of miners and their
families, is sparse. The small temporary settlements and
camps are concentrated at some distance to individual
mines.

History of mining

The first discovery of beryl mineralization in the Kafubu
area was made by the Rhodesia Congo Border Concession
Co. at the Miku locality in 1928. The very first stones were
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not found to be interesting as good-quality gems, but small
exploration works were continued by the Rhokana Co. and
the Rio Tinto Mineral Search of Africa Co. during the
1940s and ‘50s. In 1966 the claim was passed to Miku En-
terprises Ltd., and in 1971 the rights to the Miku area were
taken over by the Mindeco Limited, a government-owned
company.

The whole Luanshya area (Degree Sheet 1328, NW
Quarter) was mapped, and the Miku deposit verified by the
Geological Survey Department (Hickman 1972, 1973).
Since the 1970s, the Kafubu area has become a significant
producer of good-quality emeralds with high economic po-
tential. Because of new discoveries (such as at Kamakanga,
Pirala, Mitondo, Fwaya-Fwaya, Kabashila, Dabwisa,
Libwente, and Fibolele) and extensive illegal mining, the
area has been declared by the government as a restricted
zone.

During the 1980s a new government-controlled agen-
cy, the Reserved Minerals Corporation, took over the
prospecting rights for the major deposits and their sur-
roundings. Also during this time, Kagem Mining Ltd., a
company of which 55 % is owned by the government’s Re-
served Mineral Corporation, was assigned to conduct ex-
ploration and mining in the Kafubu area on behalf of the
state and in cooperation with other private companies.

At present, the mechanized mining activities for emer-
alds are mostly concentrated in the Kagem Mining Ltd.,
Kamakanga Corp., and Grizzly plots.

Opinions on the schist-hosted emerald occurrences
in the literature

The mineralization in the Kafubu area is considered to be a
typical example of schist-hosted emerald deposits, in
which emeralds occur predominantly in phlogopitite or ot-
her types of schists (Sliwa and Nguluwe 1984, Milisenda et
al. 1999).

The schist-hosted emerald deposits have been inter-
preted as the result of interactions between intruding gra-
nitic pegmatites and/or their accompanying fluids and
pre-existing mafic or ultramafic rocks (Fersman 1929 and
Lams et al. 1996), or the invasion of fluids related to fertile
granite or pegmatite, producing metasomatism in ultra-
mafic/mafic rocks (Barton and Young 2002). The emeralds
then formed as a type of contact metamorphism or meta-
somatism at the borders of pegmatites or hydrothermal
quartz + feldspar + mica veins and the surrounding
(phlogopitized) mafic or ultramafic rocks. The fluids
would provide the beryllium necessary to form beryl, while
the ultramafic or mafic rocks supplied the chromium nec-
essary for the green color of the emeralds.

Contrary to previous opinions, Morteani and Grund-
mann (1977), Grundmann and Morteani (1982, 1987, and
1989), and Nwe and Grundmann (1990) state that the
Habachtal (Austria) and Leydsdorp (South Africa) depos-
its of schist-hosted emeralds were formed by the syn- to
post-tectonic growth of beryl in metasomatic zones
(“blackwall zones”) during regional metamorphism. In
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Figure 2. Simplified geology of the Kafubu
emerald area, modified after Hickman
(1973) and Sliwa and Nguluwe (1984),
showing the distribution of metabasic rocks
and the “Kafubu pegmatite field.”

these zones reactions either occur at the contact of pre-ex-
isting beryl- and phenakite-bearing pegmatites (Leyds-
dorp), or else biotite, chlorite, or talc replace Be-rich
Al-silicates such as muscovite in metasedimentary schist
next to serpentinite. These reactions cause a release of the
excess Be in muscovite to form beryllium-bearing phases
(Habachtal). The original Be enrichment in muscovite
schist is ascribed to submarine volcanic exhalation.

Zwaan and Touret (2000) have confirmed the syn-
tectonic growth of emerald during regional metamorphism
at Sandawana, Zimbabwe, thus advocating a multi-stage
process leading to emerald growth in strongly deformed
and metasomatized pegmatite/greenschist contact zones,
as opposed to single-stage contact metamorphism at the
border of intrusive pegmatite and ultramafic rocks. These
examples show that the schist-hosted emerald deposits are
not genetically uniform and that each deposit should be
considered on an individual basis.

Milisenda et al. (1999) suggested for the Kafubu area a
possible role for an evaporitic environment, mainly with
reference to stratiform and finely banded quartz-tourma-
line rocks (see also Slack et al. 1984; Plimer 1986; Bone
1988). They have also suggested that phlogopite rocks car-
rying beryl mineralization represent metamorphosed salt
clays.

Geological setting
The oldest metamorphic rocks of the Kafubu area, compri-

sing mainly quartz-feldspathic gneiss and granite gneiss,
are exposed in structural elevations of basement domes

(Hickman 1973). These Palaeoproterozoic rocks under-
went polyphase deformation and high-grade metamor-
phism of Ubendian age (ca. 2000-1800 Ma) (Cahen and
Snelling 1966; Cahen et al. 1970a, b). The Kafue anticlino-
rium and its marginal basement domes are rimmed by ex-
tensive outcrops of younger metasediments along its edges
and in transversal structural depressions. The Muva Super-
group (Mesoproterozoic, Daly and Unrug 1983) overlays
basement rocks with a distinct angular unconformity, mar-
ked by a regional ridge of basal quartzites (Fig. 2). These
two units were jointly folded, which resulted in the
sub-parallel trend of lithological boundaries. The Muva
Supergroup comprises medium to coarse-grained sugary
and friable metaquartzites showing banding of probable
tectonic origin, fine-grained quartz-mica schists, and
talc-chlorite-actinolite = magnetite schists (Hickman 1973,
Sliwa and Nguluwe 1984). Magnesian metabasic schists
that host emerald mineralization have been interpreted as
being derived from ultrabasic rocks (Hickman 1973).

The youngest stratigraphic unit, the Katanga Super-
group, is preserved in structural depressions in the northeast
and southwest (Fig. 2). It consists of pebbly conglomerates,
arkoses, quartzites, argillites, dolomites, quartz-carbonate
rocks and carbonaceous shales, locally intruded by gabbro
or meta-gabbro. The Muva and Katanga rocks appear to be
conformable, though in places there is marked discordance
between them, indicating that the Muva was deformed prior
to the Katanga deposition (Hickman 1973).

According to Tembo et al. (2000), the rocks of the
Kafubu area have been deformed by three orogenic events:
the Ubendian, Irumide and Lufilian (Pan-African). The
first event, which is the oldest (ca. 1.8 Ma), only affected
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The foliations measured in mines and
pits show a predominantly shallow to
moderate dip and a NE-SW to E-W trend
| which changes to a SE-NW trend in the
southern part of the Kafubu area. Planar
fabric exhibits a strong variation in strike
at locations with flat-lying foliation.
Fold axes trend E-W. In some areas, a
strong cleavage obliterates older planar
_lw|| textures, e.g. in the old Kamakanga pit.
Pegmatite dikes and steep quartz-tour-
maline veins trend mainly N-S and
NW-SE, while flat-lying quartz-tourma-
line veins show variations in strike. All
structural data documented in the field
= are presented in the final report (Seifert
et al. 2002).

! Geochemistry, geology,
and petrology of the main rock types

Whole-rock analyses

1 oy ' # The major element analysis of whole-

5 rock samples was performed by wet ana-
\:\; lysis in the laboratory of the Czech Geo-

£ logical Survey, Prague (chief chemist
H. Vitkova). The analytical uncertain-
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Figure 3. Location of mines and pits in the Kafubu area, based on GPS data.

rocks of the basement complex and is poorly preserved due
to overprinting by later events. The Irumide orogeny af-
fected rocks of the basement complex and the Muva
Supergroup. According to Hickman (1972, 1973), the
Lufilian orogeny is represented by four deformation
phases, which obliterated earlier structures and are respon-
sible for the present structural configuration of the area.
The D5 event produced isoclinal to open folds on the north-
west axes, and is responsible for the faulting accompanied
by pegmatite intrusions in the area. The last deformation
phase, D4, produced NE-SW trending folds (Hickman
1973, Tembo et al. 2000).

Bedrock exposure in the Kafubu area is very scarce,
and the total exposure resulting from the recent extensive
mining represents about one percent of the entire area of
potential emerald mineralization. Previous geologic map-
ping (Hickman 1973) has shown the main features of the
Kafubu area, while Milisenda et al. (1999) have published
a geologic sketch map with an idealized cross section, and
Tembo et al. (2000) have studied the structural record in
numerous mines, yet the documented data are not suffi-
cient for the compilation of a detailed geologic map of the
area.
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ties for oxide abundances similar to
those of amphibolites (Table 1a) corres-
pond to 0.30-0.42 % for CaO, MgO,
SiO, and LOI; 0.07-0.20 % for TiO,,
AlL,O3, Fe,03, FeO; and 0.01-0.05 for
MnO, Na,0, K,O, P,0s, CO,, and F.
Minor and trace element analyses were performed by
X-ray fluorescence analysis (V, Cr, Ni, Cu, Zn, As, Rb,
St, Y, Zr, Nb, Mo, Sn, Pb, U). The XRF analytical uncer-
tainties are 1 % for abundances near 1000 ppm, 4 %
around 100 ppm, and 10 % near 10-50 ppm. Rare earth
elements were determined by the ICP-OES methods. Be-
ryllium and Li were determined by optical absorption
analysis. Platinum-group elements were analyzed in seve-
ral samples using the ICP-MS analyser at the Institute of
Geochemistry and Mineralogy, Charles University, Pra-
gue (analyst M. Mihaljevic¢). In all cases, aliquots from
the same homogenized sample were used for various ana-
lyses. Totals significantly lower than 100 wt.%, reported
for several samples, are due in particular to the absence of
boron determination. Tourmalinite samples KF2 and
LU, containing about 95 vol.% tourmaline, should con-
tain nearly 10 wt.% B,0;. Aside from this, there are seve-
ral samples with between 10 to 40 vol.% tourmaline. Se-
veral minor elements, including Cr, Ni, Rb, Li, and some-
times also Be, attain rather high values which are not
included in wet analysis totals.

The locations of the mines and pits, referred to in the
text by their locality names, are shown in Fig. 3.
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Figure 4. Selected operational and abandoned emerald mines in the Kafubu area (June 2001): a — Excavating operations in the Kafubu mine, a new open
pit of the Kamakanga Co. Weathered muscovite-biotite schist (brown), underlying metabasite (grey-green) and quartz-tourmaline vein (black with white
spots). b — Kafubu mine, detail of the wall with metabasite layer (grey with greenish tint) overlain by biotite-muscovite schist (weathered, red-brown).
Flat-lying layer of banded quartz-tourmaline rock approximately follows the contact between the metabasite and the schist. ¢ — Fibolele mine, Kagem Co.
Emerald-bearing phlogopitite zone occurs at the contacts with several steep and flat-lying quartz-tourmaline veins. d — Grizzly mine, ca. 60 m deep, cur-
rently the deepest active mine in the Kafubu area, with good emerald production. The mining follows the contacts of a ca. 4 m wide, steep quartz-tourma-
line vein with abundant offshoots. The colour contrast between the lateritized zone and the fresh metabasite is apparent. e — Miku mine, the oldest mine in
the Kafubu area, abandoned and flooded. f — A new, small excavation in laterite close to the former Miku mine. The pit reached a depth of about 12 m in
June 2001. Photos by V. Zagek.
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Figure 5. Photomicrographs of selected rock types from the Kafubu area: a — Metabasite from the Fwaya-Fwaya mine (sample FF4). The rock is com-
posed of pleochroic chlorite, minor talc, tremolite, dolomite, and abundant Cr-magnetite. b — Metabasite with large tourmaline crystal from the Melai
mine (sample ME4). Late-syntectonic crystals of tourmaline in fine-grained aggregate of talc, actinolite, and chlorite. Minor phlogopite and coarser
green retrograde chlorite also occur. ¢ — Amphibolite from the Grizzly mine (sample GR6). The rock is of uniform mineral assemblage
(hornblende + quartz + plagioclase + rutile), and is partly phlogopitized. d — Phlogopite—muscovite schist from the Fwaya-Fwaya mine (sample FF3),
composed of quartz, albite, phlogopite, sodic muscovite, and minor to accessory chlorite, tourmaline, rutile, and zircon. e — Pegmatite with abundant pris-
matic to acicular tourmaline (schorl) and spessartite-rich garnet from the Fwaya-Fwaya mine (sample FF2). Note that tourmaline is included both in
quartz-albite matrix and in garnet. f — Euhedral crystals of beryl (emerald) in phlogopite rock from the Kafubu mine (sample KF7a). Photos by V. Z4cek.
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Metamorphosed basic rocks

The metamorphosed basic rocks occupy a stratiform positi-
on in a lower-middle part of the local Muva sequence. Sin-
ce emerald mineralization is generally confined to the
magnesium- and chromium-rich members of the metabasic
sequence, these rocks are exposed in all productive mines
and many exploration pits (Fig. 4). The folded and faulted
basic rocks occur in a tectonically modified form, and a
complete profile from footwall metasedimentary rocks to
overlying quartz-muscovite-phlogopite schist was not ob-
served in a continuous exposure. The integration of data
from various mines and previous surface magnetic profi-
ling (Lombe 1999-2000) indicates that the whole metaba-
sic unit is around 20—140 m thick, with the probable occur-
rence of local tectonic repetitions.

Several major rock types constitute the metabasic unit:
1. Metabasic rocks: talc-chlorite + actinolite + magnetite

rock/schist of ultramafic composition (Fig. 5a).
2. Amphibolite: corresponding in composition to andesite

or basaltic andesite (Fig. 5c).
3. Actinolite/amphibole-rich metabasic

the three major rock types of the metamorphosed basic unit
are compared in Fig. 7.

The metabasic rocks are comprised of a a fine-grained
aggregate (< 0.2 mm) of talc + chlorite, sometimes with
actinolite, rarely tremolite (Fig. 5a). Few samples contain
up to 10 vol.% of ferroan dolomite. Chromium-bearing
magnetite reaches up to 4 vol.% in some samples, but is ab-
sent in others which contain minor ilmenite (MnO up to
22.5 wt.%) as the single opaque mineral. In samples with-
out magnetite, chromium is contained mainly in chlorite
and actinolite.

Alteration and metamorphism have obliterated diag-
nostic igneous textures. There are no unmetamorphosed
equivalents of the volcanics in the region, and thus the con-
servative behaviour of some relatively stable elements
(Grauch 1989) is considered as the remaining opportunity
for interpreting the original composition. The identifica-
tion of the original rock type thus depends on chemical
analyses (Table 1a). After recalculation to an anhydrous
basis, the chemical analyses correspond to the present cri-
teria for komatiites: MgO > 18 wt.%, TiO, < 1 wt.%, and
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rocks: the compositions of this group

are transitional between types 1 and 2. .

Itis often difficult to identify individ- ’
ual types of metamorphosed basic rocks
in the field. Our sampling indicates that
amphibolites comprise less than 10 % of
the volume of the basic rocks.

Na,O + K,O

1. Metabasic rocks

Talc-chlorite + actinolite + magnetite

rocks are frequently designated as TMS,

an abbreviation for talc-magnetite schist,

in reports on Kafubu. As many of these -

Benmorite

Rhyolite
Mugearite

Dacite

Andesite

Bgsaltic
andesite

rocks are massive rather than schistose, 40
and some samples contain no magnetite,
we prefer to use the name metabasic rock
in this description. These rocks (Table 1)
are highly magnesian, typically with 18
to 28 wt.% MgO, and contain very low
alkalis so that they plot outside the field
of basaltic rocks in the TAS diagram

e Mg-rich metabasite

45 50 55 60 65 70
SiO,

A Amphibolite + Transitional type

Figure 6. Plot of chemical analyses of metamorphosed volcanic rocks in the Kafubu area, Zambia,
in the TAS diagram for magmatites (Cox et al. 1979, adapted by Wilson 1989; dividing line be-
tween alkaline and subalkaline series by Irvine and Barragar 1971).

(Na,O + K,0) vs. SiO, (Fig. 6). Low
contents of Al,Os3, CaO, and Na,O indi-
cate a strongly subdued role for plagioc-
lase in the original igneous rocks. High
Cr contents, typically 2800-4500 ppm,
are of practical importance because Cr
from this source became incorporated
into the beryl and gives the green colour
to emerald. The high magnesium con-
tents favoured phlogopitization where-
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ver fluids imported sufficient potassium
and fluorine. Phlogopitites, typically
hosting emeralds, have MgO, SiO, and
FeO + Fe,0O; contents similar to those of
the metabasites. MgO vs. Cr and Ni for
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Figure 7. Plot of Cr and Ni vs. MgO. Solid circle — metabasic rocks, diamond — transitional rock
types, triangle — amphibolites.
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Emerald mineralization in the Kafubu area, Zambia

Table 1a, continued
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Na,O + K,0 < 2 wt.% (Le Bas 2000) (Fig. 6
and 7).

The rare earth element (REE) data (Ta-
ble 1a, Fig. 8) show abundances and distribu-
tion patterns which are not compatible with
the highly magnesian, “primitive”” composi-
tion. The relatively high REE contents and
their distribution patterns are due either to a
somewhat anomalous enrichment in allanite
(e.g. sample PN3, Pioneer mine) or probable
hydrothermal alteration of the original
volcanics.

Platinum-group element abundances in a
metal/metal ratio diagram (Table 2, Fig. 9),
following Barnes et al. (1988), indicate that
the original compositions of the metabasic
rocks lie within the range of komatiites to
Mg-rich basalt.

2. Amphibolites

These rocks probably comprise less than
10 % of the total volume of metamorphosed
volcanic rocks in the Kafubu area. The am-
phibolites are fine-grained, poorly to well-fo-
liated rocks composed predominantly of gre-
en or blue-green amphibole (// Z), intermedi-
ate plagioclase, and quartz. A fine, laminar,
streaky texture is observed at some localities,
but in other instances the amphibolites can be
safely distinguished from magnesian meta-
basites only in thin section. Accessory dark
mica is often absent, and few samples contain
up to 15 vol.% of mica. Microprobe analyses
show mainly compositions of eastonitic
phlogopite, Xy, = 0.65-0.71, i.e. with Fe/Mg
ratios somewhat higher than the phlogopite
in phlogopitites. Examples of amphibole
composition are presented in the mineralogy
section of this article.

Minor Mg-chlorite is present in several
samples, while titanite, rutile or ilmenite, ap-
atite and tourmaline are accessory minerals.
The rocks are free of garnet or clinozoisite-
-epidote and show an equilibrated mosaic
texture. Five chemical analyses (Table la,
Fig. 6) show that these amphibolites corre-
spond in composition to andesite, marginally
to basaltic andesite, and rarely to basalt (sam-
ple CH1). The REE of four analyzed samples
give distribution patterns with limited varia-
tion, but their similarity to the pattern
of metasedimentary quartz-muscovite-phlo-
gopite + albite schists may suggest that these
REE abundances have been modified by a su-
perimposed process, possibly by post-volca-
nic alteration. Widely dispersed accessory
tourmaline has been identified in several am-
phibolite samples, in textures indicating
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Emerald mineralization in the Kafubu area, Zambia

Table 1b, continued
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probable equilibrium crystallization with the
primary amphibolite minerals, or the late in-
troduction of tourmaline. A heavy mineral
concentrate (density > 3.3) prepared from
sample DW3 contains several vol.% of zir-
con, showing a predominantly abraded mor-
phology and pitted surfaces typical of detrital
zircon. This may indicate a detrital admixture
to an original tuff-like parent rock.

Chromium contents of 44 to 128 ppm are
substantially lower than those in magnesian
metabasites (Fig. 7). Any beryl mineraliza-
tion in amphibolites of this type is unlikely to
produce emeralds of good colour.

The mineral assemblages correspond to
amphibolite facies conditions. The estimation
of amphibole-plagioclase thermometry under-
taken on five different amphibolite samples ac-
cording to Holland and Blundy (1994), gives a
narrow equilibration temperature interval of
590-630 °C for pressure of 400-600 MPa
(Table 3). These results give an approximation
of the regional metamorphic P-T conditions of
the Muva Supergroup in the Kafubu area dur-
ing the regional metamorphism of the Neopro-
terozoic Lufilian orogeny.

3. Transitional actinolite/amphibole-rich
metabasic rocks with compositions partly
transitional between types 1 and 2

These rocks are represented by three sam-
ples in Table la (GR1, LU3, PIl). Their
SiO, content is about 8 wt.% higher and
their AL,O; about 5 wt.% higher than the
magnesian metabasites. Their MgO con-
tents are near 11 wt.%. The chromium con-
tent (650-838 ppm Cr) of these rocks is much
lower than that of the magnesian metabasites.
In various diagrams (Figs. 6 through 8), these
rocks show compositions corresponding to
basaltic andesites, occupying an intermediate
position between amphibolites and magne-
sian metabasites. Their potassium contents
(ca. 2 wt.% K,0), however, probably indi-
cate the influence of K-metasomatism.

Metasedimentary
quartz-muscovite-phlogopite-albite schists

Mica-rich, silvery to grey mica schists to
phyllites represent the regionally widespread
suite of metasediments that host the meta-
morphosed basic rocks with emerald minera-
lization. These rocks show distinct small-
scale compositional layering (Fig. 5d). Three
whole-rock analyses (Table 1b) apparently
do not cover the total compositional range of
these rocks, though they show some important
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Table 1c. Mineralogical composition of the chemically analyzed rock samples

Sample No. | Locality Rock-type Main components (vol. %)
Fine-grained ;
FF4 Fwaya-Fwaya east chlorite-talc-tremolite-dolomite-Cr-magnetite schist Chl 60, Tic 20, Tr 10, Dol 5 Cr-magnetite 3
PI5 Pirala mine Fine- to medium-grained talc-chlorite metabasite Chl 45, Tlc 45, Dol 5, Mt 5, Ilm 1
MB1 Mbuwa mine Fine-grained chlorite-talc metabasite Chl 50.’ Tle 40, Dol 3, Cr-magnetite 3, accessory
monazite
GRS Grizzly mine Fine-grained phlogopite metabasite Act 45, Phl 30, Tlc 10, Chl 10, Cr-magnetite 3
FB1 Fibolele mine Fine-grained talc-actinolite-chlorite metabasite Chl + Act 53, Tlc 45, Mn-ilmenite 2
KF1 Kafubu mine Fine-grained talc-chlorite-actinolite metabasite Tlc 55, Chl 27, Act 15, Ilm 2
PN3 Pioneer mine Fine-grained chlorite-actinolite-talc metabasite Chl 50, Act 30, Tlc 20, Accessory Ilm + Mt
BD4 Bedrock mine Fine-grained actinolite-chlorite-talc schist Act 40, Chl 30, Tlc 27, Cr-magnetite 3
ME1 Melai pit Very fine-grained talc-actinolite-chlorite metabasite Act 45, Tle 30, Chl 23, Ilm 1, accessory Rt, Ap
EB1 Ebenezer mine Medium-grained actinolite-tourmaline-chlorite schist Act 55, Tur 30, Chl 5, Phl 5, Qtz 5, Rt 1
GR1 Grizzly mine Medium-grained amphibolite with tourmaline Hbl 40, Chl 25, Qtz + P1 15, Phl 10, Tur 10
LU3 Lumpuma mine Fine-grained biotite amphibolite Hbl 55, Qtz 12, P1 10, Bt 12, Chl 6, Tur 1, Rt 1
P11 Pirala mine Fine-grained foliated amphibolite HbI 50, Qtz + P120, Phl 15, Chl 15, accessory Tur,
Zrn + D2
MK1 Miku mine Actinolite-phlogopite-tourmaline rock Act 50, Phl 20, Tur 15, Tr 10
CH1 Chisebaulwa mine | Fine-grained amphibolite ?rtl)tl 40, Qtz + P1 30, Bt 25, opaque min. 4, accessory
KA9 Kamakanga Old Pit | Medium-grained amphibolite Hbl 52, P1 25, Qtz 20, Tnt 1, Ilm 1, accessory Ap. Bt
DW3 Dabwisa mine Fine-grained amphibolite Hbl 40, P140, Qtz 15, Bt 3, accessory Ilm
DW2 Dabwisa mine Fine-grained amphibolite Hbl 45, P135, Qtz 15, Bt 3
FF1 Fwaya-Fwaya east | Fine-grained amphibolite P140, Hbl 35, Qtz 25, Tnt 1
KF4b Kafubu mine Coa.rse—g.ran?ed phlogopite-beryl-tourmaline rock; thin Be 60, Phl 25, Tur 12
section rich in beryl
MK Miku mine Fme-gre.uned phlogopitite with euhedral crystals of Phi 70, Tur 30
tourmaline
CT1 Chantete mine Medium-grained phlogopitite Phl 99, accessory Zn-bearing chromite
GN3 Gerntine mine Fine-grained phlogopitite Phl 95, Qtz 5
KA12 Kamakanga Old Pit | Fine- to medium-grained phlogopitite Phl 98, Rt 2, accessory monazite
KF4A Kafubu mine ?gsslum-gramed phlogopite-tourmaline-beryl-quartz Phi 65, Tur 12, Be 12, Qtz 10
EB2 Ebenezer mine Medium-grained phlogopite-quartz-tourmaline schist Phl 70, Qtz 20, Tur 8
LU2 Lumpuma mine Medlum-gralped'phlogoplte-tourmahne-quartz schist Phi 65, Be 15, Tur 12, Otz 8
with a band rich in beryl
PN7 Pioneer mine Medium-grained foliated phlogopitite Ph1 94, Ap 5, Tur 1
KF2 Kafubu mine Fine-grained tourmalinite with planar-parallel texture Tur 94, Qtz 5, Nb-Ta rutile 1
LU1 Lumpuma mine Medium-grained tourmaline-quartz rock Tur 95, Qtz 5
PN4 Pioneer mine Fme—g.ramed banded quartz-tourmaline rock with 3-5 Qtz 53, Tur 47, accessory Tim
mm wide bands
FF2 Fwaya-Fwaya east | Medium-grained pegmatite with tourmaline and garnet | Ab 48, Qtz 40, Tur 7, Grt 3, Ms 2, accessory Zrn
SR1 Solid Rock mine Medium-grained gneissic albite-quartz-tourmaline rock | Ab 40, Qtz 40, Tur 20
MB4b Mbuwa mine Fine-grained schist Qtz + Ab 45, Bt 30, Ms 20, Chl 3, Tur 1, Rt 1,
accessory Zrn
FF3 Fwaya-Fwaya east | Fine-grained schist Ab 35, Bt 30, Qtz 28, Ms 5, Rt 0.5, accessory Tur, Ap
MB4a Mbuwa mine Fine-grained schist Qtz + Ab 45, Ms 40, Bt 10, Chl 5, Rt 0.5, accessory Ap

Percentages of minerals are based on semiquantitative estimates in thin sections.
Abbreviations for minerals: Ab — albite, Act — actinolite, Ap — apatite, Be — beryl, Bt — biotite, Chl — chlorite, Dol — dolomite, Grt — garnet,
Hbl — hornblende, Ilm — ilmenite, Ms — muscovite, Mt — magnetite, Phl — phlogopite, P1 — plagioclase, Qtz — quartz, Rt — rutile, Tlc — talc, Tnt — titanite,
Tr — tremolite, Tur — tourmaline, Zrn — zircon.
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Emerald mineralization in the Kafubu area, Zambia

Table 2. Analyses of platinum-group elements in metabasic rocks and phlogopitite, Kafubu area; mg/kg (= ppm) units

Sample No. KF1 PI5 FF4 GR1 LU2 Estimate of
Earth’s mantle
Locality Kafubu pit Pirala mine Fwaya-Fwaya east Grizzly mine Lumpuma mine composition*
Rock type metabasite metabasite metabasite metabasite phlogopitite
Ir 0.0013 0.0014 0.0018 0.0005 0.0003 0.0044
Ru 0.0022 0.0040 0.0039 <0.001 <0.001 0.006
Rh 0.00092 0.0006 0.00066 0.00055 0.00056 0.002
Pt 0.0067 0.0035 0.0039 0.0162 0.007 0.0092
Pd 0.0093 0.0048 0.0066 0.0060 0.0083 0.0044
Ni 1373 1696 1508 223 1022 2000
Cu 241 25 119 72 21 28

* data by Barnes et al. (1988)

compositional features. In the diagram by Herron (1988)
the samples plot within the fields of shale and wacke. Mag-
nesium (MgO molar ratio) predominates above total iron
(FeO), while the relatively high Na,O contents are bound
in fine-grained albite which is not visible in hand samples,
and in paragonite molecule in muscovite. These rocks
carry accessory tourmaline, probably derived in part from
recrystallized detrital tourmaline(?), minor zircon, and
apatite + ilmenite or rutile. The REE patterns (Fig. 8) cor-
respond to the derivation of detrital material from geoche-
mically evolved crustal sources, such as
granite- or gneiss-rich older terrain.

1000

Quartz-tourmaline rocks and veins

500

The wide variability in texture and com-
position of these rocks necessitates the
integration of observations from nume-
rous localities. The importance of these
rocks and veins follows from the fact that
emerald mineralization at Kafubu is di-
rectly linked to phlogopitite exocontact
of quartz-tourmaline veins. Also, the
abundance of tourmaline makes Kafubu
a major boron anomaly, which coincides
with beryllium enrichment. This feature
is not seen at most world-class emerald
deposits, which typically show lesser qu-
antities of tourmaline.

Sample/ REE chondrite

Type 1. Quartz-tourmaline rocks

(ca 20-90 % tourmaline) with strongly
defined, banded-planar texture

The layers of these rocks are confor-
mable with the regional lithological laye-
ring. Quartz and tourmaline bands, lar-
gely 1 to 5 mm thick, alternate in a regu-

milar to that of quartzite. Chemical analysis of this rock
type from the Pioneer mine (sample PN4), and a tourma-
line-dominated sample KF2 from the Kafubu mine, are pre-
sented in Table 1b. The Kafubu mine presents the most
well-exposed example, with a 1-2 m thick layer of quartz-
tourmaline banded rock positioned on top of a thick metaba-
site body and overlain by quartz-muscovite-phlogopite mica
schist. An emerald-bearing phlogopitite zone up to 2 m thick
is developed at the base of the quartz-tourmaline layer,
but as this layer is accompanied here by abundant confor-

@ Mg-rich metabasite (n = 3)
I/ .

m Transitional type (n = 2)
E Amphibolite (n = 4)

Q Qtz-Ms-Phl schist (n = 3)

lar manner. On a microscopic scale, - [
tourmaline shows a prominent orienta- La Ce
tion with its long axis lying in the folia-

T T T T T T T T T T T 1
Nd Pm  Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 8. Chondrite-normalized REE patterns for Mg-rich metabasites, transitional basic rocks,

tion plane. The quartz bands show a amphibolites, and metasedimentary quartz-muscovite-phlogopite schists. The composition of the

fine-grained granular mosaic texture si-

CI chondrite used for normalization is from Boynton (1984).
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Figure 9. Plot of Pd/Ir vs. Ni/Cu ratio for the metamorphosed basic rocks of the Kafubu area, com-
pared with selected compositional fields for basic magmatites after Barnes et al. (1988). Mg-rich
metabasites: FF 4, P15, KF [; transitional type of basic rock: GR 1; phlogopitite: LU 2 (note that the
metabasites altered to phlogopitites experienced gross compositional alteration in the process of
phlogopitization). Whole-rock analyses of these samples are presented in Tables la and 1b.

mable and discordant quartz-tourmaline veins (type 2), it is
somewhat uncertain which type of tourmaline-rich rock is
the most closely associated with phlogopitization and eme-
rald mineralization in this particular place.

The banded quartz-tourmaline rocks contain some ex-
treme compositions, with tourmaline increasing up to
90 vol.% (sample KF2 — Kafubu mine, Table 1b) and a va-
riety containing about 12 vol.% of muscovite. The sample
KF2 contains 185 ppm of niobium, which is considered as
a geochemical signature of pegmatite-related mineraliza-
tion. Niobium and tantalum are concentrated in the outer
parts of Nb/Ta rutile lobate grains. Because of these rela-
tions, as well as the indications of inheritance of the banded
texture from quartz-muscovite schists, and the similarity of
tourmaline composition in these rocks and quartz-tourma-
line veins, we interpret the banded quartz-tourmaline rocks
as a product of metasomatism associated with the forma-
tion of phlogopitites bearing the emerald mineralization.

Type 2. Quartz-tourmaline veins
These veins show both conformable and discordant orien-
tations to the lithological layering and a wide variation in

OPHIOLITES
e e L

10°

quartz/tourmaline ratio. The veins are
usually less than 3 m wide. Black
Fe-dravite tourmaline occurs in prismatic
- crystals 1 mm to 10 cm long, with local
tendencies to form radiating (3-D) aggre-
gates. The quartz is milky white to semi-
transparent and often coarse-grained,
% with single grains larger than 1-2 cm.
Field observations and microscope stu-
dies indicate that the quartz-tourmaline
veins postdate the phase of regional pe-
netrative deformation and metamorphic
recrystallization. Examples of discordant
or vertical veins with some flat-lying of-
fshoots penetrating the country rock pa-
rallel to foliation were documented by
Sliwa and Nguluwe (1984). Examples of
vertical veins of similar composition but
emplaced across flat lying veins parallel
to foliation also occur. Vertical veins, ac-
companied by a strong phlogopitization
+ beryl/emerald mineralization in zones up to 3 m wide, are
best exemplified at the Grizzly mine, but are also docu-
mented at several other pits. The relations described in this
section may suggest that a temporary sequence in the em-
placement of veins with various orientations can be deter-
mined. In fact, field observations gave no reliable data in
this respect. The only group of veins which, on the basis of
textural and mineralogical criteria, are safely recognized as
a later set, postdating the emerald mineralization, are the
late, vug-filling veins, described below as Type 3. The
fluid inclusion data indicate three P-T stages in the sup-
posed evolution of quartz-tourmaline veins.

Based on observations made at more than 30 localities,
it seems that the quartz-tourmaline veins are completely
free of feldspars, and there is no indication that transi-
tional types between quartz-tourmaline veins and true
quartz-feldspar pegmatites occur. The description by Sliwa
and Nguluwe (1984), indicating the potential presence of
such transitional veins, may relate to quartz- and tourma-
line-rich pegmatites with kaolinized feldspar.

The veins rarely carry additional mineral besides quartz
and tourmaline. Examples include sporadic, light-coloured

PS5

MANTLE

10’

Table 3. Amphibole-plagioclase thermometry for Kafubu amphibolites (Holland and Blundy 1994)

Sample No. amphibole plagioclase P =400 MPa P =600 MPa P =800 MPa
Analysis No. | Si (pfu) | (Na + K), pfu FezJ'CalC Fe3+calC Xab T1(°C) | T2(°C) | T1(°C) | T2(°C) | T1(°C) | T2(°C)
MB3/467 6.888 0.170 1.062 0.368 0.730 592 581 596 600 601 620
MB3/467 6.888 0.170 1.062 0.368 0.691 598 596 603 616 607 636
MB3/468 6.896 0.175 1.027 0.414 0.691 609 610 612 629 615 648
LU3/352 6.755 0.262 1.048 0.391 0.664 632 616 639 638 647 659
LU3/352 6.755 0.262 1.048 0.391 0.708 620 594 627 615 635 636
LU3/353 7.057 0.185 1.001 0.294 0.664 608 609 610 628 612 647
LU3/353 7.057 0.185 1.001 0.294 0.708 601 593 603 612 605 630
GR6/422 6.555 0.288 1.242 0.345 0.655 615 591 631 617 648 643
GR6/422 6.555 0.288 1.242 0.345 0.698 607 577 623 603 640 628
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emerald (at Kamakanga and several other localities), and
muscovite sampled at four localities. Muscovite books up
to 7 cm long, constituting aggregates up to 20 cm in
diametre, is confined to a few quartz-dominated veins with
minor tourmaline along their walls.

Type 3. The youngest generation

of quartz-tourmaline veins

The youngest veins fill extension fractures occurring in the
main type (type 2) of quartz-tourmaline veins, as observed
in the Old Kamakanga pit. They feature tourmaline crystals
of a tabular/bladed habit, typically arranged in a herringbone
pattern. Such veins, only about 3 cm wide, consist predo-
minantly of tourmaline. Nonetheless, they are related to the
wider veins. Some of them contain drusy cavities carrying
freely grown rock crystal associated with the tourmaline in
platy crystals, or with acicular tourmaline piercing rock
crystal.

Quartz-feldspar-muscovite pegmatites

During the fieldwork about 20 granitic pegmatite dikes
were examined, and several mainly kaolinized dikes were
sampled. Given the very limited exposure of the area, with
the exception of active mines and pits, it is only possible to
give an estimate of the number of pegmatite bodies in the
area on the order of hundreds (possibly > 1000). Most of
these dikes are within the range of 2 to 10 m in width (one
100 m wide dike, exposed in the Fwaya-Fwaya mine, ap-
pears to be exceptional). We must therefore consider the
possibility of the existence of a major pegmatite field
(an area with a large number of pegmatite dikes), largely
coinciding with the Kafubu emerald area. In this “Kafubu
pegmatite field” the pegmatites extend from the Kama-
kanga, Twampane, and Pirala mines in the southwest,
through Pit D8, Fwaya-Fwaya, Fwaya-Fwaya Ext. 10, and
the Fibolele mines in the middle, up to the Pioneer and So-
lid Rock mines in the northeast.

The mineral assemblage of these pegmatites contains
K-feldspar, albite, quartz, muscovite, with lesser amounts
of biotite and Mn-rich garnet (Fig. 5e). Their minor miner-
als are schorl tourmaline or Fe-dravite, and ilmenite. Zir-
con, rutile, amphibole, monazite, aquamarine, Zn-spinel,
magnetite, chalcopyrite, Fe-oxide (hematite) and Ta-Nb
minerals are present as accessory minerals.

The emplacement and shape of these vertical to
sub-vertical, fracture-filling pegmatites was controlled by
fracturing that post-dated the regional metamorphism of
the country rocks. The width of the dikes varies from dm to
15 m. They may be only several metres long, but lengths of
hundreds of metres are not exceptional. At the Fwaya-
Fwaya deposit one pegmatite was traced over 850 m in
length. The prevailing strike of the main pegmatite bodies
in the central Kafubu area is north-south.

Some granitic pegmatites show well developed, some-
times asymmetrical, structures (Fwaya-Fwaya mine). At
the contact with the surrounding metabasic rocks there is a
metasomatic external border zone up to two metres wide,

formed by phlogopite. The 1-2 m wide inner wall zone is
composed of K-feldspar, quartz, muscovite, and tourma-
line, with a general grain size of 1-5 cm. Biotite or bio-
tite-tourmaline “schlieren” (either vertical or horizontal)
are found in some places. The 0.4—-1 m wide intermediate
zone is comprised of K-feldspar, quartz, muscovite, garnet,
and = cleavelandite. The grain size in this zone varies from
5-10 cm (e.g. muscovite flakes). The typical core zone
(with block texture) is not commonly developed. Some-
times blocks of K-feldspar, quartz, and even beryl up to
0.5 m long (Fwaya-Fwaya Ext. 10) may be found, but usu-
ally only hints of coarse-grained quartz and feldspar are
recognizable. Vertical asymmetry in the dikes is locally
evident, as expressed by the widely variable widths of the
pegmatite bodies themselves, as well as that of their inter-
nal zones and the surrounding foot- and hanging-walls.
Some pegmatite dikes are medium-grained and free of
any notable zonal structure. Albite is the dominant feld-
spar in some cases (e.g. sample FF2-Fwaya-Fwaya), but
K-feldsparin 2 to 10 cm long crystals appears as the major
component in some dikes at the Fwaya-Fwaya deposit.
For technical reasons, we were unable to collect samples
in detailed profiles across fresh pegmatite dikes at
Fwaya-Fwaya. Kaolinization of these pegmatites is wide-
spread and of variable intensity; it has obliterated the pri-
mary structure of many of these pegmatite dikes. No
miarolitic textures have been observed in these pegmatite
bodies.

Two analyses of a quartz-albite-muscovite-tourmaline
pegmatite appear in Table 1b. Sample FF2 of the Fwaya-
Fwaya mine is a particularly representative and fresh sam-
ple, which also contains accessory Mn-rich garnet; sample
SR1 is from the Solid Rock mine.

In poorly exposed areas, pegmatite types can be reliably
estimated from the geochemical signature of their rock
forming minerals (Cerny 1991). The data on spessartine-rich
garnet, manganotantalite and some other accessory minerals
separated from heavy mineral concentrates, including sam-
ples of kaolinized pegmatite dikes, are presented below. The
compositional information shows a well-defined preference
for the rare-element albite pegmatite class of the LCT family
(Cerny 1991). The abbreviation LCT stands for the elements
Li, Cs and Ta, with the relation Ta > Nb. The enrichment in
tantalum and niobium is evident from the occurrence of ac-
cessory manganotantalite (rather than columbite), tantalian
rutile (striiverite), and rare plumbomicrolite. The last min-
eral from the Pirala mine pegmatite is a complex oxide of
tantalum, lead, uranium, and titanium + Ca and Na. The rare
Ta minerals have been identified by microprobe analyses
and X-ray powder diffraction. A high content of beryllium
(beryl, emerald) is also an important feature of the LCT peg-
matite family.

There is no information bearing directly on the pres-
ence of major lithium minerals, such as petalite, spodu-
mene, eucryptite, lepidolite or lithium tourmalines, in these
pegmatites. Petalite and spodumene may have disappeared
during the process of kaolinisation in some of the altered
dikes. Green elbaitic manganoan tourmaline from plot
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No. 20 (Mantenke Mining Co.) in the southern part of the
area appears to be an exception. On the other hand, our
pegmatite sampling was not designed to recover low-den-
sity Li-minerals sensitive to weathering.

Muscovite in 5 cm long crystals from a pegmatite in the
Fwaya-Fwaya mine contains 0.149 wt.% Li,0, 32 ppm Be,
2450 ppm Rb, and 318 ppm Nb.

Phlogopitites

Phlogopite-rich rocks are typically formed as reaction
zones along the contacts of quartz-tourmaline veins and
quartz-feldspar pegmatites with metabasic rocks. These
zones are several cm to several m wide. The simplest type
of these rocks is dominated by phlogopite, amounting to
90-100 vol.%. Textural varieties include foliated types
with perfect grain-shape orientation of the phlogopite crys-
tals, and types with random orientation. Also widespread
are phlogopitites with euhedral porphyroblasts of tourma-
line or actinolite several mm up to 10 cm long. Individual
crystals and clusters of beryl or emerald occur in a similar
manner. Quartz, chlorite, or talc are occasionally present in
phlogopitites as small size components.

Nine chemical analyses of phlogopitites and phlogo-
pite-rich rocks are presented in Table 1b. These data are
compared with oxide/element abundances in the Mg-rich

Table 4. Magnetic susceptibility of rocks in the Kafubu area

metabasic rocks in Fig. 10. This comparison shows that the
transformation of metabasic rocks into phlogopitite in-
volves a major influx of K, AL, F, Li, Rb, pronounced local-
ized concentration of beryllium, and the removal of Ca, Si,
and water. The phlogopitization thus shows enrichment in
pegmatitic components. Cr and Ni concentrations become
somewhat diluted during the alteration of the metabasite
protolith into phlogopitite.

The magnetic susceptibility of the rocks

Magnetic susceptibility was measured at 23 outcrops of the
main rock types at different open pits. We used the
pocket-sized SM-20 magnetic susceptibility metre (version
2.0 of Canadian patent), with a sensitivity of 10° SI and a
range of 0-999 x 10~ SI. The effective depth of measured
signal is 2.5 cm. Measurements were carried out on flat sur-
faces of fresh outcrops at recently operated mines. Our
method was to take 10-15 readings within a maximum area
of 2 square metres. The final value for each documented po-
int is the arithmetic mean of the individual measurements.
The survey of 17 documented localities of metabasic
rocks revealed major variability in magnetic susceptibility
(Table 4, Fig. 11). The average values in 10~ SI units range
from 0.31 at the Pirala mine to 90.7 at the Fwaya-Fwaya
mine. The metabasic rocks present in the Kafubu area can
be thus subdivided into two main types:
one of low magnetic susceptibility, rang-

n — number of measured points; values in 107 SI units
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A . - ing between 0.31 to 0.88; and a second
Locality Rock n Average | Minimum | Maximum . . . o eqe
. type with high magnetic susceptibility,
metabasite 4 0.433 0.366 0.521 ranging from 5.2 to 90.7 (Table 4).
Kafubu mine tourmalinite 3 0.381 In reference to exploration, it is im-
muscovite schist (violet) 10 0.139 0.087 0.210 portant to note that a single locality
phlogopite-tourmaline schist| 15 0.295 0.200 0.505 (such as the Grizzly and and Pirala
Grivaly mi metabasite with phlogopite | 12 | 0.427 0.218 1380 | mines) may contain metabasic rocks of
T1ZZly mine . . Sy
Y metabasite with phlogopite | 12 | 5.26 2.80 11.10 both low and high magnetic susceptibil-
metabasite with phlogopite | 13 | 0407 | 0.329 0476 | ¥ (Flt‘f’; 11). This milalrnls that m;ineug
nomali rtain round-
Lumpuma mine metabasite 13 0.890 0.526 1.13 anoma 'es ascertaine y grou ase
i . 5 0258 0182 0,546 magnetic surveys may be composed of
quartz-tourmatine roc : : : the combined effect of both types, re-
Pirala mine metabasite 13 | 697 339 85.5 gardless of beryl potential. The absence
metabasite 2 m from pegm. 12 0.312 0.232 0.420 of magnetite in some metabasite sam-
- i metabasite with phlogopite | 15 0.344 0.243 0.467 | plesis probably due to the differences in
CNezZer mine . . o .
muscovite-biotite schist 6 0.085 0.062 0.118 | iron distribution among the newly
Miku mine metabasite 13 | 28.18 737 495 formed silicates.
Pit No. D8 metabasite 14 | 0416 0318 0510 These results have been verified by
Dabwisa metabasite 15 | 0496 | 0293 10s | the study of heavy mineral concentrates
- i from these metabasic rocks, and by the
Chantete mine metabasite 16 6.73 1.84 14.1 . . . .
: : : microscopic study of thin sections. Some
Solid Rock mine metabasite 14 14.25 7.40 28.2 samples show absolutely no ferromag—
metabasite 15 90.7 59.7 135.0 i -
Fwaya-Fwaya E. e netic components (e.g. Fwaya .Fwaya
amphibolite 10 0.506 0.251 0.970 Ext. 10, sample no. FE4 HM), while oth-
Fwaya-Fwaya 10 | phlogopite-chlorite schist 10 0.439 0.375 0.512 ers show magnetite contents totalling
Fibolele mi metabasite 11 0.469 0.358 0.548 15-20 vol.% of the heavy mineral frac-
1bolele mine metabasite 9 | 231 155 8.9 tion (e.g. Kamakanga Old Extension,
Mbuwa mine metabasite 15 | 302 19.8 430 sample KA8 HM). Nearly half of the

studied metabasic rock samples contain
only accessory magnetite.
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Figure 10. Comparison of metabasite and phlogopitite composition in oxide (element) vs. MgO diagrams.

Phlogopite schist (and some of the phlogopite-bearing
metabasic rocks), quartz-tourmaline rocks, and phlogo-
pite-tourmaline schists are among the rocks of low mag-
netic susceptibility (0.258-0.427). Amphibolite shows a
value of 0.506, while the lowest value, 0.085, was mea-
sured in quartz-muscovite schist.

Mineralogy of the Kafubu emerald area
Mineral composition was analyzed by EMPA in the labora-

tories of the Czech Geological Survey, supervised by
I. Vavfin, using an electron microprobe CamScan 4-90DV

equipped with Link-ISIS Oxford Instruments (EDX).
An accelerating voltage of 15 kV, a beam current of 3 nA,
and a counting time of 80 seconds were used. Natural mi-
nerals were used as standards for Si (quartz), Al (corun-
dum), Ca (wollastonite), Ti (rutile), K (adularia; ortho-
clase — MAC registered standard No. 2726), and Na
(albite-MAC registered standard No. 2726), while syn-
thetic olivines were used for Mg, Fe, and Mn (forsterite,
fayalite and tephroite). The ZAF correction program was
used. The analytical uncertainties (2 sigma) for oxide
abundances similar to those of hornblende (Table 8) are
0.3-0.4 for SiO,, Al,0; and Na,O, and 0.2 % for TiO,,
FeO, MgO, CaO and K,O.
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Figure 11. The magnetic susceptibility values of the main rock types from
the Kafubu area. Data for various rock types from individual mines are
plotted along the horizontal axis. Note two contrasting populations of
metamorphosed basic rocks, which differ in their magnetite content and in
their magnetic susceptibility. Explanation of the symbols: CT — Chantete
mine, DW — Dabwisa, EB — Ebenezer mine, FB — Fibolele mine, FE —
Fwaya-Fwaya Ext.10, FF — Fwaya-Fwaya, GR — Grizzly mine, KF —
Kafubu mine, LU — Lumpuma mine, MB — Mbuwa mine, MK — Miku
mine, PD — Pit No. D8, PI — Pirala mine, SR — Solid Rock mine.

Chemical composition of the major minerals

Besides beryl, which is of primary interest, we have anal-
yzed number of major minerals from the rocks hosting the
emerald mineralization. The knowledge of their crystal
chemistry is important for understanding the mineralization
processes and for planning exploration activities.

Tourmaline

Black tourmaline is a ubiquitous mineral in the Kafubu
emerald area. It is a major constituent of the banded
quartz-tourmaline rocks and the quartz-tourmaline veins
(Figs. 12, 13f); in other rock types (pegmatites, phlogopite
schists, amphibolites, muscovite-biotite-quartz schists) it
occurs only as a minor or accessory component.

With the exception of pegmatite tourmaline and one ex-
ceptional Li-tourmaline, the tourmalines of this area have
similar compositions with a relatively narrow range in
Mg/Fe ratios and moderate variations in Al contents
(Fig. 14, Table 5). Tourmalines have Mg > Fe (Mg =
1.54-2.54 apfu, Fe = 0.71-1.26 apfu), highly variable Ca
(0.05-0.48 apfu), and low to moderate X-site vacancy (up
to 34 %, but mostly 0-25 %). K,O concentration is negligi-
ble, reaching up to 0.13 wt.%, but mostly ranging between
0.0-0.05 wt.%. Contents of TiO, are usually low to moderate
(0.0-1.23 wt.%, typically 0.30-0.70 wt.%). MnO is very
low; its concentrations go up to 0.26 wt.%, but are usually
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below the detection limit. Cr,O; is low to relatively

high (0.0-2.83 wt.%), but mostly ranging between

0.10-0.50 wt.%, the maximum values being found in the
tourmalines of emerald-bearing phlogopite schists. Zoning

(see below) is characterized by step-growth in Ca (Ti) and a

decrease in Na, X-site vacancy, and Al. Core compositions

mostly correspond to Fe-rich, slightly X-site vacant
dravite, while the rims are Ca-Fe-rich dravite. Concerning
the V- and W-sites, moderate to high F contents are indi-
cated from several wet analyses, the rest being OH; the
substitution of O for OH is probably rather limited.

Tourmalines will be described from the following min-
eral assemblages:

1. Banded tourmalinite and quartz-tourmaline rock (sam-
ples ME3 — Melai mine, KF2, KF5, Kafubu mine).

2. Quartz-tourmaline (beryl) veins (samples BD1a — Bed-
rock mine, MB2 — Mbuwa mine, KA3b — Kamakanga
mine, MA3b — Mantenke mining, MES — Melai mine,
GR4 — Grizzly mine, P14 — Pirala mine).

3. Phlogopite schist, tourmaline-beryl-phlogopite rocks
(samples KF4a, KF4b, KF7B, Kafubu mine, MK1 —
Miku mine).

4. Amphibolite (samples GR1 — Grizzly mine, PI1 — Pira-
lamine, LU3 — Lumpuma mine, KF10 — Kafubu mine).

5. Talc-actinolite-chlorite metabasite (sample ME4 — Me-
lai mine).

6. Muscovite-biotite-quartz schist (samples MB4a, MB4b —
Mbuwa mine).

7. Late extension tourmaline vein (sample KA 14 — Kama-
kanga mine).

8. Pegmatite (sample FF2 — Fwaya-Fwaya).

9. Cr-muscovite-tourmaline-quartz rock (sample CAl —
Chawuma pit).

10. Li-tourmaline (sample MA1 — Mantenke mining).

1. Banded tourmalinite and quartz-tourmaline rock

This tourmaline is prismatic to acicular, euhedral to sub-
hedral, about 1-2 mm long. Pleochroism is pronounced,
e-smoky or pale brown, ®-deep olive green, cores are
lighter. These tourmalines are on average slightly more fer-
roan than those in amphibolites, phlogopite schists, and the
majority of quartz-tourmaline veins, although they also
correspond to (Ca-) Fe-rich dravite. They display moderate
to relatively high X-Ca (0.10-0.42 apfu), highly variable
X-site vacancy (0-36 %), and optical and compositional
zoning characterized by an increase in Ca and a decrease in
Al and X-site vacancy from center to rim. They contain in-
creased TiO, (0.35-1.39 wt.%) but very low Cr,O; (up to
0.14 wt.%, mostly below detection limit).

2 and 3. Quartz-tourmaline (beryl) veins

and phlogopite schist

The tourmaline from both quartz-tourmaline + beryl veins
and phlogopite schist is characterized by significant com-
positional variations in Ca-Na-Al-Xy;, and very conspicu-
ous, principally two-step discontinuous zoning. Tourma-
line I (core) is bluish, slightly to moderately pleochroic,
e-colourless to pinkish, ®-pale blue to bluish gray. Tour-
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Table 5. Chemical composition of tourmaline.

Sample GR4 GR4 KF4a | KF4a | KF4a | KAl4 KF5 KF5 GR1 ME4 FF2 MAL MAL CAl
Rock 1(c) 1(r) 2(c) 2 2(r) 3 4(c) 4(r) 5 6 7 8(c) 8(r) 9
Si0, 36.55| 36.68 | 37.67| 36.85| 36.82| 35.68| 3648 | 3588 | 3649 | 3540 | 3392| 37.15| 37.16| 33.69
TiO, 0.00 0.35 0.00 0.79 0.25 0.49 0.35 0.45 0.90 0.84 0.19 0.18 0.38 0.47
Cr,03 0.15 0.00 1.30 2.76 1.45 0.00 0.00 0.00 0.21 1.07 0.00 0.00 0.00 1.43
Al)O5 3125 2796 | 30.78 | 27.46| 28.64| 27.65| 3241 | 2899 | 30.12| 29.29| 31.50| 36.63 | 36.66| 29.72
FeOyy 6.90 6.83 5.41 7.12 5.89 8.57 6.96 8.05 592 453 | 1478 2.07 4.25 16.36
MnO 0.00 0.00 0.19 0.00 0.00 0.00 0.00 0.12 0.00 0.00 0.78 4.11 2.03 0.32
MgO 7.20 9.63 8.55 8.74 9.33 8.95 6.48 7.78 8.52 9.14 0.56 0.09 0.52 1.67
CaO 0.91 2.48 0.83 1.60 1.88 2.44 0.32 1.80 1.62 2.00 0.08 0.28 0.37 1.11
Na,O 1.97 1.70 2.00 1.88 1.97 1.49 1.81 1.96 1.81 1.62 2.25 2.50 2.59 2.04
K,0 0.00 0.00 0.10 0.00 0.09 0.04 0.00 0.07 0.04 0.00 0.06 0.00 0.00 0.04
H,0.q1¢ 3.62 3.61 3.71 3.65 3.65 3.56 3.63 3.57 3.65 3.58 3.43 3.61 3.64 3.47
B,03 cale 1049 | 1048 | 10.76 | 10.59| 10.58 | 10.33 10.52 | 10.35 10.57 | 10.38 993 | 1046 | 10.56 | 10.07
total 99.04 | 99.72 | 101.30 | 101.44 | 100.55 | 99.20 | 9896 | 99.01 | 99.84| 97.85| 9749 | 97.08| 98.17| 100.39
Si 6.054 | 6.085| 6.086| 6.050| 6.048| 6.005| 6.025| 6.022| 6.000| 5930| 5937| 6.175| 6.122| 5.815
Ti 0.000 | 0.043 | 0.000 | 0.097| 0.031| 0.062| 0.043| 0.057| 0.111| 0.106 | 0.025| 0.023 | 0.047| 0.061
Cr 0.020| 0.000 | 0.166 | 0.358| 0.188 | 0.000| 0.000| 0.000| 0.027| 0.142| 0.000| 0.000 | 0.000| 0.196
Al 6.100 | 5467 | 5.862| 5313 | 5544 | 5485| 6309| 5735| 5.837| 5784 | 6498 | 7.175| 7.119| 6.045
Fe’* 0956 | 0.947 | 0.732| 0977 | 0.809| 1.206| 0.961 1.130 | 0.814| 0.634| 2.163| 0.288 | 0.586| 2.362
Mn 0.000 | 0.000 | 0.025| 0.000| 0.000 | 0.000| 0.000| 0.017| 0.000| 0.000| 0.116 | 0.579| 0.284| 0.047
Mg 1.779 | 2382 | 2.060| 2.140| 2283 | 2246| 1.59| 1946 | 2088 | 2.284| 0.145| 0.021| 0.129| 0.429
Ca 0.162| 0441 | 0.144| 0.282| 0.330| 0440| 0.057| 0324 0285| 0.358| 0.015| 0.049| 0.066| 0.205
Na 0.632| 0.548 | 0.626| 0.599| 0.628 | 0.486| 0.579| 0.638| 0.578| 0.526| 0.764| 0.805| 0.827| 0.683
K 0.000 | 0.000 | 0.020 | 0.000| 0.019| 0.009| 0.000| 0.014| 0.008 | 0.000| 0.014| 0.000| 0.000| 0.009
OH 4.000 | 3.995| 3999 | 3997 | 3.999| 3997| 3999 | 3.997| 4.004| 4.000| 4.004| 4.002| 4.001 | 3.995
B 2999 | 3.001| 3.001| 3.001| 2999 | 3.001| 2999| 2999 | 3.000| 3.001| 3.000| 3.001| 3.003| 3.000
total 22702 | 22909 | 22.721 | 22.815 | 22.879 | 22.936 | 22.567 | 22.878 | 22.751 | 22.765 | 22.680 | 22.118 | 22.184 | 22.847

(c) —centre, (r) —rim, 1 — quartz-tourmaline vein, 2 — phlogopite schist, 3 — tourmaline extensional vein, 4 — banded quartz-tourmaline rock, 5 — amphibo-
lite, 6 — metabasite, 7 — pegmatite, 8 — yellow tourmaline from Li-pegmatite, 9 — Cr-muscovite-tourmaline rock
Numbers of ions were calculated on the basis of 27 O and 4 OH assuming stoichiometric amount of B

maline II (rim) is strongly pleochroic, e-pale brown,
brown-green, ®-deep brown or olive green, displaying a
concentric oscillatory arrangement of multicoloured bands
of variable thickness (brown, green, yellow-green). Com-
positionally, tourmaline I corresponds to Ti-Cr-poor
(X-site slightly vacant) Fe-rich dravite with Al > 6 apfu and
very low Ca. The multicoloured tourmaline II is Ca-Fe-rich
dravite. It has mostly Al < 6 apfu, very low X-site vacancy
and 0.20-0.47 Ca apfu. It frequently contains increased
TiO, (up to 1.8 wt.%) and Cr,0O5 (up to 2.83 wt.%).

4. Amphibolite

These tourmaline crystals are mostly euhedral, prismatic,
of sizes from several mm up to about 1 cm long, weakly to
strongly pleochroic, €-pink pale brown, ®-light to deep
olive green. They display relatively uniform chemical
compositions, being on average richer in Mg than tourma-
lines from other rocks at relatively high X-Ca
(0.17-0.35 apfu) and low to moderate X-site vacancy
(5-23 %). Compositional zoning is insignificant. Elevated

TiO, (0.4-1.0 wt.%) and Cr,0O5 (up to 0.9 wt.%) were ob-
served. These tourmalines are Ca-Fe-rich dravite.

5. Talc-actinolite-chlorite metabasite

The tourmaline of these rocks occurs as black prisma-
tic crystals up to several cm long. They display weak
pleochroism, €-pink, ®-pale brown, and small composi-
tional variations. They have Al < 6, high Xy, high Ca
(0.31-0.42 apfu), and low to moderate X-site vacancy
(5-19 %). They contain elevated Cr,O3 (0.14—1.1 wt.%).
These tourmalines are Ca-Fe-rich dravite, similar to those
in the amphibolites, but somewhat richer in Mg and Ca.

6. Muscovite-biotite-quartz schist

Accessory tourmaline in this rock type forms prismatic
crystals up to 0.5 mm long. It is often zoned with darker co-
res, the colour is pale brown to olive green. Tourmaline
from muscovite-biotite-quartz schists shows moderate
X-site vacancy (20-25 %), and low Ca (0.04-0.11 apfu).
Compositional zoning was observed (increase in Ca toward
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Figure 12. Various tourmaline samples from the Kafubu area: a, b — Characteristic texture of quartz-tourmaline banded rock, Kafubu mine, sample KF5.
b —Microscopic image of the same rock. Accessory rutile, significantly enriched in Nb and Ta in its rims, is intergrown with dominant quartz and tourma-
line. ¢ — Phlogopite schist with prismatic tourmaline crystals from the Chantete mine. The crystals are black, euhedral, partly fractured, up to 10 cm long.
d — Thin section of phlogopite rock with tourmaline and beryl from the Kafubu mine (sample KF7a). Two-step discontinuous zoning of tourmaline is
characteristic for majority of tourmaline crystals from phlogopite schists and quartz-tourmaline veins. The lighter core corresponds to Fe-rich dravite, the
darker rim is Ca- and Fe-rich dravite with increased concentration of Ti and Cr. e, f — Sample from the main quartz-tourmaline vein at the Grizzly mine;
microscopic image of tourmaline crystal shows a uniform unzoned core (tourmaline 1) and complicated oscillatory zoning of tourmaline 2 (sample GR4,
crossed polaroids). Photos by V. Zacek.
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Figure 13. Various emerald samples from the Kafubu area: a — Emerald crystal in phlogopite rock. The specimen was sampled at the recently abandoned
Kamakanga Old Pit-extension. The emerald crystals in phlogopite rocks represent the majority of gem-quality stones obtained. b — Thin section of emer-
ald crystal with abundant phlogopite inclusions, Miku mine, sample MK6b, crossed polaroids. The photo shows the step-growth crystal faces and partial
fracturing of emerald crystal. ¢ — Prismatic crystal of blue-green beryl grown in quartz. The sample comes from vertical quartz-tourmaline vein from the
Kafubu mine. d — Euhedral crystals of green beryl grown in quartz, Kamakanga Old Pit-extension, sample KA1, crossed polaroids. e — Emerald-tourma-
line aggregate from the Kafubu area with well developed hexagonal prismatic crystals. f — Thin section of beryl (emerald)-tourmaline aggregate from
Kamakanga mine, sample KA3a. Textures indicate that beryl crystallization post-dates tourmaline. Fluid and mineral inclusions and dense fracturing in
beryl are frequent. Photos by V. Zacek.
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Black prismatic tourmaline associated with

chromian muscovite in the quartz-tour-

maline-muscovite veins (Chawuma pit)
a displays increased MnO (0.16-0.53 wt.%),
highly variable Mg (0.18-1.40 apfu), in-
creased Ca (0.12-0.26 apfu), X-site vacan-
cis of 10-34%, and increased Cr,O4
(0.20-2.04 wt.%).

10. Li-tourmaline

Li-tourmaline is very rare in the Ka-
fubu area. Yellow and green tourma-
line occurs at Pit No. 1 in the Mantenke
Mining Co. as loose crystals in the late-
ritic soil. This tourmaline contains in-
creased Al,O3; (35.4-40.2 wt. %) and

Na (+K) Ca

tot

Figure 14. a — Al-Fe™ -Mg diagram for tourmaline from Kafubu. b — Na-Ca-X-site vacancy dia-

gram for tourmaline from Kafubu.

rim), but the differences are small. This tourmaline corres-
ponds to Fe-rich dravite.

7. Late extensional veins

The tourmaline of late extensional veins forms crystals of
unusual platy to tabular/platy habit, arranged in a herring-
bone pattern. It is Ca-Fe-rich dravite characterized by
Al < 6 apfu, very low vacancies in the X-site (less than
16 % but mainly 3—-10 %), high Ca, 0.22-0.46 apfu, and
elevated TiO, (0.34-0.58 wt.%).

8. Pegmatite tourmaline

The tourmaline from the pegmatites is quite different from
that in the other rocks. Tiny, euhedral, prismatic to acicular
crystals from the Fwaya-Fwaya garnet-bearing pegmatite
display strong pleochroism, e-pale pink grey, m-black.
This tourmaline corresponds compositionally to nearly
pure schorl, with Al > 6, Mg = 0.13-0.16 apfu and Fe =
2.07-2.23. Tt is also characterized by a relatively high
X-site vacancy of 18-30%, and extremely low Ca
(0.014-0.03 apfu). In contrast to other Kafubu tourmalines
it contains increased MnO (0.44—1.23 wt.%). This schorl is
similar to schorl-dominated tourmalines from the border
zone of the zoned petalite Tanco pegmatite (Selway et al.
2000). The nearly complete absence of coloured (elbaitic)
tourmaline, which characterizes various zones in the Tanco
pegmatite, indicates that the pegmatites in the Kafubu area
are less evolved. Large, stubby euhedral crystals of black
tourmaline up to 10 cm long have been found in some
Fwaya-Fwaya pegmatite dikes, though none were ob-
served by the present authors.
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AlxMas,  very low FeO (0.34-5.39 wt.%), MgO
(0.09-2.80 wt.%), but strongly increased
MnO (0.81-4.44 wt.%). This tourmaline
is Na-dominant, Mn-rich elbaite, poor in
Ca (0.02-0.11 apfu). The green tourma-
line is richer in Fe and Mg and poorer
in Mn than the yellow variety. Composi-
tional zoning (from center to rim) is cha-
racterized by a decrease in Al and Mn,
and an increase in Fe and Mg.

Beryl and emerald

Beryl occurs in phlogopite schist, and in pegmatite and
quartz-tourmaline veins (Fig. 13). White, yellowish to bluish
“common” beryl forms well developed hexagonal prisma-
tic to short prismatic crystals up to 30 cm long, mainly in
the pegmatite of the Fwaya-Fwaya mine. The most impor-
tant mode of green beryl and emerald occurrence is con-
fined to the peripheral zones of the pegmatite, and to the
phlogopite reaction zones developed between the quartz-
tourmaline veins and metabasite.

Beryl and emerald occur as euhedral to subhedral hex-
agonal crystals composing aggregates of several to tens of
individuals. Step-growth crystal surfaces are frequently
observed. The crystal size varies from less than 1 mm to
several cm, though we have seen crystals about 10 cm long
in the Kagem mines. Exceptionally large emerald crystals
up to 60 cm long were found in the phlogopite schist at the
Kamakanga Old Pit during the 1980s, as reported by a local
mine manager. The colour of the beryl strongly varies, de-
pending on Cr-content, from bluish or white-yellowish
(rarely colorless) through bluish pale green, and medium to
deep green. The irregular colouration of crystals is fre-
quent; larger crystals commonly have a lighter core of yel-
low to pale blue beryl and a well-coloured deep green rim.
Besides fluid inclusions of mostly equant or prismatic nega-
tive crystal shape, beryl frequently includes platy, euhedral
to subhedral, slightly pleochroic (pale brown to nearly col-
ourless) phlogopite. Milisenda et al. (1999) also reported
rod-like actinolite-tremolite inclusions. Examples of other
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Table 6. Chemical composition of light to dark green beryl and emerald from quartz-tourmaline veins and from phlogopite rocks

Sample | MA3b | KAl GN6 KA3b | MB2 KA-8 | MK6b | BDla LU2 MK6b | KF4a | FB4 FB4 | KF4a
Rock vein vein vein vein vein vein phlog. vein phlog. | phlog. | phlog. | phlog. | phlog. | phlog.
Colour | light | medium | light | medium | light | medium | medium | medium | medium | medium | dark dark dark dark
SiO, 66.23 64.86 | 65.24 65.15 | 64.84 64.28 64.05 64.65 65.93 64.83 | 65.10 | 6529 | 64.82| 65.40
TiO, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CryO3 0.11 0.13 0.15 0.20 0.21 0.24 0.30 0.40 0.41 0.44 0.54 0.66 0.76 0.77
AlyO5 14.94 14.85 | 15.37 13.60 | 14.67 13.96 15.36 14.32 14.30 1517 1396 | 14.67| 14.82| 14.33
FeOy 1.40 0.88 0.90 1.88 0.93 1.77 0.76 0.84 1.18 0.79 1.29 1.13 1.18 1.36
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.23 0.16 0.00 0.12 0.00 0.00 0.00
MgO 2.49 222 1.86 2.64 2.39 2.29 1.55 242 2.31 1.76 2.30 2.07 2.17 2.31
CaO 0.00 0.00 0.00 0.14 0.00 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00
Na,O 2.19 1.80 1.73 2.04 2.10 222 1.84 2.16 2.09 1.79 2.02 1.84 1.72 1.90
K,O 0.09 0.00 0.06 0.00 0.00 0.16 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00
BeOgy. | 13.83 13.48 | 13.58 13.51 | 13.51 13.38 13.36 13.47 13.68 1350 | 1350 | 13.58| 13.55| 13.61
Total 101.28 98.22 | 98.87 99.16 | 98.65 98.28 97.23 98.49 | 100.18 98.30 | 98.82 | 99.23 | 99.03 | 99.66
Si 5.982 6.009 | 6.001 6.024 | 5.995 6.002 5.991 5.997 6.018 6.001 | 6.025| 6.004| 5978 | 6.002
Ti 0.000 0.000 |  0.000 0.000 |  0.000 0.000 0.000 0.000 0.000 0.000 |  0.000 | 0.000 | 0.000 | 0.000
Cr 0.008 0.010 | 0.011 0.015 | 0.015 0.017 0.022 0.030 0.030 0.032| 0.039 | 0.048 | 0.055| 0.056
Al 1.591 1.622 | 1.666 1.482 | 1.598 1.536 1.694 1.565 1.539 1.655| 1.522| 1.591| 1.610| 1.549
Fe’* 0.106 0.068 | 0.069 0.146 | 0.072 0.138 0.059 0.065 0.090 0.061 | 0.100 | 0.087 | 0.091 | 0.104
Mn 0.000 0.000 |  0.000 0.000 | 0.000 0.000 0.000 0.018 0.012 0.000 | 0.010 | 0.000 | 0.000 | 0.000
Mg 0.336 0.307 | 0.254 0.363 | 0.329 0.318 0.216 0.335 0.314 0244 | 0317 | 0.283 | 0.299 | 0316
Ca 0.000 0.000 | 0.000 0.014 | 0.000 0.000 0.000 0.000 0.008 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Na 0.384 0.323 | 0.309 0.366 | 0.377 0.401 0.334 0.389 0.370 0321 | 0362 | 0327 | 0.308 | 0.337
Be 3.000 2.999 | 3.001 3.000 | 3.000 3.001 3.001 3.001 2.999 3.001 | 3.001 | 3.000| 3.001 | 3.000
Total 11.416 | 11.337 | 11.318 | 11.410| 11.387 | 11.432| 11.318 | 11.400 | 11.385| 11.316| 11.376 | 11.340 | 11.343 | 11.364

(vein) — vein samples, (phlog.) — phlogopite rock samples

Number of atoms (pfu) were calculated on the basis of 18 oxygen atoms assuming stoichiometric amount of 3 Be.

rare inclusions are euhedral apatite, euhedral to subhedral
niobian rutile, anhedral quartz, and relic anhedral phenakite
in a single sample (PN 9 from the Pioneer mine). Textural
criteria in samples containing beryl in association with tour-
maline indicate that beryl post-dates tourmaline; in some
cases the tourmaline was fractured prior to beryl crystalliza-
tion, and fragments of tourmaline crystals are enclosed in
beryl. Euhedral tourmaline inclusions in beryl have not been
found.

More than 100 microprobe analyses of beryl and emer-
ald in 17 samples included in this study show Cr,O5 and
FeO,, concentrations ranging from less than 0.08 to
0.78 wt.% and 0.36 to 2.21 wt. %, respectively, with ele-
vated MgO (1.09-2.69 wt.%) and Na,O (1.25-2.22 wt. %)
(Table 6). Rare alkali metal elements (Li, Rb, Cs) and
H,O analysis in emerald would require special micro-
beam techniques, because of abundant mineral inclusions
and small-scale compositional variation. This specialized
topic was beyond the scope of our project.

Figure 15 shows the composition of 14 Kafubu emerald
and beryl samples in terms of the sum of mainly divalent
ions entering octahedral position versus Na + K + Ca con-
tained in structural cavities (Cerny 2002). Symbols for indi-

vidual samples represent averages of several (3 to 11) spot
analyses. Though the ratios are near unity, several samples
showing the most extensive substitution indicate a steeper
trend possibly corresponding to a partial substitution of Fe**
for Al, as cited by Barton and Young (2002) for some emer-
alds from metamorphic phlogopite schists. This would cor-
respond to the indications of ferric iron in polarised spectra.

Calligaro et al. (2000) analyzed 11 emerald samples
from Zambia by PIXE/PIGE, using an external 3 MeV pro-
ton micro-beam. They determined average values for sev-
eral trace elements, including the highest average content
of cesium (1150 ppm) relative to other world-wide emerald
localities, a high lithium content (> 500 ppm), and in-
creased rubidium (> 100 ppm) and vanadium (180 ppm),
which they consider as distinct trace element fingerprints
for Zambian emeralds.

We have subdivided our beryl specimens as follows:

1. Medium to dark green emerald from phlogopite
schists (samples KF4a, KF4b, and KF7b from the Kafubu
mine; FB4 from the Fibolele mine; and MK6 from the
Miku mine). These contain 0.12-0.76 wt.% Cr,0O5 (mostly
0.40-0.60 wt.%; the mean of 33 analyses is 0.47 wt.%),
13.60-16.02 AL,O3 (mean = 14.74 wt.%), 0.36—1.47 FeO,,
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Figure 15. Beryl and emerald composition plotted in terms of transition
metal and alkali elements (except Li) per formula unit (18 O). This corres-
ponds mainly to octahedral and channel substitutions (following Barton
and Young 2002). Fe is total iron. The frequency of phlogopitite vs. vein
emerald types does not correspond to the actual proportion in the Kafubu
area.

(mean = 1.03 wt.%), 1.46-2.53 MgO (mean = 2.06 wt.%),
and 1.59-2.09 Na,O (mean = 1.83 wt.%). The majority
of gemstone-quality emeralds comes from the phlogopite
schists.

2. Medium green emerald from quartz-tourmaline
veins (samples KA1, KA3b, and KAS8 from the Kama-

kanga mine, and BD1a of the Bedrock mine). These con-
tain 0.15-0.55 wt.% Cr,O3 (mostly 0.20-30 wt.%; the
mean value from 25 analyses is 0.23 wt.%), 13.22-15.19
Al,O5 (mean = 14.25 wt.%), 0.75-2.21 FeO,, (mean =
1.03 wt.%), 1.87-2.64 MgO (mean = 2.21 wt.%), and
1.63-2.22 Na,O (mean = 1.90 wt.%).

3. Light green to light blue green beryl from
quartz—tourmaline veins (samples KA3b of the Kama-
kanga mine, BDla of the Bedrock mine, MB2 of the
Mbuwa mine, GN6 of the Gerntina mine, MA3b of the
Mantenke mine, and MES5 of the Melai mine). These sam-
ples contain 0.0-0.27 wt% Cr,0O; (mostly below
0.1 wt.%), 14.34-16.64 Al,O; (the mean of 40 analy-
ses is 15.44 wt. %), 0.43—1.81 FeO,, (mean = 0.95 wt.%),
1.09-2.49 MgO (mean = 1.78 wt.%), and 1.18-2.19 Na,O
(mean = 1.69 wt.%).

4. Colourless (bluish) beryl as a single sample from the
MRI pit, taken from a quartz vein cutting the muscovite
schist. This type of beryl displayed a markedly different
composition than all other samples. It contains Cr,O; be-
low detection limit, low FeO, (0.37-0.65 wt.%), MgO
(0.10-0.14 wt.%), and Na,O (0.79-0.91 wt.%), and there-
fore high AL,O; (17.60-18.03 wt.%).

Phlogopite

The dark mica in the phlogopite zones, partly phlogopi-
tized metabasic rocks, amphibolite, and metasedimentary
quartz-muscovite-phlogopite schist has been variously de-
signated as biotite or phlogopite in published papers and
unpublished reports. We have obtained more than 80 mic-
roprobe analyses of these dark micas from a number of
samples (Table 7, Fig. 16). In the calculation of crystallo-
chemical formulas, a uniform fluorine content of 4.7 wt.%
was assumed for the phlogopite in phlogopitites. This
is based on the results of fluorine determination by
whole-rock wet analyses (Table 1b). We likewise assumed

Table 7. Chemical composition of phlogopite, biotite, muscovite, garnet, magnetite, and ilmenite

Sample | MK6b KF4a PI1 GRS MB4a | CAl | MB4b | PN1hm | FE8hm | FF4 MBIl | BD4 KF1 KF5
Rock 1 1 2 3 4 5 4 6 6 3 3 3 3 7
Mineral Phl Phl Phl Phl Bt Ms Ms Grt Grt Mgn Mgn Mgn Tlm Tlm
Si0, 42.96 42.55 38.68 4043 | 36.94 | 4646 | 45.63 35.18 35.90 0.25 0.17 0.24 0.24 0.27
TiO, 0.14 0.72 1.90 1.07 1.59 0.50 0.68 0.10 0.11 0.00 0.00 0.12 | 50.53 | 50.45
Cr,03 0.31 0.44 0.16 0.44 0.00 1.98 0.00 0.00 0.00 4.94 6.34 | 13.61 0.14 0.14
Al O3 13.23 13.11 16.57 13.92 18.53 | 2941 | 3544 20.34 20.11 0.14 0.00 0.00 0.00 0.00
FeO, 6.63 9.51 13.53 12.20 13.78 3.65 1.53 2.41 1372 | 85.89 | 84.77 | 76.74 |29.68 | 34.28
MnO 0.37 0.10 0.00 0.22 0.20 0.00 0.00 40.76 29.45 0.00 0.00 0.49 | 1589 | 11.48
MgO 21.00 18.13 13.83 16.84 12.53 1.70 0.64 0.00 0.28 0.10 0.00 0.27 0.22 0.00
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.40 0.53

Na,O 0.00 0.12 0.21 0.00 0.12 0.38 1.93

K,0 10.51 10.39 10.54 9.92 10.12 | 10.79 8.52

Total 95.15 95.08 95.42 95.03 | 93.82 | 94.87 | 94.37 99.19 | 100.10 | 91.33 | 91.29 | 91.48 | 96.70 | 96.62

1 — phlogopite schist, 2 — amphibolite, 3 — metabasite, 4 — muscovite-biotite schist, 5 — Cr-muscovite-quartz-tourmaline vein, 6 — pegmatite, 7 — banded

quartz-tourmaline rock
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2.0 wt.% F in mica from amphibolite and quartz-muscovite
schist. The H,O content was calculated from crystal che-
mistry relations, assuming (F + OH) = 4. The compositions
are plotted in Fig. 16, using the Mg/(Mg + Fe) ratio (Xy,)
and calculated AlY! content (eastonitic substitution).

The dark mica in phlogopitite and phlogopite-rich rocks
has Xy, = Mg/(Mg + Feq,) = 0.71-0.86, a low Ti content,
and rather high F (F > OH). With regard to Al substitution
for (Mg + Fe?*) corresponding to 2050 % eastonite, and be-
cause of the fluorine content, this mica can be classified as
eastonitic fluorophlogopite. In the present classification of
micas, biotite is used as a series (group) name (Rieder et al.
1998), not as a compositional end-member. In the present
case, where chemical composition is known, the name phlo-
gopite (fluorophlogopite) should be used.

The dark micas in amphibolites have X,,, = 0.63-0.67
and 38-65 mol.% eastonite. Dark mica in the quartz-mus-
covite schists has X, = 0.58 and 79-88 mol.% eastonite
(Fig. 16).

Amphibole

Amphibole is a dominant constituent of amphibolite and an
important mineral in some metabasites. All amphiboles
analysed in this study belong to the group of monoclinic
calcic amphiboles characterized by the following site
occupancies: Cag > 1.50, Ca, < 0.50, Ti < 0.50, and
(Na+K), <0.50 apfu, in accordance to the classification of
Leake et al. (1997).

Amphibole from the amphibolites shows the following
compositional ranges: Si = 6.60-7.75, Mg/(Mg + Fe,) =
0.60-0.78, Ca=1.68-1.94, (Na + K), < 0.35 pfu. Octahe-
dral Al exceeds calculated Fe** in all analyses. These am-
phiboles frequently contain increased Cr,O;, up to
0.68 wt.% (0.077 pfu) but mostly ranging between 0.20 and
040 wt.%, low TiO, (0.0-0.67 wt.%) and MnO
(0.17-0.71 wt.%). We have identified two amphibole
groups differing in composition; the first group having
6.8 <Si< 7.1 and a second group with Si approximately be-
tween 7.3-7.7 apfu (Fig. 17, Table 8). The amphibole of
the first group belongs to magnesiohornblende, while the
second group plots within the range of magnesiohorn-
blende to actinolite. Actinolite in the amphibolites of this
study has a composition very close to that from some of the
metabasites.

Amphibole from the metabasites contains Si =
7.62-8.00, Mg/(Mg + Fe,,) = 0.78-0.86, Ca = 1.72-1.86,
Na + K =0.15-0.33 pfu. The concentrations of Cr,0O; vary
within the range of 0.0-0.47 (mostly 0.2-0.4), TiO, =
0.0-0.20, MnO = 0.0-0.32 (all in wt.%). All of these am-
phiboles are classified as highly magnesian actinolite, with
the exception of tremolite in sample FF4 from the
Fwaya-Fwaya mine.

Chlorite

Along with talc and actinolite/tremolite, chlorite is an im-
portant constituent of metabasites, and a common or minor
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Figure 16. Plot of phlogopite composition from phlogopitites, amphibo-
lites, and metasedimentary schists.
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Figure 17. Chemical composition of amphibole from amphibolites
(closed symbols) and from metabasites (open symbols) in the diagram of
Leake et al. (1997).

mineral in amphibolite, phlogopite schist, and musco-
vite-biotite-quartz schist. In some cases (amphibolites,
muscovite-biotite-quartz schists) it represents a retrograde
phase. Under the microscope it is apple green, and modera-
tely pleochroic. All chlorites analysed here are moderately
to highly magnesian with Mg/(Mg + Fe) > 0.6 and Si =
2.65-3.35 apfu, corresponding to ripidolite-clinochlore-
penninite (Fig. 18, Table 8).

Chlorite from the metabasites corresponds to clinochlore
or penninite with Mg/(Mg + Fe) = 0.73-0.89, and
Si = 2.94-3.34 apfu. It typically contains 0.6-0.9 wt.%
Cr, 05 (total range 0.30-1.50 wt.%) and constitutes the most
important Cr-phase in metabasites besides Cr-magnetite.

The chlorites in the amphibolite and phlogopite schist
have a uniform composition corresponding to clinochlore
((Mg/Mg + Fe) =0.72-0.73, Si = 2.77-3.01 apfu), and up
to 0.30 wt.% Cr,05. The chlorite in the muscovite-bio-
tite-quartz schists is classed as ripidolite (Mg/(Mg + Fe) =
0.63-0.66, Si = 2.65-2.71), and is poor in Cr
(0.0-0.13 wt.% Cr,05).

25



Antonin V. Seifert — Vladimir Zdcek — Stanislav Vrdna — Vratislav Pecina — Jir{ Zacharids — J. C. (Hanco) Zwaan

Table 8. Chemical composition of hornblende, actinolite, tremolite, chlorite, and talc

Sample | GRI1 GR1 FE1 BD4 FB1 FF4 GR5 GR5 FF4 PIl MB4b GR5 ME4 | BD4
Rock 1 1 1 2 2 2 2 2 2 1 3 2 2 2
Mineral Hb Act Hb Act Act Trm Act Chl Chl Chl Chl Tc Tc Tc
Sio, 4743 | 5428 | 4826 57.50 55.51 57.68 54.36 | 29.27 32.25 27.29 26.63 | 62.25| 60.68 | 62.26
TiO, 0.28 0.00 0.20 0.00 0.00 0.00 0.20 0.26 0.16 0.00 0.34 0.00 0.10 | 0.00
Cr,03 0.00 0.68 0.26 0.00 0.18 0.00 0.30 0.66 1.14 0.24 0.00 0.00 0.10 | 0.11
Al O3 11.17 2.85 10.70 0.43 0.66 0.09 3.26 18.49 12.83 21.86 22.98 0.17 030 | 0.38
FeOy 11.74 8.73 11.70 4.56 5.84 2.08 8.16 13.54 7.11 14.21 18.60 5.34 6.31 3.00
MnO 0.67 0.19 0.27 0.13 0.25 0.23 0.20 0.00 0.00 0.17 0.16 0.00 0.03 | 0.00
MgO 13.12 | 17.53 13.46 20.77 20.06 22.86 18.08 | 22.25 30.72 21.82 1832 | 26.75| 25.17 | 27.42
CaO 11.21 11.51 10.87 12.06 11.66 12.61 12.00 0.13 0.00 0.00 0.09 0.00 0.00 | 0.00
Na,O 1.39 0.59 1.55 0.27 0.19 0.00 0.59 0.00 0.00 0.00 0.00 0.00 0.00 | 0.00
K,0 0.18 0.09 0.16 0.07 0.00 0.00 0.05 0.23 0.04 0.00 0.00 0.05 0.00 | 0.14
H,0c41¢ 2.07 2.10 2.08 2.14 2.09 2.15 2.12 11.80 12.05 11.85 11.80 4.61 449 | 4.60
Total 99.25 | 98.56 | 99.50 97.93 96.44 97.69 99.36 | 96.63 96.30 97.44 98.92 | 99.16| 97.17 | 97.90
Si 6.885| 7.756 | 6.965 8.070 7.975 8.039 7.690 | 2984 | 3212 2.766 2710 | 4.048 | 4.046 | 4.058
Ti 0.031 | 0.000 | 0.022 0.000 0.000 0.000 0.022 | 0.020 | 0.012 0.000 0.026 | 0.000 | 0.005 | 0.000
Cr 0.000 | 0.077 | 0.030 0.000 0.021 0.000 0.034 | 0.053 0.090 0.019 0.000 | 0.000 | 0.005 | 0.005
Al 1.910 | 0.480 | 1.820 0.071 0.112 0.014 0.544 | 2222 1.506 2.611 2756 | 0.013 | 0.023 | 0.029
Fe’* 1.425 1.043 1.412 0.535 0.701 0.243 0.966 1.154 | 0.592 1.204 1.583 | 0.290 | 0.352| 0.163
Mn 0.082 | 0.023| 0.033 0.015 0.030 0.027 0.025 | 0.000 | 0.000 0.015 0.014 | 0.000 | 0.002 | 0.000
Mg 2.839 | 3.734| 2.895 4.346 4.295 4.749 3814 | 3.383 4.562 3.297 2.780 | 2.594 | 2502 | 2.664
Ca 1.743 1.762 1.680 1.813 1.794 1.883 1.819 | 0.014 | 0.000 0.000 0.009 | 0.000 | 0.000 | 0.000
Na 0.392| 0.164 | 0.433 0.073 0.053 0.000 0.163 | 0.000 | 0.000 0.000 0.000 | 0.000 | 0.000 | 0.000
K 0.034| 0.017 | 0.029 0.013 0.000 0.000 0.010 | 0.030 | 0.006 0.000 0.000 | 0.004 | 0.000 | 0.012
OH 2.004 | 2.001 2.002 2.003 2.003 1.999 2.000 | 8.026 8.005 8.011 8.011 | 2.000| 1.997 | 2.000
Total 17.345| 17.057 | 17.321 | 16939 | 16986 | 16954 | 17.086 | 17.886 | 17.984 | 17.924 | 17.891 8.948 | 8.933 | 8.931
XMg 0.666 | 0.782| 0.672 0.890 0.860 0.951 0.798 | 0.746 0.885 0.733 0.637 | 0.899 | 0.877 | 0.942

1 — amphibolite, 2 — metabasite, 3 — muscovite-biotite schist

Numbers of ions were calculated on the basis 22 O and 4 OH (amphiboles), 10 O and 8 OH (chlorite) and, 10 O and 2 OH (talc).
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Figure 18. Chemical composition of chlorite in the diagram Si (pfu) vs.
Mg/(Mg + Feyy).

Talc

Talc is abundant in the metabasite assemblage, along with
chlorite, actinolite, and opaques. It contains increased FeO
(1.97-6.71, typically 4-6 wt.%) at the expense of MgO and

26

thus variable Mg/(Mg + Fe) = 0.88-0.96), and slightly ele-
vated Al,O; (mostly 0.20-0.64 wt. %; Table 8). The con-
centrations of other minor oxides of Mn, Cr, and Ti are
very low (e.g. Cr,0; ranges between 0.0-0.19 wt.%), and
are usually undetectable with the microprobe.

Garnet

Spessartine-rich garnet is a minor to accessory component
in some pegmatite dikes. Garnet crystals from our field
area are largely less than 1 mm in diameter and anhedral,
though some pegmatites in Fwaya-Fwaya mine contain
garnets up to 5 mm in size. Tourmaline inclusions in garnet
in the fresh FF 2 sample indicate the late crystallization of
this garnet. Prominent corrosion features on the garnets
from kaolinized pegmatite dikes suggest the possible com-
plete dissolution of garnet in some samples, due to strong
weathering.

Microprobe analyses, plotted as garnet end-members
(Table 7, Fig. 19), show an invariable predominance
of spessartine, with clusters at 58-67 and 89 to



Emerald mineralization in the Kafubu area, Zambia

93 mol.%. The second important component is almandine
(5.8-39 mol.%), but pyrope and grossular contents are typ-
ically less than 1 mol.%. No distinct compositional zoning
has been noted. The very low iron content in spessartine
garnets (Sp 93 mol.%) results in a change of color from red
to light beige (sample TW3HM-Twampane mine). These
garnet compositions indicate the highly evolved geochemi-
cal character of these pegmatites. Notable is the absence of
a relatively early garnet containing almandine > spessar-
tine, such as tends to occur in some marginal aplitic/gra-
nitic zones of Li-pegmatites elsewhere (Whitworth 1992).

IImenite

Ilmenite was found as a single opaque phase in some me-
tabasites (KF1 from the Kafubu mine, and FB1 from the
Fibolele mine), in some amphibolites (KA9 of the Kama-
kanga mine, and GE1la of the Gerntina mine), and as arare
accessory in banded quartz-tourmaline rock (KF5
of the Kafubu mine). Ilmenite contains increased Mn
(2.16—-15.89 wt.% MnO) corresponding to 5-35 mol.% of
pyrophanite component (Table 7). High MnO concentra-
tions were found in samples KF1 (12—15.9 wt.%) and KF5
(7.2-11.5 wt.%). Sample PI1 from the Pirala mine contains
2.4-22.5 % MnO; the associated Cr-magnetite contains
3.7-4.0 % Cr,05. The MgO and Cr,0; concentrations
in ilmenite are low or below their detection limits
(0.0-0.26 wt.% and 0.0-0.35 wt.%, respectively).

Magnetite

Magnetite comprises up to about 4 % of the total volume in
the metabasites, and is also present as a rare accessory phase
in amphibolites (sample KF10 from the Kafubu mine). It
forms euhedral to subhedral crystals from 0.01 mm to about
0.3 mm long, randomly dispersed in the matrix or compo-
sing crystal clusters. Magnetite from samples GRS, MBI,
FF4, BD4 (from the Grizzly, Mbuwa, Fwaya-Fwaya, and
Bedrock mines) contains increased, highly variable Cr,04
concentrations (0.15-13.6 wt.%), though the most common
Cr,05 concentrations range between 4 and 7 wt.% (Table 7).
Larger magnetite crystals have significantly Cr-richer cores
than rims. The contents of other minor oxides are low
(TiO; = 0.0-0.40 wt.%; AlL,O; = 0.0-0.33 wt.%; MnO =
0.0-0.49 wt.%, MgO = 0.0-0.26 wt.%). An inclusion of
Ni-bearing magnetite, 80 by 30 microns in size, was found
in sample BD4 (3.8-3.9 wt.% NiO). It is notable that this
magnetite inclusion contained only 0.12 wt.% Cr,05 com-
pared to the 2.60-13.61 wt.% in the associated and prevai-
ling magnetite. Magnetite found in the amphibolite sample
KF10 from the Kafubu mine has Cr,O; concentrations be-
low the detection limit.

Rutile, tantalian rutile, niobian rutile
Rutile is a common accessory mineral occurring in nearly

all rock types, with the exception of metabasites. Rutile
from the amphibolites (GR1, GR6, KFI1, PIl, from
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Figure 19. Plot of pegmatitic garnet composition.

the Grizzly, Kafubu, and Pirala mines) contains 0.19-
0.72 wt.% Cr,03, 0.45-1.13 wt.% FeO, and there is no de-
tectable Nb or Ta. Rutile from the muscovite-biotite-quartz
schist is poor in Cr and Fe. The phlogopite rocks and
quartz-tourmaline veins associated with emerald minerali-
zation contain rutile that frequently has increased Cr,O3
(1.7-3.4 wt.%), but low FeO (0.28-0.69 wt.%).

Rutile in the pegmatites (TW3HM of the Twampane
mine), banded quartz-tourmaline rocks (KF2, KF5-Kafubu
mine), and the quartz-tourmaline veins (GA1-Gems of Af-
rica) commonly contain notable concentrations of Nb and
Ta (several wt.%), and elevated FeO (1.8-5.0 wt.%).
These compositions correspond to tantalian rutile
(= striiverite) and niobian rutile (= ilmenorutile). In
banded quartz-tourmaline rocks, the highest Fe, Nb, and
Ta concentrations are restricted to the rims of grains. Peg-
matitic tantalian rutile in sample TW3HM forms short
prismatic, black and highly lustrous crystals up to 1.5 mm
long, with a red brown color in thin splinters. This speci-
men exhibits strong multiple compositional zoning asso-
ciated with variations in Ta, Nb, Ti, and Fe content.
Semiquantitative analyses gave (in wt.%): 84.6 TiO,,
3.7 FeO, 0.3 MnO, and Ta > Nb.

Muscovite

Muscovite, in bladed aggregates up to 20 cm across, occurs
in several quartz-tourmaline veins containing only minor
tourmaline. Muscovite in books ca. 5 cm long, grouped in
aggregates, also occur in some quartz-feldspar-muscovite
pegmatites. Table 9 presents minor- and trace-element ana-
lyses of coarse muscovite, including three samples from
quartz-tourmaline veins (KA 7, KA 11, and GN 2, from the
Kamakanga and Gerntina mines), and sample FF5 from a
quartz-feldspar-muscovite pegmatite (+ tourmaline and
garnet) at the Fwaya-Fwaya mine.

The high abundances of Li, Rb, Be, and Nb in the mus-
covite of the quartz-tourmaline veins are important, as they
reveal a close relationship between the quartz-tourmaline
veins and the quartz-feldspar-muscovite pegmatites.

Muscovite is also abundant in muscovite-biotite-quartz
schists. This muscovite contains low Fe, Mg, and Ti, but
increased Na,O (1.43-2.00 wt.%). Chromian muscovite
from sample CAl contains 1.08-1.98 wt.% Cr,0;,
3.18-4.16 wt.% FeO, 1.69-2.07 wt.% MgO, and lowered
Al,O; (28.56-29.41 wt.%); see Table 7.
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Table 9. Minor- and trace-element analyses of muscovite from
quartz-tourmaline veins and pegmatite (ppm units, Li,O in wt. %)

Sample KA7 KA1l GN2 FF5
Li,O, wt.% 0.195 0.211 0.164 0.149
Be 37.6 59.6 39.7 323
Cr 6 35 5 <2
Ni 73 61 36 28
Cu 8 11 5 5
Zn 334 202 121 432
As 4 5 4 5
Rb 2068 2058 2459 2450
Sr 19 14 16 10
Y <1 <1 <1 <1
Zr <1 <1 <1 <1
Nb 173 126 106 318
Mo <1 <1 <1 <1
Sn <2 15 26 5
Pb 16 13 7 4
U 4 7 5 5
Plagioclase

Plagioclase (oligoclase-sodic andesine, 25-38 An) occurs
in the amphibolites. The plagioclase of the muscovite-
biotite-quartz schists is nearly pure albite (An 3). A vein of
medium-grained pinkish pure albite, about 5 cm thick, was
found at the Mbuwa mine.

Minor minerals

The alphabetical listing of all minor minerals identified by
microprobe analyses, microscopic study, and/or X-ray pow-
der diffraction is summarized in Table 10. It also includes
several references to previously published data. This infor-

Table 10. Minor minerals identified in the Kafubu emerald area

mation provides additional important characteristics of the
mineralogy of the Kafubu area. The identification of tanta-
lum and niobium minerals is of particular importance, as it
proves the rare element typology of local pegmatites. The
minerals identified at Kafubu for the first time are marked
by an asterisk.

K-Ar age determination

The K-Ar dating of beryl/emerald mineralization was per-
formed using coarse muscovite from a quartz-tourma-
line-muscovite vein (Kamakanga mine, sample KA 11)
and a coarse muscovite from albitized feldspathic pegma-
tite dike (Kagem mine, sample FF 5). The analyses, using
isotope dilution for **Ar determination and ICP for K ana-
lyses, performed by Activation Laboratories, Ancaster,
Ontario, Canada, gave dates of 447.0 + 8.6 Ma for sample
KA 11, and 452.1 + 16 Ma for sample FF 5 (Table 11).
These results show that the age of Be-mineralization is late
Pan-African, which corresponds to the observation that the
veins and the mineralization post-date the regional meta-
morphism of the Kafubu area.

The gemmological and mineralogical properties
of emerald and beryl

Emerald is a green variety of beryl with the formula
Be;Aly(Si03)e, the colour of which is due to the replace-
ment of aluminium by chromium and ferrous ions. Accor-
ding to the GIA classification only Cr-containing and
Cr + V-containing green beryl can be designated as eme-
rald (Sinkankas 1981). Gem-quality emerald is transparent
and finely coloured.

Chemical analyses, and the mineralogical and gemmo-
logical properties of emerald from the Kafubu area have

Hydrothermal, with characteristic rhomb-like crystal morphology and optical zoning; associated with

Adularia *

wans secondary chlorite (after phlogopite) and bertrandite replacing beryl; tourmaline-quartz-beryl vein sample
(K.Na)[(S1,AD4Os] .

(BD1a — Bedrock mine).

Albite . . . .
(Na,Ca)[(Si,Al),Og] Monomineral vein 5 cm wide (sample MB5 — Mbuwa mine).
Allanite * Euhedral crystals up to 150 um long in metabasite rock (sample PN3 — Pioneer mine). Outer part of crystals is
Ca(La,Ce)Fez+(Al,Fe3+)2 altered to microcrystalline limonitic material with aggregates of cryptocrystalline phosphate containing La, Ce,
[O/OH/Si0,4/Si,0] Nd and Th.
Amethyst * A single vein, < 10 cm wide (sample KF11 — Kafubu mine). This vein is younger than quartz-tourmaline veins
SiO, associated with emerald mineralization.
Apatite Locally up to 5 mm long white crystals and crystal aggregates in phlogopitite and
Cas[F/(POy)s] quartz-beryl-phlogopite-tourmaline veins.

Bertrandite *
Be,"'[(OH),/51,07]

7 mm long aggregates of microscopic platy crystals replacing beryl; associated with hydrothermal adularia and
secondary chlorite (sample BD1a — Bedrock mine).

Calcite
Ca[CO;]

Trregular fillings in tourmaline-amphibole-chlorite-calcite rock with chalcopyrite (sample KF10 — Kafubu
mine). It contains minor FeO (1.0-1.1 wt.%), MnO (0.7-0.9 wt.%) and MgO (0.7-0.9 wt.%).

Chalcopyrite *
CuFeS,

3 cm long massive accumulation in tourmaline-amphibole-chlorite-calcite rock (sample KF10 — Kafubu mine)
associated with metabasites. It also forms euhedral inclusions up to 100 x 40 pm in Cr-muscovite
(Cr-muscovite-quartz-tourmaline rock sample CA1 — Chawuma mine).
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Table 10, continued

Chromite-Cr-spinels

Tiny euhedral inclusions up to 20 x 10 um with a prevalence of chromite and gahnite components, enclosed in
Cr-muscovite (sample CA1 — Chawuma mine), and in phlogopite rock (sample CT1 — Chantete mine) and

Ee* Cr0 phlogopite schist with beryl (sample KF7a — Kafubu mine). The concentration of main oxides (wt.%) ranges as
e follows (CA1 vs. CT1): Cr,03 = 41.2-41.8 vs. 36.4-37.2; Al,03 = 7.6-8.2 vs. 8.5-9.2; FeO, = 41.2-41.8 vs.
19.7-22.0; MnO = 0.3-0.6 vs. 2.6-2.9; MgO = 0.6-0.7 vs. 1.2-1.3; ZnO (estimated) = 10 vs. 25 wt%.
Chrysoberyl . . L -
BeAl,O, Minute inclusions in emerald (Graziani et al. 1983).

Columbite-tantalite *

Two different Nb-Ta minerals were identified in kaolinized pegmatite (sample FE6 — Fwaya-Fwaya 10 mine).
Manganocolumbite forms equant 0.7 mm long grains with conchoidal fracture and contains Nb > Ta, Mn and

Mn(Nb,Ta)206 . . . .
Mn(Ta,Nb),Og almost no Fe; manganotantalite forms euhedral prismatic crystals 0.3 mm long showing Nb = Ta, Mn and no
? Fe. See also manganotantalite.
Dolomite * Subhedral porphyroblasts and anhedral aggregates up to 1 mm long in some metabasites (samples PI5-Pirala
CaMg[COs], mine; MB1 — Mbuwa mine and FF4 — Fway-Fwaya East mine).
gp i?l?t3e+ Al) Identified in one pegmatite with garnet (sample FESHM — Fwaya-Fwaya 10 mine). It contains 8.4-9.7 wt.%
dHte FeOyqy.
Al[O/OH/Si04/Si,04] ot
Gahnite * Rare accessory mineral from pegmatite (sample PN1HM — Pioneer mine). It forms anhedral light greenish-blue
ZnAl,0O4 grains 0.1-0.4 mm in diameter. EDAX microanalyses gave 64 wt.% Al,O3, major Zn and minor Fe.

Hollandite *
(Ba,K)(MI’l,Ti,FC)go 16

Opaque material filling cracks and cavities up to 200 x 300 microns long in quartz-tourmaline-beryl vein
(sample MB2 — Mbuwa mine). It contains 57.2-61.6 wt.% MnO, 0.45-3.7 wt.% FeO, and 12.5-15.2 wt.%
BaO.

Kyanite
AT AL [0/8i0,]

Subhedral grains in heavy fraction from kaolinized pegmatite (sample TW3 — Twampane mine).

Manganotantalite *

Prismatic euhedral crystals < I mm long were also identified in heavy fraction from pegmatite sample

Mn(Ta,Nb),04 PN1HM - Pioneer mine.

Margarite

(Ca,Na)Al, Minor inclusions in emerald (Graziani et al. 1983).

[(OH),/(Si,AD4O 0]

Monazite Mostly euhedral, about 10 um long, inclusions in Cr-muscovite-quartz-tourmaline rock (sample

Ce[PO,] CA1 — Chawuma mine) and banded quartz-tourmaline rock (sample KF5 — Kafubu mine). The following

elements were determined: P, Ca, Ce, La, Nd and Th.

Niobian rutile *
(= ilmenorutile) (Ti,Nb,Fe)O,

See rutile-major minerals.

Phenakite *
Be,"[Si0,]

Glassy pinkish grains up to 10 x 4 mm in size were found enclosed in beryl in the phlogopite schist (sample
PN9 — Pioneer mine). Under the microscope, it shows moderately high indices of refraction and first order
interference colours. Phenakite includes chlorite flakes and is extremely rich in fluid (gas-liquid) inclusions.
Textural relations indicate the sequence: phenakite-tourmaline-beryl. Microprobe analysis determined only
SiO, content 54.5 wt.%, while all other analysed elements were below the detection limit. BeO content
calculated to 100 % is 45.4 wt.% and it fits well with a theoretical formula.

Plumbomicrolite
*(Pb,Na,Ca, )5(Ta,Nb),
(O,0H),

Brownish-yellow crystals and crystal fragments up to 1 mm long, with a good cleavage, were separated from
kaolinized pegmatite (sample PI3 — Pirala mine). The mineral was identified by X-ray powder diffraction and
EDAX microprobe. The complex Ta oxide contains also Pb, U, Nb and Ti.

Pseudorutile *

Identified in metabasite rock (sample KF1 — Kafubu mine). It contains (wt.%) 56.8 TiO,, 34.2 Fe,03, 1.1 MnO

F623+Ti34+09 and 0.27 Cr,03. Marginal leaching of Mn and a part of Fe from ilmenite-pyrophanite formed the mineral.
Pyrite Found as small inclusions in Cr-muscovite-quartz-tourmaline rock (sample CA1 — Chawuma mine) and
FeS, tourmaline-amphibole-chlorite-calcite rock, together with chalcopyrite (sample KF10 — Kafubu mine).

Tantalian rutile *
(=striiverite) (Ti,Ta,Nb,Fe)O,

See rutile-major minerals

Titanite
CaTi[0/Si04]

Rare mineral, identified as one inclusion (40 x 15 microns) in tourmaline from
Cr-muscovite-quartz-tourmaline rock (sample CA1 — Chawuma mine) and in several amphibolite samples
(e.g. sample KA9 — Kamakanga Old Pit). Titanite from the first mentioned sample shows a very high Al,O3
(8.17-9.84 wt.%), increased FeO (1.17-1.27 wt.%) and Cr,03 (0.45-0.80 wt.%); most probably also high F
and (OH). Titanite from sample KA9 displays a “common” composition with a low Al,O5 content
(1.66-1.98 wt.%).

Vermiculite *
~ Mg,(Mg.Fe™*,Al) [(OH)y/
(Si,A)401¢] - Mg 35(H,0)4

EDAX analyses indicate a small-scale alteration of phlogopite to vermiculite (sample PN9 — Pioneer mine).

Violarite * (or pentlandite)
FeNi2$4

Found as a rare euhedral inclusions (300 x 400 pm) intergrown in chalcopyrite (sample KF10 — Kafubu mine).
Ni strongly prevails over Co and Fe. The habit of inclusion suggests a cubic symmetry of mineral.

Xenotime *
Y[PO4]

Found as unique 5 x 15 um sized euhedral inclusion in phlogopite rock (sample KA12 — Kamakanga Old Pit).
Besides Y contains minor Yb.

* minor minerals identified for the first time in the Kafubu area
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been given by Wood and Nassau (1968), Hickman (1972),
Campbell (1973), Bank (1974), Schmetzer et al. (1974),
Schmetzer and Bank (1981), Hanni (1982), Koivula (1982,
1984), Graziani et al. (1983, 1984), Giibelin and Koivula
(1986), Schwarz and Henn (1992), Moroz et al. (1998),
Milisenda et al. (1999), Moroz and Eliezri (1999), Dereppe
et al. (2000), and Calligaro et al. (2000). Only in the studies
of Hickman (1972) and Milisenda et al. (1999) are the pre-
cise locality data for the analyzed samples given; otherwise,
the source localities are stated only as Zambia or Kitwe, the
town nearest to the Kafubu emerald area.

Chemical properties

The beryl and emerald from individual mines in the Ka-
fubu area are characterized by generally low to moderate
Cr,0; content, varying between 0.11-0.77 wt.%, and ele-
vated contents of MgO (1.55-2.64 wt.%) and FeO,
(0.76—1.88 wt.%). The average concentrations show sig-
nificant variation corresponding to the color zones of in-
dividual samples, as well as to individual localities. The
direct correlation between the color intensity of emerald
crystals and chromium content can be observed.
Previously published compositional data of the Zam-
bian emeralds by other authors are summarised in Ta-
ble 12. Except for the data of Hickman (1972) and the BeO
contents presented by Milisenda et al. (1999), all other val-
ues were determined as spot measurements by electron
microprobe. Data for vanadium contents are given by
Milisenda et al. (1999) for emeralds from the Fwaya-
Fwaya mine, in the central part of the Kafubu area.

Table 11. K-Ar muscovite age determination

Physical and optical properties

There exists much previous data on the standard gemmolo-
gical properties of emeralds from the Kafubu area
(Table 13). This includes data by Campbell (1973) on the
approximate values of an unspecified number of Zambian
emeralds, Graziani et al. (1983) on a single sample, and the
approximate values of an unspecified number of represen-
tative samples of the individual grades by Milisenda et al.
(1999).

UV-VIS spectra

Polarised spectra were obtained by using a Unicam
UV540 spectrometer at the Gemmological Laboratory,
National Museum of Natural History, Leiden, The Ne-
therlands. One sample from the Kamakanga mine (sample
no. RGM 421703) was selected for obtaining representa-
tive spectra (Fig. 20). This sample is a medium vivid
green, transparent emerald crystal (Iength approximately
1 cm) in a matrix of black phlogopite. This crystal was po-
lished on both sides for analytical purposes.
Semi-quantitative analyses (EDXRF microprobe, Lei-
den) of this crystal gave 0.6 wt.% Cr,03, 1.8 wt.% FeO,,
2.9 wt.% MgO and 2.8 wt.% Na,O.

The ordinary ray gives a spectrum with a peak at 371 nm,
bands at 435 and 609 nm, peaks at 637 and 681 nm, and a
band at 860 nm. The extraordinary ray gives a spectrum with
a peak at 370 nm, bands at 420 and 652 nm, with additional
peaks at 631, 663 and 685 nm.

The bands at 435 and 609, and at 420 and 652 nm, and

the peak at 685 nm, indicate the
presence of chromium, which

causes the mineral’s green colour
(Wood and Nassau 1968;

Schmetzer et al. 1974). Addi-

Sample Kwt% | “Ar ad /g | % OAr air Age Ma
FF5 Muscovite pegmatite 8.66 169.65 4.2 452.1+16
KAT1 Quartz-tourmaline vein with muscovite 8.84 170.97 2.9 447.0 £ 8.6

tional weaker peaks at 631, 637,

and 663 are also caused by the

Table 12. Chemical composition of Zambian emeralds (in wt.%), published by other authors

1 2 3 4 5 6 7 8 9 10 11
Si0, 62.79 62.75 61.91 61.42 6207 | 6381 63.80 | 6391 | 58.92-65.72 62.23 64.9
TiO, - - - - - - - - - - -
Cr,04 0.37 0.55 0.25 0.12 0.10 0.31 0.40 008 | 0.23-0.53 0.33 -
V505 0.03 0.05 0.02 0.04 0.02 0.02 0.00 - - - -
ALO; 12.08 11.24 12.23 11.59 11.98 15.07 14.60 | 18.88 | 13.63-15.26 15.41 147
FeOy, 1.07 1.35 0.96 1.01 1.17 1.03 0.90 069 | 047-097 0.11 -
MnO - - - - - - - 0.08 - 0.02 -
MgO 2.28 2.90 2.07 2.58 2.30 2.04 2.30 0.83 1.84-2.34 0.76 2.3
Ca0 0.06 0.07 0.03 0.05 0.04 0.03 0.00 0.96 - 031 0.05
Na,0 1.77 1.99 171 1.88 1.85 1.86 1.90 1.45 0.96-1.65 2.63 1.9
K,0 0.08 0.06 0.06 0.07 0.07 0.04 0.00 0.01 - 2.89 0.06
BeOye 13.96 13.96 13.96 13.96 13.96 - - 13.70 - 11.90 142

Localities: 1-5 Kagem Mining Ltd., Fwaya-Fwaya mine (Milisenda et al. 1999); 6 — Kamakanga mine (Schwarz and Henn 1992); 7 — locality not stated
(Hénni 1982); 8 —locality Kitwe District, Zambia (Graziani et al. 1983); 9 —locality Kitwe, Zambia, average value of 3 samples (Moroz et al. 1998); 10—
Miku mine (Hickman 1972), 11 —locality not stated, average value of 11 samples (Calligaro et al. 2000).
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presence of Cr**. The shift of absorption
from 435 to 420 nm, and from 609 to

Table 13. Physical and optical properties of emerald (beryl) from the Kafubu area

652 nm, causes an absorption low at

Range from whitish to dark green. Colour is predominantly unevenly

. . Colour distributed, colour zoning is often present. Stones are mostly pale in
512 nm for the ordinary ray, producing a colour, however small grain size may show a fine colour.
yellowish green colour, and a shift to- Clarity Moderately to heavily fractured, many small inclusions.
wards a low at 498 nm for the extraordi- "¢ o o G T Conbe (1973) n, = 1.583; n, = 1.590
nary ray, producing a bluish green col- .
our. Graziani et al. (1983) n. = 1.580 = 0.004 n, = 1.586 + 0.003
The peak at 370 nm and the band at Milisenda et al. (1999) n. = 1.581-1.589 n, = 1.589-1.597
860 nm show the presence of iron in both | Birefringence Campbell (1973) +n =-0.007
divalent and trivalent states. The band at Graziani et al. (1983) +n =-0.006
860 nm indicates the presence of Fe>, Milisenda et al. (1999) +n =-0.008
whereas the peak at 371 nm proves the | Specific gravity Campbell (1973) 2.75
presence of Fe’*. This non-destructive Graziani et al. (1983) 2794
test only gives qualitative spectra. The Milisenda et al. (1999) 2.69-2.77

exact Fe”/Fe** ratio cannot be measured -
Pleochroism

Distinct dichroism, yellowish green (n,) and bluish green (n,).

by this method.

Fluorescence

Inert to long-wave and short-wave ultraviolet radiation.

Reaction to
Chelsea filter

Solid inclusions

The majority of stones show green, a few stones either show green or
pink/red through the filter.

Solid inclusions have been described by 375 —
Campbell (1973), Koivula (1982, |
1984), Graziani et al. (1984), Giibelin 3.50

and Koivula (1986), Milisenda et al. 326/ 370
(1999), and Moroz and Eliezri (1999). %
Milisenda et al. (1999) described phlo- 3.00 |1 WA
gopite/biotite platelets as the most cha- £ 275
racteristic mineral inclusions in eme- £ inE
ralds from the central part of the Kafubu g 2,50

area (at the Fwaya-Fwaya mine). They 296 |

occur with rod-like mineral inclusions, n
identified as actinolite-tremolite, together 200
with oriented square to rectangular-
shaped fluid inclusions, i.e. negative
crystals filled with liquid and gaseous 1501 T
phases. Moroz and Eliezri (1999) re- 350 400
cognized mineral inclusions such as
phlogopite (the most common), glau-
conite, talc, apatite, quartz, and Fe-Mn
and Fe-Cr oxides in five samples of
green and green-blue emeralds from
the “Kitwe area”. Graziani et al. (1983) further identi-
fied inclusions of apatite, quartz, chrysoberyl, marga-
rite, muscovite and rutile (or brookite) in one sample
from the “Kitwe area”.

In sample MB2 (from the Mbuwa mine), which is from
a quartz-emerald-tourmaline vein in the phlogopitized
metabasite, some reddish orange crystals enclosed in the
emerald crystal were identified as niobian rutile
(= ilmenorutile) (Fig. 21). The mineral has the appearance
of rutile, which has been previously described by various
authors (e.g. Graziani et al. 1984; Giibelin and Koivula
1986), but the reddish orange colour suggests the presence
of Fe**, Nb, and/or Ta. A qualitative microprobe analysis
confirmed the abundance of Nb and Ti, and lesser amounts
of Ta and Fe. This is the first proven occurrence of niobian
rutile (= ilmenorutile) as an inclusion in the Zambian emer-
alds.

1.76

extraordinary ray

1 A

550 GO0 &S0 700
Wavelength(nm)
ordinary ray

450 500 ™50 800 B850

Figure 20. Polarised absorption spectra of emerald (sample RGM 421703) from Kamakanga mine.
The FeO,,/Cr,05 ratio is 2.87.

Fluid inclusions

Fluid inclusions were studied in 12 samples from vari-
ous types of the quartz-tourmaline + beryl veins. This
section presents a summary of the data obtained, as a
more detailed paper on fluid inclusions is currently in
preparation. A microthermometric study was carried out
using a Linkam THMSG 600 heating-freezing stage,
mounted on an Olympus BX-50 microscope (magnifica-
tion up to 800x). The inclusions were classified accor-
ding to Roedder’s (1984) criteria of primary and secon-
dary origins. Salinity (as wt.% NaCl eq.) was calculated
using the equations of Bodnar (1993), Diamond (1992),
or Sterner et al. (1988), for aqueous, aqueous-carbonic,
and aqueous halite-bearing inclusions, respectively. Iso-
chores were constructed using the equations of Zhang
and Frantz (1987) for H,0O-NaCl, Bakker (1999) for
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Figure 21. Niobian rutile (= ilmenorutile) crystal in emerald from Mbuwa
mine. Oblique illumination, length of niobian rutile (ilmenorutile) crystal
is 1.3 mm.

H,0-CO,-NaCl, and Bowers and Helgeson (1983) for
H,0-CO,. The admixture of N, or CH, in the gaseous
phase of the inclusions was estimated according to data
of Thiery et al. (1994).

Ambiguous primary inclusions were only identified in
some beryl crystals (Fig. 22 a, b, ). The primary inclusions
in tourmaline are scarce, and the primary character of the
inclusions in quartz is questionable, as most of them seem
to be pseudosecondary (Fig. 22 c, d, f) rather than primary.
Several generations (usually up to three) of secondary in-
clusions are quite common in all the samples examined in
this study (Fig. 22h).

Three general types of fluids were recognized: aque-
ous-only, aqueous-carbonic, and carbonic. The first two
types can be further subdivided with respect to their salin-
ity into low, moderate, and high-salinity subgroups. The
carbonic fluids were identified only in two samples, and
are clearly of secondary origin. The aqueous-only and
aqueous-carbonic fluids were found in all samples of all
genetic types, the second type being significantly more
common in quartz than in tourmaline.

The following fluid inclusion types were identified in
our samples: 1. two or three phase, liquid-rich H,O-CO, in-
clusions; 2. two or three phase, vapor-rich H,O-CO, inclu-
sions; 3. one phase liquid-rich CO, inclusions; 4. multi-
phase liquid-rich H,O-CO, inclusions, with 1-2 solid
translucent phases (one of which is usually cubic); 5. two
phase liquid-rich H,O inclusions; 6. multiphase liquid-rich
H,O0 inclusions, with 1-2 solid translucent phases (one of
which is usually cubic); and 7. monophase liquid H,O in-
clusions.

The early fluids in quartz are always of the aque-
ous-carbonic type, while the late ones are of the aque-
ous-only type. In contrast, all inclusions in beryl and
tourmaline are usually aqueous-only. However, a few
beryl samples with extremely rare aqueous-carbonic in-
clusions of uncertain origin were also identified. The
aqueous-carbonic inclusions in tourmaline were all sec-
ondary.
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The aqueous-carbonic inclusions homogenize
mostly into liquid state. The highest observed total ho-
mogenization temperatures (Th-tot, Fig. 23 a) corre-
spond to 420—410 °C (quartz) and 330°C (beryl). The in-
clusions frequently underwent decrepitation between 2
and 20 °C, either before or after the homogenization of
the entire inclusion. The homogenization temperatures
of H,O-only fluids (Fig. 23 b) display four well-shaped
peaks at 370-350 °C, 300-280 °C, 230-210 °C, and
160-130 °C. They are believed to represent four separate
fluid fluxes. Primary and pseudosecondary aqueous-
only inclusions in beryl and tourmaline homogenized
mostly at 230-220 °C, while several measurements are
randomly scattered up to 320 °C (tourmaline) and 370 °C
(beryl).

The salinity of the aqueous phase (of H,O-only and
H,0-CO, fluids) is estimated as 0-1, 5-8, 15-17,
23-25 and 34-35 wt.% NaCl eq. (Fig. 23c). The most
common first melting temperatures (from -57 to
—47 °C) indicate the presence of a H,O-NaCl-CaCl,
complex system.

The CO,-phases of fluid inclusions homogenize mostly
from +26 to +31°C, to both liquid and vapor. The solid CO,
melts mostly from —56.6 to —56.7 °C, and less frequently
from —57.4 to —=57.6 °C. The maximum total CO, + CH, =
N, content of the aqueous-carbonic fluids is estimated at
25 mol.%, and decreases with time to about 4-3 mol.%.
The N, or CH, admixture in the gaseous phase is generally
very low (0-2 mol.%), and is higher only in exceptional
circumstances (sample KA-7: 10 mol.% of N», or 3 mol.%
of CHy).

Possible pressure-temperature (P-T) trapping condi-
tions for the fluid inclusions in these samples are summa-
rized in Fig. 24. The measured homogenization tempera-
tures define only minimum trapping conditions from a ho-
mogeneous fluid.

The trapping conditions of fluid inclusions are con-
strained by two limits: the metamorphic equilibration tem-
peratures of the amphibolites (590-630 °C), and the fluid
inclusion homogenization data of sample KAl4
(ca. 200 MPa and 300 °C — the field of “late mineralization
stage”, type 3 of quartz-tourmaline veins). The data for the
rest of the samples lie between these two limits, and the
temperature range of quartz-tourmaline veins is around
400-500 °C.

The highest homogenization (i.e. minimum trapping)
conditions, at 400450 MPa and 360-390 °C, were re-
corded in quartz of several samples (MA3a, ME3, MES).
These isochores define the “early mineralization stage.”
However, most of quartz veins containing tourmaline
and beryl crystallized at lower pressures of the “main
mineralization stage” (ca. 200-400 MPa). The fluid in-
clusion data thus indicate three separate P-T stages of the
supposed evolution of quartz-tourmaline veins. In con-
trast to the fluid inclusion study, the field data do not al-
low the division of quartz-tourmaline veins to “early”
and “main” mineralization stage.
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Figure 22. Microphotos of selected fluid in-
clusions (scale bar is 20 pm): a — Sample
MES5 - liquid rich fluid inclusion of sup-
posed primary origin in beryl; three-phase
aqueous-carbonic (in centre) and two-phase
aqueous-only. b — Sample MES5 — two-phase
liquid-rich aqueous primary inclusions in
beryl. One of them is attached to an unidenti-
fied solid phase inclusion. ¢ — Sample CA2 —
pseudosecondary or secondary multiphase
aqueous inclusions in quartz. The size of
both-vapor bubble and cubic daughter crys-
tals is constant in all inclusions. d — Detail of
a multiphase inclusion from photo c. Inclu-
sion contains vapour bubble, large cubic
crystal (NaCl) and small translucent grain,
which does not dissolve on heating. e — Sam-
ple TW5/1 — group of primary three-phase
aqueous-carbonic inclusions in beryl. f —
Sample KA4 — trail of pseudosecondary
aqueous-carbonic inclusions in quartz. g —
Sample ME3 — tubular (primary?) aqueous
inclusion in tourmaline. Note the presence of
pin-like aggregates of black solid phases. h —
Sample MA3A - trail of secondary carbonic
inclusions.

Discussion

Country rocks

Alteration and metamorphism have obliterated the dia-
gnostic igneous textures in the metamorphosed basic
rocks. The present mineral assemblage of the metabasi-
tes (talc-chlorite + actinolite + magnetite) is completely
of metamorphic origin, and the same origin is indicated
for the accessory minerals chromian magnetite and ilme-
nite. Chemical analyses of these rocks show that they
correspond to the present criteria for komatiites:
MgO > 18 wt.%, TiO, < 1 wt.%, and Na,O + K,O <2
wt.% (Le Bas, 2000). Their chalcophile element ratios are

also consistent with komatiite or komatiite to Mg-rich ba-
salt precursors.

The rare earth elements have been determined in three
metabasite samples (talc-chlorite + actinolite + magnetite),
four amphibolite samples, and three metasedimentary
quartz-muscovite-phlogopite schist samples. The REE
distribution pattern for the talc-chlorite * actino-
lite + magnetite rocks is different from that of peridotite
and related volcanic rocks of upper mantle derivation.
The pattern shows a highly evolved REE distribution,
very similar to those of other rock types analyzed.
This evolved pattern includes significant enrichment in
the light REEs and a prominent negative Europium
anomaly, which is larger than in any other rock type ana-
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lyzed from the Kafubu area. We have considered the fol-
lowing processes in the interest of explaining these rela-
tions:

1.

Frequency

Frequency

Frequency

a) A slightly anomalous enrichment of allanite in the
original basic volcanics is indicated by relics of euhed-
ral allanite crystals (metabasite sample PN3) and by
limonite + microcrystalline REE-rich phosphate pseu-
domorphs after an original REE-rich mineral.

b) Removal of plagioclase from respective magma bat-
ches during fractional crystallization may be responsib-
le for the prominent negative Eu anomaly.

2. Hydrothermal alteration, possibly in a saline environ-
ment, may have caused the mobility, fractionation, and
enrichment of REEs in the volcano-sedimentary se-
quence containing the horizon of basic magnesian,
possibly volcaniclastic rocks. Such an environment
may induce the efficient mobilization of REEs through
chemical complexing (Moller 1998).

The addition of continental detrital material, with an
evolved REE assemblage is unlikely, as it would result in
increased alkali element contents (such as Na and K), while
analyses show the metabasites to contain persistently low
abundances of these elements.

a | Banded quartz-tourmaline rocks

Our analytical data do not support the opi-
nion presented by Milisenda et al. (1999)
of a possible role for evaporitic environ-
ment with reference to stratiform and
finely banded quartz-tourmaline rocks.
Namely, no dolomite, magnesite, or other
chemogenic metasediments indicating an
evaporitic depositional environment have
been found in the local Muva sequence.
Our data suggest that the banded quartz-
tourmaline rocks were formed by the
tourmalinization of fine-grained quartz-

b muscovite-phlogopite schists from fluids
related to fertile granite and pegmatites.
This idea is supported by the relatively
high Nb content (accompanied by signifi-
cant Ta, detected by microprobe EDAX
spectra) in the banded tourmaline rock
(sample KF2 of the Kafubu mine), and by
the zoning of Nb and Ta contents in niobi-
an rutile, which indicate that these ele-
ments were enriched due to granite- or
pegmatite-related mineralization. A hy-

pothetical Nb- or Ta-rich detrital compo-
nent in the precursors of the tourmaline-
rich rocks may be thus excluded.
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In contrast to the tourmaline-rich
rocks, some evaporitic characteristics may
be preserved in the metasediments and
metamorphosed basic volcanic rocks.
These characteristics include: 1. relati-
vely high Na/Ca and Mg/Fe ratios in
metasedimentary schists; and, 2. a simila-
rity in the REE patterns of the metase-
dimentary schists and the associated
metamorphosed basic rocks.

Alternatively, some compositional
5833 features of the country rocks, such as
high Na/Ca ratio in metasedimentary

Figure 23. Summary histograms of selected microthermometric data (not discriminated with re- gchists and REE patterns in metavolcanic

spect to the hosting mineral; P — primary, PS — pseudosecondary, S — secondary inclusions). a— To-
tal homogenization temperatures of aqueous-carbonic inclusions. b — Total homogenization
temperatures of aqueous-only inclusions. ¢ — Salinity of aqueous-carbonic and aqueous-only inclu-

sions (not differentiated with respect to P, PS or S types).

34

rocks, might have been caused by the al-
teration of these rocks by hydrothermal
fluids related to the mineralization pro-
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cess. However, we do not have evidence to suggest that the
activity of such fluids is solely responsible for the geo-
chemical patterns in the country rocks discussed.

Phlogopitites, emeralds, and rare-element mineralization

A specific feature of the Kafubu area is the presence of
abundant quartz-tourmaline veins, and K, F, Be, Li, and Rb
enrichment in the associated phlogopite zones at the con-
tacts with the magnesian metabasite. These materials seem
to have been deposited from fluids that were the apical fo-
rerunners of an advancing front of abundant pegmatite in-
trusions. Due to the strong kaolinization of the pegmatites
and their country rocks, it was not possible to sample fresh
phlogopitites around pegmatites.

The comparison of oxide/element abundances in phlo-
gopitites with those in Mg-rich metabasic rocks shows that
the transformation of metabasic rocks to phlogopitite in-
volves the major import of K, Al, F, Li, and Rb, plus some
prominent localized enrichments of beryllium and boron,
and the removal of Ca, some Si, and water. Phlogo-
pitization is thus accompanied by enrichment in pegmatitic
components. Cr and Ni behave as components that became
somewhat diluted during the process by which the protolith
metabasite became altered into phlogopitite.

The phlogopitite zones around the quartz-tourmaline
veins and the quartz-feldspar pegmatites indicate signifi-
cant lithium enrichment, with concentrations in the range
of 0.12 to 0.74 wt.% Li,O in the phlogopitites. Given the
large volumes of phlogopitites, the quantity of imported Li
is very significant. The situation with Rb is similar, as this
element is present in concentrations between 1725 to
around 2900 ppm. We did not obtain analyses for Cs, but
Calligaro et al. (2000) reported an average content of
1150 £ 540 (16) ppm Cs in 11 Zambian emerald samples.
This Cs content is more than twice the highest value for Cs
reported for emeralds from 13 other worldwide sources.

According to present documentation, the “Kafubu peg-
matite field” is approximately 2 km wide and 10 km long,
trending NE-SW. It bears the highest quality emerald min-
eralization in the Kafubu area, and is seems to be structur-
ally controlled by the dominant antiform. It roughly corre-
sponds with the final phase of the Pan-African (Lufilian)
orogeny — a weak orogenic phase with faulting (Milisenda
et al. 1999), associated with the structural ENE-WSW
trend.

In situations with adverse bedrock exposure conditions,
such as in the Kafubu area, it is necessary to consider simi-
lar cases of rare-element mineralization/metasomatism
(Li-Rb-Cs-Be-F-B) on a regional scale, related to fertile
granites or pegmatites.

Breaks and Jones (1991) have detailed the relations of
extensive syn-magmatic metasomatism, genetically re-
lated to the Ghost Lake Batholith of NW Ontario, and the
post-magmatic metasomatism manifested at selvedges of
rare-element pegmatite dikes. The lithium-rich amphibole,
holmquistite, is a typomorphic indicator of these rare ele-
ment mineralizations wherever they are superimposed onto

SN

0 Flutd Isochaores:
. [H -

TOHI
o Cl-only

650 ) e Hhnnly

(LU

Early mineralizatio
stage (quartz)

o
P ] ‘E‘E:
] = o=
=™ il
= 45 EE
= S Lo
; msl
g wo g2g
Z EFE
= &0 =
= 52
ET
i1} L -
&
H

/,;I-T.'J'Il'l mineralization stage
; *iquarte, towrmaline, beryl)

1] M1 150 M0 50 300 350 400 450

Temperatiure (°C)

SO0 S50 &OO

Figure 24. Reconstruction of pressure-temperature conditions of the final
homogenization and trapping conditions of the inclusions. The coloured
fields represent the most probable trapping conditions of the early, main,
and late mineralization stages. Some of the isochores are labelled by sam-
ple name, host mineral, and inclusion type.

basic metavolcanic country rock. The mineralization rela-
tionships indicate an early phase of fluid discharge into the
amphibolitic country rocks. These fluids could have origi-
nated from granitic melts representing precursors to the
chemically evolved material of the pegmatitic granite
dikes. The apparent ingress of metasomatic fluids, guided
by a ductile shear zone, was traced for a minimum of
2.5 km in the Ghost Lake Batholith, and the occurrence of
holmquistite is documented for a distance of 3.5 km from
the nearest lithian pegmatite dike. Field evidence indicates
that this period of exomorphism occurred prior to the solidi-
fication of the potassic pegmatite, which subsequently in-
truded the dravite-phlogopite-actinolite + holmquistite
sub-units of the early metasomatic zone. Exocontact meta-
somatic zones around lithian pegmatite dikes also show en-
richment in rare elements, but holmquistite is confined to a
distance of several metres around the pegmatite contact.
An extensive metasomatized zone, 800 m wide and
5 km long, in a gabbro-anorthosite layered intrusion in NW
Russia was studied by Gordienko et al. (1975) with the use
of numerous boreholes. The mineralized zones, exhibiting
a regular metasomatic zoning sequence, attain the highest
rare-element enrichment in biotite-holmquistite-chlorite
gneisses and holmquistite-chlorite gneisses with biotite
and epidote (Li,O max. 1.2 wt.%, Cs,0 0.04 wt.%, Rb,O
0.10 wt.%). The temperature of mineralization is estimated
at 540-350 °C. The mineralization is clearly related to a
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dike swarm of the rare-element-rich spodumene pegmatites,
occurring higher in the structural sequence. However, indi-
vidual pegmatite dikes show their own small-scale meta-
somatized zones (2—4 meters wide) in the gabbro-anortho-
site country rock. The metasomatized rocks around the peg-
matite dikes are identical in composition with the large-scale
metasomatized zones (up to 5 km long). This example
clearly shows that fluids of the same composition caused
both types of metasomatized zones: that of a small-scale
around pegmatite dikes, as well as on a regional scale. This
indicates that the rare-element mineralization in pegmatites
and in the large-scale metasomatized zones relates to the
same abyssal source — a fertile granite.

The results of a petrochemical study of rare al-
kali-metal metasomatites show that silica, potassium, and
rare alkali elements were introduced into the system during
the formation of the metasomatites, whereas calcium and
some magnesium and iron were gradually removed. In the
process of metasomatism, a metasomatic column develops
with a sequence of mineral parageneses from the rear zone
(monomineral quartz, such as in the quartz-tourmaline
veins in the Kafubu area), through various assemblages of
micas, chlorite, and amphiboles (Krivovichev 1988). The
zoning of the metasomatic column is explained in terms of
the acidity-alkalinity of the mineral-forming solutions.
The directional change in the properties of the solutions is
caused either by gradual neutralization of an originally acid
solution, or by a gradual temperature decrease and an asso-
ciated change in acidity, resulting in neutral and slightly al-
kaline solutions. Holmquistite crystallization in place of
biotite/phlogopite is dependent on the Li/K ratio. Rela-
tively high potassium potentials result in the crystallization
of dark micas enriched in Li, Rb, and Cs, in place of the am-
phibole holmquistite, as is the case in the Kafubu area.

As such, the quartz-tourmaline veins at Kafubu can be
interpreted as the rear part of a metasomatic column, with
the neighbouring phlogopite zone representing an interme-
diate zone bordering the metabasite protolith. The com-
plete absence of feldspars in quartz-tourmaline veins at
Kafubu indicates that the acidity of these solutions was
somewhat higher than those of plagioclase- or albite-bear-
ing quartz veins in other schist type emerald deposits
(Barton and Young 2002).

It is suggested that this mineralization was caused by
the extreme fractionation of rare elements from fertile
granites and related hydrothermal activity (e.g. London
1986). It is probable that high contents of fluorine (2.6 to
4.7 wt.% in phlogopitite zones) and boron (in the excep-
tionally abundant tourmaline) at Kafubu functioned as soli-
dus/liquidus depressants during the evolution of late frac-
tions of the fertile granite and pegmatites, and assisted in
the channeling of a number of pegmatitic rare elements into
hydrous fluids. Experimental studies of granite system
with elevated contents of fluorine and boron point to the
separation of F- and B-enriched fluids, in part as hydro-
saline melts (high-temperature brines) (London 1986;
Veksler et al. 2002). Barton and Young (2002) discuss the
connection between F entry from solution into the newly
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formed mica of phlogopite zones as a mechanism trigger-
ing the precipitation of Be-minerals.

The fractionated character of phlogopitites around
quartz-tourmaline veins, and of the pegmatite suite at
Kafubu, allows the exclusion of other alternative modes of
formation, such as generation through anatectic (nearly
in-situ?) derived melts (Milisenda et al. 1999). Numerous
examples of phlogopitite zones (at places with significant
emerald mineralization) around discordant quartz-tourma-
line veins and discordant pegmatite dikes indicate that the
model of stratiform evaporitic mineralization, as advocated
by Milisenda et al. (1999), is not generally applicable. The
efficiency of the evaporite model in explaining the highly
differentiated chemistry of the pegmatite minerals, such as
the Ta > Nb oxides and spessartine-rich garnet, is also
questionable. Since many pegmatites exhibit a strong
albitization (sample FF2 of the Fwaya-Fwaya mine), po-
tassium released by the albitization of K-feldspar, accord-
ing to the reaction K-feldspar + Na* — albite + K*, is prob-
ably an important source of the potassium involved in the
formation of phlogopitite zones around pegmatites.

Dereppe et al. (2000) used an ANN (artificial neural
networks) procedure, based on microprobe chemical data,
to classify more than 450 emerald samples from various
worldwide deposits into five categories. The emeralds
from the Miku-Kafubu localities fall into the category of
deposits related to granitic pegmatite intrusions and hydro-
thermal veins in mafic/ultramafic rocks. Similarly, internal
inclusions of niobian rutile crystals in emeralds, such as
that identified in sample MB2 from Mbuwa mine, can only
be found in beryl related to a pegmatite. Also the high
Cs concentrations in Kafubu emeralds indicate an origin
related to rare-element-enriched fertile granite and peg-
matites.

Fluids inclusions and pressure-temperature conditions

The P-T conditions of the regional metamorphism of the
Muva Supergroup in the Kafubu area, and of the emerald
mineralization process, have been approximated. The mi-
neral assemblages in the quartz-muscovite-biotite schists
and metabasites are compatible with amphibolite facies.
With reference to the rare presence of kyanite in metasedi-
mentary schists (Hickman 1973), amphibole-plagioclase
thermometry for several samples (following Holland and
Blundy 1994) gives a narrow equilibration temperature in-
terval of 590-630 °C for pressures of 400-600 MPa. This
estimate can be considered as valid for the Muva Super-
group complex in the Kafubu area.

Fluid inclusion studies of quartz from quartz-tourma-
line veins associated with beryl/emerald mineralization
suggest the presence of a homogeneous fluid phase. The
highest minimum trapping conditions correspond to ca.
400-500 MPa and 360-390 °C. However, the most com-
mon interval of quartz veins with tourmaline and beryl lies
at lower P-T conditions around 200-400 MPa and
350-400 °C. The youngest, rarely occurring vein type (free
of beryl/emerald) formed at ca. 200 MPa and 300 °C.
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Graziani et al. (1983) estimated the P-T conditions of the
crystallization of an emerald sample “from Kitwe” (0.08
wt.% Cr,03) at 430-650 °C and < 400 MPa using the inclu-
sion assemblage of chrysoberyl + beryl + margarite + mus-
covite + quartz. If this emerald crystal is an original
porphyroblast that formed in the mica schist, as the descrip-
tion by Graziani et al. (1983) suggests, it is possible that
paragonite-bearing muscovite and margarite could be older
minerals passively inherited from the enclosing schist. In
this case, the upper temperature limit (650 °C) would be too
high. The available information indicates that the emerald
mineralization and pegmatite intrusion post-date regional
metamorphism. Temperatures of 390 and 590 °C can
bracket the probable crystallization temperature of the
Kafubu emeralds. However, the upper temperature limit is
probably too high, as it represents a lower limit of regional
metamorphism indicated from the study of amphibolites.

Gemmology

The polarised spectrum of emeralds from the Kamakanga
mine is very similar to those from the Kagem Mine, shown
by Milisenda et al. (1999). Their emerald contains
Cr,0; = 0.55 wt.% and FeO,, = 1.35 wt.%, with a
FeO/Cr,0; ratio of 2.45. Our emerald showed just a little
more of both components, with a FeO/Cr,0; ratio of 2.87.
The presence of more iron (especially Fe**) is indicated by
asymmetrical bands at 420 and 435 nm. The presence of
Fe* is characteristic of emeralds from Zambia, but also of
Brazilian emeralds, such as those from the commercially
important Belmont mine, Itabira district, Minas Gerais.
Thus, the UV/VIS spectrum can be used as a tool for narro-
wing down the possible countries of origin of a cut emerald
of unknown source.

Recommendations for future emerald exploration

Emerald mineralization of economic quantity and good
gem-quality in the Kufubu region is almost entirely confi-
ned to the locally developed phlogopite reaction zones
along the contacts between the metabasic host rocks and
quartz-tourmaline veins penetrating these rocks. The pro-
ximity of quartz-feldspar pegmatites is another important
factor that allows emerald to be formed.

The metabasic rocks hosting the emerald mineraliza-
tion are discontinuous and have been fragmented by tec-
tonism. In places where the best gem-quality emeralds
occur, predominantly in the form of crystal aggregates, the
reaction rim along the contact between metabasite host
rocks and quartz-tourmaline veins is marked by newly
formed phlogopite schist. Rarely, some individual
good-quality stones may be found in the quartz-tourmaline
veins, or very exceptionally in less altered host rocks. In
the past, the exploitation of loose emeralds in residual
weathering products and in local alluvial deposits next to
the Kamakanga Old Pit was also profitable.

The metabasic rocks display great variability in mag-
netic susceptibility, from 0.31 to 90.7 (10~ SI units). They

can be subdivided into low (0.31-0.88) and high (5.2-90.7)
magnetic susceptibility classes. The ground magnetic
method used for the mapping of metabasic rocks as
host-environments for quartz-tourmaline veins and
pegmatites, is not always effective. Even fairly rich depos-
its may be missed when magnetometry is used as the only
method. On the other hand, this method is the least expen-
sive way to outline magnetized bodies of metabasic rocks
with possible emerald mineralization. The combination of
ground magnetic profiles coupled with a reasonable degree
of exploration pitting and trenching (and somewhat expen-
sive drilling), in combination with structural-tectonic re-
search of already opened deposits, would seem to be the
best option for prospecting emerald mineralization in this
flat and thickly covered area.

In spite of the high variability of chromium and nickel
contents in the metabasites (even within one locality),
these elements may be used as pathfinders for metabasic
rocks hidden near the surface soil cover. The emerald-re-
lated phlogopite schist shows generally high contents of
chromium (4670-275 ppm, average 1556 ppm) and nickel
(1266-177 ppm, average 646 ppm). A regular and
closely-spaced grid of geochemical sampling for Cr, Ni
and Be elements is highly recommended.

Tourmaline mineralization is commonly widespread and
intense throughout the area, but locally developed accumu-
lations of tourmaline or quartz-tourmaline veins invading
metabasic rocks are the best places to find emeralds. Where
the quartz-tourmaline veins are absent, the metabasic rocks
are barren of beryl mineralization. The most favourable
zones with potential emerald segments (“‘ore-shoots”) are
located at the intersections of subvertical and flat lying
veins/veinlets inside the metabasic rocks, and in the close vi-
cinity of intersections of steeply dipping granitic pegmatite
dikes with flat lying tourmaline veins (“armpits”).

Some quartz-feldspar pegmatite dikes (+ tourmaline)
contain large crystals of common beryl. However, no
good-quality emeralds have been observed within the peg-
matite dikes.

At present, the emerald mineralization has only been
explored and mined to depths of 50-60 m (e.g. the deepest
Kamakanga, Grizzly and Kagem mines). There are no data
on emerald mineralization in the deeper parts of recently
mined deposits or under recently worked mining floors.
However, the continuation of the mineralization to deeper
levels is promising, especially in places where favourable
structural and lithological criteria coincide. Future under-
ground mining will probably reveal many new emerald ac-
cumulations. We may also expect that new and large de-
posits of good-quality emeralds will be discovered in the
future, and the Zambian Kafubu emerald field will be
among the largest producers of emerald gemstones during
the next few decades.

A better understanding of all possible controls of emer-
ald mineralization should also contribute to more effective
exploration and mining activities. This aspect will become
even more important in the near future, as emerald work-
ings will gradually shift to underground mining.
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Conclusions

This study provides the first quantitative geochemical, pet-
rological, and mineralogical data on the major rock types
of the Kafubu emerald deposits. A full report, including
maps, exact GPS coordinates of the main mines, pits, and
samples, and all geochemical and mineralogical analyses,
has been given in Seifert et al. 2002.

The highly magnesian metabasites hosting the mineral-
ization are identified as metamorphosed komatiites. These
rocks, with high chromium contents in the range of
3000-4000 ppm, yielded the chromium necessary for crys-
tallization of emeralds. The main chromium sources in
these rocks are chromian magnetite, chlorite, and
actinolite. Associated amphibolites of andesitic and ba-
saltic-andesitic composition, as well as some basic rocks of
transitional composition, are usually too low in chromium
to have served as a source of this element. The positive
identification of Cr-rich rocks is, however, hardly possible
without chemical analyses.

Quartz-tourmaline veins, accompanied by emer-
ald-bearing phlogopite schists, are related to the
metasomatic hydrothermal activity of fertile (hidden) gran-
ite and to the quartz-feldspar pegmatite dikes. The forma-
tion of phlogopite schists from metabasite was associated
with the introduction of ca. 8—10 wt.% K,0, 3—4 wt.% fluo-
rine, significant Li, Rb, and enrichment of beryllium. The
quartz-feldspar pegmatites of the Kafubu area belong to the
rare-element pegmatites of the LCT family (i.e. Li-Cs-Ta),
for which beryllium enrichment is common. Present data
on the pegmatite occurrence in active mines and explora-
tion pits, and their extrapolation to the surrounding area,
points to the existence of a single, major pegmatite field —
the “Kafubu pegmatite field”.

Rather high activities of fluorine (up to 4 wt.% F in
phlogopite schists) and boron (in exceptionally abundant
tourmaline) probably functioned as solidus/liquidus de-
pressants during the evolution of mineralizing fluids and
their separation from the parent granite. These fluids de-
posited quartz-tourmaline veins, and altered the adjacent
metabasites into the emerald- bearing phlogopite schists.
Thus, it appears that the classical explanation for the origin
of emerald in schist-related deposits still stands. The
volcanosedimentary country rocks are generally low in be-
ryllium, except in places where this element was intro-
duced by quartz-tourmaline veins or pegmatites.

The following minerals have been newly identified in the
Kafubu emerald area: adularia, allanite, amethyst, bertrandite,
chalcopyrite, columbite-tantalite, dolomite, elbaite, gahnite,
hollandite, manganotantalite, niobian rutile (= ilmenorutile),
phenakite, plumbomicrolite, pseudorutile, tantalian rutile
(= striiverite), vermiculite, violarite, and xenotime.

The identification of tantalum and niobium minerals in
the pegmatites and banded quartz-tourmaline rocks of the
Kafubu emerald area, and of the high contents of several
pegmatitic elements (F, B, Be, Li, Rb) in the emerald-bear-
ing phlogopitites, are of prime importance for the classifi-
cation of the Kafubu pegmatites in the LCT group.

38

The time interval of 452—447 Ma from the “’K/*’Ar dat-
ing of muscovite from a muscovite pegmatite and a
quartz-tourmaline-muscovite vein accompanying the em-
erald mineralization allow the conclusion that the age of
Be-mineralization is late Pan-African. This corresponds to
the geological observation that the quartz-tourmaline veins
and pegmatite dikes, together with the associated Be-min-
eralization, post-date the regional metamorphism of the
Kafubu area.

The beryl and emerald samples from the Kafubu area
range in colour intensity from whitish to dark green. Col-
our is unevenly distributed and is often zoned. Individial
crystals have many inclusions and are on average moder-
ately fractured. The emeralds show distinct dichroism, are
inert to long- and short-wave ultraviolet radiation, and
commonly show green under the Chelsea filter.

The UV-VIS spectra of the ordinary ray for emerald
give values with a peak at 371 nm, bands at 435 and 609,
peaks at 637 and 681 nm, and a band at 860 nm, while the
extraordinary ray gives values with a peak at 370 nm,
bands at 420 and 652 nm, with additional peaks at 631, 663,
and 685 nm. The bands at 435 and 609, 420 and 652 nm,
and at 685 nm indicate the presence of chromium. The peak
at 370 nm and the band at 860 nm show the presence of
iron, in both divalent and trivalent states.

Data on fluid inclusions in beryl, tourmaline, and
quartz for the Kafubu emerald area are provided here for
the first time. Three types of fluids were recognized: aque-
ous-only, aqueous-carbonic, and carbonic. Ambiguous pri-
mary inclusions were identified in some beryl crystals,
scarce primary inclusions in tourmaline, and pseudo-
secondary inclusions in quartz. Several generations of sec-
ondary inclusions are common in all minerals considered
here. Possible pressure-temperature trapping conditions of
the representative fluid inclusions are shown. Fluid inclu-
sion studies of quartz from quartz-tourmaline veins associ-
ated with beryl/emerald mineralization suggest the pres-
ence of a homogeneous fluid phase. The highest minimum
trapping conditions correspond to ca. 400-500 MPa and
360-390 °C. The most common interval of quartz veins
with tourmaline and beryl, however, lies at slightly lower
conditions, at ca. 200-400 MPa and 350-400 °C. The
youngest, rarely occurring vein type (free of beryl/emer-
ald) formed at ca. 200 MPa and 300 °C.

Our field survey and laboratory analyses, together with
structural research of the emerald mineralization (Tembo
et. al. 2000), unambiguously demonstrate that the potential
for new emerald occurrences in the Kafubu area still re-
mains very high.
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