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Abstract The Kenticha rare-element pegmatite, a globally
important tantalite source in the Neoproterozoic Adola Belt
of southern Ethiopia, is a highly fractionated, huge
(2,000 m long and up to 100 m thick), subhorizontal,
sheet-like body, discordantly emplaced in ultramafic host
rock. It corresponds to the spodumene subtype of the rare-
element pegmatite class and belongs to the lithium—cesium—
tantalum petrogenetic family. The Kenticha pegmatite is
asymmetrically zoned from bottom to top into granitic
lower zone, spodumene-free intermediate zone, and
spodumene-bearing upper zone. A monomineralic quartz
unit is discontinuously developed within the upper zone.
Whole-rock data indicate an internal geochemical differen-
tiation of the pegmatite sheet proceeding from the lower
zone (K/Rb ~36, K/Cs ~440, Al/Ga ~2,060, Nb/Ta ~2.6) to
the upper zone (K/Rb ~19, K/Cs ~96, Al/Ga ~1,600, Nb/Ta
~0.7). The latter one is strongly enriched in Li,O (up to
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3.21%), Rb (up to 4,570 ppm), Cs (up to 730 ppm), Ga (up
to 71 ppm), and Ta (up to 554 ppm). Similar trends of
increasing fractionation from lower zone to upper zone
were obtained in muscovite (K/Rb 23-14, K/Cs 580-290,
K/T1 6,790-3,730, Fe/Mn 19-10, Nb/Ta 6.5-3.8) and
columbite—tantalite (Mn/Mn + Fe 0.4—1, Ta/Ta + Nb 0.1-
0.9). The bottom-to-top differentiation of the Kenticha
pegmatite and the Ta mineralization in its upper part are
principally attributed to upward in situ fractionation of a
residual leucogranitic to pegmatitic melt, largely under
closed system conditions. High MgO contents (up to
5.05%) in parts of the upper zone are the result of
postmagmatic hydrothermal alteration and contamination
by hanging wall serpentinite. U-Pb dating of Mn-tantalite
from two zones of the Kenticha pegmatite gave ages of
530.241.3 and 530.0+2.3 Ma. Mn-tantalite from the Bupo
pegmatite, situated 9 km north of Kenticha, gave an age of
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529.2+4.1 Ma, indicating coeval emplacement of the two
pegmatites. The emplacement of the pegmatites is tempo-
rally related to postorogenic granite magmatism, producing
slightly peraluminous, I-type plutons in the area surround-
ing the Kenticha pegmatite field. Fractionated members of
this suite might be envisaged as potential parental magmas.

Keywords Ethiopia - Kenticha - Rare-element pegmatite -
Muscovite chemistry - U-Pb tantalite dating -
Ta mineralization

Introduction

Tantalum is a key metal in the modern electronics industry.
The most important raw material source of this metal are
rare-element granitic pegmatites and, to a lesser extent,
pegmatite-derived residual and alluvial placer deposits.
Tantalum concentrates are mainly composed of colum-
bite—tantalite (Fe,Mn)(Ta,Nb),0Og and small amounts of
other, less common Ta oxides (e.g., microlite, ixiolite,
wodginite). The ore concentrates typically contain contents
of between 10% to 60% Ta,0s.

The Kenticha rare-element pegmatite in southern Ethio-
pia represents a globally important tantalum source. The
mine produces around 120 t tantalum concentrate (~55%
Ta,;05) annually and ranks among the biggest individual
producers of tantalum ore worldwide. The Kenticha
tantalum deposit was discovered in the 1980s in course of
Ethio-Soviet exploration of the gold-bearing Adola Belt in
southern Ethiopia (Kozyrev et al. 1982). During this
exploration program, several rare-element pegmatites were
discovered and geologically evaluated (Emelyanov et al.
1986; Poletayev et al. 1991). One of these pegmatites, the
so-called main Kenticha pegmatite has been worked since
the early 1990s. Up to now, tantalite mining has focused on
the deeply weathered pegmatite regolith. Grade and
tonnage of the hard rock tantalum potential is unknown.
Ongoing exploration by the mining company (Ethiopian
Mineral Development Share Company) includes drilling to
assess the subsurface extent of pegmatite and tantalum
mineralization.

Due to its remote location and short mining history, the
Kenticha pegmatite has had little scientific study (Zerihun
1991; Zerihun et al. 1995; Tadesse and Zerihun 1996),
unlike the well-known tantalum pegmatites in Australia
(Greenbushes, Wodgina) or Canada (Tanco). We have
carried out a whole-rock geochemical study of selected
drill core samples from the Kenticha pegmatite, supple-
mented by mineral chemistry of muscovite and columbite—
tantalite group minerals (CGM). These data sets are used to
characterize the geochemical evolution and internal zona-
tion of the Kenticha pegmatite. Furthermore, U-Pb dating
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of tantalite was performed to determine the age of tantalum
mineralization and pegmatite emplacement, which permits
the establishment of temporal relationships between miner-
alization, pegmatite crystallization, and various types of
regional granitoid magmatism.

Geological setting

The Kenticha pegmatite is situated within the Precambrian
basement of southern Ethiopia. This basement constitutes
the southernmost part of the Arabian—Nubian Shield
(ANS), a large segment of juvenile Neoproterozoic crust
(Fig. 1) formed by accretion of oceanic arc terranes (Stoeser
and Camp 1985; Stern 1994; Genna et al. 2002; Johnson
and Woldehaimanot 2003). The ANS is flanked by older
basement which was remobilized during the Pan-African
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Fig. 1 Simplified geological map of northeastern Africa and location
of the Kenticha pegmatite field
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orogenic cycle (850-550 Ma) eventually leading to the
formation of Gondwana (Fig. 1).

Tectonostratigraphy of southern Ethiopia

The Neoproterozoic rocks of southern Ethiopia are distin-
guished into two principal lithotectonic units: (a) granite—
gneiss complexes (GGC) and (b) ophiolitic fold and thrust
belts (Yibas et al. 2002). Several of these units are
juxtaposed along thrust and shear zones (Fig. 2a). The
high grade (amphibolite to granulite facies) GGC are
composed of quartzofeldspathic, partly migmatitic para-
and orthogneisses and subordinate amphibolites, and
sillimanite—kyanite bearing schists. Orthogneisses and
deformed batholiths of dioritic to granitic composition are
abundant and are locally the dominant lithology. Based on
lithological variations, Yibas et al. (2002) distinguished
four granite—gneiss complexes (Adola GGC, Genale GGC,
Burji-Finchaa GGC, Moyale-Sololo GGC) that are separat-
ed by major regional shear zones (Fig. 2a).

Ophiolitic fold and thrust belts (OFTB; Fig. 2a) are
composed of mafic and ultramafic metavolcanic rocks and
metasediments (Yibas et al. 2002). The mainly N-S to
NNW-SSE striking belts have experienced low-to-medium
grade (lower amphibolite facies) metamorphism. The
contact of the OFTBs with the adjacent GGCs are marked

by zones of multiple deformation, indicating both thrusting
and strike-slip shear faulting. Yibas et al. (2002) distin-
guished four OFTBs: Megado, Kenticha, Bulbul, and
Moyale-El Kur (Fig. 2a), differing in the chemical
composition of their metabasalts (tholeiitic vs calc-
alkaline, low K vs high K), the occurrence of boninitic
rocks, and contrasting proportions of ultramafic and
metasedimentary rocks.

Isotopic dating gave Neoproterozoic ages for both the
GGCs and the OFTBs. U-Pb zircon geochronology of
granitoid gneisses yielded ages between 880 and 700 Ma
(Abraham et al. 1992; Genzebu et al. 1994; Worku 1996;
Teklay et al. 1998; Yibas et al. 2002) which date magmatic
events involved in the formation of the GGCs. Mafic
magmatism in the OFTBs has been dated at 790-700 Ma
(Worku 1996; Teklay et al. 1998). The GGC and OFTB
units apparently form a coherent block of largely juvenile
crust that probably formed in an oceanic arc setting.

Subduction-related to syncollisional granitoid magma-
tism, metamorphism, thrusting, and strike-slip shearing
have been bracketed between 680 and 550 Ma (Beraki et
al. 1989; Worku 1996; Worku and Schandelmeier 1996;
Yibas et al. 2002; Yihunie 2002; Tsige and Abdelsalam
2005). These data indicate that the basement in southern
Ethiopia experienced a sustained period of compressional
tectonics between ca. 660 and 550 Ma. This period
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probably relates to plate convergence along a continental
margin (Worku and Schandelmeier 1996).

Undeformed biotite granite plutons intruded between
550 and 520 Ma (Gichile 1991; Genzebu et al. 1994;
Worku 1996; Yibas et al. 2002). These granites appear to be
mainly of I-type character (Worku 1996). In the Bulbul
OFTB (Fig. 2a), compressional N-S striking thrust zones
were reactivated during extension-related tectonics leading
to detachments along low angle normal faults (Tsige and
Abdelsalam 2005).

“9Ar—°Ar biotite and hornblende yield ages between
515 and 495 Ma (Yibas et al. 2002). Chemical Th—U—total
Pb monazite and zircon ages (CHIME Isochron Method)
from granites in the Kenticha and Bulbul OFTB give ages
around 455 Ma (Yihunie 2003). These mineral ages
probably represent isotopic resetting or new mineral growth
related to anorogenic magmatic activity as described from
neighboring southwestern Ethiopia (Konso pluton, Asrat
and Barbey 2003) and southern Somalia (Buur granitoids,
Lenoir et al. 1994).

Geology of the Adola Belt

The northwestern part of the Neoproterozoic basement of
southern Ethiopia is known as the Adola Belt, collectively
formed by the Adola granite—gneiss complex and two
ophiolitic fold and thrust belts: the Kenticha and the
Megado belt (Fig. 2b). The three lithotectonic units are
juxtaposed along N-S striking thrust and shear zones. The
Kenticha and Megado OFTBs are made up of greenschist to
lower amphibolite facies metasediments (garnet-mica
schists, graphite schists, quartzites, marbles) and metamor-
phosed mafic—ultramafic rocks (amphibolites, talc—tremo-
lite schists, serpentinites; Worku and Schandelmeier 1996;
Yihunie 2002; Yibas et al. 2003). In contrast to the Megado
belt, the Kenticha OFTB is characterized by a dominance of
ultramafic over mafic rocks. The Adola GGC is composed
of amphibolite facies quartzo-feldspathic gneisses and
biotite-hornblende gneisses as well as deformed metagrani-
toids. Metamorphic conditions reached 600-650°C and 6—
7 kb in the Adola GGC (Yihunie et al. 2004; Tsige 2006)
and 520-580°C and 4-5 kb in the Kenticha OFTB (Yihunie
et al. 2004).

Deformation and metamorphism of the lithotectonic
units of the Adola Belt likely occurred in a collisional
setting (Worku and Schandelmeier 1996; Yihunie 2002).
East-directed thrusting of the ophiolite associations was
followed by right-lateral strike slip movements along these
thrust shear zones between 610 and 554 Ma (Yihunie
2002). The granite—gneiss complex and the ophiolitic
associations are intruded by postorogenic biotite granite
plutons that cut across some of the thrust shear zones
(Fig. 2b). Two of these plutons yield U-Pb zircon ages of
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554423 (Robelie granite; Genzebu et al. 1994) and 550+
18 Ma (Lega Dima granite; Worku 1996). These ages mark
the end of compressive deformation in the Adola Belt and
the beginning of postorogenic crustal extension and uplift.

The Kenticha pegmatite field

Although granitic pegmatites can be found in all lithotec-
tonic units of the Adola Belt (Poletayev et al. 1991), a
distinct cluster occurs in the Kenticha OFTB southeast of
Shakisso (Fig. 2b). These pegmatites are referred to as the
Kenticha pegmatite field, which encompasses an area of
roughly 2,500 km®. The pegmatites were emplaced close to,
but mainly west of, the NNE-SSW striking Kenticha thrust
shear zone (Fig. 3). They intrude greenschist to lower
amphibolite facies talc—tremolite schists, chromite-bearing
serpentinites, and pelitic to graphitic mica schists. Most of
the pegmatites of the Kenticha field strike N—S to NNE-
SSW (Fig. 3) but display considerable differences in size
(from a few tens of meters to more than 1 km in length),
shape (steeply dipping dykes to almost flat lying sheets),
internal zoning, mineralogy, and geochemistry (Poletayev
et al. 1991). Zerihun (1991) and Zerihun et al. (1995) used
mineral parageneses and trace element geochemistry of
muscovite and microcline to classify pegmatites of the
Kenticha field into barren feldspar—muscovite pegmatites
and different types of rare-element pegmatites. Following

Pegmatite zones and types

A feldspar-muscovite type

B beryl-columbite type

C beryl-columbite type
(Ta-rich)

D complex spodumene type

E albite-spodumene type

/ ~ assumed boundaries
of pegmatite zones

’ Granitic pegmatite

Biotite to biotite-
muscovite granite

1 |:| Serpentinite & talc-
tremolite schist

:’ Pelitic and graphitic
mica schist

i |:| Quartzo-feldspathic

gneiss

Shanbeli

granite Thrust % Brittle fault

shear zone

Fig. 3 Regional zoning of the Kenticha pegmatite field (modified
after Zerihun et al. 1995)
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the paragenetic—geochemical scheme of Cerny (1991), the
latter pegmatites include representatives of the beryl-type
(beryl-columbite subtype), complex-type (spodumene sub-
type), and albite-spodumene type. All rare-element pegma-
tites of the Kenticha field belong to the REL-Li subclass
based on the updated classification scheme of Cerny and
Ercit (2005).

Spatial distribution of the different pegmatite types
shows a regional zoning pattern relating to the Kilta
Shanbeli biotite to biotite—muscovite granite. This elongat-
ed pluton is located in the southeastern part of the Kenticha
pegmatite field and was emplaced directly east of the
Kenticha thrust shear zone (Fig. 3). Pegmatites mainly
outcrop to the west and north of the granite, displaying a
progressive mineralogical and geochemical differentiation
with increasing distance from the Kilta Shanbeli pluton
(Zerihun et al. 1995). Earlier investigations (Zerihun 1991;
Zerihun et al. 1995; Tadesse and Zerihun 1996) indicated
that magmatic fractionation played a fundamental role in
the development of the compositional variability and
regional zoning of the Kenticha pegmatite field. Stressing
the continuity of individual pegmatite dikes and the regular
pattern of the regional zoning, Zerihun et al. (1995)
suggested a common source for the pegmatites of the
Kenticha field. This source is most probably the Kilta
Shanbeli biotite to biotite—muscovite granite pluton or
related intrusions not exposed at the present surface. The
regional zoning starts with barren feldspar—-muscovite
pegmatites (zone A in Fig. 3) close to the granite pluton.
These pegmatites are succeeded by quartz—feldspar—mus-
covite pegmatites of the beryl-columbite subtype (zone B in
Fig. 3), containing black tourmaline, greenish and bluish
beryl (aquamarine), and Fe-columbite (Zerihun et al. 1995).
The following zone C (Fig. 3) comprises variably zoned
and partly albitized quartz—feldspar—muscovite pegmatites
of the beryl-columbite subtype. These pegmatites show a
higher degree of geochemical differentiation than zone B
pegmatites (Zerihun et al. 1995) and contain Mn-tantalite
(Tadesse and Zerihun 1996) at Kilkele I and Dermidama
(see Fig. 3). Zone D contains a large spodumene-bearing
quartz—feldspar—-muscovite pegmatite with complex internal
zonation and occurrence of Mn-tantalite in its upper part
(Tadesse and Zerihun 1996). This pegmatite, known as the
main Kenticha pegmatite, is the site of the open pit
tantalum mining operations and the main subject of this
paper. It is described in further detail below. The final zone
E (Zerihun et al. 1995) is located farthest away from the
Kilta Shanbeli granite and comprises another highly
differentiated spodumene- and Mn-tantalite-bearing pegma-
tite, known as the Bupo pegmatite (see Fig. 3). This
lenticular deeply weathered body is smaller than the
Kenticha pegmatite. Due to poor exposure, its internal
structure is not known. Since complex zonation has not

been observed in this body, the Bupo pegmatite has been
provisionally classified as an albite-spodumene type
(Zerihun et al. 1995; Tadesse and Zerihun 1996).

Kenticha pegmatite
Size and shape

The Kenticha rare-element pegmatite outcrops on the
western flank of a N-S elongated ridge of serpentinite and
talc—tremolite schist (Fig. 4a). It is exposed over more than
2 km length and 400—700 m width (Fig. 5). From surface
exposure, the Kenticha pegmatite appears as a N- to NNE-
striking dyke-like intrusion. The pegmatite pinches out to
the south. Its northern termination is concealed under thick
alluvium (Poletayev et al. 1991). Exploration and drilling
(Poletayev et al. 1991; Zerihun, unpublished data) have
demonstrated that the Kenticha pegmatite constitutes a flat-
lying to moderately E- to SE-dipping sheet-like intrusion. A
generalized roughly E-W oriented cross section is pre-
sented in Fig. 6.

The thickness of the pegmatite sheet is highly variable.
In locations where both foot wall and hanging wall contacts
are exposed, thickness ranges between 40 and 100 m. In the
northeastern part of the Kenticha pegmatite, smaller
pegmatite veins or apophyses are emanating upwards from
the roof of the main intrusion into the country rock (Figs. 5
and 6). Drilling results as well as trenching on the foot
slope of the serpentinite ridge to the west of Kenticha
pegmatite outcrops have indicated that a separate pegma-
tite body occurs below the Kenticha pegmatite (Fig. 6;
Poletayev et al. 1991).

The Kenticha pegmatite is discordantly emplaced into
steeply dipping talc—tremolite and biotite schists and in
massive serpentinite. In the northeastern part of the
intrusion, large xenolith blocks (mainly serpentinite),
measuring 50100 m (up to maximum 250-500 m) in
length and a few meters to 25 m (maximum 50-100 m) in
width, occur in the upper part of the pegmatite. These host
rock xenoliths are of angular shape and may contain thin
pegmatite injections (Poletayev et al. 1991). Alteration
reactions with the host rock along the contacts typically
resulted in a less than 1-m-thick zone characterized by the
development of an exomorphic assemblage described as
“glimmerite” by Zerihun (1991; Table 1).

Internal structure and mineral assemblages
The Kenticha pegmatite is internally diversified. It displays
an asymmetric textural and mineral zonation (Fig. 6;

Table 1). Previous studies (Poletayev et al. 1991; Zerihun
1991; Tadesse and Zerihun 1996) have applied the
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Fig. 5 Simplified geological sketch map of the Kenticha pegmatite
(simplified after Poletayev et al. 1991) with location of sampled
boreholes. K/Rb ratios are average values of upper zone samples from
the two boreholes of each respective exploration sector. Line A—B
depicts location of schematic cross section in Fig. 6

terminology used for concentrically zoned pegmatites (e.g.,
Norton 1983) and have outlined seven to nine mineral
paragenetic associations or zones, including a border zone,
a wall zone, several outer, middle, and inner intermediate
zones, as well as a core zone. However, for reasons of
simplicity and because of its apparent asymmetry and
subhorizontal shape, we have divided the Kenticha pegma-
tite into three horizontally continuous layers. These internal
zones are easiest recognized macroscopically in drill core
sections and include a lower zone (LZ), an intermediate
zone (IZ), and an upper zone (UZ; Table 1). Thicknesses of
the individual zones are, however, highly variable.

The LZ constitutes the basal layer of the Kenticha
pegmatite and consists of fine- to medium-grained musco-
vite—albite granite and aplitic albite—quartz layers with
variable proportions of albite, quartz, microcline, and
muscovite. The IZ consists of medium- to coarse-grained
muscovite—quartz—albite—microcline pegmatite, with tabular
to columnar muscovite.

The UZ represents the most voluminous internal zone,
making up more than 50% of the whole pegmatite body. It
chiefly consists of spodumene-bearing pegmatite (Fig. 4b)
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Fig. 6 Schematic cross section WSW
(WSW-ENE) of the Kenticha A
pegmatite. No absolute scale

biotite
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P serpentinite and
'o‘ talc-tremolite schist
< faudt

with discontinuous lenses of blocky microcline, saccharoi-
dal albite, or quartz-rich assemblages. It is thus composi-
tionally differentiated into spodumene, albite, K-feldspar,
and quartz units. The spodumene unit is effectively
continuous (Figs. 5 and 6) and is composed of a coarse-
grained muscovite—quartz—albite—microcline—spodumene
pegmatite assemblage. Spodumene is greenish-white and
characteristically occurs in giant wedge-shaped crystals up
to 4 m in length (Fig. 4b), albite displays variable grain
sizes, and microcline may be amazonitic in places. The
albite unit is characterized by high proportion of fine-
grained saccharoidal albite and occurs in discontinuous
spherical bodies throughout the spodumene-bearing peg-

ENE

serpentinite
and talc-
tremolite
schist

10° - 70° SE dip

Intermediate Zone
Lower Zone

_Saccaroidal albite
—Blocky K-feldspar

: ?
Sault : 9
=

matite. These bodies are rather small in size (<25 m in
width) and are locally layered. The K-feldspar unit forms
discontinuous lenses and consists of giant blocky micro-
cline crystals together with some quartz, muscovite, and
minor spodumene. These lenses may reach up to 50 m
width, although they are commonly smaller (Poletayev et
al. 1991). The quartz unit consists of quartz crystals and
quartz—lepidolite greisen. It forms discontinuous bodies,
measuring 20-100 m in diameter, within the spodumene-
bearing pegmatite.

A prominent feature of the Kenticha pegmatite is the
almost complete absence of a wall or border zone along the
hanging wall contact. Occasionally, a thin pegmatitic

Table 1 Internal structure and mineral assemblages of Kenticha pegmatite, modified after Zerihun (1991), Poletayev et al. (1991), and Tadesse

and Zerihun (1996)

Grain Major minerals Accessory and Ta ore
size rare minerals minerals
Exomorphic Fine Contact assemblage in serpentinite and talc-tremolite schist,
Zone grained ‘glimmerite’ (phlogopite-quartz-holmquistite-talc-tremolite-actinolite)
Upper Coarse Albite-quartz-spodumene-muscovite- Amazonite, apatite, Mn-tantalite,
7 grained microcline-pegmatite, amblygonite, beryl, ixiolite/wodginite
one with large spodumene and quartz crystals Li-muscovite, topaz, Ta>Nb
kunzite, cassiterite,
petalite?
discontinuous Variable Monomineralic quartz and quartz-mica assemblages (lepidolite, zinnwaldite)
lenses and fine grained Saccharoidal albite

herical i .
spherical bodies | ¢arse grained

Intermediate

Blocky microcline with graphic quartz-feldspar intergrowth

Pyrite, iimenite, Fe-columbite,

Medium Muscovite-quartz-albite- : .
Zone : . ! . magnetite, Mn-columbite

grained microcline pegmatite arsenopyrite Nb>Ta
Lower Fine to medium  “Alaskitic” muscovite-albite granite S;?: e?t t(r)#a:g]nae“trilzy ('\‘]gl:_lr_r;blte
Zone grained to layered albite-quartz aplite pyrite, iimenite
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quartz—microcline—muscovite unit is developed. An exo-
morphic zone characterized by “glimmerite” is developed at
the contact within the ultramafic hanging wall (Table 1).
The mineral assemblage of the exomorphic zone includes
holmquistite, talc, tremolite, actinolite, phlogopite, and
quartz. Late- to postmagmatic alterations of the pegmatite
include albitization, amazonitization, sericitization, and
greisenization (Zerihun et al. 1995). Kaolinitization is due
to deep weathering and is especially prominent in
spodumene-rich sections of the pegmatite mined from the
open pit.

Major and accessory minerals of the Kenticha pegmatite
are listed in Table 1. Accessory minerals include apatite,
amblygonite, beryl, lepidolite, topaz, and Mn-tantalite. The
compositional range of columbite—tantalite minerals corre-
sponds to pegmatite host units (Table 1). According to
Tadesse and Zerihun (1996), Fe- and Mn-columbite is
characteristic for granitic LZ and spodumene-free 1Z,
whereas Ta-rich members (Mn-tantalite) are mainly found
in the spodumene-bearing UZ. More details on columbite—
tantalite mineralogy and chemistry will be described in a
separate section further below.

Mining activity is presently restricted to the upper zone
(spodumene and quartz units) in the eastern and northern
parts of the Kenticha pegmatite. In the southwestern part of
the pegmatite, mineralized parts of the UZ are absent or
have been largely eroded (Fig. 6). In contrast to most
comparable rare-element pegmatites (e.g., Tanco, Canada,
or Greenbushes, Australia), the Kenticha pegmatite rarely
carries cassiterite and has no known pollucite.

Sampling and analytical methods

The coarse-grained nature of granitic pegmatites causes
problems in determining representative and reliable whole-
rock geochemical compositions. Therefore, rare-element
pegmatites have mainly been studied geochemically by
major and trace element variation in individual minerals or
mineral groups (e.g., feldspars, micas, tourmalines, and
others). In this study, we used drill core sections, originally
taken for grade definition, to characterize the whole-rock
geochemistry. We have collected samples from ten explo-
ration boreholes roughly covering the mineralized eastern
part of the Kenticha pegmatite along strike and width
(Fig. 5). Each sample represents one half of a core section
of 5 cm diameter and 1.5 m length.

A total of 84 drill core samples was collected. Samples
were assigned to specific pegmatite zones based on drill
core logging, i.e., macroscopic identification of texture and
mineralogy, petrographic description, borehole depth, and
location. Fine- to medium-grained granite- to aplite-
textured rocks were assigned to the LZ. Medium- to
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coarse-grained pegmatitic samples without spodumene
were characterized as IZ, while those with spodumene and
coarse to giant grain sizes were assigned to the spodumene
unit of the UZ. Samples within the UZ with a large
proportion of microcline or albite were assigned to the K-
feldspar unit and the albite unit, respectively. Samples from
the quartz unit were not analyzed due to its nearly
monomineralic composition and the resulting very limited
geochemical information. In addition, 15 whole-rock
samples were collected from granitoid plutons in the near
surroundings (Kilta Shanbeli pluton, Shuni Hill pegmatitic
granite, Didola plutons) and the Adola Belt (Lega Dima,
Adadi Kottan, and Koba Sorsa plutons, see Fig. 2b for
location). Whole-rock geochemical analysis of all samples
was carried out by X-ray fluorescence (XRF) methods at
Technical University of Berlin. Forty-two samples from
Kenticha drill core were selected for specific trace element
(e.g., Ta, Nb, Be, Li, Y, REE) analysis by inductively
coupled plasma mass spectroscopy (ICP-MS) at ACME
Labs, Vancouver, Canada.

To complement whole-rock geochemistry, a number of
unaltered muscovite samples have been separated from drill
core sections of different zones of the Kenticha pegmatite.
Additional samples were collected for comparison from
surface exposures of the Bupo pegmatite, the Shuni Hill
pegmatite, and the Kilkele II pegmatite, representing
examples of regional pegmatite zones B, C, and E
(Fig. 3). Geochemical analysis of muscovite powders was
performed at Bundesanstalt fiir Geowissenschaften und
Rohstoffe (BGR), Hannover. Major and trace elements
were analyzed by XRF, except Be, Li, Tl, U, Zn, Hf, and Zr
that were analyzed by ICP-MS.

Tantalum—niobium-bearing minerals were collected from
surface exposures of the Kenticha, Bupo, and Shuni Hill
pegmatites. At Kenticha, samples were also collected from
drill core and the ore mineral concentrates. The modal
composition of concentrates was analyzed using the mineral
liberation analysis (JK Tech Pty Ltd., Australia) on a
Quanta 600 FEG scanning electron microscope (FEI
company), equipped with an EDAX 32 module. Major
and trace elements of Ta—Nb-bearing mineral phases were
analyzed by electron microprobe at the BGR (CAMECA
SX100) with detection limits of 200 ppm for trace
elements. Trace element concentration was also analyzed
by different ICP techniques. For conventional solution
analysis, hand-picked grains (5 to 100 mg of sample
material) were ground and dissolved in a mixture of 48%
HF (20200 pl) and 65% HNO;5 (200 ul). After complete
dissolution deionized water was added. Aliquots from this
solution were then diluted with 0.15 M HNO; and analyzed
by ICP-atomic emission spectroscopy (OES) (Nb, Ta, Mn,
Fe, Sn) and magnetic sector ICP-MS (32 trace elements
including the REE).
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For U-Pb dating, Mn-tantalite minerals from the
Kenticha (upper zone) and Bupo pegmatites were analyzed.
Mineral purification, dissolution, and TIMS analysis were
carried out at GFZ Potsdam. Individual Mn-tantalite
crystals were crushed. Fragments showing fresh surfaces
with a metallic luster were selected under a binocular
microscope. The Mn-tantalite fragments were leached in
dilute HF using the procedure described in Romer and
Smeds (1996) and Baumgartner et al. (2006) and dissolved
using 40% HF on a hot plate (160°C), dried, and taken up
in 6 N HCL. A **°Pb—>*U-mixed tracer and a few
microliter H,SO, was added to each sample before
dissolution. U and Pb were separated using standard ion-
exchange chromatographic procedures. Pb and U were
loaded together on single Re-filaments using a silica gel
emitter and H3PO, (Gerstenberger and Haase 1997) and
measured at 1,200-1,260°C and 1,350-1,400°C, respec-
tively, on a Finnigan MAT262 multicollector mass spec-
trometer using Faraday collectors and ion counting. Mass
fractionation was corrected with 0.1% a.m.u. as determined
from the repeated measurement of Pb reference material
NBS981.

Whole-rock geochemistry of the Kenticha pegmatite
General geochemical characteristics

Major and trace element geochemical data of the Kenticha
pegmatite are listed in Table 2, showing the mean, standard
deviation, and range of composition of five individual
zones and units. General geochemical characteristics are
displayed in Fig. 7a—d. For calculation of the alumina
saturation index (ASI), the widely used A/CNK index has
been modified to account for the presence of Li-
aluminosilicates. The modified A/CNKL index is defined
as mol. Al,03/(CaO + Na,O + K,O + Li,O). Rb and Cs
have not been incorporated in ASI calculation since
contents of their oxides in the Kenticha pegmatite do not
significantly effect on the A/CNK(L) value. Li,O contents
have also been included in alkali calculation in the total
alkali vs silica (TAS) diagram of Fig. 7a. Values of
fractionation indicators (i.e., K/Rb, K/Cs, Nb/Ta, and
others) are reported as concentration ratios (gram/gram).
The major element composition of the Kenticha pegma-
tite and its individual zones is essentially that of a siliceous
peraluminous leucogranite. SiO, contents (zonal averages)
vary from 70-75 wt.%, those of Al,O3 from 14.4-16.3 wt.
%. CaO, Fe,03, and TiO, contents are low in all zones and
units (Table 2). MgO contents are also low in the LZ and 1Z
but are enhanced in the UZ. The major alkali elements
show greater variability in the different zones (Table 2;
Fig. 7b). Zonal averages vary from 1.1-8.1 wt.% K,0, 1.8—

5.6 wt.% Na,O, and 0.11-1.64 wt.% Li,O. There is an even
greater variability of the alkali oxides in individual samples
of the different zones and units (Table 2; Fig. 7b), which
highlights the problem of whole-rock geochemistry in
pegmatites due to the very coarse grain size. Average
composition of individual zones, however, show distinct
geochemical differences and evolutionary trends (discussed
below) within the Kenticha pegmatite.

All rocks from the Kenticha pegmatite are peraluminous,
but display a generally increasing alumina saturation from
LZ to UZ (Table 2; Fig. 7c). This feature is related to
increasing spodumene contents and combined higher Al,O4
values. The P,Os contents are low and tend to be similar in
individual zones (averages vary from 0.13-0.27 wt.%).
Such P,O5 contents are akin to rare-element granites of the
low to intermediate P type (Fig. 7d), considered to be
highly fractionated members of I-type granitoids (Linnen
and Cuney 2005).

Composition of individual pegmatite zones

The LZ is strikingly sodic with Na,O contents between
2.63 and 6.99 wt.% and an average of 5.45 wt.%. K,O
contents are low (2.57% on average) but highly variable
(0.89-4.67 wt.%). P,Os values are also low (0.13% on
average) but have a restricted range (0.07-0.21 wt.%). The
granitic rocks of the LZ are peraluminous with an average
A/CNKL index of 1.22. They are geochemically special-
ized, displaying very low Ba (~13 ppm), Sr (~7 ppm), Zr
(~25 ppm), Y REE (<2 ppm), but high Rb (~588 ppm), Cs
(~49 ppm), Li (~746 ppm), Be (~168 ppm), Nb (~95 ppm),
and Ta (~36 ppm) contents. Values of fractionation indices
like K/Rb (36), K/Cs (440), Al/Ga (2,060), Zr/Hf (12), and
Nb/Ta (2.6) indicate the highly fractionated nature of the
LZ rocks.

The pegmatitic-textured 1Z is geochemically very similar
to the granitic-textured LZ (Table 2). Compared to the LZ,
the IZ has a more potassic composition (Table 2), yet still
maintains a sodic character. Although major alkali oxide
contents vary widely in individual samples (Table 2;
Fig. 7b), values for common fractionation indices are
slightly lower than in the LZ (Table 2). Therefore, the 1Z
appears slightly more geochemically fractionated than the
latter (especially in terms of K/Cs ratio).

The UZ is distinguished into three compositional units
(the quartz unit as the fourth one has not been analyzed),
whose mineralogical characteristics are geochemically
reflected in enrichments of K,O (8.14 wt.%) in the K-
feldspar unit, Na,O (5.62 wt.%) in the albite unit, and Li,O
(1.64 wt.%) in the spodumene unit (cf. Fig. 7c). There is
also an increase in peraluminosity from the K-feldspar unit
(A/CNKL of 1.24), through the albite unit (A/CNKL of
1.35) to the spodumene unit (A/CNKL of 1.56), which
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correlates with increasing spodumene and Li,O contents
(0.13 wt.% in the K-feldspar unit, 0.34 wt.% in the albite
unit, 1.64 wt.% in the spodumene unit).

The three units of the UZ are similar to the LZ or IZ for
major elements, except for SiO, in the K-feldspar unit
(<70% on average) and Al,O; in both the K-feldspar and
spodumene units (>16% on average). P,Os contents are
around 0.16 wt.% in both the K-feldspar and spodumene
units, i.e., similar to LZ and IZ (Fig. 7d), but slightly
enriched (0.27% on average) in the albite unit. Fe,O3y,
CaO, MnO, TiO,, Ba, Sr, Th, U, Sn, W, Zr, Hf, Y, and REE
all have very low contents in the entire UZ, i.e., in the same
range as LZ and IZ.

In the UZ, especially in the spodumene unit,
concentrations of MgO are much higher (>1% on
average) than in the LZ and IZ. In individual samples,
MgO can attain extraordinary values up to 5 wt.%
(Table 2). The high MgO contents correlate with the

A Kenticha LZ

Kenticha 1Z
@ Kenticha UZ K-feldspar unit
® Kenticha UZ albite unit

@ Kenticha UZ spodumene unit

occurrence of secondary carbonate, high loss on ignition
(LOI), and strong fracturing of the respective drill core
sections. These features probably reflect postmagmatic
alteration (possibly veining) in the upper parts of the UZ
near the roof of the intrusion. The high MgO content is
most likely bound in secondary magnesite and derived
from overlying serpentinite and talc—tremolite schists of
the hanging wall.

The UZ has the highest contents of incompatible trace
elements (Rb, Cs, Ga, Ta) within the Kenticha pegmatite.
Pronounced enrichment of Rb (up to 4,570 ppm) and Cs
(up to 565 ppm) is encountered in the K-feldspar unit,
whereas Ga (up to 71 ppm) and Ta (up to 554 ppm) are the
highest in the spodumene unit. The UZ units show very low
values for fractionation indices, which, however, vary from
one unit to the other (Table 2). Average values of UZ units
are K/Rb (22-19), K/Cs (208-96), Al/Ga (2,370-1,700),
Zr/Hf (8.9-7.2), and Nb/Ta (1.3-0.7).
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Trace element variation and internal differentiation
of the Kenticha pegmatite

The lithophile trace elements Rb, Li, Cs, Ga, Ta, Nb, and
Be are enriched and display systematic changes within the
pegmatite. In contrast, Ba, Sr, and many other trace
elements (e.g., Sn, Zr, Hf, REE, Y, Th, U) are remarkably
low throughout the pegmatite with no discernible geochem-
ical trends.

Li, Rb, Cs, Ta, and Ga are all progressively enriched
from LZ to UZ (Figs. 8a, b and 9), which compares well
with the results of studies of other rare-element pegmatites
worldwide (Summaries of Cerny 1992; Cerny et al. 2005).
Contents of Be and Nb are highly variable (Nb; Fig. 8c)
and Be is depleted overall from LZ to UZ (Fig. &d).
Individual zones and units are transitional and overlap in
terms of trace element enrichment (or depletion).

Fractionation indicators (K/Rb, K/Cs, Al/Ga, Nb/Ta, Zr/
Hf) reflect different degrees of geochemical evolution with

increasing differentiation from the LZ to the UZ-spodumene
unit (Table 2; Figs. 8 and 9), the latter one being the most
evolved part of the Kenticha pegmatite. Increasing geochem-
ical fractionation toward the interior of pegmatite bodies is a
well-known characteristic from other mineralized rare-
element granitic pegmatites (Cerny 1992, 2005). Variation
of fractionation indices in borehole profiles (Fig. 10),
however, indicate that fractionation at Kenticha apparently
progressed from the bottom to the top of the pegmatite sheet,
leading to an asymmetric zonation. A trend of idealized
increasing fractionation from the roof to the center of the
pegmatite sheet that would reflect a concentric inward
solidification process is not documented in the geochemical
data (Fig. 10).

Values of fractionation indices and trace element
contents are not only controlled by the degree of chemical
evolution of the parental melt but also by mineralogical
composition of pegmatite zones/units. Such effects can be
seen in generally higher values of K/Cs and Al/Ga ratios in

Fig. 8 Trace element variation 60 60
in whole-rock samples of Ken- a) b)
ticha pegmatite: a K/Rb vs 50 50 .
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Fig. 9 Bivariate logarithmic plots showing geochemical variation in
whole-rock samples from Kenticha pegmatite and Adola Belt
postorogenic granites: a K/Rb vs Cs and b K/Rb vs Ta. Data for
Greenbushes, Wodgina, and Tanco pegmatites are from Partington et
al. (1995), Sweetapple and Collins (2002), and Stilling et al. (2006)

the K-feldspar unit compared to other units of the UZ
(boreholes 3 and 5; Fig. 10), most likely resulting from
crystal-chemical differences between microcline, albite, and
muscovite (Cerny 2005; London 2005a). This mineralogy
control on the fractionation indices is much less pro-
nounced for the K/RD ratio (Fig. 10), which appears to be a
more suitable fractionation indicator for whole-rock sam-
ples. The Nb/Ta ratio reflects the Ta mineralization
potential. It is the lowest in the spodumene unit (as low
as 0.3 in individual samples), which is the focus of present
mining.

Muscovite chemistry

Average composition of muscovite mica from the Kenticha
pegmatite zones and from the Bupo, Shuni Hill, and Kilkele
II pegmatites are given in Table 3. The data reveal that the
chemical composition of muscovite is relatively constant
throughout the different zones of the Kenticha pegmatite as
well as in the other three pegmatites. Contents of the three
major oxides are slightly variable in individual muscovite
samples—SiO, (45.4-54.5 wt.%), Al,O3 (29.1-36.4 wt.%),
K>O (8.2-10.1 wt.%)—but approach ideal muscovite
composition. Low but variable contents of FeOy (0.98—-
3.17 wt.%) and MgO (0.11-1.20 wt.%) reflect a phengite
component in all samples. Na,O values of 0.38-0.84 wt.%
indicate the existence of a minor paragonite component.
Li,O values do not exceed 1.5 wt.% and show that the
sampled muscovite from Kenticha does not reach compo-
sitions of lithian muscovite or lepidolite.

Borehole 5

20 40 0 ZIJII MQ 3000
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L L 1 L J 1
quartz —
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K/Rb AllGa biTa
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r’open in gmnire}
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400 200 4000 1000 3000 0 2 4
J L 1 1 1 53 L L Il I 1 L L L ']
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400 200 400 9 1000 3000 0 2 4
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Fig. 10 Variation of fractionation indices in three boreholes compared
to macroscopic zoning of the Kenticha pegmatite. For location of
boreholes, see Fig. 5
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Table 3 Average major and trace element composition of muscovite from Kenticha, Bupo, Shuni Hill, and Kilkele pegmatites

Kilkele Shuni Lz 1z Kenticha Bupo
I Hill UZ albite UZ Kspar UZ spod

n 4 4 2 2 3 5 8 1

wt.%
SiO, 46.0 46.7 48.2 48.88 47.0 50.7 48.8 45.4
TiO, 0.12 0.18 0.09 0.09 0.10 0.07 0.08 0.03
Al,O4 33.1 32.6 31.9 31.9 324 30.5 325 36.4
FeOon 3.48 3.06 3.05 2.56 2.96 2.19 2.01 0.96
MnO 0.04 0.08 0.19 0.19 0.22 0.20 0.21 0.24
MgO 0.56 1.25 0.65 0.61 0.77 0.69 0.46 0.05
CaO 0.01 0.01 0.05 0.02 0.03 0.11 0.03 0.03
Na,O 0.63 0.52 0.63 0.46 0.51 0.60 0.57 0.66
K>,O 9.94 9.92 9.49 9.51 9.79 8.91 9.35 9.59
Li,O 0.08 0.18 0.54 0.48 1.06 0.92 0.67 0.38
Rb,O 0.21 0.39 0.36 0.45 0.57 0.63 0.62 1.13
P,0s 0.01 0.01 0.02 0.01 0.02 0.08 0.03 0.03
((®)] 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
F) 0.05 0.10 0.09 0.10 0.16 0.11 0.09 0.07
LOI 4.83 4.64 4.63 4.75 4.80 4.56 4.65 4.94
Total 99.6 99.6 99.9 100.0 100.4 100.3 100.2 99.9

ppm
Ba 15 111 7 13 9 14 10 7
Be 11 23 26 37 36 38 29 34
Cs 41 166 135 263 766 793 292 838
Ga 215 233 215 228 239 197 241 283
Hf 0.5 0.5 1.3 0.6 1.0 1.1 0.5 0.3
Nb 497 407 415 322 402 243 258 144
Sn 246 322 242 133 157 115 132 205
Sr 6.3 12 10 11 11 16 14 22
Ta 40 75 67 96 93 84 73 90
Tl 6.2 12 11 14 19 20 21 45
Th 3.8 43 6.0 5.0 5.0 9.4 6.9 12
U 0.0 0.0 0.3 0.1 0.4 0.4 0.1 0.0
W 6.5 6.0 35 14 24 11 42 5.0
Zn 198 297 633 568 776 785 790 636
Zr 2.4 2.0 9.3 3.1 5.8 5.0 2.3 1.1
K/Rb 42 22 23 19 16 14 14 7.4
K/Cs 2,896 619 582 330 265 132 294 92
K/T1 13,453 6,716 6,793 5,345 4,450 3,580 3,734 1,715
Rb/T1 331 300 294 285 277 260 270 231
Nb/Ta 16 7.5 6.5 4.0 4.7 2.8 38 1.6
Fe/Mn 91 48.3 18.7 13.5 133 11.1 10.2 4.1
Al/Ga 829 749 788 747 718 761 715 680
Mg/Li 28 13 4.0 5.4 22 2.4 3.7 5.6
Zr/Hf 5.3 3.9 6.6 6.1 5.4 42 4.6 43

Muscovite samples are mineral separates collected from outcrops and drill core sections

In the Kenticha muscovites, the rare alkali elements Rb
and Cs show enrichment from LZ to UZ (Fig. 11a, b). Li
largely follows this trend (not shown). Within the UZ, Li
contents of muscovite from the spodumene unit, however,
are lower than in muscovite from the albite and K-feldspar
units (see Table 3 for average data), which likely is caused
by cogenetic formation of spodumene in the former unit. Li
concentration in muscovite from the spodumene-bearing
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Bupo pegmatite is also low (0.38 wt.% Li,O). Muscovite
from the different UZ units has broadly similar Rb and Cs
contents and cannot be ranked in terms of rare alkali
concentration. This suggests simultaneous formation of
muscovite in all three units over a certain fractionation
interval (from K/T1 5,500 to K/Tl 2,400; Fig. 11Db).
Muscovite from the K-feldspar and albite units, however,
show slightly higher Cs contents at lower (i.e., less
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fractionated) K/Rb ratios (Fig. 11a). The rare alkali data in
muscovite of the Kenticha pegmatite confirm the trend of
increasing fractionation from LZ to UZ, also established
from whole-rock data (Fig. 11a). On a regional scale,
however, muscovite from the Bupo pegmatite (zone E) is
even more fractionated than UZ muscovite from the
Kenticha pegmatite (zone D), whereas muscovite from the

Fig. 11 Bivariate logarithmic
diagrams showing chemical
variation in muscovite from
Kenticha, Bupo, Shuni Hill, and
Kilkele II pegmatites: a K/Rb vs
Cs, b K/Tl vs Rb, ¢ Rb vs Ta
(minimum Ta contents for Ta-
prospective and Ta-mineralized
pegmatites are from Beus 1966,
and Gordiyenko 1971); d Rb vs
Tl (data for other pegmatite
fields are from Cerny et al.
1985), e K/Rb vs Nb/Ta, and f
K/Rb vs Fe/Mn

100
a)
K/Rb P o
\ .
\ A " Kenlicha
\\ L muscovite
~ N,
e L
10 - Kenticha ~~~__ :,’ :
whole rock i i
1 T T
10 100 1000 10000
Cs (ppm)
100000 1 T
] c)
Rb ]
{PPI‘I\) 1 Ta-prospective
1 Ta-mineralized
10000 A E
] ®
° L
‘
A fi o
* *
L 3
1000 r
10 100 1000
Ta (ppm)
100 {
e)
4 ‘0
1 &
KRb ] * 2 Kilkele ||
A Ay, A
"Q & Shuni Hill
@
10 4 ”0‘ Kenticha
] " Bupo
1 r
1 10 100
Nb/Ta
+ Kilkele Il A Shuni Hill

® Kenticha UZ albite unit

Shuni Hill pegmatite (zone C) is slightly less or similarly
evolved as LZ muscovite from Kenticha (Fig. 11Db).
Muscovite from the Kilkele II pegmatite (zone B) is the
least fractionated (Fig. 11b).

In the Rb/Tl diagram (Fig. 11d), muscovite analyses
from the Kenticha, Bupo, Shuni Hill, and Kilkele II
pegmatites form a very well-correlated suite. Although the
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Table 4 Representative electron microprobe analyses of columbite—tantalite, tapiolite, ixiolite, rutile, and cassiterite

Source Kenticha drill cores
Mineral Col(Fe) Col(Fe) Col(Fe) Col(Fe) Col(Mn) Col(Mn) Tan(Mn) Tan(Mn) Tan(Mn) Ixiolite?  Tapiolite Cassiterite  Rutile(Ta)
Pegmatite Lz Lz Lz 1z uz uz uzZ uz uz uz uz uzZ uz
zone
Grains (n) 2 3 3 1 2 5 4 1 5 1 2 1 2
Analyses (n) 39 6 7 34 24 7 31 2 8 1 4 2 3
Texture Homogeneous  Core Rim Core Core Homogeneous  Core Core Rimon  Tan(Mn) Homogeneous Zoned Near
Col(Mn) intergr. grain cassiterite
SiO, bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 2.38
CaO bdl bdl bdl bdl bdl bdl 0.05 bdl bdl bdl bdl bdl bdl
Sc,05 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
TiO, 0.91 0.81 0.79 0.26 0.26 0.92 0.11 0.30 0.51 4.17 0.54 0.85 82.00
MnO 8.34 8.07 7.25 8.82 14.03 12.27 11.42 9.74 10.30 7.10 0.70 0.11 0.14
FeO 12.52 12.42 12.30 11.23 5.34 7.27 4.64 6.78 5.60 6.69 14.29 0.90 2.79
ZrO, 0.15 0.08 bdl bdl 0.05 0.17 bdl bdl bdl 1.08 bdl bdl bdl
Nb,Os 65.41 63.66 51.82 57.82 55.43 52.47 24.11 23.84 14.78 437 0.96 bdl bdl
SnO, bdl bdl 0.031 bdl 0.035 0.081 bdl bdl 0.113 5.657 0.222 95.692 1.076
HfO, bdl bdl bdl bdl bdl bdl bdl bdl bdl 0.607 bdl 0.079 bdl
Ta,O5 12.37 14.58 27.03 20.54 24.06 26.39 56.87 57.97 69.39 70.46 81.53 4.49 9.64
WO, 0.461 0.277 0.390 0.170 0.079 0.235 0.059 0.090 0.061 0.086 0.048 bdl 0.233
U0, 0.042 bdl bdl bdl bdl 0.225 bdl bdl bdl bdl bdl bdl bdl
PbO, na na na na na na na na na na na na na
Total 100.19 99.89 99.62 98.84 99.29 100.03 97.73 98.72 100.80 100.22 98.29 102.12 98.25
Mn* 0.403 0.397 0.374 0.443 0.727 0.631 0.714 0.593 0.651 0.518 0.047
Ta* 0.102 0.121 0.239 0.176 0.207 0.232 0.587 0.594 0.738 0.907 0.981

Detection limits for all analyses except UZ/spd tantalite are SiO, 0.08%, CaO 0.03%, Sc,03; 0.03%, ZrO, 0.03%, Nb,Os 0.13%, SnO, 0.03%,
HfO, 0.02%, WO3 0.04%, and UO, 0.03%; detection limits for UZ/spd tantalite are SiO, 0.05%, CaO 0.03%, ZrO, 0.08%, SnO, 0.05%, HfO,

0.01%, WO5 0.18%, UO; 0.003%, and PbO2 0.0,%

Col columbite, Tan tantalite, LZ lower zone, IZ intermediate zone, UZ upper zone, gz quartz unit, spd spodumene unit, bd/ below detection limit,

na not analyzed

Rb/TI ratio shifts from around 350 in the least evolved
Kilkele II muscovite to 230 in the Bupo muscovite
(Fig. 11d) due to increasing fractionation, the high Rb—TI
correlation infers a cogenetic formation of all four
pegmatites from a common magma source. The Rb/TI
ratios of the Kenticha—Bupo—Shuni Hill-Kilkele IT pegma-
tite suite is distinct from other rare-element pegmatite fields
(e.g., Tanco, Altai/Keketuohai No.3, or Kola Peninsula;
Fig. 11d).

Other trace elements and minor constituents also show
fractionation-related depletion and enrichment features in the
muscovites from the four pegmatite occurrences. FeO
becomes depleted while MnO is enriched with increasing
fractionation. Zn is also enriched (Table 3). Among the HFS
elements, TiO,, Sn, and Nb become depleted, whereas Ta is
enriched. The relationship of these depletion or enrichment
trends with rare alkali fractionation indices (K/Rb, K/Cs or
K/Tl) is rather crude, either due to a more complex
substitution of these elements for octahedral Al in the
muscovite structure or due to occurrence of randomly
disseminated micro-inclusions of high-field-strength element
(HFSE) oxides (cassiterite, columbite—tantalite) in the mus-
covite crystals. However, ratio/ratio plots (Fig. 11e, ) clearly
show the overall correlation of rare alkali fractionation
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indices with Nb/Ta and Fe/Mn ratios. The Nb/Ta ratios in
Kenticha muscovite are slightly higher (1.2-8.0) than in
whole-rock samples (0.3-5) from Kenticha drill core.

Ta contents in muscovite from the four pegmatite
occurrences are all above the critical value of 20 ppm
used in exploration to identify Ta-prospective pegmatites
(Fig. 1lc). Muscovite from Kenticha typically falls close
to or above the limit of 65-70 ppm used to indicate Ta
mineralization. Other trace elements like Be, Ga, or W
behave erratically in muscovite. Although there is a
general trend of enrichment of these elements (Table 3),
positive correlations with fractionation indices (i.e., K/Rb,
K/Cs, K/Tl) are very vague.

Chemistry of tantalum—niobium-bearing minerals

Tadesse and Zerihun (1996) characterized the chemical
variation of minerals of the columbite—tantalite group in
several pegmatites of the Kenticha pegmatite field. In this
chapter, we present new data on the mineralogy and
mineral chemistry, including trace element data, of Ta—
Nb-bearing minerals in the Kenticha, Bupo, and Shuni
Hill pegmatites.
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Kenticha open pit Kenticha plant concentrate Shuni Hill Bupo

Tan(Mn) Col(Mn) Tan(Mn) Tan(Mn) Col(Fe) Col(Mn) Col(Mn) Tan(Mn) Tan(Mn) Col(Fe) Col(Fe) Col(Mn) Tan(Mn) Tan(Mn)
UZ/qz UZ/qz UZ/spd  UZ/spd

1 1 1 1 23 69 9 15 1 1 33 2 3 1

12 15 15 59 36 92 16 24 1 3 101 61 112 4

Core Rim Core Core Homogeneous Homogeneous Homogeneous Homogeneous Homogeneous
bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl

bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl

bdl bdl na na bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl

0.20 0.40 0.06 0.11 1.22 0.67 0.32 0.21 0.14 0.68 0.56 0.35 0.40 0.35
13.82 12.22 14.73 15.03 9.50 13.79 12.14 14.41 13.12 7.35 7.46 14.68 14.43 14.58
0.78 4.82 0.47 0.47 9.66 5.25 5.28 0.54 0.67 11.64 12.12 2.40 1.42 1.24
0.11 bdl 0.10 bdl 0.32 0.12 bdl 0.11 0.24 0.24 0.18 0.16 0.11 0.10
9.61 32.88 18.02 21.07 46.96  49.02 31.32 13.10 2.81 43.28 48.76 35.99 23.72 19.28
0.061 0.077 bdl 0.058 0.083 0.041 0.075 0.061 0.129 0.078 0.083 0.059 0.054 0.071
0.033 bdl 0.019 0.013 0.026  bdl bdl bdl 0.104 0.026 0.030 bdl bdl bdl
74.85 49.60 65.28 61.84 31.71 30.53 49.70 70.14 80.86 35.74 30.01 45.48 58.59 63.85
bdl 0.072 bdl bdl 0.175 0.119 bdl bdl bdl 0.040 0.125 0.134 0.058 0.041
bdl bdl 0.009 0.018 0.172 0.141 bdl bdl bdl 0.072 bdl 0.142 0.109 0.071
na na 0.075 0.092 na na na na na na na na na na
99.46 100.06  98.78 98.69 99.83 99.69 98.83 98.57 98.07 99.16 99.34 99.39 98.90 99.58
0.947 0.720 0.97 0.97 0.499 0.727 0.700 0.964 0.952 0.390 0.384 0.861 0.911 0.923
0.824 0.476 0.69 0.64 0.289 0.273 0.488 0.763 0.945 0.332 0.270 0.432 0.598 0.666

Mineralogy and major element composition

Heavy mineral concentrates from the Kenticha processing
plant contain minerals of the columbite—tantalite group,
microlite, and uranmicrolite. CGM are mainly mangano-
tantalite (60-89%), followed by manganocolumbite (3—
40%) and less commonly ferrocolumbite and ferrotantalite.
Tapiolite, wodginite, and cassiterite are notably absent from
the concentrates. In drill core from Kenticha, CGM (ferroco-
lumbite to manganotantalite), secondary pyrochlore-group
minerals (pyrochlore, microlite, uranmicrolite with up to
6 wt.% UQO,), and rare tapiolite and ixiolite/wodginite are
encountered. Cassiterite was found only in one sample of
drill hole 27, close to the hanging wall contact. CGM are
notably absent in this sample, although Ta-bearing rutile
(up to 10 wt.% Ta,0s) occurs. Ta—Nb—Fe—W-bearing
rutile was also encountered in the uppermost portions
of drill hole 101, associated with manganotantalite and a
Sn-bearing phase probably akin to wodginite/ixiolite. In
the Bupo and Shuni Hill pegmatites, only CGM were
encountered.

Major element compositions were measured by electron
microprobe at BGR (Table 4). Results are presented in the
Mn* (= atomic Mn/(Mn + Fe)) vs Ta* (= atomic Ta/(Ta +
Nb)) diagram (Fig. 12). As a whole, CGM composition
from Kenticha (drill cores and outcrop material) comprise a
trend from ferrocolumbite to manganotantalite (Fig. 12), in

general, coinciding with the data of Tadesse and Zerihun
(1996). Within the Kenticha drill holes, Mn* and Ta*
numbers in CGM tend to increase from the LZ to the UZ
and follow whole-rock fractionation indicators. However,
Mn fractionation is not as prominent in drill core samples
compared to samples collected from the processing plant
and the open pit (Fig. 12). CGM collected from the UZ
quartz unit outcropping in the open pit plot in the
manganotantalite field. Cores of such crystals are homoge-
neous and Mn—Ta rich and are overgrown and corroded by
a second phase characterized by variable and more Nb- and
Fe-rich compositions (Fig. 4c and arrows in Fig. 12).
Manganotantalite cores occasionally carry metamict grains
of uranmicrolite. CGM from Bupo are also Mn-rich (Mn*>
0.85) at variable Ta* (Fig. 12). These grains are fairly
homogeneous, but include alteration products such as
microlite and plumbomicrolite (up to 20 um in size).
Notably, the compositions of the manganotantalite from
Bupo pegmatite and from Kenticha UZ are more Ta rich
than most of the analyses presented by Tadesse and Zerihun
(1996). At Shuni Hill, CGM have ferrocolumbite compo-
sitions with intermediate Mn* (0.40) and Ta* (0.30)
numbers (Fig. 12). They straddle the field of the lower
and intermediate zones at Kenticha.

In summary, Kenticha has a general evolution trend
indicated by CGM from the LZ toward the IZ and UZ and
into the quartz unit (Fig. 12). However, considerable
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Fig. 12 Variation of Mn* (atomic Mn/Mn + Fe) and Ta* (atomic Ta/
Ta + Nb) in CGM from the Kenticha pegmatite field. UZ upper zone,
17 intermediate zone, LZ lower zone. Arrow indicates direction of
core-rim fractionation within CGM from the UZ quartz unit

differences in characteristic zoning behavior are observed.
Whereas some samples from the LZ follow a strong Fe—Mn
fractionation trend, Nb—Ta fractionation is more pro-
nounced within the IZ. In the quartz unit and the UZ at
Kenticha and at Bupo, Ta—Nb fractionation becomes the
most important mechanism. The mechanism producing
reversely zoned rims on manganotantalite from the quartz
unit and the UZ is as yet unknown. The different degree of
Mn-Fe fractionation observed in drill core and outcrop
samples may be related to different mineralogical para-
geneses, e.g., CGM in drill core samples are commonly
intergrown with speassartine garnet, whereas those from the
pit faces are garnet free.

Trace elements

Minor and trace element concentrations determined by
microprobe and ICP-MS reveal considerable variations for
some elements (L1, Ti, Sc, Zr, Hf, Sn, W, Th, U, Pb, As, Bi;
Table 5). In some crystals, concentrations of U may reach
>1,000 ppm. Th varies from 3 to 41 ppm. Sn, Ti, and W
decrease with increasing Mn*, whereas Zr increases with
Mn*. Sn and Zr are both progressively enriched during Ta—
Nb fractionation (increasing Ta*), whereas Ti and W
decrease with Ta* (Cerny et al. 2007). Zr/Hf ratios range
from 0.7 to 7.0, with most samples from Kenticha ranging
between 2.0 and 6.2.
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Rare earth element concentrations, measured by solution
ICP-MS, vary significantly within the studied columbite—
tantalite crystals (Table 5; Fig. 13). They show distinctive
patterns for each of the three localities. Most manganotan-
talites from the Kenticha orebody (UZ, quartz unit) are
characterized by low total REE and, if any, weak negative
Eu anomalies (Fig. 13). Ferrocolumbite, on the other hand,
has higher total REE and small though distinct negative Eu
anomalies. The REE patterns are generally less fractionated
at Kenticha compared to Shuni Hill and Bupo, which both
display high Lay/Luy ratios. Ferrocolumbite from Shuni
Hill has high total REE, strong negative Eu anomalies, and
strong MREE/HREE fractionation (Fig. 13). Manganoco-
lumbite and manganotantalite from Bupo both display
parallel REE patterns characterized by considerable
LREE/HREE fractionation, similar to normal granites, but
lack Eu anomalies (Fig. 13).

Mn-tantalite geochronology

U-Pb ages were determined on Mn-tantalite from the UZ
spodumene and quartz units of the Kenticha pegmatite and
from the Bupo pegmatite (Fig. 3). For geochronology,
larger crystals were broken into pieces and fragments with
fresh surfaces were selected. The samples were leached in
20% HF and then rinsed in 6 N HCl and 7 N HNO; to
remove intergrowths and inclusions of silicate and sulfide
minerals (cf. Romer and Smeds 1996, 1997) and to
selectively dissolve possible metamict sections that might
be found around U-rich inclusions (cf. Romer 2003; Smith
et al. 2004). The leached Mn-tantalite fragments have
relatively low U contents (70—150 ppm; Table 6) and do not
show the kind of etching pits characteristic for columbite
with much higher and heterogeneously distributed U
contents (cf. Romer and Wright 1992; Romer and Smeds
1996). Th contents are low, as indicated by Th/U omic ratios
(Table 6) calculated from the Pb isotopic composition, and
the age and U content of the individual samples. Th/Ugomic
of Mn-tantalite from Kenticha ranges from 0.016 to 0.05
without systematic difference between Mn-tantalite samples
from different parts of the Kenticha pegmatite. Mn-tantalite
from the Bupo pegmatite has markedly lower Th/Ugomic
ranging from 0.001 to 0.007 (Table 6). Common (initial) Pb
contents ranged from 0.1 to 0.5 ppm Pb (calculated from
Table 6), and the isotopic composition of all fragments was
highly radiogenic.

Six Mn-tantalite fragments from the quartz unit of the
Kenticha pegmatite were analyzed. Five fractions are
concordant, whereas one fraction is slightly discordant.
All six samples define a discordia with slight excess
scatter (MSWD=4.1) that intersects the concordia at
529.2+5.4 Ma (20) and passes within error though the
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Fig. 13 Ranges of chondrite normalized REE concentrations in
columbite—tantalite from Kenticha, Bupo, and Shuni Hill pegmatites.
Normalization factors are from McDonough and Sun (2005). Kenticha
samples were collected from the processing plant and from the
outcropping orebody (UZ quartz unit). FeCol ferrocolumbite, MnCol
manganocolumbite, MnTan manganotantalite

concordia diagram origin (Fig. 14a). The five concordant
samples define a 2°°Pb/**®U age of 530.2+1.3 Ma (20),
which is considered to be the crystallization age of the
Mn-tantalite.

Mn-tantalite from the spodumene unit of the Kenticha
pegmatite scatters in the concordia diagram (Fig. 14b)
with four samples yielding apparent °°Pb/***U ages around
520 Ma and three samples having slightly higher apparent
206pp/238U ages. Two of the samples show a tendency for
inverse discordance, i.e., falling above the concordia
(Fig. 14b). A discordia based on all seven samples has
significant excess scatter, which is removed if the two
fractions with reverse discordance are not included in the
calculation of the discordia. The remaining samples
define a discordia with an upper intercept at 530.0+
2.3 Ma (20). This age is interpreted as the crystallization
age of the Mn-tantalite.

From the Bupo pegmatite, only four fractions have been
analyzed (Table 6). All four fractions are concordant
(Fig. 14c) and define an average apparent “*°Pb/***U age
of 530.0+6.4 Ma (20) and a concordia age of 529.2+
4.1 Ma (20).

The ages from all three Mn-tantalite samples agree
within analytical uncertainties. Our data demonstrate that
the Kenticha and Bupo pegmatites may have formed
coevally and are probably part of the same magmatic
system, as had been inferred from their spatial distribution
and the systematic variation of mineral content (e.g.,
Zerihun et al. 1995; Tadesse and Zerihun 1996).

@ Springer

Geochemistry of postorogenic granite plutons

The geochemistry of postorogenic granites was studied on a
reconnaissance level to gain an insight into their composi-
tion and petrogenetic affiliation (I, S, or A type). Occur-
rences sampled include the 550+18-Ma Lega Dima pluton
(Fig. 2b) and a number of intrusions located in the vicinity
of Kenticha (i.e., Koba Sorsa, Adadi Kottan, Didola, Kilta
Shanbeli, and Shuni Hill, see Figs. 2 and 3 for location).
The postorogenic granites are mainly composed of reddish
and gray biotite granite. The Kilta Shanbeli intrusion also
contains a muscovite—biotite granite and a K-feldspar-rich
pegmatitic granite facies. A similar pegmatitic granite with
graphic intergrowth of quartz and K-feldspar crops out in
the small Shuni Hills intrusion, located immediately east of
the Kenticha pegmatite.

Average geochemical data of the granite samples are
presented in Table 7 and graphical display of the data is
included in Figs. 7 and 9. All granites are high-K calc-
alkaline granites, except the pegmatitic granites from Kilta
Shanbeli and Shuni Hill, which have much higher K,O
contents close to 9 wt.% (Table 7) and plot as alkali granite in
the TAS diagram (Fig. 7a). All samples are highly siliceous
with SiO, contents between 70 and 75 wt.% (Fig. 7a). They
are mildly peraluminous with A/CNK values between 1-1.1
(Fig. 7c) and have low P,Os content (<0.15 wt.%; Fig. 7d).
The overall geochemical characteristics of these granites
suggest an I-type affiliation (e.g., Clarke 1992).

Although major element composition of the samples is
very similar, trace elements are variable and suggest that the
plutons display different degrees of evolution. For example,
RbD contents increase from 63 ppm in the least evolved granite
(Koba Sorsa granite; Table 7) to 732 ppm in the most
fractionated granite (Shuni Hill pegmatitic granite; Table 7).
The simultaneous decrease of the compatible elements Sr
(from 1,270 to 8) and Ba (from 1,360 to 12; Table 7) indicate
that feldspar fractionation played a dominant role in the
magmatic differentiation of the granite suite.

Discussion

Internal consolidation and mineralization of the Kenticha
pegmatite

The Ta-mineralized Kenticha pegmatite belongs to the
spodumene subtype of complex rare-element pegmatites
(Cerny 1991; Cerny and Ercit 2005) and forms a subhor-
izontal sheet-like intrusion. Whole-rock geochemistry of
drill core samples (Table 2), muscovite chemistry (Table 3),
and CGM compositional variation (Fig. 12) all demonstrate
the highly differentiated nature of the magma from which
the Kenticha pegmatite crystallized. K/Rb whole-rock
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Fig. 14 Concordia diagrams showing the results of Mn-tantalite age
determinations: a quartz unit (upper zone) of Kenticha pegmatite, b
spodumene unit (upper zone) of Kenticha pegmatite, and ¢ Bupo
pegmatite

values vary from a maximum of 45 in the LZ to a minimum
of 13 in the UZ; those of muscovite vary from 23.5 (LZ) to
9.5 (UZ). Trace element geochemistry of individual zones
and various fractionation indicators in whole rock (K/Rb,

@ Springer

K/Cs, Al/Ga, Nb/Ta), muscovite (K/Rb, K/Cs, K/T1, Rb/TI,
Nb/Ta, Fe/Mn, Al/Ga), and CGM (Mn/Mn + Fe, Ta/Ta +
Nb) reveal a geochemical layering, with the least differen-
tiated part of the pegmatite located at the bottom of the
intrusive sheet and the most fractionated parts at its top
(Figs. 9, 10, 11, and 12). This suggests that crystallization
and solidification of the leucogranitic to pegmatitic melt
progressed mainly from the bottom (LZ) to the top (UZ).

This upward fractionation of the Kenticha pegmatite has
similarities with the internal differentiation of the Tanco
pegmatite at Bernic Lake (Canada) that represents a
subhorizontal sheet-like intrusion of similar size to Kenti-
cha. At Tanco, consolidation dominantly proceeded from
the footwall portion of the pegmatite to the intermediate
zones in the upper parts of the intrusion (Cerny 2005).
However, concentric solidification is evident in the outer-
most zones, documented by the occurrence of mineralog-
ically and texturally similar lower and upper wall zones
(Cerny 2005; Stilling et al. 2006). Such incipient forms of
downward directed solidification are not observed at
Kenticha where an upper wall zone is almost completely
lacking or only discontinuously developed. Dominantly,
bottom-to-top differentiation has also been observed at the
Little Three pegmatite (Morgan and London 1999) and
Pinilla de Fermoselle pegmatite (Roda et al. 2005), the
latter one constituting the roof zone of a highly differen-
tiated leucogranite intrusion. Both are layered, subhorizon-
tal, but nontantaliferous pegmatites. Bottom-to-top
differentiation and asymmetric zonation may thus be a
general characteristic of flat-lying sheet-like pegmatite
intrusions (London 2008). Complex rare-element pegma-
tites of different shape and attitude, e.g., the cupola- to
plug-like Altai/Keketuohai No.3 pegmatite (Cerny et al.
2005; Wang et al. 2007), show clear patterns of concentric
inward crystallization.

The geochemical composition of individual zones at
Kenticha (Table 2; Figs. 9, 10, 11, and 12) suggest that
transitions between them are gradational. Muscovite chem-
istry from the three mineralogically differentiated UZ units
formed at largely similar levels of fractionation (Fig. 11).
This may suggest that crystallization occurred rapidly,
prohibiting large scale separation of the consolidating
crystal mush into distinct continuous layers.

Geochemical variation along strike of the Kenticha
pegmatite is insignificant. A spatial comparison of average
whole-rock K/Rb ratios from drill core samples of UZ
spodumene and albite units reveals that in different parts
(i.e., exploration sectors; see Fig. 5) of the Kenticha
pegmatite, the UZ displays similar degrees of fractionation
(K/Rb~19-22; Fig. 5). The geochemical data shows no
variation in degree of fractionation along the strike of the
pegmatite, which would follow the interpreted direction of
magma injection in the subhorizontal pegmatite sheet. It
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thus appears that the magma (+ fluid phase) that generated
the Kenticha pegmatite was injected in a single pulse and
then crystallized essentially in situ without much movement
of the consolidating crystal mush. Cooling and solidifica-
tion proceeded rapidly from the bottom upwards; crystal-
lization occurred probably from significantly undercooled
liquids under nonequilibrium conditions (Morgan and
London 1999; Webber et al. 1999; London 2005b, 2008).
During solidification of the Kenticha pegmatite sheet, heat and
volatiles (H,O, CO,, F, B) were lost from the consolidating
magma into the hanging wall. The emanating volatiles lead to
alteration of the ultramafic rocks along the hanging wall
contact producing the exomorphic zone (“glimmerite”).
Cooling of the melt and high amount of fluids are probably
also responsible for the establishment of hydrothermal cells
which affected roof parts of the pegmatite sheet and overlying
serpentinites and talc—tremolite schists. This is evidenced in
high MgO contents, high LOI values, occurrence of
secondary carbonates, and increasing fracturing of parts of
the UZ. The MgO originates from the ultramafic hanging
wall rocks and was introduced into the roof parts of the
pegmatite by downward moving, probably carbonaceous
fluids. Contamination must have occurred late in the
solidification process of the Kenticha pegmatite. Relatively
coarse-grained and probably primary magmatic muscovite
from the UZ has MgO contents that are comparable or lower
than those in less fractionated IZ and LZ muscovite (Table 3).
It is thus likely that magmatic crystallization of the Kenticha
pegmatite largely occurred under essentially closed system
conditions. A similar model has been developed for the Pinilla
de Formoselle pegmatite and attributed to rapid, in situ,
bottom-up crystallization (Roda et al. 2005, 2006). The
Kenticha pegmatite, however, experienced open system
behavior during the postmagmatic stage leading to hydro-
thermal alteration and wallrock contamination.

CGM become increasingly enriched in Ta, Mn, Zr, and Hf
from the LZ to the UZ quartz unit of the Kenticha pegmatite
(Fig. 12), while REE, Ti, Sc, and other elements become
depleted. CGM thus record bottom-to-top fractionation
(decreasing Nb/Ta ratios) which corresponds to increasing
rare alkali fractionation in whole-rock and muscovite
samples (Figs. 9b and 1lc, e), indicating that Ta enrichment
and tantalite formation is magmatic. Textural attributes of
tantalum minerals, i.e., magmatic growth zonation, euhedral
grain shape, intergrowth with magmatic phases such as K-
feldspar, spodumene, coarse albite, quartz, and spessartine
garnet, also support a magmatic origin. Chemical and
textural investigations of tantalum oxides in the Lower
Tanco pegmatite by Van Lichtervelde et al. (2007) have
shown a complex but predominantly magmatic origin of Ta
mineralization. Especially the association of columbite—
tantalite with microlite and wodginite has been described as
primary magmatic (Van Lichtervelde et al. 2007). However,

at Kenticha, microlite-group minerals are clearly secondary
in origin, replacing Mn-bearing columbite/tantalite.

Ta mineralization at Kenticha is not accompanied by
cassiterite. The behavior of Sn appears somewhat unusual, as
its concentrations are low in all zones except the quartz unit.
Cassiterite becomes stable only in the uppermost levels of
the Kenticha pegmatite, coexisting with Ta-bearing rutile
instead of columbite—tantalite. Thus, Sn concentrations
apparently increase during fractionation and crystallization,
but cassiterite saturation was only very locally achieved.

Relationship with surrounding pegmatites and granite
plutons

Results of tantalite U-Pb dating indicate that the Kenticha
pegmatite and the Bupo pegmatite were both emplaced
around 530 Ma (Table 6; Fig. 14). The latter one is situated
approximately 9 km to the north of Kenticha (Fig. 3).
Coherent Rb/TI ratios in muscovite from Kenticha, Bupo,
Shuni Hill, and Kilkele II pegmatites (Fig. 11d) suggest a
cogenetic formation of parts, if not all, of the Kenticha
pegmatite field. However, REE patterns in CGM from
Kenticha, Bupo, and Shuni Hill are each distinctly different
(Fig. 13). These differences may result from (1) formation
of CGM in different zones and at different stages of
fractionation within the pegmatite(s) (i.e., very low REE in
the most fractionated parts), (2) abundance and nature of
coexisting REE-incorporating minerals (e.g., garnet, zircon,
xenotime, monazite, and others), or (3) different sources of
the pegmatite melts. Although REE contents in CGM
basically decrease with increasing fractionation of the
parental melt, total REE in Bupo CGM are higher than
total REE in Kenticha CGM (Fig. 13). However, the former
pegmatite is more fractionated (see muscovite chemistry;
Fig. 11). Local occurrence of cogenetic minerals which
selectively incorporate HREE, such as xenotime, may be
responsible for strong MREE/HREE fractionation for
example at Shuni Hill. It thus appears that the three studied
pegmatites are not related in terms of a strict fractionation
sequence Shuni Hill-Kenticha—Bupo. Taking also the
coherent muscovite chemistry (Fig. 11) into account, each
pegmatite rather represents a separated batch of fractionated
melt, with a common source but with individual fraction-
ation histories and local inhomogeneities regarding trace
element composition and accessory mineralogy.

The pegmatites of the Kenticha field can temporally be
related to the 550-520-Ma postcollisional phase of granitic
magmatism in southern Ethiopia (Yibas et al. 2002),
although the nearest dated granite plutons (Lega Dima
and Robelie; see Fig. 2b) might be slightly older than the
Kenticha and Bupo pegmatites. Furthermore, the U-Pb
zircon ages of the postorogenic granites are rather imprecise
with 554+23 Ma for the Robelie pluton (Genzebu et al.
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Table 7 Geochemical composition of postorogenic granites

Koba Sorsa Adadi Kottan Didola Lega Dima Kilta Shanbeli Kilta Shanbeli Shuni Hill
Gray bt granite Reddish bt granite Gray/red. bt granite Gray bt granite 2 mica granite Pegmatitic granite Pegmatitic granite
n 2 1 4 1 3 2 2
wt.%
SiO, 69.5 71.1 71.6 72.5 73.8 73.2 73.4
Al,O4 15.6 15.2 15.0 14.0 14.9 14.6 14.7
FepOs¢0t 2.18 1.82 2.17 2.02 1.14 0.70 0.11
MnO 0.01 0.01 0.02 0.01 0.02 0.01 0.01
MgO 0.56 0.33 0.43 0.16 0.16 0.01 0.03
CaO 1.88 1.36 1.62 1.76 1.27 0.14 0.04
Na,O 4.07 3.75 4.09 3.04 4.12 1.89 2.18
K>,0 4.08 4.83 4.07 5.15 432 8.85 8.96
TiO, 0.41 0.29 0.26 0.18 0.09 0.03 0.01
P,05 0.14 0.10 0.07 0.05 0.03 0.01 0.09
F 0.06 0.06 0.07 0.06 0.01 0.04 0.05
LOI 0.77 0.75 0.33 0.65 0.40 0.20 0.32
Total 99.4 99.5 99.7 99.5 100.2 99.7 99.9
ppm
Ba 1,360 896 953 495 294 42 12
Sr 1,270 720 969 149 124 19 8
Rb 63 83 82 188 110 352 733
Cs 6 5 4 11 4 4 7
Ga 18 18 19 18 19 19 24
Li 16 30
Be 3 3
Sn 1 1 7 4 2 7 4
Nb 3 3 5 13 6 28
Ta 2 2 19
Zr 163 149 116 131 66 22 5
Hf 5 5 3 5 2
Y 2 1 12 13 14 3
Th 10 10 8 20 6 13 5
U 3 4 2 5 4 10 3
w 6 1 5 2 6 7 5
Zn 38 41 48 30 13 1 2
K/Rb 541 483 411 227 325 209 102
K/Cs 6,270 8,020 8,440 3,890 8,970 19,600 10,800
Al/Ga 4,690 4,460 4,090 4,120 4,250 4,190 3,300
Zy/Hf 35 32 36 25 28
Nb/Ta 2.5 32 1.5
A/CNK 1.09 1.09 1.06 1.02 1.08 1.13 1.10

1994) and 550+18 Ma for the Lega Dima pluton (Worku
1996). Thus, until more precise geochronological data are
available for the granite plutons, a coeval relationship
between postorogenic biotite granites and the rare-element
pegmatites remains uncertain. The Kenticha pegmatite,
however, is definitively not related to the anorogenic A-
type granite magmatism, which is dated between 470 and
450 Ma in southwestern Ethiopia (Asrat and Barbey 2003)
and southern Somalia (Lenoir et al. 1994).

The postorogenic plutons are all slightly peraluminous
high-K calc-alkaline biotite granites with low P,O5 contents
(Fig. 7). They show a significant compositional range due
to magmatic differentiation (Table 7; Fig. 9a) with K/Rb
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ratios ranging from 400 to 102. The latter value is from the
Shuni Hill pegmatitic granite, located very close to the
Kenticha pegmatite (Fig. 3). The muscovite—albite granite
from the LZ of the Kenticha pegmatite intrusion has an
average K/Rb ratio of 36 (Table 2) and may have been
derived by further fractionation from the already highly
differentiated Shuni Hill granite.

Emplacement of postorogenic granites and pegmatites
postdates compressional shear deformation (>550 Ma;
Yihunie 2002) in the Adola Belt. The contacts of the
Kenticha pegmatite sheet with the wall rocks are sharp and
strongly discordant. The steeply dipping schistosity of the
talc—tremolite schists and serpentinites apparently did not
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control emplacement of the Kenticha pegmatite. The close
spatial relationship of the Kilta Shanbeli granite and the
pegmatites of the Kenticha field with the Kenticha thrust
shear zone (Fig. 3) suggests that movement or reactivation
along this structure was involved in the emplacement of the
granite—pegmatite system. It is likely that emplacement of the
Kenticha pegmatite occurred under conditions of extensional
faulting (<550 Ma). Intrusion of the pegmatite probably
resulted from a complex interplay of extension-induced
opening of tension gashes, magma/fluid overpressure
(Brisbin 1986), and intrusion-induced fracture propagation
(Baker 1998).

Comparison with other major Ta-mineralized rare-element
pegmatites

The size of the Kenticha pegmatite is comparable to other
major rare-element pegmatites of the lithium—cesium—
tantalum (LCT) clan (Cerny 1991), which together consti-
tute most of the World’s present Ta reserves. These major
pegmatite deposits include Tanco (Cerny 2005; Stilling et
al. 2006), Greenbushes (Partington et al. 1995), Wodgina/
Mt. Cassiterite (Sweetapple and Collins 2002), Volta
Grande/Sao Jodo del Rei (Lagache and Quéméneur 1997;
Quéméneur and Lagache 1999), and Altai No.3 (Lu et al.
1997; Wang et al. 2007). They belong to several parage-
netic/mineralogical types of rare-element pegmatites (Cerny
et al. 2005), i.e., complex petalite type (Tanco), complex
spodumene type (Greenbushes, Volta Grande, Altai No.3),
and albite-spodumene type (Wodgina/Mt. Cassiterite). The
Kenticha pegmatite is a member of the complex spodumene
type (Zerihun et al. 1995).

All these pegmatites possess similar major element
compositions (cf. Cerny et al. 2005); however, concentra-
tion of certain trace elements in the pegmatites may differ.
Figure 9a includes whole-rock K/Rb values and Cs contents
of Tanco, Greenbushes, and Wodgina pegmatites. Com-
pared to Kenticha, these Archean pegmatites show higher
degrees of rare alkali fractionation, with K/Rb ratios below
10 and mainly around 5. Kenticha K/Rb ratios reach values
below 20 only in the UZ spodumene unit and are always
above 13-15 (Fig. 9a; Table 2). This clearly indicates the
lower overall degree of geochemical evolution of the
Kenticha pegmatite. Similarly, whole-rock Cs contents are
lower at Kenticha compared to Greenbushes and especially
Tanco (Fig. 9a). The only major pegmatites that, similar to
Kenticha, display relatively low Cs contents and relatively
high K/Rb ratios are those of the Wodgina field (Fig. 9a).
The geochemical database of these pegmatites (Sweetapple
and Collins 2002), however, is rather restricted. K/Rb ratios
in muscovite from the Paleoproterozoic Volta Grande
pegmatites (Lagache and Quéméneur 1997; Quéméneur
and Lagache 1999) are between 2.0 and 5.3. Respective

values for Kenticha muscovite are 10-20 (Fig. 11a; Table 3),
revealing again a lower degree of rare alkali fractionation at
Kenticha. Other fractionation indicators like K/Cs and Al/
Ga in both whole rock and muscovite show trends similar
to K/Rb and confirm the apparent lower overall degree of
chemical evolution of the Kenticha pegmatite compared to
the Archean and Paleoproterozoic rare-element pegmatites.
Low Cs contents appear characteristic for pegmatites
derived from I-type plutons (LCT-I pegmatites of Cerny
and Ercit 2005), as opposed to Cs-rich pegmatites derived
from S-type granites (LCT-S pegmatites of Cerny and Ercit
2005). An I-type derivation of the Kenticha pegmatite
corresponds with its low P,O5 contents and its classification
as a low-phosphorus (I-type) rare-metal granite (Linnen and
Cuney 2005).

Differences in HFSE ratios (e.g., Zt/Hf, Nb/Ta) between
the Archean to Paleoproterozoic rare-element pegmatites
and the early Paleozoic Kenticha rare-element pegmatite
appear less strong. Whole-rock Nb/Ta ratios are Tanco
(bulk av.) 0.19 (Stilling et al. 2006), Greenbushes 0.12—1.7
(Partington et al. 1995), Wodgina—Mt. Cassiterite 0.07—12,
Wodgina Mainlode 0.1-2.7 (Sweetapple and Collins 2002),
and Kenticha 0.3-5.3 (Table 2). Whole-rock Ta contents
(Fig. 9b) differ less than the rare alkali contents. Although
Ta contents in the Kenticha pegmatite are lower than in
Tanco pegmatite, they are similar to those of the Green-
bushes pegmatite. Thus, the behavior of lithophile (LILE,
Rb, Cs) and strongly incompatible elements (HFSE,
especially Ta) is decoupled, which would imply that it is
not strictly justified to estimate the Ta potential of
pegmatites by the degree of fractionation of rare alkali
elements.

The different extent of rare alkali fractionation in
individual Ta-mineralized LCT pegmatites is most likely
related to the nature and composition of the magma and/or
protolith and constitutes a source signature (Cerny 1989).
The Kenticha pegmatite is hosted in juvenile, geochemi-
cally rather primitive crust of the Neoproterozoic Arabian—
Nubian Shield. The Archean and Paleoproterozoic rare-
element pegmatites discussed above are situated within
polycyclic Archean crustal terrain, perhaps with the
exception of the Wodgina field, which is the oldest
(2,800-2,900 Ma, Sweetapple and Collins 2002) among
the Archean Ta-mineralized pegmatites. Figure 11d shows
Rb and TI contents in muscovite from Kenticha and some
other rare-element pegmatites. The Kenticha muscovites
have the lowest Rb and TI contents and the highest Rb/T1
ratios, just the opposite to Tanco muscovite. This probably
indicates derivation of the Kenticha pegmatite from
geochemically primitive and rather undifferentiated sour-
ces, i.e., juvenile crust or the mantle. The low TI contents in
Kenticha muscovites might also be caused by a previous
sulfide extraction and a removal of Tl from the melt. The
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concomitantly relatively low Rb concentration, compared
to, for example, muscovite from Tanco, however, suggests
source geochemistry as the most important factor. The only
other major pegmatite deposit that in part shares the rather
unevolved Rb/TI fractionation is the Altai No.3 pegmatite
(Fig. 11d) from the Central Asian Orogenic Belt in
northwestern China. Similar to Kenticha, the Altai No.3
pegmatite is situated in a segment of rather juvenile crust
(mainly Paleozoic in this case), developed within the
framework of an accretionary orogen. Such environments
represent promising settings for Ta mineralization associat-
ed with voluminous postaccretionary (i.e., postorogenic)
granitoid magmatism (Kiister 2009). This magmatism may
have experienced major contributions from the mantle
(Dawei et al. 2003) and is characterized by contemporane-
ous emplacement of LCT and NYF granite/pegmatite suites
(Dawei et al. 2003; Kiister 2009). The Altai No.3 pegmatite
is of Late Triassic age (220-213 Ma) and apparently
formed during anorogenic extension (Wang et al. 2007).
Formation of granitoid-hosted LCT-type rare-metal miner-
alization may thus well extent from the postorogenic into
the anorogenic stage.

Conclusions

1. The whole-rock geochemical composition of the Ken-
ticha pegmatite corresponds to a peraluminous highly
silicic leucogranite, strongly enriched in lithophile
elements, especially Li, Rb, Cs, Ga, and Ta. Low
P,Os5 contents of the pegmatite are akin to rare-metal
granitoids of the low- to intermediate-P type.

2. The internal evolution of the subhorizontal pegmatite
sheet at Kenticha is primarily characterized by bottom-
to-top in situ fractionation, which accounts for the
observed chemical and mineralogical zonation within
the pegmatite, including tantalite mineralization. Crys-
tallization occurred mainly under closed system con-
ditions. Contamination from the hanging-wall
ultramafic rocks occurred only during postmagmatic
hydrothermal stages.

3. U-Pb tantalite dating of the Kenticha pegmatite has
revealed that emplacement and mineralization occurred
at 530 Ma. U-Pb tantalite dating of the nearby Bupo
pegmatite yielded the same age, indicating that both
pegmatites may be coeval. The trace element chemistry
of muscovite from different pegmatites of the Kenticha
field suggests a cogenetic formation.

4. The formation of the pegmatites is related to postoro-
genic granitoid magmatism in the Adola Belt (550—
520 Ma). Plutons of this slightly peraluminous I-type
granite suite form a geochemically differentiated series
in the surroundings of Kenticha. Highly fractionated
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members of this series are likely parental magmas of
the pegmatites.

5. The Kenticha pegmatite is less evolved in terms of rare
alkali fractionation than late Archean and Paleoproter-
ozoic Ta-mineralized rare-element pegmatites (e.g.,
Wodgina, Tanco, Greenbushes, Volta Grande). The
overall “moderate” geochemical evolution probably is
a source signature, as the Kenticha pegmatite is hosted
in juvenile crust. Ta contents and Nb/Ta fractionation of
the Kenticha pegmatites, however, are comparable to
Archean Ta-pegmatites.
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