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Abundant ruby-bearing granulite xenoliths have been found in association with
ultramafic xenoliths in the northern Chyulu Volcanic Province, within two small
basaltic terranes of the Nguu Hills and the Ngulai Hills, located in the vicinity of
Simba town, SE Kenya. The host basalts belong to an alkali affinity ranging in
chemical composition from foidite to tephite/basanite. These chemical
characteristics suggest that the magmas have been derived from partial melting of
an amphibole- and/or phlogophite-bearing spinel lherzolite in the upper mantle
source region that involves the interaction between pre-existing zones of
lithospheric weak zones, caused by the evolution of the Mozambic Belt (-500-800
Ma), and slightly upwelling of mantle plume. The observed xenoliths,e.g. peridotite,
pyroxenite and granulite, bear equivalent basaltic composition. However, complex
reactions, as well as plastic deformation, combined with geochemical characteristics
of these xenoliths may lead to progressive transformation of a layering mafic
(gabbroic/anorthositic) cumulate protolith including corundum-bearing formation
and other related rocks under a condition of granulite facies. Based on
geothermobarometric constraints, these rocks appear to have undertaken high P-T
ranges of ~750-1500°C and 5-23 kb equivalent to depths of the lower crust (-20
km) across the Moho (-44 km) down to the upper mantle (-75 km), corresponding
to where the host magmas generated (-30-90 km). The corundum-related basalt

eruptions had intermittently occurred during late Pliocene (2.1+0.09 Ma) to middle

Pleistocene (0.83+0.03Ma) times.
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Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

Figure 2.1

Figure 2.2

LIST OF FIGURES

Ruby exploration area, licensed to Gemstone International
Mining Ltd., at Nguu Hills. A] Topography of the area covered
by basaltic flow. B-D) Prospecting activities, with primitive
tools, took place along steam branches. E) Color shades of ruby
and purple sapphire from the area. F) Left over gravels
comprising basalt, xenoliths and basement fragments.

Satellite image displaying topographic features around the
study area in the proximity of Simba town, SE Kenya. Dashes
circles represent the areas where xenoliths were collected.
(Image source: downloaded from Google Earth).

Simplified geological map showing the distribution of the
Cenozoic volcanic units of the northernmost part of the Chyulu
Hills volcanic field outcropping in the vicinity of Simba town
(modified after Saggerson, 1963). Rectangle blocks mark the
studied areas (1) Nguu Hills and (2) Ngulai Hills volcanic
subterranes.

Schematic diagram showing methodology framework of this
study.

Photomicrographs of basalt samples from the Nguu Hills area
showing: microporphyritic textures with various sizes of
phenocrysts and groundmass, stage of iddingsite (id)
replacement and vesicular contents, (&) Finest matrix with low
id substitution, (b) coarser matrix with moderate id
substitution, (c) Most part of matrix replaced by id. [d] Size
difference among olivine (ol) phenocrysts and a spinel (spl)-ol
composite xenocryst. (e) Plagioclase (pi) and clinopyroxene
(cpx) xenocrysts. if) Rare cpx xenocryst with symplectic rind
and abundant titanomagnetite (Ti-mt) in groundmass..
Microscopic views of basalts from the Ngulai Hills area showing
microporphyritic textures with variation in sizes of phenocrysts
and groundmass and vesicular contents. Left: (a) Sub-
idiomorphic olivine (ol) and clinopyroxene (cpx) phenocrysts
in finest matrix from Kwa Mbiti. (h) Quartz xenocryst in coarser
microlite matrix from Kyanduini. (¢) Microporphyric in fine
seriate matrix from Kwa Nthuku. Right: (d) Sub-idomorphic
cpX, ol and plagioclase (pi) phenocrysts in finest matrix from
Kwa Nthugu resembling to that from Kwa Mbiti. (e)
Titanomagnetite (Ti-mt) and spinel (spl) intergrowth with cpx
from Kwa Nthuku. F.) Basalt with moderate iddingsite (id)
replacement from Ol Doinyo Orkaria.
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Microscopie views of basalts from the Chyulu basalts showing
microporphyritic  textures containing olivine (ol) and
clinopyroxene (cpx) and magnetite (mt) phenocrysts in fine-
grained groundmass. Left: (a) Sub-idiomorphic phenocrysts
with partial alignment of microlite matrix from Mwailo cone,
(b) Cluster of cpx phenocrysts in coarser microlite matrix from
basaltic flow near Hunter's Lodge, Kiboko. Right: (c)
Compositional zoning in cpx phenocryst from basaltic flow near
Omaki cone. (d) Crossed-polar image of B.

Classification diagrams for the basalts of the Nguu and Ngulai
basaltic fields (a) after LeBas et ai, (1986), (6) after Cox et ai,
(1979) . The dividing linebetween alkali and sub-alkalic lava
series is after Miyashiro (1978), and (c) after De La Roche et al.
(1980) .

Plots of wt. % major oxides versus wt. % MgO for basaltic rocks
from the Nguu Huills, Ngulai Hils, and some of the recent
Chyulu lavas. All oxides were notmalized to 100 % on avolatile-
free basis before plotting.

Plots of trace element (ppm) and Ca0/A1203 versus MgO (wt.
%) and A1203 versus Ca0/A1203 for basaltic rocks from the
Nguu Huills, Ngulai Hils, and some ofthe recent Chyulu lavas.
Plots of Nb, Rb, Ce and La versus Zr for basaltic rocks from the
Nguu Huills, Ngulai Hils, and some of the recent Chyulu lavas.
Mantle-normalized trace element variation diagrams for
basaltic rocks from the Nguu Huills, Ngulai Hils, and some ofthe
recent Chyulu lavas.

Chondrite-normalized REE paterns for basaltic rocks from the
Nguu Huills, Ngulai Hils, and some of the recent Chyulu lavas.
Plots showing apparent age fraction of 39Ar released at each
heating step for selected basaltic specimens from the Nguu and
the Ngulai Hils.

Plots showing apparent age fraction of 39Ar released at each
the Chyulu lavas.

Plots showing plateau age of the dated specimen along the
fractionation trends ofthe basalts from the study area.

Modal abundances of peridotite and pyroxenite xenoliths from
the studied locales. Filled square represents corudum-bearing
variety.
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Figure 3.2

Figure 3.3

Figure 3.4

Group 1 xenoliths selected for petrographic study: A. spl
wehrlite (Ngl8: left) and grt-spl Iherzolite (Ng07: right). B.
[Ng07) Opx is in mutual contact with ol and cpx (Ng07). c. (Ng
18) Mottled clinopyroxenes (cpx), with spongy texture and
kelyphite rims, are in mutual contact with unaltered olivine
(ol). D. (Ng07) Thin reaction zone containing small laths of
plagioclase rimmimg around spinel (spl). E (Ngl8) Back-
scattered electron image (BSE) reveal fine exsolution lamella
and mottled texture in cpx as well as reaction rind around spl.
F. (Ng07) BSE image show spongy texture on a part of cpx and
spl encrusted by patches of kelyphite taking spaces between ol
and cpx.

Group 2 pyroxenite xenoliths selected for petrographic study:
A.medium-grained websterite (Ng22: right ) and fine-grained
spinel websterite (Ng27: left). B. (Ngl2) Granoblastic texture of
opx and cpx with exsolution lamella and rimmed by thin
kelyphictic garnet network, c. (Ng22) Opx is overgrown by 2nd
clinopyroxene (cpxll). D. (Ng 23) kelyphite (kely) corona cored
with corudum (crn) and green spinel (spl). Crn in contact with
spl is observed in crn-bearing websterite. E (Ngl2) Back-
scattered electron image (BSE) of the websterite shows with
kelyphite filled in along bended cleavages of opx. Small quartz
grains occur within reaction band rimming opx. F. (Ng33) BSE
image of the orthopyroxenite shows kalyphitic corona around
opx and this opx partly turned to cpxMap showing the
distribution of faults in eastern Myanmar including western
and northwestern Thailand regions (Nutalaya et al., 1985).
(Left) Major varieties of rough specimens of group 3 mafic
granulite xenoliths: A. sharp banded corundum (crn)-bearing
(Ng27), c. foliated crn-bearing (OK02), and E non-foliated,
polygonal crn-barren (KMbOI). (Right) Photo images: B.
(KKa04) showing cluster of polygonal kelyphite (kely) with
garnet (grt) cored in contact with clinopyroxene (cpx),
corudum (crn) and recrystallized plagioclase (pi). Thin corona
of quartz (qtz) wrapping cpx is expressed. D. (KNt02) Back-
scattered electron image (BSE) displays crn in direct contacts
with spl and rutile (Rt). F (KMbOI) BSE image shows
orthopyroxene (opx), with strings of gtz intergrowth, mantled
by cpxll and kely coronas
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Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

a) LeBas et al. cassification diagrams for xenoliths from the
study sites around the Nguu Hills and Ngulai Hills in
comparison to their basaltic hosts, b) The alkaline/sub-alkaline
subdivision diagram according to De LeRoche etal. (1980).

MgO variation diagrams for selected major oxides in the studied
xenoliths

MgO variation diagrams for selected trace elements in the
studied xenoliths

Pyrolite mantle normalized patterns of the studied xenoliths
compared with representative basalts.. Normalization values
are from McDonough and (1995).

Chondrite normalized REE patterns of the studied xenoliths.
Normalization values are from and McDonough (1989)
Pyroxene plots of Fe2~Ca-Mg atomic proportions of
orthopyroxenes and clinopyroxenes in peridotite, pyroxenite
and granulite xenoliths.

P-T diagrams of the studied basalt specimens estimated using
clinopyroxene-liquid thermobarometers of Putirka et al. (1996:
top) and (2003: bottom)

Average temperature of each studied basalt specimen
estimated using olivine-liquid thermometer of Putirka et al
(2007). Blue bar inside the legend box represents approximate
SD ofT calculation

a) P-T constraints of spinel Iherzolite, Ng07, according to 5
different thermo-barometers including (1) Cpx-Opx (Brey and
Kohler, 1990), (2) OI-Spl (Ballhaus et al.,1991), (3) OI-Cpx (Ai,
1994) and (4) Grt-Spl (Perchuk, 1991) thermometers, and (5)
Grt-Opx thermobarometer (Aranovich and Berman, 1997). Star
symbol marking the best-fit P-T condition within the constraint
area, h) P-T constraints of spinel wehrlite, Ngl8, according to 4
different thermo-barometers including (1) Cpx-Opx (Brey and
Kohler, 1990), (2) OI-Spl (Ballhaus etal., 1991) and (3) OI-Cpx
(Ai, 1994) thermometers, and (4) Grt-Opx thermobarometer
(Aranovich and Berman, 1997). Star symbol marking the best-
fit P-T condition within the constraint area.

P-T constraints of spinel-free websterite, Ng34, according to 2
different thermo-barometers including (1) Cpx-Opx thermometer
(Brey and Kohler, 1990) and (2) Grt-Opx thermobarometer
(Aranovich and Berman, 1997). Star symbol marking the best-
fit P-T condition within the constraint area.
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Figure 4.5.

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 5.1

a) P-T constraints of foliated mafic granulite, KNtOI, according
to 5 different thermobarometers including [1) Cpx-Opx (Brey
and Kohler, 1990), (2) Grt-Cpx (Ai, 1994) and (3) Grt-Opx
(Aranovich and Berman, 1997) thermometers, and (4) Grt-Cpx-
PI-Qtz (Eckert et al., 1991) and (5) Grt-Opx-PI-Qtz (Lai, 1993)
barometers. Star symbol marking the best-fit P-T condition
within the constraint area, b) P-T constraints of banded mafic
granulite, Ng21, according to 4 different thermobarometers
including (1) Cpx-Opx (Brey and Kohler, 1990) and (2) Grt-Opx
(Aranovich and Berman, 1997) thermometers, and (3) Grt-Cpx-
PI-Qtz (Eckert et al., 1991) and (4) Grt-Opx-PI-Qtz (Lai, 1993)
barometers. Star symbol marking the best-fit P-T condition
within the constraint area..

P-T constraints of felsic granulite, KMbOI, according to 4
different thermo-barometers including (1) Cpx-Opx (Brey and
Kohler, 1990) and (2) Grt-Opx (Aranovich and Berman, 1997)
thermometers, and (3) Grt-Cpx-PI-Qtz (Eckert et al., 1991) and
(4) Grt-Opx-PI-Qtz (Lai, 1993) barometers. Star symbol
marking the best-fit P-T condition within the constraint area.
Pseudosection diagrams of the periditite xenoliths represented
by Spl Iherzolite (Ng07: left) and the Spl wehrlite (N gl8: right).
Pseudosection diagrams of the pyroxenite xenoliths
represented by Spl-free websterite (Ng34: left) compared to the
pyroxene-rich band of the crn-bearing granulite (KNt02_2:
right).

Pseudosection diagrams of the granulite xenoliths represented
by foliated, Crn-beaing mafic granulite (Ng21: left) compared to
the crn-barren felsic granulite (KMbOI: right).

Plots of K/Th* (=K20*10,000/Th) versus Th (ppm) for the
basaltic rocks from the Nguu Hills, Ngulai Hills, and Kiboko
(Chyulu) lavas in comparison to the published data ranges from
the Chyulu Hills and the Western Rift of Rungwe and Muhavura
volcanic provinces. Dotted and dashed borders are from
Furman (2007).
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Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Covariation plot of 143N d/144Nd vs. 87Sr/8Sr displaying a broad
negative trend from less radiogenic values in northern section
of the Eastern Kenya Rift (NRK) towards higher radiogenic
compositions observed in the Western Kenya Rift of the Kivu,
Rungwe, Karisimbi and Muhavura volcanic regions. The values
from the Chyulu Hills are within the lower part of the NKR
approaching towards the field of HIMU. Point data for Chyulu
Hills and Nguu Hills lavas are from Spath etal. (2001).
Covariation plot of 208Pb/204Pb vs. 206Pb/204Pb displaying a
broad positive trend for northern Kenya Rift lavas (NKR) and
southern Kenya Rift, both off-rift (Chyulu Hills) and within-rift
(SKR), towards HIMU. Point data for Chyulu Hills and Nguu Hills
lavas are from Spath etal. (2001).

Showing Chondrite-normalized REE patterns for a) the
cogenetic lavas from the Nguu Hills, Ngulai Hills, and Kiboka
areas, b) equilibrium batch melts of an amphibole-bearing
spinel lherzolite source, c¢) equilibrium batch melts of an
amphibole-garnet-bearing spinel Iherzolite source, d) fractional
melts of an amphibole-bearing spinel Iherzolite source.
Normalizing values from and McDonough (1989).

P-T constraint diagrams of the xenoliths compared to the host
basalts.

The Ti-V discrimination diagram for the xenoliths and their
host basalts from the Nguu Hills and Ngulai Hills areas. IAT is
standed for island arc tholeite and BAB is back arc basin. Lines
represent Ti/V ratio.

Cartoon summarizing the major features of deep structure
underneath the study area and the Chyulu Volcanic Province
(modified after Novak et al., 1997). Filled numbered ellipses
represent ultramafic layers where 1 is peridotite and 2 is
pyroxenite (plagioclase-free websterite). Filled numbered
rectangles represent granulite layers where 3.1 is corundum-
bearing mafic granulite and 3.2 is corundum-free felsic
granulite. Filled triangles are basalt bodies.
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