
C H A P T E R V

DISCUSSION AND RECOMMENDATIONS

5.1 P e tro g e n e s is  o f B asa lts

5 .1 .1  C h a ra c te r is tic s  o f s o u rc e  re g io n  d o m a in
In te rm s of source region identification  of prim itive m agm as associated  w ith  

the  East African Rift system , tw o dom inant m elting m odels have been speculated. One 
is involved sublithospheric  sources in the asthenoshere , o r in m antle  plum es to yield 
significant volum es of magm a, w hile m elting in the  lithospheric  m antle  is too 
refracto ry  to  genera te  a large portion  of lava (e.g. McKenzie and  Bickle, 1988; W hite 
and McKenzie, 1989; A rndt and C hristensen, 1992). The o th e r considers a partial 
m elting  of a m etasom atically  enriched  subcontinental lithospheric  m antle (SCLM) 
source (e.g. G allagher and H aw kesw orth, 1992; T u rn er etal., 1996; Spath et ai, 2001). 
Several investigations have illu stra ted  th a t the lithosphere  u nd ern ea th  som e p arts  of 
East Africa, including the Chyulu Hills Volcanic Province (CHPV) has undergone 
pervasive m etasom atic a lte ra tio n  and enrichm ent (e.g. Rudnick et al., 1993; Furm an, 
1995 and  2007; Paslick et ai, 1995; Spath et ai, 2001).

In the  study  area, the overall OIB-like chemical charac teristics of the  basalts 
seem  to  im ply a p lum e-related  process. However, a K-depletion p a tte rn  observed on 
pyrolite  m antle  norm alized incom patible e lem ent plo ts for all stud ied  sam ples is 
m ore p ronounce than  the  norm al OIB. This suggests a diversified m agm a producing 
p rocess from  th a t of regular OIB. In a norm al circum stance, potassium  is expected to 
exhibit incom patibility  in m agm a sim ilar to  o th e r incom patible elem ents, e.g. Th, Nb, 
La, b u t th is is no t the  case for the  stud ied  basalts. Com parable re lative  K dep letions as 
observed  have also been rep o rted  for mafic lavas from the  o th e r p a rts  of the  CHPV 
(e.g. Spath et ai, 2001; Furm an, 2007) as well as several o th e r volcanic provinces 
associated  w ith  the  Kenya Rift System, including the  Huri Hills (Class et al., 1994), the 
Laisam is-M erille a rea  (F reerk-Parpatt, 1992 cited in Spath et ai, 2001) and the
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Rungwe region (Furm an, 1995). The relative depletion  in K reflecting an influence of a 
K-rich phase th a t leads to tw o possib le explanations involving (1) the fractionation  of 
a K -bearing phase, e.g. am phibole a n d /o r  phlogophite, o r (2) partia l m elting of a 
source consisting  of a residual K-bearing m ineral. N evertheless, the  absence of 
am phibole o r phlogopite phenocrysts and th e ir rem nants in all the  stud ied  basalt 
sam ples seem s to rule ou t the  first possibility. On the  o th e r hand, som e findings of 
phlogophite-bearing  m antle xenoliths in the CHVP and am phibole-phlogophite- 
bearing  m antle  xenoliths from o th er a reas  in Kenya and n o rth e rn  Tanzania (Henjes- 
Kunst and  A ltherr, 1992) favorably su p p o rt the second possibility.

Since potassium  (K) is an essen tial s truc tu ra l con stitu en t of am phibole and 
phlogophite phases, it will be held in the source region until these  m inerals are  
consum ed through  progressive m elting. By using the  K /Th vs. Th plot, m elting of 
mafic m agm a in the  existing of e ith e r am phibole o r phlogophite can, therefore , be 
sim ply explained (e.g. Class and Goldstein, 1997; Le Roex et ai, 2001; Spath et ai, 
2001; Furm an, 2007). According to Furm an (2007), the silica-und ersa tu rated  lavas of 
the  Chyulu Hills province have the h ighest Th (5-22 ppm ) con ten t and the low est 
K /Th (<2000) ra tio  com pared to  those from the re s t of the East Arican Rift system . 
The h ighest Th im plies the low est degree of m elting w hile bu t the low est K /Th ratio  
could be re fe rred  to am phibole-bearing  source m aterial, ra th e r  th an  phlogophite- 
bearing  source dom ain, w hich usually  holds a h igher K/Th according to the  v irtue of 
the  h igher K con ten t in the m ineral, as for the  M uhavura and Karisimbi lavas of the 
W eatern  Rift (Furm an, 2007). C orrespondingly, the  stud ied  basalts have Th (6-15 
ppm ) and  K /Th (-500-2 ,400) values well fitting w ithin  the  overlap  region betw een  
those  of the  Chyulu Hills and Rungwe province lavas (Figure 5.1) confirm  an existence 
of K -bearing source dom ain u nd ern ea th  the  study  area. The differences in the  ranges 
of Th con ten ts additionally  im ply th a t the  Nguu Hills and Kiboko lavas a re  derived 
from  a relatively  narrow  range w ith  larger degree of m elting com pared  to  m ost of the 
Ngulai Hills sam ples. The relatively  low  K /Th values suggest th a t am phibole is likely 
to  be m ore influent than  phlogophite in producing the  lavas in the  study  area. 
Additionally, partial m elting p rocesses of spinel and g arne t lherzolite, of w hich bulk
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partitio n  coefficients for K and  Th a re  generally  sim ilar, w itho u t a K-bearing phase are 
experim entally  unable to g en era te  the  re lative  depletion  in K observed  in the mafic 
lavas (Spath et al., 2001; Furm an, 2007). M oreover, high chondrite-norm allized  Tb/Yb 
values of mafic lavas from the CHPV (2 7 -5 .6 ) are  likely a ttrib u ted  to  m elting of an 
enriched  source region ra th e r th an  a garnet-bearing  source (Spath et al., 2001). These 
ranges of Tb/Ybn values a re  also h igher than  those rep o rted  in o th e r volcanic 
provinces (Furm an, 2007)

Figure  5.1 C ovaria tion  p lo t o f  K /T h *  ( ะ  K20 *1 0 ,0 0 0 /T h ) versus Th (p p m ) fo r  the  basa ltic  rocks 

fro m  the  Nguu H ills , Ngulai H ills , and K ib o ko  (C hyulu) lavas in  com parison  w ith  the  pub lish ed  

data  ranges fro m  the  Chyulu H ills  and the  W estern  R ift o f  Rungwe and M uhavura  vo lcan ic  

prov inces. D o tted  and dashed b o rd e rs  are  fro m  Furm an (2007).

A ccording to  isotropic characteristics, based on data  com pilation  on available 
published  w orks (e.g. Davies and MacDonald, 1987; Class et ai, 1994; Furm an 1995, 
2007; Black et ai, 1998; le Roex et al., 2001; MacDonald et al., 2001; Spath et al., 2001; 
and references h ere  in), a defined negative corre la tion  b etw een  87S r /86Sr and 
143N d /144Nd (Figure 5.2) of East African Rift mafic lavas reflect mixing of m elts from
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lithospheric  and sub-lithospheric  sources, w ith  o r w ithou t d irect contributions from a 
m antle plum e (Furm an 2007). The Sr-Nd isotopic com positions from  E astern  Kenya 
Rift lavas fall w ith in  a triangle  region defined by th ree  isotopic end m em bers 
including DMM (the shallow  convective asthen osp h ere  w hich is the  source region for 
dep leted  m id-oceanic ridge basalts), HIMU (a reserv o ir w ith  a high tim e-in tegrated  
U /Pb ra tio ) and  BSE (the bulk silicate earth ). The values from  the  off-rift Chyulu Hills 
lavas overlap  the  h igher radiogenic p a rt of the n o rth e rn  section of the  E astern  Kenya 
Rift lavas (NKR) w hile those  from the w ith in -rift volcanoes of the  so u th ern  section 
(SKR) overlap  p a rt of the Kivu volcanic region of the W estern  Kenya Rift, w hich are  
slightly aw ay from HIMU and m ore tow ards BSE. The 143N d /144Nd and 87S r /86Sr 
values from  the  Chyulu Hills region range from 0.51276-0.51284 and 0.70330-
0.70359 for n o rth e rn  Chyulu Hills lavas, and 0.51278-0.51280 and 0.70355-0.70372 
for so u th ern  lavas, excluding transitional basalts of M zim a-type (Spath et al., 2001). 
Among these, tw o sam ples from  the Nguu Hills lavas yield the values from  0.51279-
0.51281 and  0.70352-0.70359 (Spath et al., 2001). The Sr-Nd isotopic values obtained 
from  th ese  prim itive lavas form  a m oderate ly  tigh t c luster in the dep leted  q uad ran t of 
the  iso tope corre la tion  diagram . This is an indicative of deriv iation  from  a com m on 
source w ith  tim e-in tegra ted  depletion  in incom patible trace  e lem en ts (Spath et al., 
2001). The low  Sr-isotope values and the  existence of these  com positions in oceanic 
island basalts w orldw ide (-0 .512312-0 .513095  and -0 .702720-0 .70651  (Rollingson, 
1993)) suggest a sublithospheric  source (Furm an, 2007) since the  low Sr-isotope 
values a re  no t an usual com position  for the  lithospheric  dom ain. This im plies th a t the 
basalts exposed in the vicinity of the  study  areas: Nguu Hills, Ngulai Hills and Kiboko, 
b ea r a genera tic  signature  of sublithospheric  source dom ained as well.

The Pb isotopic signatures of Eastern  Kenya Rift lavas define source dom ains 
w hich a re  corresponding  to those  inferred  from the Sr-Nd isotopic evidence. They 
show  th a t sou th ern  Kenya Rift lavas b ear the Pb isotopic com positions overlapping 
the  values o f n o rth e rn  Kenya Rift lavas w hich extend from  low  radiogenic values of 
the  Ajar p lum e tow ards m ore highly radiogenic values approach ing  the  HIMU lavas of 
St. H elena (H anan et al., 1986 and Chaffey et al., 1989 cited in Furm an, 2007) (Figure
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5.3). The Pb isopic, 208P b /204Pb, 207P b /204Pb and 206P b /204Pb, values from  the Chyulu 
Hills region range from  19.743-20.003, 15.589-15.643 and 39.592-39.916 for 
n o rth e rn  Chyulu Hills lavas, and 19 .288-19 .353,15.585-15 .613  and 39.168-39.354 for 
so u th ern  lavas, excluding transition a l basalts of M zim a-type (Spath et al., 2001). 
Among these, a sam ple from the Nguu Hills lavas provides the  Pb radiogenic values of 
19.829, 15.607 and 39.719 (Spath et ai, 2001). These values also fall w ith in  the 
com positional ranges of oceanic island basalts, w hich a re  17.54-21.69, 15.44-15.84 
and  37.69-40.69 (Rollingson, 1993). The so u th ern  Chyulu Hills basan ites, akali basalts 
and  haw aiites have, how ever, low er 208P b /204Pb and 206P b /204Pb ratios than  the 
n o rth e rn  units. These ratios ranges overlap  those of n o rth e rn  Kenya Rift and 
approach  those  of high-|! oceanic island basalts.

- ve ESr = 0 + ve

Figure  5.2 C ovaria tion  p lo t o f 143N d /144Nd vs. 87S r /86Sr d isp lay in g  a b ro a d  negative  tre n d  fro m  

less rad io g e n ic  va lues in  n o rth e rn  section o f  the  Eastern Kenya R ift (NRK) to w a rd s  h ig h e r 

rad io g e n ic  com positions observed in  the  W estern  Kenya R ift o f  the  K ivu , Rungwe, K a ris im b i 

and M uhavu ra  vo lcan ic  regions. The values fro m  the  C hyulu H ills  are w ith in  the  lo w e r p a rt o f 

the  NKR approach ing  tow ards  the  f ie ld  o f  HIMU. P o in t data fo r  C hyulu H ills  and Nguu H ills  lavas 

are  fro m  Spâth et al. (2001).
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Figure  5.3 C ovaria tion  p lo t  o f  208P b /204Pb vs. 206P b /204Pb d isp la y in g  a b ro a d  p o s itive  tre n d  fo r  

n o rth e rn  Kenya R ift lavas (NKR) and so u th e rn  Kenya R ift, b o th  o f f - r i f t  (C hyu lu  H ills ) and 

w ith in - r i f t  (SKR), tow ards  HIMU. P o in t data  fo r  C hyulu H ills  and Nguu H ills  lavas are  fro m  Spath 

et al. (2001).

In conclusion, the basaltic lavas of the  study  area  exhibit a p ronounce K- 
dep letion  p a tte rn  and o th er chem ical characteristics corresponding  to  those  observed 
from  o th e r prim itive lavas of the  Chyulu Hills Volcanic Province, w hich all b ea r sim ilar 
iso tope signatu res of low  Sr-Nd and Pb isotope ratios. T hese can be inferred  th a t the 
mafic lavas from  the  study  area  a re  also derived from an am phibole-bearing  spinel 
lherzo lite  source dom ain  and  the  underlie  lithospheric  m antle  has been affected by an 
en rich m en t process.

5 .1.2 M elting  m o d e ls

In term s of m elting m odels, Spath et al. [2001) reco n stru c t REE com positions 
via a series of m odel m elts using a theo retica l source com position  calculated from a 
fo idrite  sam ple, AS-101, w hich have REE com positions equivalen t to  sam ples KKMb02 
and KKYd 03 of the Ngulai Hills lavas. An equilibrium  batch m elting model of a
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com m on spinel lherzo lite  source contain ing 5%  am phibole m odal conten ts can 
g en era te  m odel REE p a tte rn s  th a t correspond  to  the  observed  p a tte rn s  of various 
lavas d is trib u ted  w ith in  the  CHVP, including the low-Ti nephelin ite-basan ite  and 
basanite-alkali basalt subgroups of the Sultan Ham ud-Em ali-Sim ba lavas (SES: Plbl), 
the  N gatatem a lavas (P/b2) and the  so u th ern  Chyulu Hills basanites, a alkali basalts 
and haw aiite  (Ævh) (Spath et al., 2001) (Figures 5.4a-d). In addition, sm all am ount 
g a rn e t phase (1%  m odal) can be added  into the source com position  to  produce REE 
p a tte rn s  resem bling  to those  of the  high-T nephelin ite  group of the  SES lavas which 
have d istinctive REE p a tte rn s  w ith  s teep e r slopes in the  MREE to HREE than  those of 
the  o th e r CHPV lavas. Both fractional m elting and continuous m elting w ith  a low 
residual source porosity  of g arnet-bearing  as well as garnet-free  lherzolitic sources 
cannot p roduce a series of m elts w ith  REE p a tte rn s com parable w ith  those of CHVP 
lavas (Spath et al., 2001).

In te rm s of degree of m elting, the  m elting ranges of abou t 2-6%  from the 
equilib rium  batch  m elting m odel a re  able to  cover the abundance ranges observed  for 
both the  LREE and the  HREE of the  stud ied  sam ples. The REE p a tte rn s  of the  Nguu 
Hills and  the  Kiboko lavas a re  consisten t w ith  a narro w  range of partia l m elting 
degrees o f abo u t 4-6%  w hereas those of the Ngulai Hills lavas a re  derived from a 
w id er range of abo u t 2-6%. T hese resu lts  correspond well to  those  im plied by the 
range of Th con ten ts observed.

5.1 .3  M ech an ism  re la te d  to  m a g m a tism
In th e  aspects of m echanism  driving m elting p rocesses associated  the Kenya 

Rift System, particu larly  in the off-rift region, a p lum e-driven (active) m echanism  (e.g. 
K arson and  Curtis, 1989; Latin e t al., 1993; Burke, 1996) has been  debated  against a 
p la te-driven  (passive) m echanism  linked to  tectonic and pre-existing  structu ra l 
contro ls (e.g. B osw orth 1987, 1989). The synthesis of these  tw o m echanism s has 
recen tly  been  gained a favor to  explain the  volcanic activities beneath  the CHVP, 
w hich involves the  exploitation  of pre-existing  zones of lithospheric  w eakness by 
sm all d iap irs of plum e m aterial derived from  a larger plum e app eared  below  the rift 
axis o r the  T anzania Craton (e.g. Smith, 1994; Mechie et al., 1997; R itter and Kaspar,
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1997). In addition, geophysical surveys have indicated the  p resence  of a low seism ic 
velocity anom aly, w hich w as been  in te rp re ted  as a partially  m olten  body, located in 
the  lithospheric  m antle  beneath  the  CHVP (e.g. R itter et al., 1995; R itter and Kaspar, 
1997; Novak et ai, 1997). H owever, due to  the  small size of th is body tog e th er w ith  
th e  absence of a connection to  the  asthen osp here, it is unlikely o rig inated  as a d irect 
m elting  of a rising  m antle plum e (R itter e ta l, 1995; R itter and Kaspar, 1997).

EQUILIBRIUM BATCH MELTING MODEL
equHibrium batch melts of anamph(5%>-bearino sp Iherzoile source

'— '̂■๚k^

(from Spath et al., 2001)
La Ce Pr Nd Sm Eu Gd Tb Dy Er Yb

La Ce Pr Nd Sm Eu Gd ฑ) Dy

EQUILIBRIUM BATCH MELTING MODEL
tqulbilum Midi melt o! «ท «mph(57.)- 

bet ring gt{5*| (leiioltte leurce

La Ce Pr Nd Sm Eu Gd Tb Dy Er Yb

F igure  5.4 S how ing C hondrite -n o rm a lize d  REE p a tte rns  fo r  a) the  cogenetic lavas fro m  the 

Nguu H ills , N gula i H ills , and K iboka  areas, b) e q u ilib r iu m  batch m e lts  o f  an am ph ibo le -bea ring  

sp in e l lh e rz o lite  source, c) e q u ilib r iu m  batch m e lts  o f  an a m p h ib o le -g a m e t-b e a rin g  sp ine l 

lh e rz o lite  source, d) fra c tio n a l m e lts  o f an am ph ibo le -bea ring  sp ine l lh e rz o lite  source. 

N o rm a liz in g  va lues fro m  รนท and M cDonough (1989).

P-T estim ations based on clinopyroxene-m elt yield a high tem p era tu re  bu t 
slightly low  p ressu re  in ranges of 1,200-1,450°c and 7-28 kb for both  su b te rran es
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(Figure 5.5). In addition, the  olivine-m elt th e rm o m ete r gives slightly h igher 
tem p e ra tu re  range of abou t 1,300-1,500°c a t equivalen t given p ressu re  up to  30 kb 
im plying th a t the  inferred  dep th  of m elting of the stud ied  basalts is abou t 90 km. 
T hese resu lts  a re  consisten t w ith  the g rea te s t m elting p ressu res  (>25-30 kbar) 
e stim ated  for lavas from Chyulu Hills and 01 Esayeiti in so u thern  Kenya on the  basis of 
m ajor and trace  e lem en t data  (Furm an, 2007).

» Spl lherzolite (Ng07)

—  —  Spl w ehrlite  (N g l8 )

•  Crn-bearing Mafic granulite (foliated: KntO l) 

— —  Crn-bear mafic granulite (banded: Ng21)

■  Crn-free felsic granulite (non-foliated: KMbOl)

*  Spl-free websterite (Ng34) 

— ■•—  Nguu basalts (KNg02)

• ••<»••• Ngulai basalts (KKYd02) 

. . . . . . . .  Ngulai basalts (KNt04)

F igure  5.5 P-T c o n s tra in t d iagram s o f  the  xe n o lith s  com pared to  the  hos t basalts.

On the  basis of experim ental w ork  by T suru ta  and Takahashi (1998), p rim ary  
m elt of alkali basalt should occur a t 60-70 kb (or d ep ths of 200-230 km) during 
d iabatic  m antle  upwelling, w ith  a w ide range of potential m antle tem p era tu res  
exceeding l,20 0°c . However, a t shallow er m elting depth, the  p resence  of g arne t o r 
phlogophite in the  source region is req u ired  and experim ental stability  estim ates for
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phlogophite-bearing  assem blages suggest th e ir  stable p ressu re  range is closed to 30- 
35 kbar (o r d ep ths of abou t 90-100 km) (e.g. Olafsson and Eggler, 1983 and Sato et ฟ., 
1997 cited in Furm an, 2007).

The high tem p era tu re  range of the  stud ied  basalts obtained  from  the 
th e rm o b aro m ete r estim ations, therefore , suggests th a t an elevated  therm al influx has 
been  induced u nd ern ea th  the  area. A plausible explanation  for a relatively  low 
p ressu re  range of partial m elting observed  could be involved the  p resence  a hydrous 
K -bearing assem blage, e.g. phlogophite a n d /o r  am phibole, w ith  o r w itho u t garnet, in 
the  source region as supp o rted  by chem ical data.

5.2 P e tro g e n e s is  o f X en o lith s

In the  study  area, several types of xenoliths derived from different p arts  of the 
Earth in te rio r have been b rought up  to the surface via basaltic  e rup tions These 
xenoliths include ultram afics of various p erido tite  and pyroxenite  varieties, exotic 
mafic g ranu lite  of both corundum -bearing  and corundum -free types, and shallow  
level m etam orph ic  com plex b asem en t of garnet-b io tite  gneiss, garnet-bearing  
g ran itiod  and am phibolite. H owever, only deep-seated  ultram afic and exotic granulite  
xenoliths have been  focused in this study. T hree m ain groups of these  selected 
xenoliths, e.g. perido tite , pyroxenite, and g ranu lites have been  both  petrographically  
and petrochem ically  investigated. The corundum -bearing  g ranu lite  xenoliths have 
been  m ore em phasized  in this study  because they  can provide inform ation on related  
gem  ruby  form ation  in addition  to  the  characteristics of the  p redom in an t rock layers 
of th e  deep  p a rt u n d ernea th  this area.

P e r id o t i te  x e n o li th s  a re  rep resen ted  by only tw o sam ples, spinel lherzolite 
and spinel w ehrlite , in th is study  due to  th e ir scarcity  and m ost of available specim ens 
have been  subjected  to  w eathering. The chem ical com positions of th ese  xenoliths, e.g. 
corundum  norm ative, accen tuated  Ba and Sr p atterns, and Eu positive anorm aly, 
suggest they  w ere  derived from  mafic cum ulates w hich had been dragged into a
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P y ro x e n ite  x e n o li th s  a re  characterized  by lack of olivine. Plagioclase may 
p resen t in m inor am ount. The chem ical com positions suggest th a t these  xenoliths, 
particu larly  those  of sp inel-bearing  w ebsterites, a re  also cum ulates and som e are  
likely fragm ented  from a pyroxene-rich  layer of com posite banded  mafic granulites.

G ra n u lite  x e n o li th s  a re  em phasized  in this study  because they  a re  m ore 
abu n d an t th an  the  o ther types of xenoliths observed in both  the  Nguu Hills and the 
Ngulai Hills areas. The corundum -bearing  mafic g ranulite  is the  m ost com m on type of 
g ranu lite  xenoliths observed; how ever, corundum -free mafic and felsic types a re  also 
p re se n t in m uch lesser am ounts. The chem ical com positions, w ith  good correlations 
betw een  MgO and o th er oxides including som e trace  e lem ents of the  granulite  
xenoliths suggest th a t they  a re  a su ite  of m eta-igneous rocks, considered  as a 
sequence of m agm atic fractionation. However, they  are  no t derived  from the  sam e 
source o f the  h ost magm as. The overall high w hole-rock Mg#s (0.73 to  0.84) and low 
to very  low  concentrations of m ost incom patible trace  elem en ts including REE 
suggest th a t n o t only u ltram afic xenoliths b u t also the g ranu lites re p re sen t cum ulates 
of a mafic m agm a source ra th e r th an  residua m elts (Ulianov et ai, 2006). Ba and Sr 
spikes on m antle-norm alized  p a tte rn s  and  positive Eu anom alies a re  consisten t w ith 
n a tu re  of the  specim ens observed. These accen tuated  p a tte rn s  suggest m assive 
fractional crystallization  of plagioclase (B indem an et ai, 1998). Extrem e fractionation  
of Eu in corundum -barren  and som e corundum -bearing  g ranu lite  as well as in spinel 
Iherzolite  poin ts to  subsolidus crystallization  via m etam orph ic  reactions involving 
plagioclase w hich in good ag reem en t w ith  petrograph ic  observation. The 
charac teris tic  of these  REE p a tte rn  is also corresponding  to th a t of the granulite  
xeno liths from  the  Chyulu Hills (see Ulianov et ai, 2006). In con trast, sm ooth  and 
ra th e r  flat w ith  gentle  HREE-enriched tren d s of the  sp l-crn-free w eb ste rite  and the  spl 
w eh rlite  xenoliths reflect a norm al pyroxene accum ulation  w itho u t the  influence of 
plagioclase fractionation.

mande zone and transform ed in to  u ltram afic assemblages ra ther than d irectly

derived from  p rim itive  mantle.
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On the  basis of im m obility of Ti and  V, w hich a re  not easily  rem oved from 
rocks by e ith e r hydro therm al a lte ra tio n  o r m etam orph ism  a t in te rm ed ia te  to high 
grades, th e  Ti-V p lo t can be used to distinguish  betw een  volcanic-arc tholeites, MORB 
and alkali basalts (Shervais, 1982). The p lo t show s th a t the m ajority  of the  studied 
xenoliths fall on o r n ear Ti/V=10 line w hich suggests island arc tho leite  type (Figure
5.2). This re su lt corresponds to  th a t for xenoliths stud ied  e lsew here  in the Chyulu 
Hills region as suggested  by Ulianov et al (2006) to be re la ted  to arc m agm atism , 
in trap la te  tho leite, o r MORB. This is also partly  su pp o rted  by the  REE p atterns 
observed. M ost arc cum ulates a re  characterized  by fairly low  REE con ten ts and by low 
to  m o d erate  fractionation  of LREE over HREE (e.g. H im m elburg and Loney 1995; 
Cesare et al, 2002; Spandler et al, 2003; Claeson and M eurer, 2004). The tholeiitic 
cum ulates re la ted  to MORB or con tinen t in trap la te  m agm atism  m ay also have low 
concen tra tion  levels of m ost incom patible e lem ents resem bling to arc acum ulates, bu t 
the  charac teris tic  of flat REE p a tte rn s  o r depletion  in LREE is dom inated  (e.g. 
K ornprobst et al, 1990; Benoit et al, 1996; M orishita et al, 2003). The studied 
xenoliths of spinel lherzolite, co rundum -barren  felsic g ranu lite  and som e corundum ­
bearing  g ranu lites bear the characteris tic  com parable to those  xenoliths from  arc 
setting, w hereas the  m ost of the  corundum -bearing  mafic granulites, all the 
pyroxenites and the spinel w eh rlite  b ea r the characteristic  closed to the xenoliths 
from  MORB /in tra p la te  setting. The LREE enrichm ent in som e corundum -bearing  
xenoliths seem  to involve late-stage o verp rin ts  (Ulianov e t al., 2006) as su ppo rted  by 
an extensive kelyphitization  observed  in those  specim ens.

T herefore, the  gabbroic p ro to lith s of the corundum -bearing  xenoliths m ay be 
derived  from  both arc and  M O R B /intraplate paren tal sources, w hich w ere 
incidentally  adjoined u nd ern ea th  this region since the tim e of the Pan-African 
O rogeny and  to ge th er u n d erw en t th rough  granulitic transform atio n  a t d ifferent levels 
of dep ths for each group of the  xenoliths, according to  th e ir a tta ined  equilibrium  
tem p era tu res , p rio r be taken  to  the  surface by basaltic magma.
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Figure  5.6 The T i-V  d is c r im in a tio n  d iag ram  fo r  the  xe n o lith s  and th e ir  hos t basalts fro m  the  

Nguu H ills  and Ngulai H ills  areas. IAT  is s tanded fo r  is land  arc th o le ite  and BAB is back arc 

basin. L ines re p re s e n t T i/V  ra tio .

5.3 G en esis  M odel o f  R u b y -b ea rin g  X en o lith s

Unlike o th e r basalt-re lted  corundum  deposits, actual corundum (ruby)-bearing  
source rocks can be easily seen  around  the  Nguu Hills and the  Ngulai Hills areas. 
P etrograph ic  features, chem ical p ro perties  as well as Ar-Ar ages of the host basalts,
0.9-2 Ma, all im ply th a t the m agm a generating  process is not re la ted  to  ruby form ation 
in the  g rau lite  xenoliths found in the  areas. W ithout doubt, corundum  has been 
form ed u nd er a regional m etam orph ic  condition  of g ranu lite  facies w ith in  a deep- 
seated  mafic g ranu lite  form ation and  genetically  unrela ted  to the  h o st basalts.

Geochemical characteristics of the  corundum -bearing  mafic g ranu lites have 
been  m etam orphosed  from lithospheric  mafic igneous p ro to lith s equ ivalen t to  a 
gabbroic and anothositic  su ite  originated  both island arc and  M O RB/intraplate 
settings. The m etam orph ism  have been  occurred  by p late collision even t taken  place 
during  the  M ozam bique Belt Orogeny around  500-800 Ma. The plausible 
m etam orph ic  reactions creating  gem  corundum  are:

PI + Spl = 2Crn + Di-cpx.......(1)
3 PI + 3Spl = 4Crn + Pyrope + Grossular....(2)
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The corundum -bearing  form ations and associated  u ltram afic s ta tra  w ere 
achieved th e ir closure equilibria  P-T constra in ts  u nder a range of low er c ru st-upp er 
m antle  condition, in the range of 750-1500°C and 7-33.5 kb (~ 23-110  km). The 
perid o tites  w ere  form ed a t d eep est dep th  in the u pper m antle region. The corundum ­
bearing  g ranu lites w ere  also created  w ith in  the  u pper m antle, b u t a t a shallow er level 
closer to  the Moho. The pyroxenite  (e.g. sp inel-free w eb sterite ) xenoliths w ere  form ed 
n ear the  Moho zone, w hereas the corundum -free g ranulite  xenolith  w as form ed a t 
sha llow est level above the Moho.

A schem atic m odel linking the  paragenesis of ruby-bearing  xenoliths and o ther 
associated  types w ith  basaltic activity  is p resen ted  in Figure 5.7.

Figure  5.7 Cartoon su m m ariz ing  the  m a jo r features o f  deep s tru c tu re  unde rn e a th  the  s tudy 

area and the  C hyulu V o lcanic P rovince (m o d ifie d  a fte r Novak e t al., 1997). F ille d  num bered  

e llipses re p re se n t u ltra m a fic  layers w he re  1 is p e r id o tite  and 2 is p y ro x e n ite  (p lag ioclase-free 

w e b s te rite ). F ille d  num bered  rectangles re p re s e n t g ra n u lite  layers w h e re  3.1 is co rundum - 

b e a rin g  m a fic  g ra n u lite  and 3.2 is co ru n d u m -fre e  fe ls ic  g ra n u lite . F ille d  tr ia n g le s  are  basa lt 

bodies.
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5.4  R e c o m m e n d a tio n s

F urth er w ork  on the  xenoliths and the h ost basalts should include the 
following:

1) M ore sam pling of xenoliths should be carried  o u t to  look for o ther 
lithologies. W ith respect to obtain  a full spectrum  of deep-seated  form ations related  
to  corundum  as w ell as lithosheric  signatures und ern ea th  the  study  area, m ore 
a tten tio n  should be paid to mafic g ranu lite  xenoliths w ith  less in tense  of reaction  
tex tu res , fesic varie ty  of garnu lite  xenoliths and p erido tite  xenoliths, especially 
am phibole- and phlogophite-bearing  varieties. Analyses of alluvial corundum  and 
som e associated  m inerals, e.g. kyanite should be taken  into account for fu ther 
in te rp re ta tio n .

2) EPMA should be se t up for REE and trace  e lem en t analyses of m ineral 
assem blages in xenoliths and xenocrysts, particu larly  clinopyroxene, o rthopyroxene, 
garnet, olivine, spinel, etc should be perform ed and com pared  w ith  w hole-rock 
analyses of xenoliths. These m ay lead to m ore detail in te rp re ta tio n  of petrological 
processes, such as partial m elting, fractionation , m etasom atism  and lithospheric 
contam ination.

3) Isotopic stud ies of xenoliths should give m ore inform ation  on th e ir 
petrogenesis. Radiogenic isotope, e.g. U /Pb, R b/S r and Sm /N d, m ay yield both 
form ation  and  m etam orph ic  ages in addition  to  inform ation on the  m etam orphic 
p rocesses th a t affected the  xenoliths.

4) P-T estim ation  should  be done m ore on corundum -free xenoliths and 
basalts to  com pare to the  corundum -re lated  one to confirm  the  equivalen t depths 
w here  both  corundum -bearing  and corundum -free form ations located  as well as to 
confirm  the  P-T conditions w here  the  basalts originated.

5) Profiling analyses on olivine xenocrysts should be adop ted  to provide m ore 
insight on th e  aspect of a p ro ten tia l g eospeedom eter for the  h o st basalts.

6) T ogether w ith  detailed  m apping on the exposure of basalt flows in the 
study  area, Ar-Ar dating  need to be carried  o u t on m ore basaltic sam ples to  ensure  the 
p re lim inary  age data obtained  from this study  and to fill in the  gap on tim ing of
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volcanism  developed around  the  area  in o rd er to  be linked w ith  the  East African 
Rifting evolution,
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