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Abs ct 

The study examines i.n detail an area between Mount Lon not in the t through 
Lake Naivasha Basin to Mount Ebwru in the west. The result is a m 1 of major 
occurre of obsidi quarry sources that may have been min d by prehistoric 
man as quany sources of raw material for the production and/or making of his 
tools (artifacts). By combining this model, derived mainly from physical data in 
the field with that deduced essentially from chemical data in the laborat ry, the 
ob idian outcrops have been categorized into major petrological groups. Thi 
enables questions about the origin. area of recharge and availability of magma to 
be discussed. The initial sections are concerned with the physical geology of the 
study area incorporating faulting and physiography as possible contributors to the 
formation of obsidian. The section on geochemistry deals with geochemical 
manifestations together with information on the temporal evolution of the crust 
tl.at is considered to be the source of the obsidian in the Naivasha area. The 
approach thus discusses and reviews both the petrographic and geochemical 
features in order to establish magmatic trends and the possible transitional stages 
involved. Using relative concentrations of both major and trace elements 
determined by x - ray fluorescence analysis, the various sources are separated and 
assigned to individual petrographic groups within the study area. 

Obsidian occurr nces from several quarry sources within this g neral area are 
descnbed including th ·ir geochemist!)'. hemical results sugg possibility of 
extreme interaction and assimilation wi the crust in the 'secondary' volcanic 
feeder cham rs. The associated rocks encountered, are limited to volcanic Ia a 
flows and pyroclastics of the central rift system. Faulting, a major structural 
feature in the area is described and later considered as a possible major 
contributor to th development and distribution of obsidian outcrops although 
some of the faults have been covered by late stage volcanic acti ity together with 
weathering. 

To derive such information as distance and ~ . .,ible areas of mining during 
prehistoric times, an attempt is made to correlate artifacts from four \ id Iy 
separated Archeological Sites at Narosura in Kaj iado and Gogo Fails in outh 
Nyanza, Jawuoyo in Kisumu and Cartwright's site located on the Kinangop 
Escarpment. Merrick and Brown (1984a) have suggested that such studies can 
lead to an insight regarding authenticity, trade routes and trading connections and 
other features ofhistoncaJ and archeological interest 
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.1 Porp and locality of tbe project 

The purpose of this study was to investigate the occurrence of obsidian r k in 
relation to the geology of the area around Lake Naivasha. The ar sampled 
covers appro ·mately 2,500 square kilometers in Central Rift Valley around Lake 
Naivasha, Kenya. unded by latitudes 10 00' S and 10 27' S and longitudes 360 
03' E and 360 30' E. The greater part of this area is covered by shrubs and 
scattered trees and is relatively flat while to the east and west, the Kinangop and 
Mau escarpments respectively rise to form the shoulders of the Rift Valley as 
shown in the locality map Fig. 1. 

Geological and geochemical data oftbe Rift Valley lavas, in particular those from 
central Kenya rift, have accumulated from different research initiatives over the 
years (see section 1.3). However, there is little comparable infonnation on 
obsidian as a separate rock from within this area. The study thus aims at providing 
geological and geocbemiaal information to be used as a database on the 
occurrences and distribution of obsidian quany outcrops. 

1.2 ethod ofM ppiog 

Data collection sites of obsidian quarry sources in the research area was initially 
p o on series Y731 Topography Maps published by the Survey of Kenya at a 
scale of 1:50,000 (Sheet Numbers 129/1, 129!2, 129/3 and 129/4). The final 
-IOil·cal map of the area including sampled sites has been compiled at a scale of 
1:100,000 covering an area of approximately 2,500 km2

. The geological map at 
end of the text shows the detaals of the areas covered 
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mc r i nal geological sut'\ e. of the general area h be n re onabl c er 
b Thomps and Dodson ( 1963 and more rec ntl Jar e et a/ I 0 , th 
auth r' empttasis was therefore placed on mdi 1dual obsid1an outcrops as maJor 
source in order to understand the nature of their occurrence in relation to the 
already stablisbed general geology. 1be infonnation then fonned the basis for 
geological data compiled in the field on outcrops within Nai asha area. The 

blished sources were then plotted and representati e rock specimens sampled 
and numbered for laboratory analysis. 

1.3 Pr viou work 

Previous systematic geological mapping of the Naivasha area is covered in Report 
No. 55 ofthe Geological Survey ofKeny~ (Thompson and Dodson 1963). Other 
r ports with relevant geological information include eport Numbers 67, (Kijabe 
Area) and 78 (Nakuru Area) (Thompso 1964, McCaJI 1967). Research studies 
have been carried out on Longonot volcano (Scott 1977) and OlKaria Volcanic 
field (Bliss 1979, Bone 1988). A recent well-documented work on the geology, 
including volcanological activities in the area around Lake Naivasha bas been 
done through a joint venture between the British and the Kenya Governments 
(Clark eta/. 1990). er research work. including details of the petrography and 
mineralogy of the rocks from Eburru (Sutherland 1974), radiometric dating 
(Baker and Mitchel 1976, Baker et a/. 1988) and aspects of geology aod 
geography of Lake Naivasha (Richardson 1966, Kamau 1974, Ase eta/. 1986) 
have also been sited in the present work. 

Leakey et a/. (1945) first reported the occurrence of obsidian artifacts at Hyrax 
Hill Archaeological Site. In their report. they attempted to compare the artifacts 
with quarry pi collected from Naivasha area. Subsequently, Cole (1954) 

ibed the obsidian occurrence at Njorowa Gorge area and con idered them to 
yo idian source in Kenya. Artifact studies continued and later, Cann 

Refrew (1964) concluded that the Naivasha area could be the main source 
region for most artifacts found in archaeological sites. Walsh and Pawsys (19701 

· g the same view. carried out relative ind x and density s~dies to show that 
"dian a.rtifl cts collected from K.isima Farm in Laikipia also originated from the 

Naivasba 
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A similar appr h usmg petrologic I analysis on a quarry - rnple from 
E urru and artifacts colle ted from the sur unding areas was attemp ed b rni 
and Agata (1977). Mich Is eta/. 1983) reported hemical anal)'ses n ob 1d1ans 
from Kenya but failed to give details of pecific localities from where th y had 
obtained their samples. 

More recently, Merrick and Brown (1984a) have carried out preliminary sample 
tudies on source utilization in Kenya and Northern Tanzania. Detail d source 

studi s on ob idian including utilization have, however, been carried out in ther 
parts of the world notably in Central and North America, the Mediterranean 
region and in New Zealand (Bowman et al. 1973, Nelson eta/. 1975, Nelson eta/. 
1977, Duerden el a/. 1980, Joron eta/. 1990). 

1.4 Physiography 

The area around Naivasha is part of the central Kenya rift that underwent intense 
faulting during the last stages of rift formation. The physiographic expression 
consists of numerous subparallel fault ridges and troughs trending approximately 
NNW. The valley floor slopes southwards with a gradient of approximately one to 
one hundred from Lake Naivasha to Lake Magadi and the surface of the fault 
blocks dip similarly gently southwards (Clarke et a/. 1990). To the west, the Mau 
escarpment rises to me 3,000 m, while the Nyandarwa- Kikuyu Escarpment to 
the east bas a maximum elevation of about 4,000 m. The physiographic map of 
the area is shown in Fig. 2. 

Further fault~ on either side, notably the Mau {2,400 to 2,670 m) to the west 
and the Kinangop plateau {2,100 m) in the east bounds the region with Lake 
Naivasha ( 1880 m above sea level), forming the central part To the SSE, Mount 
__,.,....,_ rises to some 2,780 m while directly south of Lake Naivasha, the 
~M- geothermal field with its spectacular recent lava flows and the 01 -
Njorowa Gorge, form the main feature. Pbysiographically, the area can thus be 
divi into five units, namely: -
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Figure 2 Physlog.raphJc map of the Nai\'asha area. 
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I . 1 th · . to nl I. ngc not 'olt..~n 
1 ~ 2 th • r · · . ·:u\":~ h:1 B!i m 
1 ~ .3 th · (JI}" :ui., \ oknnt.: r 
1 .4.4 m limit ot I · km ngop Pl. 1 au 
lA: 

1.~.1 The ~ frmnt L n~on t 'olea no 

Thi 1 a n .li irular ·ot no O\cr d mo·ll~ b~ tra hyti and p~ ro ·Ia ti r 
(oil n paralkalin ) . . li~no of Ia ·a flow.: ha however be n r ported (S on 19 
19 0) pani ularl~ betw ·n allali ba. alL and tra~h~ti omp . iti n . Th vol"'ano 
O\ appr x.imat ~ 50 1-m and ha a mooth lloor ~m·ounded by Vel") . t p to 

near \.erti a1 .. ,alls \ hi h ·my in h ight b I\ · n 350 min th • w t to 75 m in th 
t. ~um rous phem raJ tr ams ha,·c dis 1 d the un onsolidat d p T Ia ti 

d po its of the ongonot vol mic . ~hi ~h manti th flank. o th on . 
a · ompani d . h avy cro. ion. 

Du to the un on olid:lt d nature of the p~To la1>li . ero ion is o int ·n~ m ·rtam 
thai near vertt al~.:l.i.ffi ha e d v lo •d making trav e aero the con almo I 

ibl . . though no u.... . fu1 age d t nnination h n arri d out (Kaga i 
9 ). th • arli 1 ti it_ rna: h v onun ·n d no mor than ahou 0 ~~fa . • t1 

197 ). Th 1 t:ruption. hO\\ · ·cr. may h:t\ o urr d \Vithin Lh 1 1 1 t 200 
years ago (Ri h rdc; on 1 66). 

1.4.2 The e • · ah·asha b in 

The Lake " ·aivasha basin.' ·hich i relatiYely higher (altitude) within the rift st m. 
occupi th low t part in th \>\hoi ar a inv ligated and ontains L3kt:: 1'-:aiv ha 
whos area · a ut 200 km2

• Faulting together with accumulation of r cent 
vol anic mat rial has re ultcd in a to alized drainage basin d v lopment ere. ting a 
potential gradi nt lo the oulh.. 
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Plate 1 The 01 - Karia recent lava flows associated with gcothennaJ resources 

Plate 2 Fischer's Tower howing comeodiUc volcanism associated with 

characteristic columnar jointing 



I vel in 1983 stood at an Je ation of I 889 3m ( . t a/ 1986) 
h a sm th fl rand a mean depth of 4 7 m uch of the h re of tl ·• main lake 
is how er covered mainly b)' papyrus and salvma. Lac of surface ouuet h led 
to the believe that there must be an underground outlet to the lake although 
borehole records indicate that the piezometric surface g nerally follows the 
surface contour (Clarke et a/. 1990) with a steeper faU to the south It is th refore 
n t surprising that many geologists have considered this underground outl of the 
Jake as a possible source of some of the aquifers exploited at OlKaria Geoth rmal 
Station. 

1.4.3 be OlKaria volcanic formation 

The OIK.aria Volcanic area lies to the south of Lake Naivasba and forms the 
geothennaJ field covering some 240 km2

• The dominant exposed rock is 
commendite or peraJ aline rhyolite occurring as domes. A thick obsidian flow 
extends to over 2 km with a north- west trend within the volcanic field. The Java 
flow. also referred to as the Ol - Olbutot Lava. is the youngest flow within the 
area and its surface is still blocky with only light to no vegetation. Plate 1 shows 
the OJ - Olbutot lava flow in the background Around Hell's Gate NationaJ Park 
comenditic volcanism is prominent within a varied but relatively thick cover of 
pyrocla .tics possibly originating from the nearby Mount Longonot. Plate 2 shows 
Fischer's Tower at the entrance of Hell's Gate with the associated comenditic 
volcanism and characteristic columnar jointing . 

. 4.4 e estern limit of tbe · angop Plateau 

To the northwest of Naivasha Town, a steep fault line marking the edge of the 
't of the Kinangop Plateau marks the physiography. Plate 3 shows the 

the fault scarp along Naivasba - Kinangop road. It is characterized by 
• northwest trending fault scarps with very steep edges resulting from 

-•uu.ll§. Tbe combin width of these fault- scarps ranges bet\ een 2.5 to 5 
mpson and Dodson 1963) and exposes both volcanics and palaeosols most of 

· occur in layers of varied thickness. 

' 



Plate 4 Pyr la tic ob idian f< rmation exposed along the Kinangop Road 

n rth of ai asha Town 
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1.4. be burru olcanic pil 

The Eburru volcanic pile is on the western limit of the study area wh re a 
maximum ele ation of upto 3,080 m is attained to the we t ofNdabibi Estate Fig. 
2). Relative to the rift floor, th Eburru volcanic pile rises to about 1,1 00 m and 
the top is dotted with very re nt volcanic activities (including fumaroles). It has 
become the second area of interest after OlKaria in terms of geothermal resource 
exploration. 

1.5 Description of m tbodology 

Initially, freshly broken pieces of obsidian were thoroughly scrubbed in distilled 
ter with a toothbrush and dried. Powdered samples were pre))1'4ed by first 

crushing in a pressure crusher to sand sized grains, followed by pulverization with 
an agate pestle and mortar to sieve size 40 mm. Phenocrysts were easily avoided 
during the analysis by choosing fresh samples from field and breaking such 
samples until non-phenocryst portions were separated. Another advantage for :his 
kind of anaJysis over other volcanic rocks is its obvious glassy occurrence that 
m es it easy tq distinguish in the field_ The procedure for transparent solid 
sample preparation for x-ray fluorescence analysis was followed as given by 
Kinyua (1982). Similarly, the same mathematical procedures were followed in 
calculating concentrations for each of the observed elements in the pellets. 

The main advantage of x-ray fluorescence analysis is its multi-element nature of 
analysis (data for all the elements are collected simultaneously) as illustrated by 
the spectnl in Fig. 4. Such spectra form very good basis for archaeological 
comparisons particularly where only qualitative analysis is carried out with no 
quantitative detenn.inatio . This is usually the case for artifacts (which should 

&nJUD<l to powder t; rm or d troyed) since they are protected by an Act of 
Plr1lillllelrt (The Antiquities and Monuments Act 1983. (Cap. 215 repealed) of the 
Laws of Kenya). Kinyua et a/. (1992) have used this technique to study 
J.IIVVenaDCe of Kanjera fo ils. Table Ia. gives the average energies and 

·gnments for the peaks shown in Fig. 4. Individual flows of obsidian are quite 
g ous in the amounts and kinds of major and trace elements present. 

Qmsequently, separate flows of obsidian can be distingui ed from one another 
by relative concentrations of certain elements (Gordus and Wright 1968. 
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Griffin 1 a/ I 69, Bo man et a/ I 73) part from this, chem1cal alterah n m 
obsidian JS usually minimal for c ·en e. po ed r cks. 

Basically, obsidian i composed ofSi~ 72-76%), A1 03 (10-15%), Na20 (3-5%) 
and K20 ( 1-7%) with many other elements in much smaller amounts (Michel and 
Carl 1971 ). It is the ability of th x-ray fluorescence to 'fingerprint' the obsidian 
by d tennining which major and/or trace elements are present and how much, that 
m es it useful in differentiating the various sources. 

1.5.1 trumeot itivity 

In order to determine the overall instrument sensitivity for the results obtained, 
(i.e. the · trument response per unit charge in concentration) standard reference 
materials are normally used. When using such standards, it is always assumed that 
nothing changes between the measurement of the standard and the unknown 
sample(s). 

The most common method of verifying results is to analyze a series of certified 
standard samples and compare the results obtained against element concentration 
values given in a standard certificate. A reasonable fit of the data is then used to 
confirm the sensitivity of the instrument as shown in Tables lb. and lc. The 
columns of figures listed under chemical concentration are the values of the 
standards. The data listed as calculated concentration are those obtained from the 
anal of the standards. The last column gives the range within which 
calculated concentration values is expected to fall. The results obtained shows no 
major viation from the standard values.. Provided nothing changes between the 

easurement of the standard and a given unknown specimen, it can be assumed 
only difference in the sensitivity of spectrometer for the two ••••tts is that due to matrix effect 
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HY liAS 
SUPP\.Y 

ch m tic di· ram f lhe . · anal~· i quipment 
(m difi ·d fr m enkin t./ al. 19 1 

1.6 ampl preparati nand anal~ i 

~1 ~or .1nd tra ho\\n in Table 3 "' r arri ·d ut on pr ed 
powd r p U ts 'airobi University. In all. a total of 12 el menl 
ranging fr m ota ium. Cal wm. Titanium. . agn iurn Iron. Zin . opp r. 
Rubidium. Ynriurn. Zir onmrn. Thorium to . 1o ium \ ·ere . I ted in an ana~. i 
time of 500 . e onds amp I . The ele tion of the el men \\ bas d on Lh ir 
b ing I to di riminat pot ntiaUy th different quail)· , our 

con ·entrations in 

iti 
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Figure 4 S Clrl typical or ob 4Jan rocks 

Table la Average energies and a55ignmeots for the pea in ~bsidU.n 
• tra 

I Peak Aver ge Elemental Peak Avenge El mental 
No. Ene gy ignment No. Energy ignm t 

(KeV) (KeV) 
1 3.31 K~ 11 12.74 Pbla 

(+Fe I<,) 
2 3.65 CaKa: 12 13.40 Rbl<a 

(+KKa) 
3 4.S4 Ti~ 13 14.16 Sri<a 

4 5.89 MnKc 14 14.96 YI<a 
_(+Rb_~) 

5 6.40 Fe ICc 15 15.76 Zri<a 
(+MnKe) (+SrI<,) 

6 7.06 Fe~ 16 16.61 NbK 
(+Y I<,) 

7 8.64 ZnKc 17 17.68 ZrX, 

8 9.2S CuKe 18 18.67 NbK, 

9 9.59 Zo~ 19 22.17 Rayleigh 
scatter of Ag:Ka 

10 l0.5S PbLa 
(+As Kc?) 
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abl b ana dian rtified Refer nee fateriaf- y nit Roc -3 

lement Chemical Range Calculated 
concentration concentration 

Ti 900ppm 720 -1740ppm 135.5ppm 
Mn 2.556ppm 2246 - 2886ppm 2.560ppm 
Fe 4.700/o 4.4-4.73% 4.84% 
Zn 2.50ppm 256- 259ppm 263ppm 
Ga 28ppm 25.6-36 26.9ppm 
Rb 210 188-213 195ppm 
Sr 300ppm 250- 472ppm 287ppm 
y 740ppm 610- 880ppm 681ppm 
Zr 340 pm 295- 392ppm 322ppm 
Nb 145ppm 94- 19.5ppm 135ppm 

Table lc Canadian Certified Reference MateriaJ, KIA - OGJ 

Element 

Zn 
Pb 
Cu 

Chemical 
concentration 

20.37% 
6.98% 
0.11% 

Range 

N/A 
N/A 
N/A 

Calculated 
concentration 

19.85% 
4.4% 
0.98% 
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The Kenyan Rift Vall is part of a worldwide system of sublinear lt of a tive 
seismicity, volcanicity and heat flux defining the edge of a litho pheri plate. Of 
th commonly known plate margins, the Kenyan Rift System appears to confonn 
to a divergent plate margin situation divi ing the country almost into h o. Th 
br up process is however incomplet as evidenced from geophy ical data 
(Wendland and Morgan 1982) which has shown that the litho phere is 
anom lously thin. Rift bottoms have also been shown to represent seismic 
di ntinuity zones made up of less dense, partially melted mantle forming areas 
of low velocity (Windley, 1984). Additional research carried out by the KRJSP 
Wor ing Group (1987) using Deep Seismic Refraction method have further 
confirmed that the flanks of the Kenyan Rift Valley have relatively normal crustal 
thickness which reduces to about 20 km thick within the rift particuJarly ru-ound 
Lake Turkana. 

As a result of intense faulting and volcanic activities within the surrounding areas 
of Longonot, OlKaria and Eburru, rocks within the Naivasha area are relatively 
young in age (Clarke eta/. 1990). Plio-pleistocene tracbytic Lavas and ignimbrites 
occupy nearly all the floor of the central rift and occur in places on th marginal 
plateux_ The lower part of this group consi ts mainly of tracbytic tuff with 
prominent Ignimbrite units which are best exposed on the Kinangop Escarpment 
to the east of the tudy area (Thompson and Dodson 1963). 

Extensive pyroclastics and rhyolitic lavas associated with alkaline trachyte cover 
much of the area between Lake Naivasha and Mount Longonot volcano. 
Similarly. towards mount Eburru. thick pyroclastics and tracb es cover most of 
the area only the OlKaria seems to be domin ted by commenditic lavas. The 
IUblki'JICOIIIS pyroclastics on the Kinangop scarp and within the Hell's Gate 
NIII!DIU Park (01 - Njorowa Gorge) are mainly of Lower Middle Pleistocene 
{lb;IJIDI:IiiOD and Dodson 1963). Around Lake Naivasba. how er, widespread 
IIGIISII• sediments that cover the rift floor were deposited towards the end of 
Plelstoc:ene (Thorn nand Dodson 1963). 



2.1 ormarion of tbe oya Rift )~tern 

any th ries have been suggested in an attempt to explain the p nt tru ture 
ofth Kenya Rift System. The most supported theory i an origin from ad mal or 
shield tructure as summarized by the author in Fig. 3. tt red occurrences of 
Mi ne sediments have further been used as additional e id n to support the 
th ry of structural doming leading to the concept of pre·Mi n erosion urface 
(Sh c 1 ton 1951, Pulfrey 1960). King and Chapman (1972 have also discu ed 
the con pt of a broad s ctural dome and believes th t there was a gentle 
basement arch under the Kenyan Rift zone but that it d loped earlier as a 
continental watershed consequent to the breakup of Gondwanaland. However, 
Williams (1978). in his argument believes that much of the pre - Miocene 
topography near the rift consisted of basement high ground 

The oldest rocks though unexposed in the Naivasha basin consist of Precambrian 
metamorphosed basement rocks. These rocks were rift faulted since the Miocene 
in central Kenya and were later covered by volcanic lava (Baker and Mitchel 
1976). In the course of the rift development, small grabens form on the rift floor 
and this is register: by vol~~o - sedimentary sequences which were deposited in 
these basins particularly away from the center of the dom s (Fig. 5) in the 
Turkana and Magadi- Natron basins. The major faulting ev nts wer associated 
with volcanic eruptions at every stage and therefore tectonic activities can be said 
to have had a significant influence on the early development of weaker zones 
along which Java escaped through to the earth's surface. 

l.l tructural e olution of tbe Naivasba area 

Section 2.1 above reviews faulting as a major contributor to many of the tectonic 
~!tiJll·:tic features observed in present Kenya From about 4 - 1. 7 Ma an inner 

RE~'In\IIP'r trough eveloped within the central region of the rift and it is within this 
UOI!Ifdl that eruptions of the recent salic volcanoes (Baker et a/. 1988) associated 

'dian formations occurred at 0.4- 0 Ma. Middle and upper Pleistocene 
faulting within the graben floor has further resulted in step fault platform 

are sub- parallel to the main Rift faults (Fitton and Upton 1987). 
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J hr .• J llfl I p ' ItO Jl U I aU lUI 0 .,u 1 flutn, b Ul .t l 0. 
3 • 2 la. t ·r faull n:sulr ·d in !he onnati n oJ n. rrm graben ~md th c.: ' r 
foil J cd y rupti( l h of c:ul. C)uat ~mary fl,, d Ira h. 1c . 1 ·nc..:\\\: I J ulling 
nile tm • m tly th · n . r ·n ... um: rom ah ut 1. . la anJ i ·ial ·d i th 
< >uatcmary Jlood l:t ,, uf the.; rill floor of 1. '· - I . . fa. l h · lar..t ta • uf c\lc..:n h 
minor faulting oi lhl rill tloor o urr d lH\ ct:n . - 0.4 . 1a. }J > 1 0-' 1a fault 
ar • a o iat d ' 'ith p.1 s o th • Ebunu - I · , li.l ntJjor YO) atu ... ali un~.-nl (Clad · ~: 

r:t ai. 1 ( ~() :md an.; 1 i u lt on th north m tlank of ca l m I· I l m• , ·ol ani 
pil . er h . b · n r~,;a .... h\ .:lli n o .. m · of th nH m rgm fault .md 11 1 p ihl · 
thar th arc po. 1 .-l ~ra in age. ~fost ot the rift floor faults ar . h "'e'·er. locally 
oh ur d by late Quat rna~ pyr I tr vol ani pil. . d~:riY d from th · ~oungcr rift 
floor vol ano w ... h a Lon"' n t and th lo\ ~r to middl I · to ~n dim nt in 
th . ·a.T\.·a ha b3' ·in (Thornp on and Dodson 1963). 

Based on 1 mi r . ult · and th distribution o volcani ar a (L n onot. OIKaria 
and .Eburru). lh · pre :nl high rc.;ll'i (t pograph~ ). \\ ith highland ri ing to b t' n 
3.000 - 4.000 m traversed by th rift aults. 1 however a re ult of immen ·e 
accumulation · ulting from val anic "ruplion trorn \\ithin th c.;nters (KRISP 
Working Group 19 7). From a J 2 \ ·ru h \·e a Urnm.1I) ofth main tag of 
rift de ·e)opm nt. t g ther \\ith \'iden gath r d in the field con eming the natur 
and oc urren' of ot idjan. ther t a relation hip betw n ob idian 
formations and lh late ·t and younge·t of the ·olean . Figur and Table 2 
can th wed tog th to ummarize po 1 le lin of e ~ that ftnally led to -
the formation of ob idian in th . · ruvasha area a di cus ed in Chapt ·r 5. 

2.3 mironrn nt and volution of ob idian 

Although o . idian rocks hav not attra ted much attention because of their pr ent 
non-economi al value. they ar on th other hand of importan in understanding 
th mode of their occurrence. This e tion therefor attempts to relate fi Jd 
observation with the already d ribed tectonic activiti in an attempt to establi h 
the atigraphi po ilion of th o 'dian formation. The stratigrapruc position in 
relation to th a ociated roc n . · in order to fully wtd tand th origin 
and ible ev Jutionary lin s. A generalized equ n commonly iated to 
ob idian occurr nc i umrnarized beloi\. 
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Th re is usually a progres ive upward in rease in silica cont nt one mo es 
from the Miocene rocks to the more Recent types (King and Chapr· n 1972, 
Bak ret a/. 1988): 

(I .) Obsidian usually occurs as the latest and therefore on top of the sequence 
although usually there is a co er of pyroclastic rock or in association with 
comendite of very young age. 

(2.) In association with and/or close to the obsidian is usually a succession of 
rhyoHte to pumiceous volcanic material of po ible similar age or slightly 
older than the obsidian. 

(3.) Where comeoditic e posures are absent, there is usually trachyte forming 
the next younger rocks. Around Kongoni as well as along the road near 
Obsidian Ridge, sporadic e posures of basalt may be observed The 
trachytes are usually of about Pleistocene age (Thompson and Dodson 
1963). 

(4.) Phonolite of Pleistocene age with a reduced degree of trachyte - basalt 
occurrence is then e posed (King and Chapman 1972). 

(5.) Underlying the younger volcanic sequences are the flood plain basalts, 
which were erupted in most parts of Kenya during the Miocene (King and 
Chapman 1972). 

(6.) Below the whole sequence, th ugh unexposed within the Naivasha area, 
are the basement rocks of Precambrian age (B er eta/. 1988). 
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OB."II>I \ . lOinl \TIO 

C h idt m 1 a tlark gr -. .. ni h In n rl) hi. ~ hin. vo1 ani .... glas 1 mKl.l h i ... <~ll~ h .. · 
... up~..:r \,( ,lin• ot magma. ·r ypi all}. it i ' -ry b1irtk :md r <1~ with a ... on h i al 
!Ja~tur~... Fl.1~t:J Lhip h<.~\ • cxtr mcly ..,harp c.: • • a h:.tra"'t risri .... that m.sd it 
u ·fitl ro pr~ · hi<;tori · man tor the manufa ·tur · of' artita '"· Fi ·l l occun net; of 
ob. idian. ho\\ ... , er. 'ari . 'Pn. idcrahly inJlucn~ing oth lhc: st~ lc of expo un; ,1 
' · ·U a the: chcm1 try ot lhc rock One o th objedivc. of th in,·e rigation \\3 to 

tahli ·h bjdian quarry urc that ould h.:~,·e h\: ·n mined by pr - hi· tori 1 man 
for t 1 manuf< fUrc! ... ampling tend d lo h 1.. n.xmrat don un .. ~ · \\ 1th d quat· 
qualit~ f r . tone v. orking 1 . rhe high~ g)a') ~ material \\Jth J od l1.1k.ing 
propcr11 .. a\·oiding th dulL almo t ry talline 'pitch. tone'. 

3.1 Ob idian Occurr nee 

Th • highe t Pncentration . f o idian o 1 urrcnc · in K ~nya is found '' · hin the 
. ·an '3 ha area. Th ·:po~ur • o ur th a. rna! iv~ froz ... n kin o · ring 
comcnditc flow . '' cU a eparate flo\\ of vt:sicular. Ia~ ered or p~Tocl ·ti 
ob ·idtan. The four id ntifiable models of OC\.urr ·nc c: , t~hli hed in the field 
include:-

3.1.1. ~roda!)tic ob idian 
.1. 2. I yercd ob idian 

3.1. . . 1 i\'e ob idian 
3.1.-t. \"e i ular ob idian 
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3. 1. 1 P~ rr ria ti Oh'ldHtn 

Til' U' ually o~ ur a hlocko r v:uiah1.... Jl.; ~mb dd d \ ithin trach\1i.: Java 
fl \\ a . en at Kimng p Plat au and al th cd • J (.·rat r Lak qu:m~ ur .. e .. 
Oh:iruan o' urrin in ttw fom1 ts u uall~ older tl n th a !> iat.;d r and i 
lik ·I~ to ha\c been form ·d and th..:n lal r blm\ n up 1 " th ·r with the pyroc.Ja. t1'- or 
\nl ·anic a~h. This JS 1w1hcr . upJ rt ·d from the Jad that their ontad i \c:T) hJrp 
. hihiting no gradation \\ilh th a so-.iated r k . 1 he o idian a!s ont.Jin. no 

in lu ·ion of Lh a . o iat d ro k. In mo 1 a: th n:fi >rc. ob.-idian r d-. ha.-. b n to 
om ' .xt nt di pia d fi·om Jt . u Co! ar a. Th · o ling of the;; p~ r Ia ti b iuian 

i th rcforc \p t d to have tak ·n pia pri r t th ir trampon tton and ftnal 
d po iLion (judging from their . hattercd nature and th • harp on La t tog th ::r \\ ith 
e. ·clu ion of the ho t roc I--). 

3.1.2 LayerC'd Ob idian 

Ob. idian flo\.\ w re also found to ·xhihit lay ·tin=. . po ibl ·a us of lay ting 
ob en.-ed in some of the o idian out rop can b- .Ud to have r ult"'d from 
flotation of lighter matetialJ . . fi ~ro - rhytluni layering on the oth ·r hand ~an be 
atttibuted either to multipl inj tion or an alt ·ati n of tagnant and m· cting 
conditions. Other po sibilities include the fa t that layering could ha\·e be n 
controlled by th relali\·e rat of herni al and lh nnal diffusion in the meh duting 
cooling. This ha a direct bearing on d ity and i ~,;O ity of the melt which in tum 
aft c the d gr e o super cooling. Typi al ex mpl . of mall ..... ale layering w r 
o · rved on an xpo ure at edar Hill quail) our · wh re orne of th out ·r p 
exhibited lay ting up to a :fi c ntirnet rs thi k \'ith \ ell d fin d ba! - th low r 
parts po sibly ri h in heavy dark colored min ral grading into an upper part with 
I darker and therefore lighter colored nrineral . 
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3.1 . 3 h I e Ob ld : .. ,.. 

This Is the most conunon mode of occurrence fOt o idi n in Lbe area In mo t cases, lbeir sources can be 

as umed to be relatively nearer lo/or acLUally below the sites where they are exposed. Usually, tbey are 

found to be sociated with w Lbercd plugs or along faulted blocks. The obsidian under this caregory 

possibly fonned through chilting induced by conl8Ct with a different medium (host rock) on expo ure. At 

certain sampled quarry sources, !bey exhibited gmdatioo wilb the country or associated rock , as seen at a 

QU&IT)' ource on tbe road near Elsamcre Conservation Cenlle. At this locality, obsidian shows good 

gradation into rbyolite and t.hen co pumiceous rock. A typical quarry source of massive obsidian is exposed 

at the foot or Fischer's Tower within Hell's Gare Nnrional Park. 

3.1.4 v~ lcufar Ob lt.flan 

Some ob idian exposures were found to contain vesicles. Obsidian melts c:ootainlng variable runounts or 

dissolved volatile constituents at tbe time of eruption, of which the mo t abundant are H20 and ~. can 

solidify to fOfJJl vesicular type of obsidian. Under pressure, these volatiles wiU remain in solution, but 

with pre ure reduction on exposure, or an increase of their concentration in the liquid as volatile free 

phases. lbey may evolve to form bubbles. Bubbles llapped during solidification of the melt are preserved 

as vesicles. A typical eJCpo ure was sampled ruong the the Giraff'e Circuit within Hell's Gate National 

Parle. 

3 . 2 SystemaUc Summary of Sampled Quarry Sources 

A total of 48 quarry sou.r<'es were sampled during the field survey. Of these, only 20 representative quarry 

souroes are wnmarized here in delail as tbe rest exhibited little or no variations in terms of field occurrence 

from those that are described. 1be included geological map at the end of the Lbesis sbov.'S lbe distn"buOO. 

of sampled quarry sources in relalion to the general geology of lbe area 
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AL o con idcred is llle Jl' • le reco cry of o idian from the itc: as a produ t ~ r 1 I m ·ing opernuon 

by pre • historic man. The ob idian formations are de crib d together with llle geology and quarry 

potential. 

3.2 . 1 Klnangop Quarry Source No. K-1 

This is a quarry source on the western margin of the JGnangop Plateau situated at an elevation of about 

2,400 m. The Kinangop Plateau is separated from the floor of the rift by a series of down • faulted 

pia~ rm . Tile ob idian fonnntion e~po urc wnich is ncar the road h:\.S be n cut by a nC>r'lll • north · west 

trending South Kinangop fault carp exhibiting teep to near venical rock face . Plate 4 shows a road 

cutting exposing tbe Kinangop Fonnation overlain by trachyte wbicb appca11lo be pyroclastic and within 

which obsidian occurs . To the extreme south, the scarp has been buried by younger pyrocl tic rocks. At 

llle sampled site, a succession of the JGnangop Tuff Formation dated at 3.4 • 4.5 Ma (Baker tl al. 1988) 

consists mo lly of welded tuffs, palaeosols and weathered zones and measures about 150m thick, 

underlying pyroclastic obsidian formation. 

Mode of formation 

These pyroclastic ob idians were possibly formed by emplacement or wide pread tracbytic flows from a 

centre or centres unknown but possibly within the area of the rift floor now covered by youoter volcanics 

(Tbomp on and Dodson 1963). Further tracbytic flows containing no obsidian overlies this now. Tbe 

quality of obsidian found here is good and considering the slr.ltegic position of the site at the edge o( the 

scarp together with lhe moderately bigb quality of obsidian found, this site could possibly have been 

quarried for 1001 making. The presence of obsidian mined from lhis region has been noted at tbe nearby 

Cartwright's Atchaeological Site (deaails of artifact. source comparisons are given In Section 4.3.1). 
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3.2.2 • ldia n Rid e Qu rry Source o. on R • 1 

This Is a ridge ltendmg In 8 nortb • soutb direction and is lithologicaJiy composed of tuffs and lapilli • tuffs 

wilb layer of welded scoriaceous blocks and olcanic bombs. Utbic block of trachyte, welded tufr and 

porphyritic hi\Salts are nlso exposed. Jn contact wil.h tracb)1e is a phonolitic lava now exhibiting water. 

laid stru lures as s.hown ln Plate 5. Ob idian i exposed at the top of the ridge from whicb the name is 

derived. This formation i clas ilied under rna ive type of occurrence. 

Mode of formntlon 

Tile pre nee or water • Jain (sh:mcred) sltuC1ures togclher with olcanic bombs suggests lhat a possi Je 

volcanic eruption of extteme violenc~ (phreatic). usually resulting from the conversion of ground water into 

steam, was involved. Such phreatic explosions are 1tnown also to have low temperatures and the resulting 

water could have caused l.he chilling of obsidian. The scoriaceous veneers however, are probab;y of late 

stage magmatic eruptions, possibly emanating from tbe nearby Mount Longonot volcano (Oarlce tt aL 

1990). Good quality obsiaian is exposed here and could have formed 8 good mining she considering its 

proximity to the major arch:leologlc:tl site.c; in the region. I..Mge conccntrotions of broken pieces, typical 

in areas of mining were observed atlhe foot oflbe ridge as weU as on the flat ground between the ridge and 

Lake Naivnsha. 

3.2.3 Fischer's Tower Quarry Source No. HC-1 

F'tseher's Tower is a pinnacle to tbe south of l.he main enLrance to Hell's Gale National Park. Jt is a 

volcanic plug which bas been left standing after the erosion of the surrounding pyroclastic rocks. The 

comendi!e forming tbe main tower is variably porphyritic exbibillng columnar jointing. Massive obsidian 

is exposed at tbe f()()( of Ibis tower. Plate 2 shows tbe Fiscber's Tower pinnacle at tbe eoc:rance 10 Hell's 

Gate Nat..ional Park. 
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. \ m i · ·\.urrcn... ot ob idian tonn~.:d po thl_ • through hilling by ~on tad \ 1lh 

th · sunounding ountrv ,.,,,.k: Jomting th main pinna I . Sub 'Jucnl er !-ion. 
\\ithin th · surroundin • art;a. has sin expo cd th · plug fi nning the pinn.'l h:. 

olumnar j inting af · tmg the omm nditc h3~ fu11h· r r due ·d rh pinna I 
xpo tng h idian al it ha . II i p ih1 that l:lr!Ze hunk ha\ · be quani ·d 

from I hi\ ur\.e (. 1 ni"k and BJ 0\\1\ 1 Y84 ). 1 hi i upport d b the amount uf 
debri\ , ttcr d at th foot of th~: pinn~ 1 . In S ·di 11 -1.3. 1 whc.:rc int r - qll'nry 
anita t ompari n i di~ sc.;d oh i ii;m min d from ih.: around lhi ar ·a (I ldl' 
GJt rcgi n) 'l!ffi to a\1! dorninat ·J in m t of th • l nO\\n . n.ha ologj"a Sit· in 
l(cnya 

3.2. ~ Hell'. Gate uarry ' urce . . HG - 2 

Th ~ I alit~ i on th ir .. ular road (Giraft Cir uit) ''ithin th H n· ar . ·auonal 
Park and in as ·ociati n with lay red s ~dimr.nt . l'h di tribution f the t: edun ntJ 
i ,., ide pread in .)udmg the fatm area of n erian and Sulma ( Thomp on and 
D on 1963) They ar litholo ·i aUy pum1 u being ompo d mo tl~ f 
granul e sand. . il · and lay . nu knt: of up 
to 15 m lre h3v b n measur ·d in lions. Th b idian formation her o urs 
a thin ve i ular band or layers int rcalated V~ith th 

.\lode of fonMMn 

The we1:1 probab~ fonned b) r \\Orking in hall w ·ater environm nts (h n ~ 
the pr en of water laid depo it ) and ob idian h r \"\as fonned from po sible 
chilling. Th " icle could lh r £; r be as a re ult of in luded volatile fluid that 

ap during ooling. Although th qualit)· of ob idian exposed is good, tb fa t 
that th • are ,. i ular o mean that for quall)ing purpo . a lot of material had 
to min din ord r to obtain "v icl free" sample for artifa t manufacture. 
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Thi we J pr b:lhly seem to ~ on unlikely c~ 10 have hap ned in an area wilh numerous ex orcs of 

hcuer qu~tlily oh idinn. Pns ihilihe. nf mmtnjl m funhcr reduced by lhe limiled occurrence oflhis type or 

nh,HIJan whtt:h uprx·;eh 111 tx· palduly th,ln"ull't.l. Dc~l t:llpn. urc occur mo.tly where erosion has been 

IfilL" II~ 

J.2.5 01 • Karlw (}uurry Suurc~ No. lfG-5 

M111ur di,.phK'I.!Incrll' withur tl · < ll · Kuria J!l'Oth\·rrn:tllidtl :rrl'll h:l\'c upc)'.C(J M:vcml oh~itlian h:rrwl<. Only 

one sm:h typicnJ ttuarry ,.ourn: is th:)'ol.:rihcd hcrl' a' a rt:prc:.cnlali\"C c;Lo;e. The:c obsidian fonnatioos are 

cxpuse<J lt.s gc)()(J ttualily ma: 1vt: vuril:lic. within the wklc!ooprC:ll.l pyroclastic fomlalions in~ area. his, 

however. difficult hen: IU cwnrncn1 on the po. ~ible usage of lhese soutCes for tool making activities 

hcatulie! I hey Hppc;tr tn he "·unlined 1n n:lmivcly srnall hnnds and the nature of Lhe topogr.1phy is such that 

most of them are coven:d hy lnlc Plcisiocenc 10 Rccc:nt lcphra . 

. \1udt: 11/ fu.rnwtiun 

·n,c..;c , rc usually cxpn l'tl kn~. ur haml' n' tll:iatctJ wilh wide. prmd vole. nism in the general area. 1be 

pyrncla. tic vcnl'Cf within which I hey cx·cur arcs mil;tr tn those covering the nc.trby Hell's Gate area and can 

he tentatively AAitJ In hnve originnlctJ from the ncnrhy Mount ongonot (Clarke tl a/. 1990). 

3.2.6 01 • Njuruwu (;Cir~~ Quurry Sourn Nn. IIG-6 

'lllc 01 . Njuruwa Clnr!!~ 't:1n~ ncar Ccn1r.11 Tower wilhin the Jlell'5 Gate National Parle and exlends 

soolhward!; down tn Ill<' enlr,mce Ill Aldrn Pl:tittJ. II i~ characterized by narrow and deeply incised cliffs. 

OhsidiM Is exposed on the sides of these clirf~ at l'Cvernl localilics where they occur as chilled zones or 

tl) ' C)\. 
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'1 ht: qu lity oJ oh-.i J'. n •. ·p· . d Jl th lo Jiti 
p ihlc to a o; l.:tte them \\ilh olh r qua")' our­
mined t r tool malJnv ( I ni k an J Brown 198-la). 

\fod~ of formatitm 

i mod ·•· t lv gooJ and it i 
of good quality \\hi h wcr 

Sub. cqu nt f.1ulting and erosion \\1thin the gorge ha greatly contributed to 
xpo ing the e ob. idtan quanie . Thdr compa~,;t and ~ iv O\.: ~,;Urr n c in addition 

to their dyl-.e - lik tru turcs ugg 1 that the~ ar lava tube · "h1 h w ·r hilled on 
"P urc b~ th · · urr unding · unt.ry ro k. 

3.2.7 I- ~j ro\\·a or~e outh uarry ource ·o. JIG - 9 

, 

This is an ob idian our e lo,at\!d at the outhem nd of the gorge just b fore it 
op ns into lh Ahlra Plain . It i C'"J>> ed on a cliff near the l am je " with g 
quality o idian. 

I 

Jlode of forml11um 

This is a massive o cum:nc of ob idian that chilled to form a dyl..e but has 
u qu nt.l. · been xpo cd by faulting and ro ion along th gorge. Th high 

amount of erosion at the foot of the cliff along the gorg limit the po . ibilit} of 
finding any remaining brol..en chip to associate it ,,;th mining a tivities. Th 
exploitation of mo t of the Ol - . Uoro\\a Gorge quart) source for tool making is 
doubtful and must d pend on the age of faulting and erosion that e. ·p ed o idian 
seen in this area. 



•. U-

)I - Olhutrt ~lu,tn~ Sourct' • 'o. OL-

Th larg . I oh 1dian p > ur · ~ I h.al d \\ ithin th · < )J - < lhuhJt '-ommcmJit · 
mcml r '' hos nH> 1 tnking c. ·pr . ion i a v 1~ thil.:k and . ·oung 11 w ,,; hin th 
OIJ-:.ana g<.: th m1al an: . The as CJ · iat~d tan.· con. ist of uiM~o:Jially cruptc.al 
rh~ oliti ~.o , tra~h. 11 an l b.t :ll · ~ P) T Ia tic r • o1S . iat d \\ ith lh 'lb idian <..>ull • 
J _ .tm unt of n llin•' and huming · ·m t ha\ ta~ ·n 1 .a ·· . t th tim uf 
d ·position o thi la,·a Ho" a. e'id n\.c Jrom 1i I oc un ·n •. 1 he qualjt_ ot 
ob idian \\ithln this flo\\ Y:lti\.. onsid rabl~ from th~.: ry tallin I 1 km;. pit h t m 
to th rugh quality glJ · ~ ob idian ~pi I f tho ·c u ~din tool m •. nuta turc. 

Jlod of formatioll 

The lava tlO\\ fonnin~ th Ol - lhut t i pan of a ti urc.: rupti n overl~in~ the 
original urfa . C arboniL d tr bunch from a pumic flo,, a . ·iat d l\ "th Uus 
la ·a flow has been dat·d a 1 =- BP. (Clarke era/. 1990). It ha: b n Ja: iiied 
und r m ·!\· I) p ot ob idian. The quality of th lava fJO\\ i g oJ but th ag of 
th flm\. \\hi h i e. timat d to ha\ rupt d \\ithin th Ia t on hundred years or 
o. put. orne limi on the po i ili~· of th flo~ · haYing b n ..:xha ti · 1. min d 

for tool making. 

3.2.9 I amen~ ·on ~n·ation entre Quarry 'ource. ·o. KB- 1 

Pwnice grading into rhyolitic comrnendite containing ob ·dian wa o erv d in a 
road utting quarry ite near F. amere Conservation entr . Th pumi is 
trach)1i to agglom ratic and the o currence i o idian band d \\ith rhyolite into 
whi h it ily grad . The whol quen e is manti d b. p}TO lasti ro ks typical 
in the general area. 
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M ode of formnllon 

Banding and layering in an active volcnnic re&ion like lhe Naiva ba area sometimes is suggestive or welded 

pyroclastic rocks rather than lava flows. Since some undoubted pyroclastic rocks composed or pumice, 

Ji tbic lapilli and blocks also occur in association, it is possible to associate Ibis occurrence with 

pyroclastic eruption. 

3.2.1 0 Klblkonl Qourry Suurn Nu. KIJ.J 

SeveraJ ob.idian Java flows were encountered at the southern end or Lake Naivasba aJong the Soutb Lake 

Road near JGbikoni Farm. The flows bave a nonb ·south trend and are heavily covered in pyroclastic rock. 

The quality or obsidian is good and these nows could easily have been mined for stone tool worlcing. They 

are classified under massive variety. 

Mode of formollon 
I 

These are Java now wbicb were possibly erupt d from wit.hin t.he OJ . Karia area and were chilled as they 

flowed towards the lake. Subsequent crup(jons in tJ1e area rco;ullcd in the thick pyroclastic cover which has 

now partly buried Ule flows. The exposure appear not to be large enough to have attracted cxtcn ive 

mining since most units are covered by subsequent pyroclastic material. The style of field occurrence. I.e. 

gradation, could also have limited their chances of being mined taking into account the fact that there are 

Olber sources nearby which do not grade with the coon try rock and coukl bavc been easier to exploit.. 
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. 2.1 J Kongonl Pollee lwllon Qu11rry ource No. K .J 

This quarry is located within a comendite fonnation 1.one. Tile as 'aled comendile is variably v lcular 

and occasionally pumiceous. It is porphyritic cry talline wilh icld. par and associalcd ob idian occurring in 

devitrified bands. LocalJy, the ob idian is highly !>pberulitic, nltllough g quality ob idian aJ o occurs. 

Mode of formation 

Possibly a result of ext.rusioo of com ndite as dome/ridge together with obsidian occurring as a lava now. 

Good quality obsidian is foond bere and its strategic locality, being at the top of a ridge, makes ll an ideal 

sile for mining and possibly even tool manufacturing. This cooclu ion is drav.11 from tlle fact tllat lbere is 

a large concen!Jation of broken pieces together with moderately good shaped pieces left at the site. 

3.2.12 Green Crater ake Quarry Source No. GCL-1 

At lhe Green Crater Lake or Sonanchi, obsidian is exposed as pebble congl merates (lepbra) as well as 

embedded material wilhin the tracbytic expo ure at !he rim of tbe crater, hence lhe clas iflcation as 

pyroclastic type. The quality of obsidian exposed is moderately good and bas been clas ified under t.he 

pyroclastic variety. It is therefore probable to associate the source with tbose that were mined for 

manufacture of artifact.. Details of a possible utilization of this quarry source by pre · historic man for tool 

making is discu ed fwtber under Section 4.3.1 



\lndt nf nrmfltinn 

Th c oc~urr n·e \ ere definit"ly a iatcd \\ith th ormation of th rat r it 11 
rut it i. po ibl th lava flow in orpnrat d otudian on it. "ay to th urf. 
0 idian jc; tik ·~· to h. vc hL n cxtrud ·d at th · tim · f ormation of the rat r itt> 11 
Tiu. i lurthcr supp rted b th b~ th · blo~.k: nature of ob i Ji n a<.. \'- ·U J th 
halt r ·d n tur m \ hi h tl 1 n to o -.ur. nan hi ob idi.rn ' a quam ·d I r 

tool makin(t ~ prc~.:nt~.;d hy lh larg · amount of o sidian all ·r ound \\ ithin lh 
"i init~ o the rat ·r Jal.c !-. \\ 11 3\ i1 . trategi ... p :ilion togcth ·r with th·· ·n ·raJ 
pr :ximit. to major ar hacologi al it . in the ar a. 

3.2.13 Hippo Point Quarry Source . ·o. HPF- l 

An o uro n e \\ithin a pantellarite f01mation lithologically ansi ling of b idi n 
v..ith d itrified ban and,;. ihl pheno ry t. of feldspar and quartz The qualH~ f 
obsidian her van... gr 'atly from pit1..h tone to the hara I risti good quali~ gla. ~ 
varic;t) a sociated \\ith the manufa tur of tools. This expo ·ure is las~i.ti d und r 
mas··o urrn. 

J.fode of fornwtion 

This i an extrusi n of o :idian flow ~ith no e'\id n e of any a iat 
p~Tocla tics. An ideal ite for mining with very good quality o sidian as tabon. 
~o con tration o debris material was however ob etved on/or near the it 
sampled. 

• 



3 2 1~ L:tk<' J ' ~1d Qu.tr~ •urn· . · , I . • - l 

flUs 1 a road td. qua~ our..: ont lfC th junction I . fount LbuJ ru . 1111. oh idian 
her ' t n dular. o uning a ... ~· l.':tm ~•long a chiUcd /On .. \\1thm a olt pyrocla ti 
d •po tl. I h · n dul · 'ar: in iz' from . mall p ·hhl · tz · . \\ht ·h ca,ily di int ·vrat . 
to larg hould ·r iz.e... Pia 6 h '' a · lion of th ·.1m. '' h1-.h app1.af' ;ll. to 
ha\ ·. p ·ri ·n d om min r Ji pia m nt ( aulting) uh . ..: u nt to intru. i n. 

!though c f airly good qualjfy. the SJ/ • ot the p bbl... ·ould ha · r· tri tc 
· ploitation ol this l~p ·of oo'>tt.lian stn c only mi r lith ould ha\t: b • ·n un ·d. 

The di. ttibution of d bri t~ pi al of min d quanie . however. i. "id pre ad ar und 
this area . 

. \lode of formation 

This appears to b a chill d wne o an obsidia£1 110\ that ool d and wa O\ r d 
y the o · rl~ing rhyoliti p~Tocla ti roc · from ub · quent flow:. It · ma. sivc in 

oc urr n and doe not exhibit an~ in lusions from th asso iatcd ro k "ith '"hi h 
it forms a · ry d' tin tiv onta 1 

3.2.15 ai Gorge Quarry urte . · o. ~~ - 1 

Pebbl to nodular obsidian al o occu along Maa. ai Gorge. At l a t t\ o quarry 
sites r identified in lh gorg \ ith imi1ar g <>chemical ignature and onJ~ on 
of them i described here in detail .• 1errick and Bro\\n (1984b) ha'\ tablishcd 
that th re are archaeological ites in Kenya who artifa ts wer mad from 
ob idian quarried from Maasai Gorge area. 



Plare 5 Water laid structures associated with the lava flow at 

Obsidian Ridge Quarry source 

Plate 6 Lake road quarry source showing intrusive seam - like obsidian 

occurrence 



. 37. 

J1odt of formation 

Tbe obsidian occum:nce at the Maasai Gorge is massive and i associated wilb the typicaJ comenditic 

exposures found in many paru of the area. Moderately good quality obsidian Is found to occur here 

although very fragile varieties were also encountered. 

3.2.16 Ridge Quarry Source No. MG·l 

This quarry source is located on a ridge fon:ned from volcanic r with several prominent fault scarps to 

the north· western end of l..alce Naiva..~a near the Gil gil river bridge. The high quality obsidian found here 

togelber with Jarge concenlratioos of cattered debris sugge IS that lhe quarry could possibly have been 

mined for stone tool making. 

Mode of formation 
I 
' 

Thjs occurrence is in association with commendite and lbiclc pyroclastic cover. Widespread ero ioo 

associated wilb faulting has expo ed some of the obsidian outcrops. This i a massive occurrence of 

obsidian where chilling was probably caused by direct expo ure of the flows mo t likely in as iation with 

intense rifting. 



(' dJr IIIII u trr~ ~our\ o. (II - J 

\loth of formation 

P tbly fi nned by v I c. ru m d mmated by litvu . :trusion m the • ur ...... t fl w 
ccomparued'preceded by erupbon of punuce blo - and lapilli disper d w \'ards toward) the 
n~arby Lton Hill 

3.2.18 \tount · burru Quarry Source . o. ' - 1 

'Tlus lS a quail} ur~ on 1oun Eburru where the d wn f.,uJ ed pl:s fonn _ qJara e the au 
e~ment fr m the rift 0 r Chardctc!Thtl iL ·ociated rock types tnclude tr.1 h;1t:.: lpc::.alkahne, 
rhyoh es and trachytes). The gener-.U litho!~· lS m de up of unwelded pyrod nc c mposed of 
pale ~ell • '1Sh - gra: pwntc lapilli. block and ob tdlan htluc . Obstdmn also occur cc a. Ia ·er on 
top ofunv elded p)'TOC tlc. 

Modt of forma/ion 

The comparable lack of .... ecsthering and vegetallon ccver tncbcates that the yourtge't CllVtty must 
be sun.iL:a' m age to tho· at Longonot and! or Oll<aria. i.e recent nme . and probably only 
hurtdreds of years Clarke et a/ I 990 . 
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_1 rir; · d ,, ~ ' \ m ·idu V.ltli man: nf he urnnu 
ncitoilt.: more r ... nt t~~;n\1!1~.: . ·nw.!kl~d 

Jbe Oh tdiWl f naUon I . • 1 \ •Jded dcpo. II 

E urru Stati n Quarl} ur . ·o. liT - 1 

'f,, tl lc -.outh of '"c;dar Hill n ar the uband ned EhUITU Rrul\\d)o ldU n. d huee ob idtun '"'" 
Ill \\ ol V<;!f)' 2 d qwt} . Th:! la\'a flow. wluch ha~ a norm- uth trend extend:. oward Jount 

wru where n appc.m. undl!r the t.lu t but ~\1une p}Toda be O\'t:r of dep 11ts The qt.dn: 
:. ur ·e how e te'Jbl\'e nnrune at chfferent :.tte. cc :tated v.1th }lJ8h on entrdllOn of left O\' r 
debns 

.llod of formation 

Tius to:; am stYe ob'.>tdian lava flow a ociated bl ·to earlier erupnon from the nearby M unt 
Eburru volcano Th ... flows wer • po -.tbly chill.!d they flowed do\rn the td of th~ mountain 
Sub ·equent eruption· from the mountain have smce covered the upp~.-r reaches Wlth tlU k 
p~T J tic depo i . 

3 .... 2 bufl"U Road unnel uarry ource • • . ET- 2 

This · located along the abandoned R..ailway Ltne and to the w t of Eburru tation. Several 
localiti were sampled but laboratory analy have shown that they have .irnilar ge chermcal 
rgnatures. Although rt was not ible to pm - pomt any spectfic quarrying site within th~e 

t1 w • the high quahty ob 'dian exposed lS chardctensti of the type used m pre • histon tool 
in 11Stn •. The quany lS classt.fied under m ve type of occwrence. 
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.l f 1ufe uf / tlrtllflliun 

Thi • imilarly, i. u lava chat cunh.:d ll\ il llowct.l and with its rro•imicy 10 EbumJ, it is diflicult noc co 

A socime che source of che nnw cu Mnutu ~hurru . Sutl~ucnt voiC31lism within the region has covered 

pontun ul Llk.: llnw. 

I 

• 
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n addition ·o the ph. i<"cti d.:s o\ . m.d dunng tiddwork, mpl fr m e01 hob td,an ow m th~ 
rea tmder tu ) \\~:rc ubj¥.:1 ·ci t detailedlah rat•}!')' analy.. m ord.:r to a ~.; th h m ,,.. 11 1; 

nd dbunctN characteri ~ of clement I ompo 1tion Tili!-> in\'olred obtauung petr<>gr.J lucal 
::s.nd ~ herruc.al d.Jtd. P'e111 ofth ,e d.1ta lw' ~a111:>ed to u~plemc:nt m lh!.! tdcmtlfic<tllon of tltcrr 
po 1ble dlffer ... n~ well 10 lOrre~t dlld unprove th~ ph) i al model ~tablished m lh fidd. 
The r ·t of th.: re~ult: are u.: eel m Chap <!r to di cu po .ible ll3ture. tempe111ture. maturity dlld 
mi.'<lllg proces ~of the Ia\ a Oo\\ at the nme offonnabon of the otn.tchan. 

t.:"nd r perfe t eqwlibrium c nd.iiJ "" ma~m .. h uld compl te ry 1.3.lliuli n b) l.he time 11 coo~ 
to 1 solldU:: temperature. It hould tlten on:. t of ilfl d. ·embla~e of mmerilb who:.e 
cry ailiza ·on "equc;nce can ca ily be predtc'tcd from equihbnum phase relattonslup A tually. 
cry allizan n doe <~ot tab p!Jce o readil; Some \'Okaru ro k$like ob~idlan cool nght down to 
atmo_pheric mperatures \\ thout cry ·l.illJ.zmg at all and many more have at lea 1 · ehbsy 
~owuima.:. . Ob tdian 1:> d roc of,. 1 Mit.: ongin whi h c n · ~ princtpall> of m<~.S l\ e tmp.;:rfet.l 
gl -. metune~ containing bubhle~ and a van~ty of phenocry... · or micro · phtnocry en I ~ed 
\\ithm the 21· ·y matrix The compo tbon of tt.s bquid phase cun be e wnated from the 
ccmposition of this g:las:.-y gr undm 

\1an~ te hnique· have betn applied in trying to undet">tand the compo tnon of obstdlan rangmg 
fr m macroscopic and micro cop1c petr pluc de riptJor (Game 1945), to analy of 
m32roanc propertt (. icDougall et ol I . ~} together \\i.th \iirlous chemtcal tudy utih1ing ellher 
major and/or trace elemen for characterizati n In this tudy, an minal attempt was made to 
differentiate the vanous obstdt.an fonnations usmg petrological descriptions. 

It was however realized tha petrognsphic differences ob~·ed in ob~1dian u.:,mg the micr pe 
are not <h.:.tmctlve enough to eparate the viilious flow from ne an ther further anal~ · . lbm.g 
the x - ray fluorescence (XRF) techruque, was therefore applied the ma111 method of 
cb.stingwshing betwetn the dJ.fferent flow a d cribed under ecnon 4 2. 



-4.1 l truera p 1. • 

. -4.1.1 Thin t>etion tudy 

.~ .. ... _. 

Th.in ctions were prepared out of elected sample for tudy under the micro cope. The lid 
were e. ·amined Wlth a view to using petrogxapbical d.iff, rences in the identlficatJon and separatJ n 
of the vanous obstdlun formatio~ In the maj nty of sarnpl obser.·~;d m th.m uons. Jl w 
noted howevc!f that o i ·an. dp~ fr m being gl •• contaub ph&mOCf)... of an nh l11 e. green 
clin p)TO enes. fayalit ·, quarts and a variety of ferrom ~esian mm .. olli. The r k ~ however 
uncolored and tran'\part:mt, featurel~ ·.., except perhaps for orne of lh al ve c~ .. tallito;; which do 
not help in dlagno ·tJc rudy. 

Plat · 7 and 8 how photomicrographs of two o tdian amples collected from two v.1dely placed 
quarry wets (Kmangop quaoy !>Ouret. ·o. IC ·-1 and Fis her' Tower quarry urce .'o. HG-1) 
It is how ·er unportant to note thaL although geochemical analy · earned out on these sam pi 
later (under Secnon ~ .2) was abl to separate them, the photomicrographs do n t m to how 
any major c:hsti.nguishing features . 



\ 
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Plate 7 Photomicrograph of obsidian from JUnangop Escarpment 

with X-nlcols at Mag. X 100 
~------~~--~~~ 

Plate 8 Ph tomicrograph of obsidian from F.iscber's Tower 

with X-nicols at Mag. X 100 
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(lmi unt.l Agntn (I CJ77) huvc UM:u ~umc nlthc limitcu variation~ in chcmic:\.1 composition to study oh idinn 

untlcr Ulc mil:WloCUflC (n:lnllvc pmpunuHl\ nf nlknlin..: to nJkali • catth elementS nnd lhc range or ilica 

C.:<lll tcnt), hill !.UCh vari:.unn' :1rc known to c rrc . thcmM:lvcs in very narrow mngcs in terms or densities 

;u~ l rcfn11:1iY\.' llklil '!> 'I hl' I '"1111' 11 hruac.J l-('oel'trum uf d:t SC. inCU(\:thlc or ep.mling 0 · idian in on area 

where uutcmp!> arc n:lillivcl y dol>~! tu nne ;molJ1cr hkc the Nnivru hn nrea. 

4.2 

Cll a r.·~· tcrl/.itl inn ur Uh!>~th;m Mlllrl·e, i hl''' dune hy anfllyzing the clcmcntnl composition (C:mn :llld 

l~c nfrc 'IJI 19M. Ciriflin ,., 411. 11J6'J. Onwman ,., (1/. t<J7~) . h i. then possible to distingui~h different 

J>t~ u r~-c :. 11f uh:.•c.Jiau u'"'J! the varwrion ul cl..:mcut rmrortiuns. Source di~crimin:uion a.n:Liysis i usually 

hasc<l llll thl! assumption that the clcmcmnl emnpositinn within a given now or ohsidinn is unifonn and 

that the . nurcc w . nurcc vnriation. in the concentrntions of lhe clements detected are sufficient to 

u iffcrcoti;dc the variou clllsidi;~n tlUil"t'llp or nuwJ>. 

' llll' prl'l' l'e l'umpu,itum of any rck:k dcpo.•mh un the: temperature and pressur~ at which it fonncd, l.he. 

t.:tlln ptl.~ it•url ~~r U1c hu,t rud; anll in M me case,, lhl! rate ill which il fonncd. Compositional ~tully c:\n 

t h~·n.:h»~ prm·•c.Jc u'clultnltlrrnatiun on the IYJlC 11f melt rrom which n rock h.'\S hccn derived as well. lhe 

l!\.'Uiugkicl cuvimmnent. 

Wht:re 11 rock !>hn~ '"' ICJ~tural evitlcnl'C of difference~ nnd/or where petrography alone cannot be 

~uniciCIIIIy tJdi1111m: HI itkllllfy the J'ahrk uf the MIUfl'C. then geochemical Mnlysis can be applied fOt 

pn.:C ISC l.lcwnn lllilllllll. lllc ;tppht.clllllll (l( X IU . l~,;hn141J(; . hould l.hcrcrore be viewed as an a tension or. Ot 

:.upph:mcm 111. thl.' J>llllltlanl fl':lfllhll!ll'al appn~:K·h . 
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4.2.1 alytical R ult 

Analytical data obtained from the present study give major and trace element 
compositjon of obsidian from se eral geologic quarry sources around Naivasha 
area. 1bese data are given in Table 3 and can be treated as average values 
obtained from 5 analyses (measurements of the same sampl ). Quany source 
localities in relation to the general geology of th area are included in the 
g ological map at th nd of the thesis. From these results, it has been possible to 
distinguish 13 Petro phic Groups of obsidian on the basis of both major and 
trace el ment abundance from the different quarry sources. These groups shown 
on the map in Fig. 7 appear to reflect discrete outcrops assigned to each obsidian 
flow. These analyses also demonstrate that there are marked differences bern-'Cell 
many of these obsidian groups in terms of the major and trace elements observed 
(MacDonald 1974, Baker and Henage 1977). The distinction between these 
various sources have been obtained by considering both the stronger and the 
w er peaks in the elemental analysis. 

Table 4 summarizes the average elemental values for the major Petrographic 
Group areas. Note the obvious distinct difference shown by Fe in Kinangop area -
4.53%, Njorowa Gorge area -2.45% and the Mount Eburru - 7.0%. The Fe value 
for example is at its lowest at Ndabibi - 1.30% and Green Cmter Lake- 1.43%, 
then rises to 7.0% in the nearby Mount Eburru! From the geochemistry of some of 
the major and trace elements of obsidian given in Table 3, certain elements such 
as Nb, Zr and Rb, show distinct differences in chemical compositions and hence 
illustrating the advantages of using more than one group of elements in 
differentiating the obsidian quarry sources from one another. 

Data obtained from the analyzed obsidian sources varies consistently with the 
major domes within the Naivasha area. The clustering of these ratios particularly 
between the elements Rb, Zr and Nb have been used in identifying aDd 
establishing petrographic groups. A plot of niobium and zirconiwn variation (Fig. 
8a) between mount urru and Hell's Gate area shows an obvious difference in 
trend between the two domes. Data for samples collected from Kinangop 
Escarpment and Ob idian Ridge quarry sources do not fall in either of the two 
established trends. This confirms further the possibility that these two formations 
belong to completely separate and distinct domes. It also supports tbe field 
observations on occurrence and possible mode of formation as summarized under 
Section 3.2.1 and 3.2.2. 



\ ' t le oc .:mistry (, r 

[Q"ry. IY ~, n· r; 1T rca- r>-;T- - - Cu Zn K Cr Ga 

~~o. 

HG • I 0 .06 l .iO 0 04 0 29 2 16 14 19 219 
-= . 

HG ·l 0 06 2 41 0 03 021 1.92 7 22 270 . 
HG • 3 0 06 2 14 0 03 021 J.93 . 9 212 . 
HG • 4 o .o.s 2 30 0 .03 0.37 2.20 17 • 261 . 
OLB· 1 0.01 3 31 0 .04 0.40 2.41 31 9 392 . 
HG-5 0.07 2 96 0 .04 0 36 2 S6 IS 14 401 29 ' 

OLB· l 0 06 loCO 0 03 0 27 2 00 . • 27) 2S 

OLB· J 0 .01 2 16 0 oc 0.4 I 2.44 22 9 347 2S 

:KIB • 1 0 .07 1 93 0.03 023 2 28 . 26 231 20 

KIB • l 0.06 2.46 0.03 0 39 2.48 s 14 332 . 

KIB • J o .os 2.27 0.03 0.26 2.26 ' 17 317 . 

KIB • 4 0.07 2 . .S2 0.03 0.47 2.37 11 14 323 . 
KJB • 5 0.01 2.04 0.03 0.29 2.39 JO J4 283 __! ' • ., 

I,CJB • 6 0.07 2 21 0 .03 0.36 2.54 u 16 317 r-r.-

OSE • 1 0.02 1.09' 0 .03 0 .10 0.84 1 3 144 ~ r;-... . ~ 

KN • I 0 .07 .s . 74 o.o.s 0.11 0 .86 • . 46 r- - ' 

OBR· 1 0 .37 4.41 O. IS 0.11 2.42 33 I liS . 
OLF ·I 0. 12 3.20 0.01 0.46 2.69 32 • 24j -
OLF • l O. JS 3 .18 0.09 0 42 2.26 . • 211 . 
HPF ·I 0 .03 I 2~ 0 .02 0.35 J.7l Jl • 19 . 
CCL- I 0 .03 1.41 0 .02 0.41 2.56 . 13 lSI . 
CCL· 2 0 03 1.40 0 .03 0 .46 2.53 . II 234 . 
NB. J 0 .03 I 06 o .cs 0.27 1.78 . • 117 -
NB -l 0.03 1.30 O.Ci3 0.43 2 .14 - 10 tOO -
LD ·I 0 .16 6.47 0.19 O.H 2.46 Jl 10 447 -
LD ·1 o.u S . .S6 0. 16 0.47 2.41 - 7 SS2 30 

BX ·I 0.15 .S .37 0. 17 O..A3 2.1.S 2.S lJ .SS2 I• 14 

BX -l O. I.S .S .IS 0.16 o.-.1 2.S2 32 • .596 27 

~11. 1 0.30 6.92 0.21 0.63 2.4S 19 6 3.51 1 

CH -1 0 .16 6 .48 0 .20 0 so 2.62 n . 441 27 

EB ·I 0. 13 s .S3 O. IS o.so 2 .53 27 6 440 10 

EB ·l 0. 12 .s 23 0. 14 0.40 2.37 21 9 319 2.S 

HG -7 0.01 2.60 0.04 0.40 3 .00 6 II 29.S 26 

HG ·I 0.08 2.70 o.os 0.42 2.59 7 12 29) J7 

MG-l 0. 11 5 .01 0. 14 O.S1 2 .71 36 12 471 19 

MG • 1 0 . 13 5 .27 0 .16 O.Sl 2.87 . 12 546 30 

].£8 • 1 0 .3t 7.09 0.21 0.15 2.90 II 2 363 IS 

L£8 • 2 0.31 6.87 0 .23 1.03 2.79 31 12 2SI 19 

CH • 3 0. 17 6.16 0 .19 0.63 3 .01 40 to 436 36 

EBS • I O. J.S 6 .03 0.11 0.52 2.S l 3.S II 446 13 

EBS • 1 0 .12 6.76 0 2t 0.55 2.SJ 32 10 S02 14 

IC • I 0. 13 4 53 0 . 13 0.41 2.60 2S a 33S 22 

UG -~ 0 .07 2.77 0.04 0.47 2.43 .s 11 303 21 

BX- 3 0.15 s.oo O.IS 0.36 2.45 4.S 12 S20 27 

X· t 0 . 10 3.26 0 . 10 0.3S 2.29 7 s 249 21 

Y·HG 0.06 2.79 0.04 0.33 2 .40 . 16 394 35 

HG • t 0 .09 3.32 0.04 0.45 2 .3.5 10 12 291 21 

MD· J 0 .06 134 0 .03 o.•2 2.2S 20 7 107 10 

G('()('bt>mi tn. of I m.t or and < I m nl h' \JU j . 

Fe as TO(J) F~03 + FeO 
Major ox.ides in wt % and trace dements In ppm 

Key to Source Names: 
K - KJnangop Escarpment. OBR - Obsidian Ridge. HG - Hell's Gate. OLB • Olobutot 

- KibikonJ. KN- KongonJ Road Junction. GCL- Green Crater Lake. OLF • 01 

ND - bibl, LD- Loldia, MG- Masai Gor~e. lEB- Lower libwru. _s- S»drro.MclU,DI~ 
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T le 3 Coni : \'h lc Roc~. G!:' cl c:mhlry for 0 idi ans. 'aJ ha Are.i 

"'r). -=· -u, J.-kb ]=~--/;( 
""-

r _,tf"'"~"'"'rrt.-= r . 'b 1 l'h 
o. Cr_p. f--7 . 

r - Jt.O HG • I 3 4M2 I ~~~0~ IG60 69 . Il l "'I 

HC • l 2 U) l 17& I.Sf•.S 331 52 J/1 
HC • J I 416 I 183 1105 .314 64 . Ill 
lfC • 4 3 422 .s 162 1645 )39 60 . Ill 
01.8· I 2 587 3 266 2460 HO 11 3 IV 
JfC • S 2 11 1 2 306 2790 631 49 II Ill 
OLD· 2 I 444 . 197 1830 .323 64 18 IV 

.gJ_:B· J I 471 210 2015 359 67 IY 
KID • J 3 470 I 115 IllS 278 48 . y 
KIB • 2 .3 469 I 222 12.50 3 26 43 . v 
K fB • 3 .3 465 3 233 l iS.S 311 64 - y 

KIB • 4 10 468 . 214 22.55 338 56 . y 

KJB • 5 I 46 4 2 194 1960 291 Sl y 

t\JB • 6 3 481 3 216 2050 319 63 . y 

OSF. • 1 I 21 5 78 102 974 153 22 . y 

KN-1 2 135 2 39 108 77 34 . VI 
OUR· I 2 59 2 II 252 •o 7 . II 

OLP • I 2 25 I 3 15 I 1490 227 20 . VIII 
OLF ·l 3 25 8 1 154 1550 270 30 . VIII 
HPF • 1 2 283 2 I 459 172 9 . IX 
GCL· 1 3 297 s I.S 493 191 34 . VII 
CCL· 2 I 324 7 90 2 194 36 . VII 
NB • I 2 308 2 72 429 15.S 27 . IX 
NB • l 2 295 .s 86 468 174 II . IX 
LD • 1 3 296 3 202 1535 307 21 . X 
LD • l 3 .C88 2 344 3345 HI 70 X 
BX • 1 9 526 . 368 3790 531 73 42 XI 
BX • l 6 494 . 383 38S.S 540 74 . XI 
CK ·I . 159 I 144 1080 200 13 . XIII 
CK • .2 3 230 7 203 177.5 HI II . XIII 
EB • I 7 28 3 2 294 2335 397 20 . X/II 

EB • l 7 223 I 26.S 1950 32.S 21 . XIII 
HC • 7 3 333 i 199 1830 371 60 . Ill 
HG • 8 4 490 2 208 1900 393 II . Ill 

MC·l 2 442 2 322 3290 488 61 . XI 
MC · 1 4 518 4 405 4070 594 83 3 XI 
LED · 1 2 16.S ) 191 1335 2-44 II 3 XII 
L_EB • l 3 108 3 119 777 149 3 . XII 

. CH ·l 2 275 3 268 212 391 13 . XIII 
EBS • J 3 2.S I 3 278 2030 36.S 2) . XIII 
EBS • 2 4 243 4 26.S 1150 3.C9 14 . XIII 

K • I 2 270 7 167 1735 254 21 . I 

HG ·' 4 465 2 193 1790 347 71 . Ill 

BX • 3 5 .C60 . 313 338.5 506 69 . XI 
X.? . 265 I 139 9l2 2.S7 l9 . 1 

Y • HG 6 492 . 211 20S.S 283 n . Ill 

HC ·' I 480 2 203 IUS 364 61 . Jl/ 

MD· I I 29S . 12 471 161 32 . IX 

Proc-h misfr) of m m:1jor, ud frau• lc·mf"nl b~ XRF 
r . 

fe• as TooJ F~Ol+ FeO 
tdaj or oxides Jn wt ~ and tra e elements Jn 

.;~rl".:c"(". - . -
,. Key 10. Source N am : 

K- KJoangop Esc ment. OBR • Obsicli3n RJdge, HG- Hell's Gz..;.. 0 8- Olobutot 
~ ..... tt - Kl · , . -.¥-oneonJ Ro:td June on. GCL ·Green Crater OLF 

l" - Ndabibf, D - Lol<tia, MG - Masai Gorge, LEB • Lower Eb~. EB -
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Usmg the same elem nts (niobium versus zirconium , further attempt was made 
to identify possible ariations within HeU's Gat and Mount Eburru. The trend 
establi bed for obsidian sampled at 01 - Olbutot lava flow within th Oll<aria 
geothermal field (Fig. 8b) is comparable to those sampled at the main entrance to 
Hell's Gate National Park. This variation in trend is also consistent with field 
observation -the OJ - Olbutot lava flow being relatively young. 

At mount Eburru, a similar plot of niobium versus zirconium was incapable of 
distinguishing clearly any variation in trend between obsidian sampled at the 
summit near the steam jets and those collected from the flanks of the mountain 
close to the abandoned Ebunu Railway Station. However, samples collected at 
th nearby Cedar Hill dome seem to show a significant difference in trend as 
depicted in Fig. 8c. From these figures, it is possible to suggest that the younger 
and therefore more recent flows seem to have a less steeper slope compared to 
those shown by the earlier and therefore older erupted flows. Such trends shown 
particuJarly by zirconium have been proposed to represent highly fractionated 
compositions in lava flows (Clarke et a/. 1990), the less steeper trends 
representing more evolved varieties. 

Variation plot of thorium versus zirconium was made for Hell's Gate area and 
Mount Eburru. Such plots can be used for understanding the thermal level in a 
volcanic area (Joron et a/. 1990). Figure 11 shows the trend established for the 
two areas. The Mount Eburru trend is less steeper compared to the Hell's Gate 
trend The high level of radioactive thorium established for the Hell's gate area 
has been suggested by Clarke et a/. (1990) to represent an area of particularly 
th rmally anomalous crust It is also possible to argue that the high levels indicate 
the presence of a highly fractionated melt within the area. 

The intercomparison table on normalized ratios given at the end in Appendix l 
acts as a spectrum analysis for the Naivasha area. Normalized ratios using 
element concentrations provide a simple method for testing the similarity of pairs 
of samples. From Table 4, it is evident that despite the very restricted major 
element variations between the various obsidian formations. the trace element 
data from the study area on obsidian samples e.g. Nb/Zr ratios seems to vary quite 
considerably. 
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Table 4. A\'erage elemental values for the major petrographJc groups. Nalvasha area 

19ry. Ti re• Mn Ca K ZD Cu Rb y Zr Nb Th Pd. 

No. Gr. 

" o.n 4S3 0 . 13 0. 48 2.60 330 8 270 170 1700 2SO 22 I 

OBR 0 .37 4.41 O. IS 0 . 81 2.42 110 8 S9 II 250 40 7 II 

HG 0 .06 2.4S 0 .03 0 . 28 2.0S 280 9 440 180 1600 330 61 Ill 

OLD 0 .07 2.86 0 04 0 .40 2.42 370 9 460 240 2200 400 73 IV 

KID o.os 2.49 0 .03 0.43 2.42 330 14 470 220 2200 330 so v 

KN 0 .07 S.74 o.os 0 . 18 0 .86 46 . 140 40 210 77 34 VI 

GCL 0 .03 1.40 0 .02 0 .43 2.SS 200 16 310 88 490 190 35 VII 

OLP 0 . 13 3.S4 0 .08 0.44 2.47 260 I 2SO ISO 1500 2SO 2S VIII 

ND 0 .03 1.30 0 .03 0 . 38 1.80 110 9 300 80 460 170 22 u 
LD 0 . 14 6.SO 0 . 18 o.so 2.44 soo • 480 340 3300 440 70 z 

MG o.ts s.so 0 . 16 0 .52 2.87 sso 12 500 400 4000 sso 80 Zl 

LED 0 .31 7.00 0 .22 0 .90 2.90 300 100 JSO ISO J300 200 10 XII 

ED O. IS 6.SO 0 .20 0 .5S 2.SS 4SO 10 2SO 270 2000 JSO 20 XIII 

Gt'Oeb mi • of m major and tra 1 m nt by .\:Rf 

Fe• as Total F~03 + 1-eu . 
Major oxides in wt % and trace elements in ppm 

Key to Source Names: 
K- Kinangop Escarpment, OBR- Obsidian Ridge. HG- Hdl's Gate, OLB- OJobutot 

KIB - JGbilconi. XN - Koogoni Road Junction, GCL - Green Crater Lake. OLF - Olerai Farm 

NB • Ndabibi. LD - Loldia, MG - Masai Gorge. - Lower Ebwru, EB - Ebunu Mountain 

I 
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P;~in. of these clcnH.'tll.'- disc:u' t'tl in dctnil in Charter 5 ~how trong linear corr lati n similar to those 

t:staoli~H.'(.) ((lr u uumhcr ul other rucks I rom tJ1c area (Clarke tl a/. 1 990). The Jatet more widesrrcad 

o~ idinn e.g. OJ - Olhutot nnw with Nhfl.r r.uio of O.IRI. Oh ldinn Ridge with Nb/Zr ralio of 0.160, are 

lower In Ntn..r mtin: while the earlier flow nrc higher in Nhfl..r ratios e.g. Kongoni with NbiZr ralio of 

0. ~66. Green C'rmer l.ltkc with Nhf/.r nuio uf O.~R7 and Ndnhibi with Nbf7..r ratio of 0.366. Mount 

Ehurru hn' Nhf/.r rutin uf 150 whik• Maa.;ni Cior!!r has Nh/7.r ratio of 1.30. This J'liiiiCm 01n be interpreted 

11 inc.JiC'Itlin~ 111111 Ill • I Iller Wl' fl' 11111rl' l' olvcllwuJ W~:rc nfso ~fighlly more fluid. Two samples rand mly 

picked at qunrry !.Uurcc: X ;rnt.l Y :tlnn~ the ro:k.l lll.'ar Kongcmi Police St;~tion and at Loldia respectively, 

wei'\: a. il!n'·d u .;m)! ),imilar mini,, 

In tht: rrc"iCnl nnal. "''s. ll \'l'fil)!l' ~l'tll:hcmical cblilllhtained relate~ to charactcri7.alion ~tudies of ohl'idian 

'~~ lllrw:o. alluWIII)! tor dill\'1'\.'1111!1111111 :uull'lll11(1:1fl-.(111' without nccc: ... 'lrily yielding fundamental information 

c" the suun:c. ( 'hant\'tcn:tatum rn~~.·cclurcs arc ha!.l'd on ~nurce to source variations of Lhe relalive 

t:nnc.·cntrttt inns uf thl' cll-mcnt' in the rcaks uf the SJll>t:u·.t. II is pus ihlc to a~sume that ccmcentralions of 

the dcm~nts in the uh. illiau rcllcl'ls only the composition in lhc immediate parent "secondary" magma 

poul.; ao; ll iS(.'ll:scd in Chitptcr ~ - ' Ibis is :L'>SIImcc.l In he lnle Jl'l11icularly for Rb, Sr, Y, Zr and Nb which are 

known g~o'tx:hcmkally 1u he lca!'t aff~.--ctc.'(.) hy ge<x:hcmirnl frnction:nion (Oarlce tt al. 1990). 
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4.3 b idian and reba olo 

Since the geological sources of obsidian are limited to certain specific areas, the 
v.ide geographical distribution of obsidian artifacts suggests that considerable 
movement, possibly through trade, in raw material and/or artifac took place in 
the prehistoric past. Such characterization as presented in this work on obsidian 
flows or outcrops, pennits the identification of sources of raw material from 
which the artifacts were fabricated (Nelson et a/. I 975 . It should also prove very 
useful to archaeologi ts in the reconstruction of possible trade rout s in order to 
understand bo prehistoric man, like modern man, made use of natural material 
to make his life easy and comfortable in terms of cultural development 

4.3.1 Inter Quarry- Artifact Compari on 

Source comparisons were attempted using a number of scrap artifacts from 
collections at the National Museums of Kenya which were made available for 
correlation. For comparison th archaeological sources, only values ofTi~ Fe and 
Ca are shown in the present work. It was found that the amount of each of these 
elements that is found in the obsidian from the different .sources varies enough to 
distinguish the sources from each other (Merrick and Brown 1984a). 

4.3.2 Analyses of Artifac from Archaeological ites 

Obsidian artifacts from four lcnown and widely placed Archaeological Sites in 
Kenya (Gogo Falls, Narosura, Jawuoyo and Cartwright's Sites) were correlated 
with the already established obsidian quarry sources. The archaeological sites 
from which these artifacts were collected are shown in Fig. 10. 
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FJgure J 2 Plots of XRF values for 1101 versus Fe,03 for som~ of the 

established obsidian qua.rry sources compared with obsidian 

artifacts from arcl,;w::ologlca1 sites at Gogo Falls, Jawuoyo, 

··~a. vs'L.u. and Lllrtw •. 6 .tt' •. {modified from Merrick and Drow 1984a) .. .. . --- .. 
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By comparing the plotted results to locations of archaeological sites in Fig. 10, the 
eparation in terms of long distance movement and the resul · ng social interaction 

between the different areas and/or groups of people can be addressed. It is 
important to note. however, that any suggestion of exchange patterns or that one 
particular obsidian source domi ted at a specific archaeological site is only 
tentative (Merrie and Brown I 984a). 
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IIAPTt:il V 

I>ISCUSSION ANll CONCI.U ION 

Al> mcnlilliC4J ~rl1cr in Ch11p1cr 4. lhc Hhscm:o ul pllciHIU)SIS In o~sldian has an importanl peltogenelk 

c.:un l.'tjUcm:e whic:h llcmun.\II111C!I lhc prc~nc:c 111' liupcmealed magma in the near - surface environmenl 

bcfurc ~ucn~·hiug 1nnk (IInce CC'nx et ul. JCJH7). h i. this gcnclic inlerpretalion of the lex lure which is of 

i1nmclliatc intcrc.,l hccau'c in 1J1c Clll>C of oh!.illian. it iJ clear Ulat the quenching stage coincides witb the 

crupuon nl the lava m11u1hc suri;K:c. The formalion of glass (ob idian) is _commonly ascribed 10 extreme 

14ucuc.:hiug of liqu1d. (magmu) cau!.Cd hy very rapid 1cmpera1urc fnll. Although h ls Jcnown thai exLremes of 

quenching prevcnl~ c:ry,.l.lli;oJIIiun. tile cnmpcl.,iliufl ant.l structure of the ma,ma are also importanl fac:ton 

in deaennining whclhcr ur nol u glas: will f<>nn. Should lhe lnsl liquid 10 form be enriched in silica (and 

pc.lltl$.'\iurn). lht con:;cquclll increase in its viscnsily will impede diffusion to possible crystal nuclei and l.be 

fonna1ion of glas." ~y super c.·noling will he favourct.l (C..ox tl al. 1987}. On the other hand, sodium la 

lmown to reduce tilt! vi. cn!.ily nr !Oilica bearing melt. and its presence in some quantity may faYOUr 

u-ysta.lliutiii Nl, with the tonnuuunul sutlium lx'nrmg fcld~palhoic.Js or z.eolites. 

In onk:r lu undcr~1<111d till: way 111 whkh tliffCI"l' lll uulall(l.\ of ohsl<liHn could have fonned and how an initial 

melt. or tna~mu l:uulll lll:mmc l'lllll(lo~nionally <hlh:n:nwuec.J 10 give rise 10 a variety of compositionally 

tlifli:rclll on:.itlwn n~t:k I)'JlC'- as ullirnmc: pnxltll:t .\. anmtcmpl ha: hcen made 10 exuact any information the 

uhsidian rock may give ahoul pnx·c. ... o;cs at depth and what may l:le though! of as an applied stage in tbe 

pr<~ccl. In gc:n ·mi. gc<K:hcmil'nl data derived fnun clh.~ldian I applied 10 lnlerpret Igneous processes, 

cvnlulion and nawrc nfthc suurcc matcriaJ. from which oh.qdiaru are fonned. 

5. 1 M a~rna <:tncrullon 

Exccpl for lhC outer mrc. the earth l'nnsists of snlill mmenal and any magma m054 originate by !he partial 

mcllillg uf thi: pre - cxil>ling sulill ruck . Melling- l'CUl be induced by local increases in 1empera1ure, 

dec mpre · ion ur inOux of muhilc t'mL-aitUC:III'- Slll'll a: volatiles, 

• I 
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Th composition of a partial melt produced in the mantle is thus dependent upon 
the composition of the source rock and the degree of melting. The degree of 
melting is in tum dependent upon the temperature, pres ure and water content of 
the source. For silicates, the melting point increases with load pr ssure and any 
de rease in pre sure ca d perhaps by faulting or up elting (as was the case in 
the fonnation of the Kenyan Rift Valley), could reduce the effective melting 
temperatw"e at a given depth resulting in melting (Bailey 1970). 

Magma generation is usuaJiy found to be common aJong plate boundaries and in 
areas of tectonic stres , mostly within the crust and/or the upper mantle. In 
general, melting of the source rock is rarely complete and most melts coalesce to 
form magma bodies, which then migrate, away from their source regions (Cox el 
a/. 1987). This involves sepaa-ation from the residual matrix and possible 
migration upwards where re-equilibriu:m en route with rocks at a higher level may 
take place. When and/or if the upward flow of a melt is arrested, a magma 
chamber may form. This can lead to cooling and possible commencement of 
crystallization if the liquidus temperatures are reached. These and subsequent 
changes, may have an effect on the eventual chemical composition of the magma 
prior to eruption at the surface of the earth. 

5.2 Theory or elt Segregation 

Th processes by which melts are extracted from partially molten source regions 
at depth and erupted at the earth?s surface are known collectively as melt 
segregation (McKenzie 1984 ). These are usually simultaneous processes that 
depend on temperature, pressure and chemical composition. A volume of mantle 
can become partially molten by up welling (Bailey 1970) so that it is above 
solidus conditions due to a decrease in pressure (King and Chap an 1972). Frank 
( 1968 in Ribe 1987) who regarded a molten region to be made up of saturated 
porous medium first proposed a usabJe theory for melt segregation. He also 
considered the migration of melt relative to matrix to be driven by pressure 
gradients brought about by the buoyancy of the melt or the deformation of the 
matrix and in th case of the Kenyan Rift situation, by up welling. 



urface 

:.3 . lagma E,·oJution 

On of th striking Jaboratol) r ult ob rved about obsidian out rop i · that th ) 
are variable in ch mi a1 mpo ·ition, leading automatically to lutionary 
on iderations and hence fractionation. If an initiaJ ingle parental material · 
on id r d a the source material from VI. hi h a va.ri ty of b idian ro of \'ari 
hcmi al composition are fonn d, then the eparation o a melt fr m thi . urce 
011 titut a fra tionation pr c. . 

In order to unde tand the petrog n is of o idian and the reaso for th ir 
compo itional variations it ~ therefore important to a! th relati\ rol ( ). if 
any of different pos ible fra tionation process • facDonald 1974 . Diffu i n, 
partial m lting, cry tal liquid eparation and Jiquid separation and liquid 
immi ibility are among th po ibl fra tionation processes that rna may not 
dominate in a melt to produce the kind(s) of varied compositions o rved in 
ob idian rock. 
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1 tJ u l()n 1 • .. h. nt m that an J tal in a liqui ~ 1 m' h n d m n rm , .. 
hrough th li tuiJ b dr at diJJ r ·nt r I pr du in_ , . r1.ti n in th · 1 uhmg 

h dJc . The main caw.c: of difJu ion in Jude major th ·nnal an c 1 pr ur 
gradi ~.; nt a well a ornpositional gradient . But ditJ rcntiJI dcm nt.tl migrati n 
hr ug.ht abo ut >y ornt iti nal gJ. di nt i unlik ly in th \;,,.,c;. of oo idi. th~ 
.. han .. ar h mi .. alb ' rit.~l'llc fr 111 on 
e-mir nmmt (frc,m ' h r o idtan m ll 

range 

In ontr l a drop in temp ratur· and pr s ur • rna) "au unmb thility in a 
migr. tin melt re ulting in pha ·paration and mi ati n. LiqUtd im11)i ihiliry i · 
the p ation of an riginally homogenou. magma into 1~ ·o r mo oe. · · ling 
ra ttoru . How ' r. Cox el t11. (19 7) in"·e tigaling ilj at .. ·. r:ms ha td nrifi d 

, . ry limit d ext nt of liquid im · ibili~ t\\ • n n type ot ilh.at melt and 
another. Ob\.iou I~. th · role of liquid irnmiscibilit. \\ill lirmt d h~ ' D r piJ 

in vi o ity of m Jt. ''hi h ar · . up r coo Jed anJ thi · uJd pr'-v nt th 
unmix liquids from cparating on a large al to fonn dis rete oh idian flow 
(out ps typical in th . · aiv ha area. ur1h rmorc. as Bm\'en ( 192 in Opi_ o 
19 8) p in out. pdr graphi vid n e ofliquid immi i ility in i · · t m lts i 
rar . 

Differentiation pro in\'olving ' f)' tal llquid fro tionation y. tcm ar J..no~ n 
to be capable aho of effe ting gr . compo itional change \\h ·n ma~a i ftrst 
formed r during the migration o magma \\hc::n it i in onta\_;t \\tth a \arier: of 
wall roc . The onl. ro ·ks that rc lo 1) as o iated \\ith ob idian in th · . -aivasha 
ar are the tra hyt (Davie and • lacDonald 198 7). However, th ab t!n e of 
gros imilaritie in hernical compo ition betw en th e ro and th ob idi n 
limits th rot of direct cry tal - liquid fractionation dominating to produce the 
varied o erved ch mi al differen in ob idian out rop. . Th m ~luni.sms of 

ry tal liquid tra~tionation ar largely controU d y phy i aJ ~.; nditio u h a 
the de ities of magmas and the pre: nee of cry tab (Cox et a/. 1987). Field 
sarnpl of obsidians la.ck trac of an_ earlier formed cry tals. Whatever the 
tend ~' of cf} b.l - liquid fra tionation. i po ibility of occurring on a large le 
is much gr ater in magmas of )o, · \i cosit) than of high. . 1agm of diffi nt 
om itions are J..no\\n to vary in \ co ity y eraJ rd of magnitud 
(~1cKenzie 1984). 
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nJ,tll> mo kn !Tift 2m it i- btm\ 11 t ,,,li f~ Cl\ "'r a \\ld t m -4· c rang dunn~ v. 11ch here 1~ 
<~ po thdity ofp~ g.rc __ ,,·e c m :uon 1 ·t . .ng ... and the m;.~ten::.. :n y l tup~..:d ffto .rupt from 
tun-~ to time a:. \'al')IJ\g em oflava Co.·~~ ul 1~,~8-1 A typical mdt fr11111 d mel~: ~ wt:.: matc!nul 
m&\' also theoretichll~ prod uri! both ba i and ac .dt rna~ ma t • od r HP3J but the !XI'- encc of 
rrun~.-ral~caJ . ld . oluti n ... ri.. m !tur.U r t-:m · t'- hk£y o pr due~ a 1pc ,)•'on U:· 
continuot ~"quen of tb ate md n r t)pi 1 in ob,.jdia.n c ~crop under con id-ranon The 
fom1at1 n of mu! f'lc! outuop:- f bstdian by dired ~C>~; ·nt o!" paruul melts at n pomt of 
weaknes es h an unhkety ca~e although it h ., been demon. troted e ·penment.illy to be p tblc! in 
tho: producn n of os v-o1r1ed numb<!r of m:;gm depcndtn!it on ht c:mp.:rature and depth from 
whi h uch m;;g:m.u ar produ ed !Tak.ah.c>i n aJ JOS.'i m Opi:· 19881 Clo_~ a:>:.es~ment of a 
part.i.ll melting modd L' ab n 1 p · thk b u .• of the diffi ul: m td nufym_ th chemtcal 
oompo won and mmeralogt of bkely . our~ rna .mab Ha~her .. <tpollr pre 'ur;!~ dn: 11.ho kno n 
to accomran. partial meltmg but mre 0f the ob 1d1an outcrops en e~untered c mtamed v.:~1 le· 
tha nr~ oaly kn· \\n 10 fonn und'"r ver:- low vapour pre sw~. In <~dditJOn. hn r corr.:lation 
betwtcn the element! . b and a c F1g 1 die n 1 con: idered ro b.! mdi atn·e of pamal mdu e 
produc r Ferrara &nd Treuil !i~71 L 

Thu . although it i \ nous lava uru in ub - volrnruc cent.:r u 
of magma ptili " a ed to m.: fra tionation processe , in the · a.vi'iSha area tt t .... u p ted thJt 
rhe ob idian au not unpl> direct a ... cent ofr .idual sy.tem. CSams,on 19901. The ·uriation in 
mod . of ocnur.m i111d r ~ mpo .. ttion, .u · a result of crusldl - rc::. adwJ flwd mte acti n. 
ather th.tn cry-tal- uid re.,ction.:>. 

There tS an ine\i ble involvement of a I~ 1 some fluid pha..~ of variable origin durin2 the 
eYoluuonar)' tilir f)' of ob uilan bodies and con..~quently orne modifi all n of mineralogy and 
cbeau.srry. There is therefore a tendency for a chenucal and1or ll!mporal continuum rv.·een 
magmatic proce · and fluid rock uuerection 111 general which makes It chflicult to <lli tmgw h 
these two tages dearlr from the hrm ed chemical data available in the pr~t tudy. 



11 \ ' ' 1. it i imp n r t l > H. :JI z~ th. t th • nn-.111, .. 11 1! ·na1n d m nt h · 
ru 1 urn • nd pot ntial moh1hl~ ot olh like u .. anium and th b idt3n 
mdt ·att: th, I flUid ro k int HI hon wa p1ohabJ~ r · J (lnsibk: J r om . alb ·it nc 1 a 
gr ·at d al. of h mi al han " ( I rl\ · c a/. 1990 Th · tr ng obj: tion 10 th 
h) p th · ~ of implc r ... tion:ttion pr · · al n · th~ m<.~jc r p-.trog n u_ 
m ·~hani'm in th fonnati n t o ~i iian i thL dit i ... ulty o . ·tra ting ra tion t d 
li uid in · ufih.:i~:nt qu41ntili •. to a ... ount tor th \'ari ·d ch an.i ·al ompo itions and 
th mude 1uacy of the lsi \\ll Ira l1onati n me bani ms. In order for hi ly 
Ira tion I d Ia\ a to b t trudcd. a di.fl\!r ntiatmg bod) of magma "ould hav · to 
h tapp d (\r aver 1976). but thi in turn would pr wnt the d ·efopment of th 
~:tr m liquid ompo ition C. und in obsidian. 

:"'A ~ fajor and Tra <> Firment . naly L 

~ lajor nd tra e element an ly e were also arri d out to as · t in indi"ating 
con raint on lh natur and ompo.ition of the mineral as. mhlag \"\ith ~ hi h 
th rn Its may ha e prc,iousl) equilibrated. This is from the fa t that there ar • 

rta1n hara teri ti compo. i ion:ll a~ o iation tha t an b · produced b~· certain 
fractionation mod Is parti ... ularly in major el ment tr n Timothy er a/. 1982). 
Lik \\i. their anal} an be u d to how \'ariation that are in oru i ent \\.lth 

rtain fra tionation origin . 

\\ 'ithin the . ·ai\a ha ar a, the b idian ~xhibit ·xtn:md, lo\.\o Jc ·d of Sr anomal. 
a hown in Table 3 of geo hem· try of om major and tra c el ment.. h r a tn 

older vol anic rocks. th Zr ·alue ar usua.ll) low v.hile th r value are rugh r 
(Weaver 1976). It · not po · ible. ho\ ·ever. to generalize th I th low value are 
du to d p) tion · a r . ult of ,\1 nded d' er ntiation or altemati\. J~ that 
albitization has caus d liberation of th elemen as a.lbit d c not incorporate r 
(1m kparia~ 1992). In th northt..m Kenya for x.ampl \\ ea · r (1976) hO\\n 
that iOz and ~JgO on ntratior how negati\ and p sitive relatio hips 
r p tiv ly in old r vol ni r . Da\i and ~fa Donald (1987) on the other 
hand have confirmed otherwise in the . aivasha area wh major element 
on ntrations patti ularly betv en Si02 and 't\fgO how p itive and n gativ 

relationships r pecti" ly. 



t..:mp ratur · . it 
a similation pro 

:.5 Inc mpatible I menl 'ariation 

r 

Certam elem nt an pro\'ide a m a of in' tig.ttin h ·terogen 'ty \ athin th · 
our of )a\'a . The. r I m-.nl whi h undc1 giY~n omposit10nal ondjtion. 

an: x lud d or larg ly c.\ lud •d from th latti c.: oJ th • min ral "-fY t, Jli1Jng and 
thc."l fore be om on cntratcd in the liqu;d m a manner imp!~ r lat ·d to the 
amount of th original m t rial IJ tallized. I lo\\ v r. an~ incompJtibl 1 ment 
oon r or later b om • · mpatible n entration in th liquid in r a and 

n \\ pha appe~r Cox t "''· 19 7) . 

. 'orry t at. (1980) ha ob. n· d that the abundan of incompat'bl clcm n 
d r a c: in most Kenyan lava · rom th ~ fio nc to Plci to ne tim . Of int re t 

to th pre ent tud. · i the fa t that the d · rca· • found in in ompaubl cl~mcn 

through tim also parallel th in rea in ili~..a und r saturation (\\' a\· r t 976). 
One way of produ ing in reared und aturation in Ia\'~ · through melting at 
in r ing depths or at · her 0.J pr ures ( ·/o 19 8). ff the d ~ of ilica 
aturation is controll d by the amount of dis ol d z, then a relation hip may 
xpect d betwe n the amount of i02 and th on tration of c rtam tra 
I m nts that also are ted by the degree o partial m lting. In th c of th 

• aiva ha area. ub qu nt melting probably took place at comparati\! 1 Jow 
pr · ur and or d pth . M lting of material poor in 01. or reduced .flu.\ of 0 2 

into the manti at the tim of melting could r . uJt in a higher Si02 and in lower 
incompatibl element ont t in th lava rupted more entJy in central 
rift region. This atgWllent can used to . upport the origin of high ilica aturation 
a oppo ed to partial m lting alon as a m ~or ontribut:ing fa ~tor to in ~rcas d ill a 

turation. 
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rth~o.:t. th · br _ • Kh ~r r. llu m th · ran~.~.· nl upto -o ) , .. h r · • \':li la hi i th 
• r ·o, ·nt . tuJ.' annol he a ~ount ·d I )f h~ p:uliill melting aln lw ( 11r1' c!l ,~/. 19~0 . 
• · ft.t'lt< nail n oh. ·rv·J hct\\ • ·n oth ., pau"> <fin omp.uhlc I mcnt'i ~ nuld 
a,' '-' ·m unhk I~ to h~.: .u. hy parti.1l rn lung Jni ther !(If · mJk it d t ult 

'.\) !.lin lh · \':uiallCJ tn a )un l.m · and ratt h n ·d in di1 I -rent quarT) 
, r-. · < nJ~ h~ '"aria hi <.1 ·gr · o m ·lti11g. In· dT t: of fluid ph;J, tran port ot 

i ompatihl d ·mente; during pama mdtin~ \ ·ould n: uJ m 1 J\,l or I) g ·nin_ 
t:nri h..:d in in 'Onlp. tihl J ·m~o.:nl. (J) L • . 1 t 1 ,1/. 1 8- ). \\ ru-.h i not th a. ,. 'th 
'1 ol..., tdt. n m th, af\·a ha ar ·a. \ Jcm at ion h m di tw .... l un:: • · i. th' .•• }rc 
t'11pli d. Th • p1T:cn e of \'<.:raJ m ·c mp:lltbl· d ment. u h . K.. Rh and h 
tugeth r "-ilh crtain light rare earth clement . (LilliE) (~1a D n lcJ 197-t) an h · 
L d to turth r . upp rt the fa t that a 1 'a flO\\ h een d riY d rom a d.istinl:.t. 
in-omp tibl element enri hed our e. 

Da'vie and ~lacDonald (1987) tudying om ndit o iat d \'\tlh 1h ob jdian in 
th . ·ah·a ha area have ob en: d rhat a tiona) cry tallization dominated pr 
<.annat a count for the chem.i al omp . ilion of the comendit . Further proce . 
mus1 im·olv d to produc hea\'y rare arth lements ,[. (H a\._ Rare Earth 
El ment) and HF E (High Fi ld Str ngth Elcm nt) togeth r "'ith the low Sr_ Eu 
and Ba ont nt.s. Experimental vid 'n wh re ha\· also onfum d that rar 
arth lement . parti ularly th HREl:. ar • preferentially partitioned into halogen -

n h media (Fl}n and Burnham 19 8 and Bilal eta/. 1979). Th.i i of 1gnifi an 
m HF . u h a. Zr may al o form ta 1· flu ro- omple · lik /rf1~ (Alderton 
'a/. 19 0). Hal gen and olh r mmor pha!> u h a zir n an pla~ an important 

role in 1 h ~ gt:ne i of a vol an.ic uite ( \\·at. on and Ham on 1 3 ). In the . · aiva<;ha 
ar a. a po. ibl important on. qu n.... of th • halogen ri ·h na1ur • wa that th 
ob i ian Oow w r ot Ye~· 10\" vi o ity enabling !Ciativety maU ,.< lume. of mc...lt 
( "" - 0 o)(Da\1 and :\faD nald 1987) to ape from th ir ur .nd re·uJting in 
marked tr l ment t:nri hrnent. 

The foregoing argument doe not upport the p trogen i o th obsidian b~ a 
simple a imilation crystallization fractionation pro e from th a. iat d rh~ otitic 
and trachyti ro k with \-Vhi h they har an almo t horizontal arr y on a Sr - . 'd 
i top diagram (Da\i and ~fa Donald 1987) or other ire I mantle derived 
magmas. 



·
1 h~.: alt math·· --~ tor th I iJian i u p d I 1 ) be th • ~,.., 1 t. 'J h ontin ·nt;.al 
...~u t i~ knO\\n ha\ f) high Sr 'Sr an 10\\ 14 'd 1 • d r:~ti an 

n raUy very lo · . :b Zr an . :bY ratio a. h \\n in \pp n li 1 f nonn lu 
·I ·rncnt ratio . n.:Jauv to dire tl~ d ·rivl:d mantle magma (Opry 1988) \\'ithin the 
. ·ai\a ha ar Da\1 an • !~t~.DonaJ I ( 19M7) ha ·c at o on-.lud ·d that th .. \.lriabl · 
hut rcJaiJY ty rad1r.Pcni · r ·r ratio th om ndit . tat<.:< mth th · 
ob. idtan . upto 0. 1 16 abo u:;g t that a larg roportion ot thei1 Sr t-OUid b·· ot 
· rustal origin. The rdath ly Jm, lr h ratio · ranging from 2 to 7 obt. m ·d (. 
. ppendL'\ 1 on norm.alizcd 1 m ntal 1 atio~} are al o ompatJ I "' ith a dc.:rivalion 
from a rd tiv ly young, Pan . \fri an continental ru t ( 1.0 a) "hi h i · f und in 
larg ar as of Kenya (Cah n and Snelling 1984 ). If this i. mbin d ~ith ei mi 
data obtain d b. KR.I P \\'orling Group (1987), th n a d ri ·ation lo. to th 
hasem nt O\ r int a at 6 km d pth likely. 

5.6 ndu i n 

Tite . ·ai\.a ha area ob. idians ho a rang of variations in mo t o th major and 
trace elem n . Su h pattern an be employed to d' erentiat h t\ ·e n th ,·ariou 
ob idian outcrop (flow ). Thi work do s illu trat that there is "ariation in 
hemi at ompo. ition hara teristi o th variou obs1dian fi rmatjon. within th 

. ·ai\· ha ar a. 

Th narurc of magma · m I ading to I! Iahti hcd va1iatio in hc.:m.ica] mpo itJon 
an summarized~ mvol mg m lting at ·hallow I v Is of a f I i rust (Da\1 

and MacDonald 1987 ). Initial magma g neration w caused by decomprc ion of 
the mantJ below (McKenzie 1984) and the ensuing partial melts th n r e and 
coal to fonn basalti magma ·e at relatively high I ·e . E.\1en i\; 

t cton· m consequent to th rifting proce e separated or sli ed bodi of thi basi 
magma into mall and discrel ourre r gion& where th y imilated large volum 
of the rust fore lidification. At the me time the intrusive rais d the local 
geoth nnal gradi t indu ing further m lling (Bail ' 1970). At u h n ar urface 
1 -els coupled with dte ra· d geothermal gradien . the late grid faulting even 
(dated at 0.8 ~a) caused eruption of the already a im.ilated fel i mel onto th 
urface. Be ause of the relativ ly low temp rature and pres . the m I w 

qucn h d and had no time to ry tallize h nee upcr cooling to fonn ob idian. 



Finally, ~of the c:h.'IOCIII' which wtl lllll analy7cd in the p~ Cot !'IUdy due to the inability Of the set Up 

ur the .x • ray nuurc~cnc\! unalyl\i l\Y"''-'10 usetl is europium {Eu). Eu value is known to renect the 

pre ai ling o.xy~cn rug, city. melt wmpo!-itlon untl ~uucrure at the time or an erupllon. At the same tlrne, 

chemical coherence u~nlly shown bctwt.'cn Eu nod Sr can be u~d to infer whether Sr may have been 

Mm gly . r. hilit.cd during rnclt c tm~·tinn, :m imponant tt pcct in isotopic tudy which is recommended for 

any lut urc wurk til the :ma h.turca in n:lalltm wuhridi;m rude 
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ppendix Ja : Jntcr-clcmcnl co~ccnlration ra tios for :-.·a;, :l\ha Quarry sources 
(nonnall~cd againsl potassium K ) 

' 

1-p-·'Y-._N-+-~-·_.,_r_l_ lt-:-l.t-:n--:-1-:-'-·~·:-1 ·-:-::C:-u-t-...:Z.:..:n-i_:.R.:..:b---1f-..:..Y__,( _ :_Z.:._r -l N b 7 h p ,, c; 
HC • 0. H 0 OJ 0 0_\_7 1.29 9E ·O• O.OlJ 0.012 0 0 1 O 08 o 0\7 O OOJ /1 

HC • 0.14 0 OJ 0 .0\7 U >S 0 .00 1 0 . 0 14 0 .02J 0 0 1 o 08 o 01l o OO J II 

HC· 0 . 15-~J 0 .017 1. 11 SE·04 0 .0 15 0 .022 0 .0 1 oog 0016 0 .003 II 

HG· 0.17 0.02 001S LOS 4( ·0 4 0 .0120.019 001 007 00lS0.003 11 
1----i-- --if---· - -- -=-~ ·;-:..:...;_~1-=-~-t-.::....::~~:::....:..:~:::.::=..f-_:: -
OlB· 0.16 003 0 . 0 18 1.38 H -0 4 0 .016 0 . 02 ~ 00 1 0.1 0018 0 .003 IV 

HG -~ 0 . 14 003 0017 l.tS SE-04 0 .016 003 0 .01 0 . 1\ 0025 0 .002 II 

OLB· 0.13 0.03 0 .016 1.2 4E ·04 0 .014 0.022 0 .01 0 .09 0 .016 0 .003 IV 

OlB· 0.17 0.03 0 .01& I. 17 4(·04 O.Ot 4 0 .002 0 .01 O.C8 0 015 0 .003 IV 

KIB-1 0.1 0.03 0 .013 0 .85 0.001 0 .01 0 .021 0 .01 0 .08 0 .012 0 .002 V 

1 
Kl8·2 0.16 0 .02 0 .012 0.99 tE-04 0 .013 0 .019 0 .01 0 .09 0 .013 0 .002 V 

Kl8·3 0.12 0.02 0 .014 1 8£·04 0 .014 0.021 0 .01 0.1 o.014 0 .003 V 

t-K....:.I..:..B_-.4+..:0:.;;·.=.2-t..:.0..:.:.0::...:3=-t.:;O..:.:.O:...t..:?i_1....; . ....:.0..:..7i __ 6E~·..:..0..:..4;-:0:..:.. 0:..1.:..4~.:.0:.::.0~2+~0:.::. 0~1!....J.~o.:...:.1~ 0 .0 14 0.002 V 
KIB·S 0.12 0.03 0 .013 0.85 6E·04 0 .012 0 .02 0 .01 0 .08 0 .012 0 .002 y 
KIB-4 0. H 0.03 0 .011 0.9 0 .08 0 .013 0 .003 y 
OSE·f 0.12 0.02 0.032 1.3 4E·04 0.017 0 .027 0 .01 0 . 12 0 .018 0 .003 v 
KH • 0.21 0.01 o . o~5 o. 67 • 0 .005 0 .016 0 0 .02 0 .009 0 .004 V7 

OBR· 0.36 0.15 0 .06 1.82 3E·04 0.005 0.002 0 . 0 .01 0 .002 3E.04 I 

0LF·1 0.17 0.04 0 .029 1.U 3E·04 0.009 0 .009 0 .01 0 .06 0 .008 7£.04 VII 

OI.F-~ O.UI 0.07 0 .04 1. 7 2 4E·04 O.Ot 3 0 .01 1 0 .01 0 .07 0 .012 0.001 VII 
HPf·1 0.2 0.02 0 .009 0.75 St·O.C 0 .005 0.01& 0 0 .03 0 .01 SE.04 lJ( 

~G:...C.:...:;.L·+..:..O:.... 1::...:6;,;-..:..0..:... 0:...1.:..-t..:..O..:... 0::...:0::...:11+0:;.: . ..:..5..:..S.+:...~E~·..:..O..:.•+o..:.·~00:...6+0:.:.· :..0..:.1 ~=+--=0-f-=0 i>2 0 .008 0. 001 VU 
GCL-~ 0.18 0 .01 0 .011 0. 55 7€ ·04 0.009 0.013 0 0 0 .008 0.001 YJI 

NB • 0.1 S 0.02 0.028 0.6 S£·04 0.007 0 .017 0 0 .02 0 .009 0 .002 lJ( 

NB • 0 . 2 0.0 1 0 .012 0.61 SE-04 0 .005 0.014 0 0 .02 0 .008 8(.04 lJ( 
~~~_....;~~..:....:..-'-+..:....:..--~--~~-----;----~...;..;__....;r-....:.-~..:......:.~. 

LO • 0 . 21 0.06 0.079 2.63 .CE·O.C 0.018 0.012 0 .01 0 .06 0 .013 ~E.04 X 
lO- 0.2 0.05 0 ,067 2.3 3E·O.C 0 .023 0.02 0 .01 0.1<4 0 .018 0.003 X 
BX • 0.2 0.07 0:019 2 . 5 SE·O.C 0 .026 0.02<4 0 .02 0 . 18 0 .025 0 .003 )(J 

ex. o. u o.o6 o .os5 2.32 3£-o.c o.o2.c o.o2 o . o2 o. u o .o21 o .oo3 )(J 

CH ·1 0.26 0.12 0 .0.84 2.83 2E·04 0 .015 0.007 0 .01 0.0<4 0 .008 SE.04 XII 

CH • 0~1t 601 0 .075 2.47 • 0 .017 0.009 0 .01 0.07 0 .013 7€.04 XJI 

EB • 0.2 0.05 0 .06 2.19 2E.04 0 .017 0.011 0 .01 o .09 o.oi 6 ee-o4 X1l 

EB • 0.17 0 .05 0.058 2.2 4E·O.C 0 .016 0.009 0 .01 o .oa o .014 o.oo1 x• 
HC - 0.13 0 .02 0 .012 0 .87 6E·04 0 .01 0 .011 0 .01 0 ,06 0 .012 0 .002 II 

HC • 0.16 0 .03 0 .02 1.04 SE-04 0.011 0.019 0.01 0 . 07 0 .01 s 0.003 • 

MG • 0.19 0 .0<4 0 .052 1.87 4£ ·04 0 .018 0.016 0 .01 0.12 0 .01& 0,003 )IJ 

MG • 0.18 0.02 0 .056 1.83 4E·04 0 .019 0.018 0 .01 0 . ,. 0 .02, 0 .003 )tJ 

lEB·1 0 . 26 0.1\ 0 .073 2.<44 lE·04 0 .013 0.006 0 .01 0 .05 0 .008 4€.04 XI 

lEB·~ 0 .37 0.11 0 .082 2. <46 .CE·0-4 0 .009 0.004 0 0 .03 0 .005 1€·04 XI 

CH • 0.21 0 .06 0 .064 2.05 JE-04 0 .015 0 .009 0 .01 0 .07 0.013 4E·04 X1l 

EBS-1 0 . 21 0 .06 0.071 2.41 4E-O.C 0 .018 0 .01 0 .01 0 .08 0.015 ~£.04 D 

EBS ·~ 0.22 O. OS 0.082 2 .67 4E..O.C 0 .02 0.01 0 .01 0 .07 0.014 6€..04 X1l 

K- 1 0.19 0.05 0 .048 1.7<4 3E-O.C 0 .013 0 .01 0 .01 0.01 0 .01 8£-o<C I 

HG • 4 0.1t 0.03 0.016 1. H 7E..O.C 0 .013 0 .019 0 .01 0 .01 0.014 0.003 • . 
BX • 0.15 0 .06 0 .059 2.04 SE-04 0 .021 0.019 0.02 0.14 0 .021 0.003 )IJ 

X·? 0.15 0 . 0-4 0 .0<42 1.42 2E·O.C 0 .011 0 .012 0 .01 o . o4 o.o1 t ae-o.c 1 

Y· HC 0.14 0 .03 0.011 1.1& 7£..04 0 .016 0.021 0 .01 0.09 0.012 0.002 • 

HQ - 0.19 0.0<4 0 .019 1.4 2 5E·04 0 .013 0 .021 0 .01 0 .08 0.016 0.003 • 

MD. 0. U 0.03 0.012 O.S 3E ·0<4 0 .005 0 .013 o o .o2 o .ooe 0.001 « 



• 2 • 
ppendJx J b : Inter-eJemt!n l concentration ratios for • 'aiva~ha Quarry ou rces 

.· 

(normalised again t ca cium a ) 
·- -

Y l t Nb Th PeiCil 
+----lr---t-----:r---;---1---:- ·------'-

Ory Nc K Tl Cu Ab 

HG-1 7 . 3 9 7 02 1 1 0 . 1A6 9~71 001 0 . 1 0 . 16 007 0~7 ou 002 II 
--·1----1~_;_--~ - - ,- '-

HG -2 &6. 9 8 0?2 7 0 . 116 8733 00_! 0. 1 0 . 16 006 0!>7 (112 002 1• 

HG·3 t .es2 0 . 2 1 1 o . 1D 7t-os _ o 0. 1 ~s o.o7 06 o tf oo2 "-

He ·4 6 . 0 16 0 . 13 5 0 .087 6 301 0 007 0.1 2 oo4 o 4S 009 002 II 

O LB·1 6 .06 9 0 . 112 0.112 8. 357 o o . 1 0 . 1 s 0"07 0 , o , , ;.. -4 - o;_._o .;,..2-r-,v- ..., 

HG ·5 7.18 0 . 186 0 . 119 8 .277 0 0 0 .22 0 .09 0 .1 0. 18 0 .0 1 II 

r0:-:l'""B;_·""'2T:'7_.4_ 3_ 2T0_._2_1..:..7t-0.;,...1_1_8r 8..:... 9;_4_4+_0.:_+..::0~.1.=......jf-=.0 :..:.1:..::7_+..:0.:.:.0:.,:7:.-f o. 0 .12 0 .0 2 IV 
OLB·3 6 .009 0 . 173 0 .095 7.041 0 0 .09 0 .01 o.os 0 . 1 0.09 0.02 IV 

KIB·1 10.11 0 . 321 0 . 129 8 .56 0 .01 0 . 1 0 . 21 0 .0 8 0 .81 0. 12 0. 0 2 v 
KIB: 2 6 . 3-47 0 . 1 ca o . o 7a 6 . 299 -:-o--:-:-ro_._o_9;-o~·-1-:2-r_o_. o..;6;-..:.o..:...s;.:8+.:::.o·:.:o:.:a~_.:::.o ·:.:0:..::1+-=--v~ 
KI B-3 8 . 561 0.191 0.1 2 1 8 .S8 0 .01 0 . 12 0 . 18 0 .0 9 0. 6 1 0. 12 0 .02 V 

I KIB·4 5.021 0 . 154 0 .06 S.3 S 0 0 .07 0 . 1 o .os 0 . 48 0.07 0 .01 v 
KI B·5 8 .339 0 .248 0.1 0 4 7 . 12.. 0 0 . 1 0 . 16 0 .07 0 .£9 0.1 0 .02 V 

KIB-4 1 . 0~' 0. f~7 0 .076 6.313 0 0 .09 0. 13 0 .06 0 .57 o.o9 o .o2 v 
OSE· 1 8 . 194 0.147 0 .25910.62 

KN • 1 4 .864 0 .042 0 . 267 3 .243 

08 A·2 2.766 0.417 0.166 5 .034 

OLF·1 5 .859 0 . 254 0.169 6 .966 

OLF· 2 5 . 31 S 0 .358 0 . 214 9 . 137 

HPf·1 4 . 994 0 .097 0 .045 3 .725 

GCL·1 6 .297 0 .081 O.OS7 3. 469 

IGCL·2 5 . !>36 0.066 0 .063 3 .067 

NB ·1 6 .657 0 . 122 0 . 187 3 . 981 

NB • 2 5 .041 0 .071 0 .061 3 .052 

LD • 1 4 .664 0 .295 0 .3t8 12. 25 

LD • 2 5.109 0 .243 0 .343 11.77 

ex -1 4 . 961 o .341 o . jsg 12.38 

ex. 2 5 .381 o .326 o .3<8 12. 49 

CH ·1 3 .875 0 .474 0 .327 10. 97 

CH • 2 5 .277 0 .317 0 .397 13.03 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

O. H 0 . 22 0 . 1 0 .95 0. 1 S 0 .02 V --; ---, 
0 .03 0 .08 0.02 0 . 12 b .o.. 0.02 VI 

o . o 1 o . o 1 o o . 03 ......;o=---r-_;o_ ,__•-1 

0 .05 0 .05 0 .03 0 .32 O.OS 0 VII 

0 .07 0 .06 0. 04 0 .37 0.06 0 .01 VII 

0 .02 0 .08 0 0 . 13 0.05 0 tx 
0 .04 0.07 0 .02 0 . 12 0.05 0.01 VII 

0 .05 0 .07 0 . 0~ 0 0.04 0 .01 VJI 

0.04 0. u 0 .03 0 . 16 0.06 0 .01 /)( 

0 .02 0.07 0.02 0.11 0.04 0 tx 
0.08 0 .06 0.04 0.29 0.06 0 X 

0. 12 0.1 0 .07 0 . 71 O.Ot 0 .01 X 

0. 13 0 . 12 0 .08 0 .87 0.12 0 .02 

0 . , 3 0 . 11 0.08 0 .82 0. 12 0 .02 

0 .06 0 .03 0 .02 0.17 0.03 . 0 XJI 

0.09 o .os 0 .05 0.36 0.07 0 

EB. 1 5 .054 0 .268 0 .304 11.04 0 0 .09 0 . 06 0 .06 0. 47 0.08 0 XII 

EB • 2 5 . 917 0 .?89 0 . ;., "'"' •o .M 0 0.1 0 .06 0 .07 0. 49 0.08 0. 01 XII 

HG ·1 7.4 56 0 . 181 0 . 0 9 6. -457 0 0. 07 o . oe o .o s 0 .45 0.09 0.01 II 

~C · ~ ~.H3 10 . \.SS 0. 12? ,!-.-<33 0 0 .07 0 . 12 0.0& 0 .4S O.OP 0 .02 II 

1\1Q ·,. 5 .292 0 .2 1! 0.273 ~ 8~' 0 0 .09 0 C9 P .OO 0.64 O. f O.Of )(J 
--·-- - ·- -··--r---;---t---t---1--~ 

IIC·1 S .S2 4 0. 2~.SO .J.C~UUl 0 O. l1 0'. \ O. C:S 0 .710.11 0 .02 )(J 

L.~e-1 3 .8S2 o.~l_l. C1 2 <1 9. 4<>.} t:¥ o.o~ o.t:rt o .o3 o.1 a o.ol o :a ·---- -·~ 
EB· ~ 2.706 0.304 0 . 2?2 6 t~Sll •V 0. 03 0 . 01 0 . 01 0 .08 0. 01 0 XJ 

CH - ~ .t . &U o:tJ ( 2_ 3fJ7 t. £~~ -9 ~.01 0 . 04 0 .0. 0 .~4 0.06 0 XII 

m-• ~.A 6 •0.2!.l!:.';!_2 ~~~_! -~- _f>.D9 0 .05 O.OS 0 .39 0.07 0 XII 

lli~ -.2 4 5e) 10 '""J~!J O..J ~4 ~2- ~i 0 0.09 O.N O.OS 0. 34 0.06 0 X• 
- --·· _,_.;., -·- ·'- ~---~·--{·---t---t--...,...--;---r--r--t---11 

~~_:_!_ :;-!~.,?-~~ .~:?.~ 9 .J..!l\ o 0.07 o . o& 0 .03 0 .36 0.05 0 I 

~ · t: s.H3 ~-H~ ,!)._f!..:...S>.:.:.2:.{_5:.;·:.:9...:\-t--.:::.o_,~o.:..;o..:..•;-.;..o.;,...1-t...;o;..:. • ..:..o4.,_-=o..;...3;.:a+o;;.;.~o;_7~o..:..o,;..;2,_.....:.::,.~ 
e.x - 3 ~.8'3& 0 .42 O.(OS 13.97 0 0 . 15 0 . 13 O. f 0. 95 0. 14 0 .02 )(J 

~ - J' 4 .416 0 .28\ 0 .277 1). <(1 0 0 .07 0 .08 0.04 0 .27 0.07 0 . 01 , 

It · H;a 7.3-a<l 0. t 9 2 o. I 23 8 .592 0 0 . 12 0 . 15 0 .06 0.63 0.09 0 .02 II 

ItO. . t 5 . U (' . .t06 0 .09 7 7.351 0 . 0 .07 0 . 11 0 .0( 0 .4 0.08 O.Of II 

~--..!. 5.~&6 0 . 1_~ 0.0~ 3.:.1~~ .._0_ 0.03 0 .07 0. 0~ O.ft 0.04 O.Ot IX 



ppendj 
- 83 -

Jc: Jntcr-clcm\!nt concl!ntratJ·on 1 1s for · Q 
• 3J ·asha uarry sources 

(nc rmaliscd against tanium T1 ) 

bry tl1 K C'~ Mr; ft• Cu z-:- Rb y zr Nb Th P•tCpf 

HC · 1 35.06 4. H 1 0 S9e cs 37 0 03~ t ''! o 781
1
-0 33 ., - I-

·- ""-r- .!. 2 9 0 S! c 0 ll~ II 
HC.? 30.63 4. 41 s O.S13 38 S6 0 OJS (1 4 ) 4 0.71 0 "8S 'L .. L., II , -t---'-"'.:...o .. ~,~ o oeJ ·-
He· 3 31.51 4. S99 0 Sl9 ~4 . 98 O.OlS 0 <62 0 c. 81 0. 3 2. 791 o 514 0 lOS II 

HG· 4 H6 7.414 060 •6. 71 0016 OS<e 08~6 0329 3 .337 0688 0 . 1'12 II 

OLB·1 35 .39 5.831 OoS2 48.73 0.013 0 .577 0 .863 0391 3618 0647 0.115 IV 

HG • 5 38 .56 5.385 0 ,643 H . 57 0.021 0 .605 1.163 0 .462 4 . 208 0 961 0.0 7~ II 

OLB·~ 34 . 29 4 ,613 0 .543 41 .26 O.OH 0.469 0 . 763 0 .339 3. 144 0 555 0 . 11 IV 

OlB· 34.71 5.776 0 .547 <40.67 0 .013 0.<494 0 .067 o 299 2.87 0 . 511 0 . 095 IV 

KIB·1 31.47 3.112 0 . 401 26.64 0 .036 0 .32 0 .65 0 .242 2.51 0 385 0 .066 V 

KIB·2 42.9 6.759 0 .529 <42.!>7 0 .024 0 .57S 0 .813 0 38S 3 . 9 0 .565 0 .075 V 

KIB·3 44 . 93 5 . 2<8 0.633 4S.03 0.034 0 .629 0 .923 0.462 <4 .176 0 .617 0 . 127 V 

KIB·4 32.71 8 .515 0 .39 34 .85 0 .0 19 O.<C 47 0 .647 0 31 3 . 1 U 0 . 468 0 .078 V 

KIB·S 33.69 4,04 0.421 28.78 0 .02 0 . 4 0 .655 0 . 274 2.768 0. 411 0 . 072 V 
1
JCfj!., 3S., 5.01 0 .386 31.01 0 .023 0.447 0 .678 0 .304 2. 887 0.449 0 .089 v 

IQ_SE-1 55.89 6.821 1 .768 12 . .CS 0 .02 0 . 954 1.49 0 .67 6 6 . 4S 1.013 0 . 146 V 

KN ·1 116.<4 23.92 6 .378 77. 57 • 0 .622 1.82 4 0 .527 2.811 1.041 0 . 46 V7 

OBR·~ 6 .638 2 . .C 0.397 12.08 0 .002 0 .032 0 .016 0 003 0. 0~9 0 .011 0 .002 I 

Olf·1 23.11 3 .9H 0 .667 27.48 0 .007 0 .209 0 .216 0. 13 1. 279 0 . 195 0 .017 VII 

Olf·2 14 .84 2 .793 O.S99 25.52 0 .005 0.185 0 .17 0 . 101 1.02 0.178 0.02 VII 

HPf·1 51 .66 10. 3<4 0 . 461 38.53 0.024 0 .237 0 .8<47 0 .00:. 1.374 0 . 515 0 .027 IX 

GCL·1 77.G 12.37 0.702 42.92 0 .04 0.<4 8 0 .903 0 .258 1.499 0 .581 0.103 YJI 

fcct-2 83.31 15 .05 o . 9H -46.15 o.o59 o.77 1.066 o .296 o .oo7 o .638 0 . 118 Yll 

NB. 1 54.52 8.19 1.528 32.61 0 .025 0 .359 0.945 0 .221 1.316 0. 476 0 .083 IX 

NB • 2 71.18 H.12 0 .867 <43 .09 0 .033 0 .332 0.98 0 .286 1.555 0 . 578 0 .06 IX 

'"0 • 1 15.8.C 3 .396 1 . 251 .C1 . !;8 0 .006 0 .288 0.19 0. 13 0 . 987 0. 197 O.OH X 

0 • 2 20.U 4.109 1 . 409 <48.35 0 .006 o.ce 0.<42<4 0 .299 2 909 0 . 36 <~ 0 .061 X 

ex- 1 u .5s 2 .932 1:. 1142 36.31 o.oo1 o .373 o .35S o .2c9 2 . s61 o .J59 o .o4t » 
BX • 2 16. 53 3 .072 1.069 38.37 0 .005 0 .391 0 .324 0 .251 2.528 0 .354 O.OH XI 

CH ·1 8.177 2.11 0 .689 23.15 0 .002 0.12 0 .053 0 .048 0 .361 0.067 0 . 00~ X. 

CH· 216.65 3 .156 1 .254 <41 . 12 • 0 . 28 0 .146 0. 167 1. 127 0.217 0 .011 )()I 

£8 • T 18.88 3.735 1. 134 41 . 24 0 .005 0 .328 0 .211 0 .219 1. 743 0 296 0 .015 D 

EB • 2 20. 45 3 . 4 57 1.19 .CS.06 0 .008 0 .335 0. 192 0.228 1.681 0 28 0.02 ~ X. 

1-iG • 1 <41.17 5.52 1 0 . 498 35.65 0 .025 0 .405 0.457 0 .273 2. 51 0 .509 0 .082 II 

HG ·a 33.46 5.42 0 .663 34 .86 0 .016 0 .379 0 .633 0. 269 2.455 0.508 0.105 II 

~G --~ 2<4 .28 4 .588 1.25 H . .C2 0 .011 0.427 0 .396 0 . 289 2.9<8 0 .1437 0.061 )l(J 

.4G • 1 21 .36 3 .866 1.19 39.16 0 .009 0.406 0 .385 0. 301 3 .026 0. 442 0 . 062 )l(J 

lEB-1 9 .333 2 . 423 0 .682 22.78 6E·04 0 . 117 0.053 0.061 0 . 429 0 .079 0 .004 XI 

lEB·2 8.911 3 .29 4 0 .732 21 .93 0 .004 0 .082 0.0~4 0.0~8 0 2<8 0.048 0 .001 XI 

··" . 

CH. 3 17.59 3 .655 1.123 35.99 o .oo6 0 .255 o.161 o.157 1.2• o .233 o .ooe x• 
EBS·1 16.7 3.40 1.19 40.22 0 .007 0 . 297 0.172 0.185 1.353 0 . 2<~3 0 . 01 S X. 

E8S· 2 20.3<4 .C.437 1 .66 5 4.37 0 .008 0.404 0 .195 0 .213 1.487 0 .281 0 .011 X• 

K • 1 20.3<4 3.77 0 .981 3~. <4 0 .006 0 . 262 0.211 0. 131 1.356 0 . 198 0.017 I 

HG ·6 3<4.12 6 . 596 0 .54 38.99 0 .025 0 . <426 0 .654 0 .271 2 .518 0.488 0.11 II 

BX • 3 16.27 2.379 0 964 33. 24 0 .008 0.346 0 .306 0.2<8 2 . 2<~9 0.336 0 .046 )l(J 

X·? 23 .S.C 3.558 0 .986 33.48 0 .005 0 .256 0.212 o. H3 0.957 0.26<4 0 .02 1 

• ):· Y- HG 38.49 5 .208 0 .639 .C4 .75 0 .026 0 .631 0.789 0.338 3. 293 0.454 0 .09 II 

HG • 9 25.25 4.865 0 . 473 35.76 0.013 0 .321 0 .517 0 .219 1.965 0,392 0 .066 

_MD-1 35.09 6.539 0.428 20.9 0.011 0 . 167 o.46.1....~Jo.736 0.263. o .n~ 

II 

.... -·"· 
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Jntc r-c lemen t concentralion r:llios fo r 1 •;~··.asha 
(normalised agains t manganese Qu3rry sour 

Mn ) 
Tl ft' Cu Rb y 'l t b Th Pt iC p 

HC • 1 ~8 . 63 7 9?7 1. 6 72 75 9 0 052 0 7e3 3C6 -0-,--t--·- ---
r:--t..;:.:..:..:..:r__:_~'....:..:.:=..:. .-4-...:...:::..;· ~.::::....:::~- ;___ 1 ""sc ~, o 9 16 o., 9 " 
HC ·2 60. 13 8 . 6" 9 S 7 -+-'-'-~-'----4 '" 1 .9 S 2 0 CE 9 0 8 4 7 1.3t 4 0 SS6 4 e9\ 1 03 4 0.16 II 

HC • 3 60 . H 8 Be 4 1. 92 7 6 7. 4 0 .0:.>8 0 e 9 L3l2 0 577 5 3 9 O 991 o '1- I---;-­

HC • 4 68 .93 ---;----.1---;---; 
f:":-:-:f~~T1~1~-~~6T1:..:.·.::~...:.4.::6r7~2...:2~_0::;·:.:0::.?.::Sr0~&.::4-l-1~._:3~2~3j.:O~S~0~8~S .:..!1_:S:.!..J7 1 063 0 . 1 9 II 

O L B· 1 54 .32 8 . 95 1 . 535 748 002 0 . 8 85 1 . 3 2S 0601 S H3 0993 0 . 18 IV 

t-~-c_.-+ S6;_;o;...:. . .;...1 7+.::.8 ·:.::3.=.8 ~~ ;.:· 5:.:5:..:6=-f 6 9. ~ o. o JJ o. 9 4 1 1. 81 o. 1 u 6. s 4 9 , . u 5 0• 12 11 

OLB · ~ 63. 15 8 . 497 1.842 76 0 .025 0 .8€4 1.405 0 .623 5.H1 1.022 o 2 IV 

OLB-'l 63 . ~5 10.S6 1.828 74 .3 0 . 0:.>3 0 . 904 0 . 123 0 . 547 5. 247 o 935 0. 17 IV 

KIB·t 78.47 7.7)9 2. 493 66.4 0 .09 0 . 797 1 . 621 0 .6 0 3 6 25 9 0 .959 0 . 17 V 

KIB·2 81.16 12. 79 1.892 80. 5 0 .046 1.089 1.S38 0 . 728 7.377 1. 06 9 0.14 V 

KIB·3 70.99 8 . 292 1 . 58 71.1 O.OS3 0 . 994 1.4S8 0 . 73 6. 75 5 0 .975 0 . 2 V 

1(18~ 83.87 16.7 2 . 564 89.4 o .os 1 . 145 1 .66 0 . 794 7. 997 1. 199 0 . 2 v 
KIB · S 80.03 9 . 597 2 . 376 68.4 0.047 0 . 95 1.S57 0 .651 6 . 5'17 0 .977 0 . 17 V 

JCIB-' 9~ . B8 13 .19 ~ . 601 83.2 0.0~9 1.161 1.762 0 .791 7. 51 1. 169 o . 23 v 
lc>SE-1 31.61 3 .858 0.566 41 0 .011 0 . ~39 0 . 843 0 .382 3.648 0 .573 0 .08 V 

IK!f •1 18.24 3.75 0.157 12.2 • 0.098 0 . 286 0 .083 O.H1 0.163 0 .07 VI 

ioBR·2 16.71 6 .041 2.517 30.4 0 .006 0 . 079 0.0•41 0 .008 0.174 0 .028 0 I 

OLF-1 34 .65 5 . 914 1.499 41 .2 0 .01 0 . 314 0.323 0 . 194 1.918 0 .2 92 0 .03 VIII 

OLF-2 24.79 .C .665 1.67 42.6 0 . 0011 0 . 309 0.284 0.169 1.703 0 .297 0 .03 Yllf 

HPF-1 112 22.44 2.169 83.6 0.052 0 . 513 1.838 0 .007 2 .981 1.117 0 .06 It 

. GCL·1 111 17.62 1.424 61.1 O.OS6 0.654 1 . 286 0 .368 2. 134 0.827 0 . 15 VU 

GCL-2 88.24 15.94 1.059 48.9 0.063 0.815 1.129 0 . 314 0 .007 0.676 0.13 VII 

~8 ·1 35.69 5 .361 0.655 21 .3 0.016 0 . 235 0.619 0.1H 0 .861 0.311 0 .05 ll( 

~B • 2 82.09 16.28 1.153 49.7 0 . 038 0 .383 1 . 13 0 .33 1.793 0 .667 0 .07 lt 

ltD· 1 12.66 2 . 715 0 .8 33.2 0 .005 0 . 23 0.152 0 . 104 0 .789 0 .158 0 .01 X 

LD • 2 14 . 9 2 . 917 0 . 71 34 .3 0 .004 0.341 0.301 0 .212 2 .065 0 .272 0 .04 X 

BX ·1 12.74 2 . ~68 0 : 876 31 .8 0 . 007 0 .327 0 .311 0 .218 2 .243 0 .3H 0 .04 XI 

BX • 2 15.47 2 .874 0 . 936 35.9 0 .005 0 . 366 0.303 0 . 235 2 .365 0 .331 0 .05 XI 

CH ·1 11.87 3 .063 1.·H2 33.6 0 .0 03 0.1 H 0.077 0 .07 0 .524 0 .097 0 .01 D 

icH-2 13.28 2 .S17 0 . 798 32.8 - 0 . 223 0.117 0 . 133 0 . 899 0 . 173 0 .01 X16 

E8 ·1 16.64 3 . ~93 0 .882 36. 4 0 . 004 0 .29 0.1861~. 193 1. 536 0 .261 0 .01 X. 

E B ·2 17 . 19 2 .906 0 .841 37.9 0 .007 0 . 282 0.162 0 . 192 1.413 0 . 236 0 .02 D 

HC • 7 82 .67 11 .09 2 .0 0 8 71 .6 0 .05 O. Ei13 0 . 917 O. S48 5.041 1.022 0 . 17 II 
r---~~~~~-+--~~~--;~--~----+----+----;---~r---~----;1--

HC • e 50.48 8 .177 1.509 52 .6 0 . 023 0 . 571 0.955 0 . <106 3.704 0 . 766 0 .16 II 

w4C • 2 19.42 3.67 0 .~ 36.3 0 .009 0 . 342 0 .3l7 0 . 231 2 .358 0 .35 0 .05 » 
,.c. 1 11 .95 3. 25 o.e• 1 32.9 o .oo8 0 . 341 o .324 0 . 253 2.544 o .371 o .o5 » 
LEB-1 13.69 3 .55<1 1.<67 33.4 9E·O< 0.171 0 .078 0 .09 0 .63 0 .1\S 0 .01 XI 

l£8· 2 12.17 4 .499 1 . 3 6 6 30 o .oos 0.112 0 .047 0 .052 0 .339 0 .065 0 XI 

CH • 3 15 .67 3 .255 0 .891 32. 1 0 .005 0 .227 0.143 0.14 1.104 0 .207 0 .01 X1l 

EBS-1 14 . 04 2 .896 0 .84 33.8 0 .006 0 .25 0.145 0 .156 1.137 0 .205 0 .01 X.. 

ras-2 12 .2s 2.673 602 4 32.8 o .oo5 0 .243 0.118 o .12s o .e96 0 . 169 0 .01 X1l 

K-1 20.75 3.845 1.02 3 6.1 0 .0 0 6 :> . 267 0 . 215 0 . 133 1 .383 0. 202 0 .02 I 

HC • 6 63.18 12 .21 1 .852 72.2 0 .047 0.789 1 . 211 0.503 4.662 0 .904 0 . 2 II 

BX • 3 16.88 2.469 1 .038 34. 5 0 .008 0 .359 0 .317 0 . 257 2 .335 0 .349 0 .05 XI 

X· 7 23 .88 3.60 9 1.015 34 0 .005 0.259 0.276 0.1H 0 .971 0 . 268 0 .02 1 

Y-HC 60.U 8. 145 1.56<( 70 0 .04 0 . 988 1 .233 0 .529 S.1S 0.709 0 . 14 • 

He. t 53.44 to.3 2 . 1 11!_ 75.7 o.o21 o . 679 , .093 o .462 4 . ts7 o .&29 o.H • 
-- -·-i---t-- ~ :- .:..;...;.."+..:;.:.....;..::.+-;.._-t----r----t-- -1 

'MD • 1 81.115 _1S:t7 ?_,_~3~t..J8 . 8 1 0 .0'?•! O. :lO 1 j ~OJ] .0 l_P') . , ·?"'. I .6..:.. 0 . , 2 __ !!!__ 



App~ ndix 1 e ; 
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In!cr-clcntcnt l:Onccntra ion 
(normalised aga ins t i 

.tios for . aivasha Quarry 
n Fe" 0 3 + FeO) 

source 

Dry N K -1f-~-+_T_l_ -I~ _C~ _ Zn Rb Y z1 Ub Tl\ P•ICp 

HC • 1 0. 773 0 . 0-~~-2 0 01 3 7(-04 0 <:'!_ ~2 0 007 0 0!.9 0 ot 0 003 J1 

HC • ~ 0 . 8 0 1H 0 OJ 0 013 9E·0' 0 . 0_1_1 0 02 0 00.7 0 o6 s r;o,- O 002 11 
u. -------
nC-.:_E.90 1 0 . 132 0 .0 3 0015 •E ·O• OC.13 002 0009 OC.!_ 001 0003 11 

kG- 0.9!>5 0.1 ~9 002 001 4 3E-o• 0 . 012 002 0007"0o7• o.o1 oooJ II I 
- 1-- - -- ..!. -~...:...;:.;;.;;-!-'---: 

OLB- 0. 726 0. 12 0 .02 0 .01 3 3E·04 0 .012 0 .02 0 008 007 4 0.01 0002 IV 

H_G ·! 0.868 0 . 121 0 .02 0 .014 SE -OC 0 . 014 0 .03 O. Ot o.o9c 0 .02 0 .002 II 

OlB- 0.831 0.112 0 .02 0 .013 3E·04 0 . 011 0.02 0 . 0 08 0 076 0 .01 0 .003 IV 

OLB· 0.853 0 . 142 0.02 O.ot• 3E·04 0 .012 0 0 . 007 0 . 071 o .o 1 0. 002 1'1 

lKIB·l 1.182 0. 117 0 . 04 0 .015 0 .001 0 .012 0 .02 0 .009 0 .094 O.Ot 0.003 y 

: )(18·2 1.008 0 . 1!>9 0 .02 0.012 6£-0<4 0 .014 0 .02 0 .009 0 .09 2 0 .01 0 .002 V 

KIB-3 0.998 0.111 0.02 0 .014 7£-04 0 .014 0.02 0 . 01 0 . 095 0 .01 0 .003 V 

KIB-4 0.939 0 . 187 0 .03 0.011 6£·04 0.013 0 .02 0 .009 0 .09 0 .01 0.002 y 

: KIB-5 t.171 0. 1C 0.03 0 .015 7E ·OC 0 .014 0 .02 0 .01 0 .096 0 .01 0 .003 V 

: )(IB~ L116 0.158 0.03 0 .012 7E·04 0 . 014 o .o2 0 .01 o .o9 0.01 o .oo3 V 
1
0SE-1 0.772 0 .094 0.01 0 .024 3E·OC 0 .013 0 .02 0.009 0 . 089 0 .01 0 .002 V 

~ • 1.5 0 .308 Q. 01 0 .082 - 0.008 0.02 0 . 007 0 .036 0 .01 0 .006 VI 

OBR-~ 0.!>49 0., 99 0 .08 0 .033 2E · OC 0 .003 0 2( -04 0 .006 0 ?( ·04 I 
1
0lf·1 0.841 0.1H 0 .04 0 .024 2£-04 0 . 008 0 .01 O.OOS O.OH 0 .01 6E ·OC VII 

;oLF-:1 0.582 0.109 0 .04 0 .024 2E ·04 0.007 0 .01 0 . 004 0 . 04 0 .01 SE-04 VII 

HPF-1 1.341 0. 269 0 .03 0 .012 6E-04 0 .006 0 0 2 1E ·OC 0 . 036 0 .01 7£-0C IX 

CCL- 1.815 0 .288 0 . 02 0 .016 9£-04 0 .011 0 .02 0 .006 0.035 0 .01 0 .002 VII 

~C~~8 Q! 0::.:·~3..::.2.:.6~0:..:.·.::.0:..2 ..f-::0.:.:-0::~:...:1~0:..:.· 0:::.:0:..14 .::.0.:.:. 0:::_:1:..:7+0::.:·~0.::2+0:..:.. ::..OC:..;6+1~E:...·.::0.:..4 1-=-0.:..:. O:..:t+O:.:.. ::..00:..:3+::..Vl;.;.t....; 
•'8 • 1.622 0 .251 0.03 O.OH 8E·OC 0.011 0 .03 0.007 0.04 0 .01 0 .003 IX 

t-IB - ~ Lt<52 (), :J.?6 0 .02 0.02 t>C -04 0.008 0 .02 0.007 0 .036 O.Ot 0 .001 D( 
~-~-+'"'...;. __ 
,_,.__lo_._,""o'-.. ~..!_ _o_._o.~,_c.:_~-~ _2.:£2._ 2f·04 o.oo1 o o .oo3 o.o2• o JE -04 x 
~.P --~~~ _ooe.~. et . C'·2 ~ o<~ ~:?.~,-E..:~.!.. o 01 o.oo6 o .06 o .o1 0 .001 X 
~X· 0 . .. 01' 0 C6\ 0 '1';.a 0 031 1'(-0-4. 0 0 1 '~_o. 01 0 .007 0 . 071 O.Ot 0 .001 X1 -- ,__ --!---~· 
lJ.t • 0 .431 O. OB 0 .03 0 .028 • ~f-¢ 4 O .Clt 0 .01 . 0 .007 0 . 066 0 .01 0 .001 X1 

~H., 0 .353 0.£.1P1 ·C.O( 0 .03 1£-04 0.00~ ~ 0.00? 0.016 0 7£-04 D 
~ -·--
~ -~ .0 •• OS ~ CJTT ~. 0~ ~. 031 • 0 .007 0 i> OC4 0.027 0 .0\ 3E·04 XII 
;-··---r-·--~'---·-r----·- ---
r:e. • O.c!~ 009f 1:1 ~· 0 .02'8 <E -~~-t~~ 0.01 6.005 0 . 042 0 .01 4£-04 X. 

~ . ~ u.c s• c. on o.o2 o.02e 01t: -<>-t o.o.t\7 _ _E. o . oo~ •>. 037 o. o1 ~e -a. x• 
f!~--' t.t~S O. tS~ 0 .03 0 .014 7(-¢4 0 .01t 0 . .01 0 .008 0 .07 0 .01 0.002 Jl 

~c:;- e 0 .~ 0.1 ~6 0 .03 0 .019 4(-0< O.CIH 0 .02 0.008 0 .07 0 .01 0 ,003 II 

io4_C • O. S3S 0. 101 0 .02 0 .028 2E·OC 0 . 009 0.01 0 .006 0 .065 O.Ot 0. 001 )(J 

JC • 0 .$45 0.099 0 03 0 .03 2f·04 0.01 0 .01 0 .008 0 .077 0 .0\ 0.002 XJ 

LEB·1 0 .41 0. 106 0 .04 0.03 • o . oos 0 0 .003 0 . 019 0 2E·04 XI 

~£8· 0.406 0. 1 5 0 .05 0 .033 2E ·OC 0 .004 0 0 .002 0.011 0 • XI 

~H • ~ 0.489 0.102 0 .03 0 .031 ?E-04 0 .007 0 0 .004 0 . 034 0 .01 2E·Oc XW 

EBS.t 0.415 0.086 0 .02 0 .03 2£·04 0 .007 0 0 .005 0 .034 0 . 01 CE·OC )()f 

EBS-~ 0 .374 0.082 0 .02 0 .031 1£-04 0 .007 0 0 .004 0 . 027 0 .01 2E·04 XIII_ 

K • 1 O.S75 0. 107 0 .03 0 .028 2£-04 0 .007 0.01 0 .004 0 . 038 O.Ot SE·04 I_ 

fiG· E 0 .875 0.169 0 .03 0.014 6E ·04 0 . 011 0.02 0 .007 0 . 065 O.Ot 0.003 II 

~x · 0.489 o .o12 o .o3 o .o29 7E·04 o .ot o.o1 o .oo8 o .o68 o .o1 o.oot » ._ 
X· 1 0.703 0.106 0 .03 0.029 2E·04 0 . 008 0.01 0 .004 0 .029 O.Ot 6E ·OC 7 _ 

'f- HC 0 .86 0.116 0 .02 0.014 6E·04 0.014 0.02 0 .008 0.074 O.Ot 0.002 It 

~C • 9 0 .706 0. 136 0 .03 0 .013 CE-04 0 .009 0.01 0 .006 O. OSS 0 .01 0.002 II 

~0 · . 1..!.:..157_2 0 .313 0.0~ 0.021 !;E- O~_,,.Q.:.Q.08 0 .02 0 .006 0.03!> 0 .01 0.002 D( 
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Jf: Intcr-ckmcnt concC'ntration ra t" os for 
(nor mali cd against _ opper 

• 'ai asha Quarry sources 
Cv ) 

Tl Mn ,. ,.. Zn 

,!:!G .\ \139 1~3 9 l2. H 19. •2 103 ~5 ?1 ?5 37 10. 79 87 .37 18 9~ 3 632 II 

HG·_c 874 ~ 1?~? ?836 1 4 . ~5 1C94 1232 ?O. H 8091 71.14 _!_505 236 4 II 

jHG · 3 2139 312 2 67 .t9 35 ?2 ?374 31 .33 46?2 ~033 _!8 9 . 4 JC 89 7. 11_!_ 11 

jHG • 4 27~9 4 ~6 9 61.63 39 .88 ?&79 33. 5 ~2 . 15 20. ?5 205. 6 4 ?.38 7 . ~ 11 
1
0LB· 2674 44 0 . 6 75 .56 49 . 2 2 3(.82 43 .56 65 n 29 56 273 3 4 8 89 8 .667 IY 

IHG ·! \831 255 47 .36 30.43 2111 28.64 5507 21 .86 199 3 45. 5 3 . 5 I_!!_ 

A:> Y Zr Nb lh PtiGp 

.OLB· 2U4 335. 6 72. 75 39 . 5 3002 34 .13 55. 5 24 .63 ?28. 8 40.38 a 1Y 

OLB·~ 2707 450. 6 74 42. 67 3172 38.56 5.?33 23.33 223 . 9 39.89 7. H4 IV 

OBR·< 3029 1095 456.3 181.3 5513 1-4 .38 7.375 1 .375 31 . 5 5 0.475 I 

OLF·1 3365 ~74.4 145.6 97.13 4001 30. 5 31.38 18.88 186.3 28.38 2.5 VII 

Olf·4 2820 530. 6 190 113. 8 -4848 35. 13 32.25 19. 25 193. 8 33.75 3 . 75 VII 

HPf·1 2157 431.9 41.75 19.25 1609 9 . 875 35.38 0.125 57 .38 21 . 5 1.125 

GCL·1 1972 313.1 25.31 17 . 77 1086 12. 15 22.85 CU39 37 .92 14 .69 2 .615 VJI ' 

GCL·~ 1407 254.2 16 .89 15.94 779.4 13 18 5 0 . 111 10.78 2 VII 

NB • • 2222 333.8 -40.75 62 . 25 1329 14 .63 38. 5 9 53.63 19.38 3 .375 /)( 

NB • 4 2143 425 30.1 26.1 1297 10 29. 5 8.6 46 .8 17.4 1.8 /)( 

LO • 1 2-463 528 155. 5 194.5 6-466 -44.7 29 .6 20. 2 153. 5 30.7 2.1 • X 

LO ·: 3449 675 164.3 231.-4 79-43 78 .86 69.71 49.H 477.9 63 10 X 

BX ·1 1957 394 . 5 t!)4 . 5 153.6 4885 50.18 47 .82 33.45 3-44.5 48.27 6 .636 )(1 

BX ·: 3151 585. 6 190.6 203 .8 7314 74 . 5 61 .75 47 .88 481.9 67.5 !1 . 25 

CH ·1 .eo7S 1052 •98.3 3~3 . 3 • .S9 .67 26. 5 24 180 33.33 2 . 167 

CH • 2 • • • • • • • • • • • 

EB • 1 4216 834.2 223. 3 253.3 9211 73.33 47. 17 49 389.2 66.17 3 .333 XII 

EB·2 2636 H5. S 128.9 1~3 . 3 5807 •3.2224.78 29.4• 216.7 36.11 3 .111 X. 
HG·1 1667 223.6 40.5 20.17 1<444 16.3 9• 18.5 11.06 101.7 20.61 3 .333 II 

HG. e 21 se 349.6 64 . 5 •2.1s 2249 24.•2'40.83 17.33 158 . 3 32.75 6 . 75 II 

MG ·4 2258 426.7 93 116. 3 4224 39.H' 36.83 26.83 274 . 2 40.67 5.667 I_!!_ 
MG., 2394 433. 3 112.1 133.3 4389 •s.s l 43 . 17 33.75 339.2 49 . 5 6 .917 )(1 

lEB·l • 37&8 1!>~5 1060 • 181.5 81.5 95.5 667.5 122 5 .5 X6 

LEB·2 2328 860.4 261 .3 191.3 5729 21 . 5 9 9.917 6 • . 75 12.42 0 . 25 X6 

CH • ~ 3008 625 171 192 6155 43.6 ' 27.5 2e.8 212 39.8 1.3 B 
EBS·1 ?278 ~70 136.4 162.3 5<85 -40.55 23.45 25.27 184 . 5 33.18 2.091 XII 

EBS·2 2s3o 552 12-4.4 206.5 6764 so 2 ' 24.3 2e.s 185 34.9 1.4 XII 

K ·1 3254 603.1 160 156.9 566-4 41 .88, 33.H 20.88 216.9 31.75 ? . 75 I 

HG • ~ 13<8 260. 6 39.5 21.33 1540 16.83 ' 25.83 10.72 99.44 19.28 -4 .333 II -ex.:! 2o4o 298.3 t25. 4 12o.8 4169 43.33 38.33 3t.oa 282.1 42.17 s.75 » 
X·7 4585 693 194 .8 192 6521 49.8 53 27 . 8 186 . .C 51..C 3.8 1 

Y-HG 1501 203.1 39 2-4.94 1745 24 .63 30.75 13. 19 128.4 17.69 3.5 • : 

HG • s 1955 376. 7 77.42 36.58 2769 24.83 40 16.92 152 . 1 30.33 5.083 16 

,_M~ 3208 597.!1 91.43 39.14 1911 15. 29 ~~:.14 .Jh7 ! ~ _?~.4 .5:'_! _£f_· 



pprndi 
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7. 
J g: Jnt~r-cJ ·m~nt onc~ntrati0n • it for ai asha Quarry ources 

(normalised a~a = nst zinc Zn ) 
~--·~--T~~~-.~~~~-lr~~~~---T=~T---.---r-~ 
pry N K _ ~~ T I t-M-::-n-:-=if":"":F-:-•~' ~~"":-CU--i-..:..R.::b~ .__:Y:__I--:::Zr~ Nb T h p tiC p 
He· 1 74 .86 10. 12 2 . 135 1.211 ;6 a7 · o C&6 £.&e 0 . 709 5. 7 44 -,-

2
-(-

6
;-

0
-

2
_

3
_

9
+-

11
-.:; 

HG • • 71 10. 11 2 . 303 1. 1& 1 ~:d8jo . oe1 t .~-;-;~-6-s-7;-s-. 7-7-5;-,-_..:.2_2 ..::.1 f·0:.._..:..::,9..::.2 r-.:..:"~ 
HC • :1 68 28 9 . 96S 2 . 1 67 1.' 2• ~7;:5-:-. 7~a;~. ::o~.o:3:-:'l:i-:,..:._=-o:.:s~.:o:.....6::.:::9~6.;..:c~~.~64~1..::..~ 1~~4~~0:.:...2.:.;2~1+-~,~ 

rH_G __ ·,4_8~2~·:..0~S~1~3~-~6~4~~1 .8::4~~~..:.-~19~f~S..:.9..::.3~!·~0~0~3~1 . 575 _0_6_0_5T-6-. 1-3-8T-1-.2-~-5~..:.0~2~2~4+--,~ 
OLB· 1 61.39 10. 11 1.735 1.13 ~C . SJ ! o 023 1. 497 0. 6 79 6 . 276 1.1?2 0.199 1'1 

HG • ~ 63.93 8 . 903 1.653 1.062 73 69!0 .035 1. 923 0 . 763 6 . 958 1 . 589 0 . 112 II 

OLB· 73.1 9 .835 2.132 1.158 €7 . 'J7 0 .029 1. 6 26 0 . 722 6.703 1.183 0 .234 1'1 

OLB· 70.22 11 .69 2 .023 1.107 €2 .28 0 .026 0 . 136 0 .605 5.807 1.035 0.193 I 'I 
KIB·t 98. 51 9.74 3.13 1.255 !3.38 0.113 2 .035 o.n8 7.857 1 . 204 o .2o8 

KIB·2 74.56 11.75 1.738 0.919 73 .99 0 . 042 1.413 0 . 669 6. 777 0 . 982 0 . 13 

KIB·3 71.H 8 .3H 1.59 1.006 71 . 59 0 . 054 1.467 7350 &. 798 0 .981 0 . 202 'I 
KIB·4 73.22 14 .58 2 . 238 0 .873 78 .02 0 . 043 1.449 0 . 694 6. 981 1.0<6 0.173 v 
KIB·5 84.28 10.11 2.502 1.053 72 0 .05 1 . 64 0 . 686 6. 926 1.028 0.18 'I 

KIB-6 7~.98 11.36 ~ . 24 0.861 11.69 0.051 1.517 0.681 6.467 1.006 0.199 'I 

OSE·1 58.61 7.153 1.049 1.854 75.97 0 . 021 1.563 0.708 6 . 764 1.063 0.153 V 

KN • 187.2 38.48 1.609 10.61 124 .8 . 2 . 935 0 .848 4. 522 1.674 0.739 VI 

OBA·~ 210.7 76.17 31.7~ 12.61 ::.a3.5 0.07 0.513 0 . 096 2.191 0 .348 0 .061 I 

OLF-1 110.3 18 .83 ~.775 3.184 131 .2 0 . 033 1.029 0 . 619 6.107 0.93 0 . 082 VII 

OLF·2 80.28 15.11 5.409 3 .238 138 0 . 029 0.918 0 . 5~8 5.516 0 . 961 0.107 VII 

HPF-1 218.4 43.73 4 . 228 1.949 ";62.9 0.101 3 . 582 0.013 5.81 2.177 O.tU D( 

GCL·1 162. 2 25.76 2 .082 1.~62 !9.37 0.082 1.88 0 . 538 3.12 1.209 0 .215 VII 

GCL·~ 108 .2 19.55 1.299 1.221 ~9.96 0.077 1 . 385 0 . 385 0.009 0 . 829 0.15~ 'Ill 

NB • ~ 151.9 22 .82 2.786 4 .256 50.85 0.068 2 .633 0 .615 3.667 1.325 0 . 231 « 
INB • ~ 214.3 ~2 . 5 3 . 01 2.61 129.7 0.1 2 .95 o .e6 4 .68 1.74 o.u « 
LD • 1 55.09 11.81 3.4H 4. 351 1H.7 0 .022 0.662 0.452 3.434 0.687 O.OH X 

LD ·: 43.73 8. 56 2.083 2.935 l00.7 0.013 0 .884 0 .623 6 .06 0.799 0.127 X 

ex- 1 39 7.862 2:681 3.ot2 97 .36 o.o2 o.953 o . 667 6.866 o.962 o.132 X1 

BX ·:; 42 . 3 7.861 2 .559 2.735 >8.18 0 .013 0.829 0.643 6.468 0.906 0.124 X1 

CH ·1 68.3 17.63 8 .352 5.754 193.4 O.OT7 0.(.(4 0.402 3.017 0.559 0 .036 X6 

K:H- :2 :>'~"7 11 .21 3 . 571 4.~79 ~•6. 9 • o . s~2 o . ~9s .. . o2s o.773 o.o41 x• 
ee · t 57.49 11 .38 3 .046 3. 455 125. 6 o.ou o .643 0.668 5.307 o .902 o .o46 n 
EB • .. 60. o9 >O.l1 2.91>7 3 . S-'~ 134. 4 o . o<'3 o . s73 o .681 5.013 o . s36 o.on x• 

1..._;-~___;;,_ 

~~~ -·1 tOl.? \'3.H 2.471 \ .<<H !..8. '1 O.C-(>1 t . 129 0.6n 6_._2_0_3_t-1._?_58-t0.20J II 
f--· --- ~-

~c ·a- as .~~ ,4.32 2.642 t.7St ~2. 1 o. o~, 1.672 0 .11 6.~85 1 .341 o.2n • 
~\G · '4 56.8 t~.J'~~ 2.':.?4 2.925 106.3 ~).(>25 0.927 0 .675 6 . ~97 1.023 0 .143 JO 

~G • 1 52.61 9. 52< 2 . <~3 1 .'i') !i6.41 0 . 0?? O.ft9 0.742 7.454 1.08 8 0 . \52 .J11 

LEB·1 79.96 

lEB· 2 108.3 

iCH·;~ ~8.99 

EBS·1 56.18 

EBS· 2 50.4 

K·177.72 

!tiC • E 80. 07 

ex-~ 47.08 

_____ .. --
20. 76 8 .568 5. 8( ~9$ .2 ().C,:>Q O.ISS 0 . 526 3 . 678 0 .672 0 .03 Ja 

.(0 ,02 12.15 8.895 ~66 . 5 0 .047 0 .419 0 .461 3 .012 0.578 0 .012 XI 

14 .33 3.922 4. 404 ~., . 2 o.o23 o .631 o .615 4 .862 o.9t3 o .o3 x• 
11.59 3 .363 4.002 t35 .3 o.o2s o .S79 o .623 4 .552 o .B18 o .o52 x• 

11 z.H8 4.114 134.7 o .o2 o.484 o .s28 3 . 685 o .69S o .o28 x• 
14.4 3.821 3. 7<6 135.3 0 . 024 0 .806 0.499 5.179 0.758 0 .066 I l 

15.48 2 .347 1.267 ~1.49 0 .059 1.535 0.637 5 .908 1.145 0 .257 II J 
6 .885 2.894 2.789 96.2 0.023 0.885 0.717 6 . 51 0 .973 0 .133 )0 I 

x • 1 9~.o1 13. 92 3.912 3.855 130.9 o.o2 1.064 o . sse 3.7~3 1.032 o.o7e t 1 
~~~~~r-~~~~~~~~~~~~;-~~~~;----;----T----1·-----
Y '-HG 60.95 8 .249 1.584 1.013 10.88 0.041 1.249 0 . 536 5 .216 7183 0.142 II I 

HG-978.72 15.17 3.1171.473111.5 0.04 1.6110.6816.1241 .222 0 .205 II • 

~0. 1 209.9 39.11 5.981 2. 561 125 0.065 2 1~7 0 766 4.402 1.'17 0 .?99 
~~~~~~~~~~~ 
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1 h: Jn le r -~Jcment conccnrratioi, ra~es fo r 'aivasha Quarry sources 

r - .----,--.,.-- (_n_o .... r_m_a_J .... i_sc_d aga ins 1 rubidium) 
pry N 



A pcndlx li: 
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J ntc r -t~kment concc:ntration ratios :or . 'ai' asha Q uarry sources 
(normalised again~ . ) 1rrium) o-;; ,~:~- ~- r-;,·- .-t.'.n -..-Ft' J cu - 2n - - -,---- -

Rb Zr Nb Th Pt iC p 

HC·1 10 ? . 5 142 7 301 1 8 13660093 1. 4 1 2:1518098 1.76 03l7 11 

HC · 2 10_8_:..!..~8 l !-06 .798 J S _ _! 0. 2~J_S?3 2 <!9 8 .779 1.86 o 292 J1 

HG • 3 105. 2 ~6 3 3~ 9 1.732 11_!_8 0 0 491 .5 41 2 .273 9 3_1 7 1.72 o 3 5 II 

HC • 4 13 5. 7 22 . S6 3 0 43 1.9€.9 14 2 ? 0 C49 1,65 4 2 60S 10. 15 ? 0 9 0. 3 7 11 

OLB-1 9 0. 0 1.C . 91 2 . 556 1 665 12 4 6 003 4 1.0 4 2?07 9 2 48 1. 6 5 0 2 93 IV 

HG·5 83.77 11 .67 2 . 167 1.392 96. S7 0026 _1.3 11 :L S2 9. 118 2.08 0 .1 6 " 

OLB- ~ 101.3 13.63 2 . 954 1.604 121.9 0 .041 1 .386 2. ~54 9.2e9 1.64 o.3 2s IV 

OLB·3 116 19.31 3 . 343 1.829 136 0 .043 1.652 0 .224 9.595 1. 71 0.319 IV 

KIB·1 130 12 .86 .C . 131 1.657 110. 1 0 . 149 1 3" .. "'86 7 u • c c .<> 10.3 1. 59 0. 27.C r 

KIB · 2 111 . 5 17 .57 2 . 599 1.374 110. 7 0 .063 1 . .C96 2. 113 10.14 1. 47 0. 194 V 

KIB·3 97 ,19 11 .35 2 . 163 1.369 97 . .C 0 .073 1.361 1.996 9.2-49 1.33 0. 275 V 

KIB -4 105. 6 21.03 3 . 228 1.259 112. 5 0 .063 1. 442 2.089 10.07 1.51 0 . 25 V 

: KIB-5 122.9 14.74 3 .65 1.536 105 0 .072 1.459 2.392 10.1 1.5 0. 263 V 

KIB--6 117.4 16.57 3 . 287 1.264 105.2 0 .074 1.~68 2.n1 9. 491 1.48 0. 2 92 v 

:OsE-1 82.75 10.1 1.48 2.618 107.3 0 .029 1.412 2.206 9. 5.C9 1.5 0. 216 V 

)<N ·1 220.8 45.38 1.897 12.1 1<47.2 • 1.18 3.462 5.333 1.97 0.872 Y1 

OBA· ~ 2203 796,4 331.8 131 .8 4009 0 . 727 10.45 5.3E4 22 . 91 3. 64 0 .636 I 
1
0LF-1 178.3 30.43 7.715 5.1<6 212 0 .053 1.616 1.1.'>62 9.868 1.5 0. 133 VII 

:oLF-2 l46.5 27 .56 9.87 5.909 251.9 0 .052 1.825 1.675 10.06 1.75 0. 195 Yfl 

,HPF-1 3E~07 334 15C • ~ 79 283 459 172 9 lX 

:ccL-1 301.5 <e7 .88 3 . 871 2.718 166.1 o . 153 1.859 3 . 49• 5 .8 2.2s o.4 v. 
'ccL-2 281.<4 50 .83 3 .378 3.189 a5. 9 0 . 2 2 . 6 3 . 6 o .on 2. 16 o.c v. 
NB ·1 246.9 37 .08 .C.S28 6.917 147.6 0 . 111 1.625 1. 278 5.958 2 . 15 0.375 lX 

1'48- ~ 249.1 49 . • 2 3 . 5 3.035 150.8 0 .006 1. 163 3.43 5. 442 2 .02 0 . 209 « 
:t,o. 1 121.9 26. u 1 .698 9.629 320. 1 o .o5 2 .213 1.465 7.599 1.52 o.1o• x 
'Lo • ~ 70.17 13. 7.C 3 . ~43 4. 709 161.6 0 .02 1.605 1.419 9.724 1.2& 0.204 X 

BX ·1 58.51 11 .79 ('.on .C .592 146 0.03 1 .5 1. 429 10.3 1.44 0.198 » 
,BX ·4 65.82 12.23 3 . 982 4.256 152.8 0 .021 1.556 1. 29 10.07 1.41 0.193 JIJ 

CH ·1 169. 8 43 .82 20. 76 14 .31 480.8 O . O•U~ 2.486 1.104 7.5 1.39 0 .09 U 

'cH- 2 99.71 18. 9 s . 989 7.51 2.C6 .3 • 1.677 o .875 6. H9 1 .3 o . 068 n 
'ee -1 86.04 11.02 .c . s58 5.17 188 o .o2 1.497 o .9 63 7.942 1 .35 o . oG8 n 
IEB. 2 8 9.53 15.13 4 .317 5.208 197 . 2 0 .034 1.468 0 .!42 7 .359 1 . 23 0.106 Ja 
1
HG ·7 150.8 20.23 3 .663 1.824 130.6 0 .091 1. <82 1.673 9.196 1.86 0.302 • 

1
HG • 8 124.5 20.17 3 . 721 2.466 129.7 0 .058 1.4 09 2.3 56 9. 135 1 . 89 0 .389 II 

~G • 2 e.C.15 15.9 3 . <66 4 .332 157 . .C 0 .037 1. 481 1.373 10. 22 1.52 0.311 )I 

~c -1 70. 93 12.ec 3 . 321 3.951 130 o .o3 1. 348 1.279 10.05 1 . 47 0 .205 » 
LE8·1 152 39. <45 16. 28 11 . 1 370. 9 0 .011 1.901 0 . 8~4 6 . 99 1.28 0.058 XI 

· lE8· 2 234.7 86 . 76 26.34 19.29 577 .7 0 . 101 2. 1&8 0 . 908 6 . 529 1 . 25 0 . 025 Ja 

icH- 3 112.2 23.32 6 .381 7.16.C 229. 7 o .o37 1.627 1 . o~6 7. 9t 1 . 49 o . 049 x• 
EB$·1 90.\3 18. 6 5 .3 96 6.421 21 7 0 . 04 1. 604 0 . 9?8 7 .302 1 . 31 0 .083 X. 

EBS·2 95. H 20.83 4 .694 7.783 255.2 0 .038 1.894 0 . 917 6 . 981 1.32 0 .053 X. 

K • 1 155. 9 28.89 7 .665 7.515 271 .3 0 .0<8 2.006 1.617 10.39 1 . 52 0 . 132 I 

HG • 6 125. 7 2.C . 3 3 .6!4 1.99 14 3 .6 0 .093 1.57 2.409 9.27 5 t .8 0 . 404 II 

BX • 3 65.63 9 .598 4 .035 3.887 134.1 0 .0 32 1.394 1.233 9 .075 1 .36 0.185 Jl 

X • 1 164 . 9 2• . 93 1 .001 6.907 234 .s o . o 36 t. 791 1. 907 e . 705 1 .85 o.137 1 

Y-HG 113.8 15.<4 2 . 957 1.891 132 .3 0 . 076 1.867 2 .332 9 .739 1.34 0 . 265 II 

HG ·9 115.6 22.27 4 .576 2.163 163.7 0 .0 59 1..C 68 2.365 8 . 99 1.79 0 .301 II 

~~ • 1 _2!_~ 51.0• 7.805 3.342 163. t o .o~~JdO~ 3 .598 5 . 74-C 2 .05 o .39 _ _g:__ 



Jj: 
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Jnlcr-dcmcnt concenlr3tiC'n rat os for aivasha Quarry sources 
·- (normalised ac:~inst 1i rconium )__ 

f?ry N, __ ~ 11 Mil F•• CV Zn Rb - Y Nb Th PtiCp 

HC·I1303 1. 7610372 0?22 16~6 0 .0 11 ~<4 0 . 1~ 0 .11 4 0217 OC42 11 

HG ·_:1 12 . 29 1 76 0 399 0 20!> 1!> 37 0 OH 0. 173 0 283 0.114 0 2\2 0 033 II 

HC·_J 11 . 29 1.6 <8 0358 0 . 186 11 !>3 000 5 0. 165 0 .244 0 . 107 O.le4 0038 II 

HC-413372?22 0 . 3 0 .194 _1 <4 000!>0.1630. 2570.0990 . ~0600J7 II 

Ol8 · 1..!:..?..!_3 1.612 0 276 0 . 18 13.47 0 Ot'4 0 1_~9 0 . 239 0.108 0.179 0 03&' IV 

HG · 8 . 188 1.28 0 .138 O.HJ 10.59 0 005 0.1-u 0 .276 0 . 11 0 .?28 0 0~8 II 

OLB-~ 10. 9 1.~67 0 .318 0.173 13.12 0 .004 0.1<49 0 . 243 0.108 0.177 0 .035 IV 

OLB· 12.09 2.012 0 .348 0.191 14.17 0 .005 0. 172 0 .023 0.104 0.118 0033 IV 

1<18·1 12.54 1.24 0 .398 0.16 10.61 0 .01( 0 . 127 0 .259 0 .096 0.153 0 .028 v 
KIB -2 11 1.733 0 .256 0.136 10. 92 0 .006 0.1<8 0 . 208 0 .099 0 . 145 o .ou V 

1<18·3 10. 51 1.?27 0 .234 0.148 10. 53 0 .008 0.147 0 .216 0.108 O.tH 0 .03 V 

I<IB-4 10.C9 2.089 0 .321 0 . 125 11.18 0 .006 0.143 0 .208 0 . 099 0 ,15 0 .025 V 

KIB·S 12.17 1.<459 0 . 361 0.152 10.4 0 .007 0.144 0 .237 0.099 0. 149 0 .026 V 

'XlB·f 12.37 1.756 0.3<6 0.133 11.09 o .oo8 0.155 0 . 235 0.105 0. 156 0.031 V 

OSE·1 8.665 1.058 0.155 0 .21• ff.23 0 .003 0.1<8 0 . 231 0.105 0.157 0 .013 V 

KN •1 41.39 8. 51 0 .356 2.2t9 27.6 • 0.221 0 .649 0.188 0 .37 0.1H VI 

OBR· ~ 96.15 34.76 14.<8 5.754 175 0 .032 0.456 0 .234 0 . 044 0. 159 0 .018 I 

OLF·118.07 3 .08<4 0.782 0 . 522 21.48 0 .005 0.1&4 0.169 0.101 0.1S2 0 .013 VII 

OLF·~ 14 .55 2.739 0.981 0.587 25 .02 0.005 0.181 0 . 167 0 .099 0.174 0 .019 VII 

HPF·1 37.59 7.527 0.728 0 .336 28.04 0 .017 0.172 0 .617 0.002 0.375 0.02 IJ( 

CCL· I 51.99 8.256 0 .667 0.<459 28 .64 0 .026 0 .321 0 .602 0.112 0.387 0 .069 VII 

CCL-~ • 2288 152 143. 5 7015 9 117 162 H 97 18 VII· 

NB ·1 41.<43 &.22<4 0.76 1.151 24.78 0 .019 0.273 0.7HI 0.168 0.361 0.063 /)( 

NB • ~ 45.78 9 .0&1 0.643 0.558 27.71 0 .021 0.214 0 .63 0 .18 4 0.372 0.039 IJ( 

LO ·1 16.0<4 3.H 1.013 1.257 42.12 0 .007 0.291 0.193 0.132 0 .2 O.OU X 

LD-~ 7.2171.413 0 .344 0.4e4 16.62 0 .002 0.165 0.146 0.103 0.132 0.021 X 

ex -1 5 . 681 1.145 o.'391 o.Hs H.18 o .oo3 o. 146 0.139 o.o97 o.u o .o19 XJ 

ex· • &.5<4 1.215 o . 396 o.•23 1s.1e o.oo2 0.155 0.128 o.o99 o.H o.ou X1 

CH ·1 22. 64 5.843 2.769 1.907 E4.1 0 .006 0.332 0.147 0 . 133 0.185 0 .012 XII 

CH·~ U.77 2.8 0 .887 1.113 36.49 • 0.2•9 0.;3 0.1'8 0.192 0 .01 X1l 

EB·1 10.83 2.1H 0 .574 0.6S1 23.67 0.003 0.188 0 . 121 0.126 0.17 0 .009 X6 

EB·~ 12.17 2.056 0 .595 0.708 26.8 0 .005 0 . 2 0. 1H 0.136 0.167 0. 014 XII 

HG • 16.4 2.2 0 .398 0.198 14 . 2 0 .01 0. 161 0. 182 0.109 0.203 0.033 II 

HG ·! 13.63 2.208 0.407 0.27 14 . 2 0 .006 0. 1S.C 0 .258 0.11 0.207 0.043 II 

MG -~ 8 . 236 1.556 0.339 0.424 15.41 O.ON O. HS 0.134 0 .098 0.148 0 . 021 X1 

MG·1 7 .058 1.278 0 .331 0 .393 12. 94 0 .003 0 . 134 0.\27 0.1 0.146 0 .02 X1 

lE8·1 21.74 5.644 0 .33 1.588 53.07 0 .002 0.212 0.124 0.143 0.183 0. 008 XI 

LEB· ~ 35. 95 13.29 4.035 2.9~4 88.<47 0 .015 0.332 0.139 0.153 0. 192 O.OC4 XI 

CH·3 14.19 2.948 0.807 0 . 906 29.03 0 .005 0. 206 0.13 0.126 0.188 0 .006 X1l 

EBS·1 12.3<4 2.547 0.739 0 .879 29.72 0 .005 0 .22 0.127 0.137 0. 18 0.011 XII 

EBS·2 13.68 2.9e4 0.672 1.116 36.56 0 .005 0.271 0.131 0.143 0.189 0.008 XII 

:. K • 1 15.01 2.781 0.738 0.723 26.12 0 .005 0.193 0.156 0 .096 0.146 0.013 I 
• HQ ·E 13.55 2.62 0.397 0 . 215 15.49 0 .01 0.169 0.20 0.108 O.U4 O.OH Jl 

BX-Ol 7.232 1.058 0.445 0.428 14.78 0 .004 0 . 154 0.136 0.11 0.1S 0.02 X1 

X·? 24.6 3.718 1.045 1.03 :!<4 .98 0 .005 0.267 0.284 o.H9 0.276 0 .02 7 

Y·HG 11.69 1.582 0 .304 0.194 13. 59 0 .008 0.192 0.239 0.103 0.138 0.027 II 

HG·S \2.85 2.<477 0.509 0.2<41 18.21 0.007 0.163 0. 263 0.111 0. 2 0.033 II 

_MD· 1 47.68 8.885 1.359 0.582 ~~-·- 0.01_ 5 0.?!1.. 0.626 0.174 0.357 0.0&8 IJ( 
• ,;1 
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lk: In ler-d mcnt conc~nlralio n rat:os for , 'aivas ha Quarry sou rces 
r---,----...-(_n_o_r,..m_a_J _i, sr_d ___ ar~~ t__!l). o_b_i u m) __ 

fory N K C-l n M" f t• Q/ ln Ab Y zr Th P•1Cp1 

HC •1 60. 1 8 . 1? 5 __!_. 7_!_4 I 0? ~ 77 .7 6 0 0$3 0.803 1 339 0 5£9 4. 61 1 0.19 7 II 

HG • !.8 . 13 8 3 ?3 1.8_!_5 0 967 72 .69 0 06 7 0.81 9 j 1 . 338 o 538 • .7?8 0.157 J1 ) 

HC • 61 . 32 8 . 9 49 1. 9'6 1.01 68. 06 o.o1 9 o.ess! 1 .a;s o .seJ so o 20• 11 

HG • 4 64 .87 10. 78 1. 454 0 9 <1 6 7 94 0 024 0 .791 1.2<S o . • 78 4 . l'S3 0. 177 II 

0 LB ·1 54 . 6 9 1 ~ .....;1:..:.. ::..5 c_6,_1_0:_0~7-t-7-:5-:3:-:l 'i-=0:..:.. 0::.:2:..1TO~. e::..:9:_:1{..!.t .:.::· 3~3:,::4+::0..:..:. 6~0::.,:5~5:..;. . .::..:S 9~1 0 . 17 7 JY 

liG • l 40. 24 5 .6 0 4 1.041 0.66 9 46 3~ 0 .022 0.63 1.21 0 . <8 4 .38 0 .0 77 • 

OLB-! 61 . 7& 8 .313 1.802 0.9 78 74 . 35 0 . 02S 0 .845 1 1.375 0 .61 5.666 0 . 198 IV 

OLB· &7 . 87 11 .3 1.955 1.07 79 . 53 0.025 0.967 · 0 . 131 0 . 585 5. 613 0 . 187 IV 

KIB·1 81.85 8 .094 2 .601 1.043 69. 28 0 .09• 0 .831 1 1.691 0 . 63 6 .52 9 0 . !73 V 

KIB·2 75.94 11.~6 1.77 0 936 75 .35 0 .043 1.018 1 t.•39 0 . 691 6 .902 0 . 132 V 

KIB-3 72 .81 8 .505 1.621 1.0?6 72 . 97 0 .055 1.019 11.495 0 . 7 49 6 . 9? 9 0 .206 y 

KIB-4 69. 97 13 . 93 2.139 0.8:!4 74 .56 0 .041 0 .956 : 1 .385 0.663 6 .672 o . 166 1'V 
KIB· S 81.96 9 .828 2 .433 1.024 70.02 0 .048 0. 973 11 . 595 0 .667 6.735 0 .175 Y 

Kl8·8 H.48 11.29 2 . 226 0.856 71.N 0 .05 0.994 l 1.508 0 . 617 8 . 426 0 . 198 Y 

OSE·1 55.16 6.732 0 . 987 1.745 71.5 0 .02 0. 941 1 1 . H1 0 . 667 6.366 O. fH Y 

I<N ·1 111 .8 22.99 0.961 6. 13 74.55 • 0.597 1 1.753 0 . 507 2. 701 0 . 442 Y7 

Q_BA~~ 605.8 219 91.25 36 .25 1103 0 .02 2 .875 1 1.<175 0 .275 6 .3 0 . 175 I 

OLF·1118 . 6 20. 24 5.132 3.H3 141 0 .035 1.075 11.106 0 . 6 6 5 6 . 564 0 ,088 VI• 

OLF-~ 83. 56 15. 72 5 .63 3.37 143.6 0 .03 1.041 10 . 956 0 . 57 5.741 0.111 Y/1 

HPF·1 100.3 :1:'0. 09 1.942 0 .895 74 .83 0 .047 0.459 1.64 5 0 . 006 2.66 9 0 . 052 IX 

GCL·1 134.2 21.31 1.723 1.209 73 .93 0 .068 0 .827 11 . 555 0.445 2. 581 0 . 178 VI 

GCL·~ 130.5 23.58 1.567 1.479 72 .32 0 .093 1.206 1 1 .67 0 . 46<1 0 .01 0 . 186 VII 

~B ·1114.7 17.23 2 . 1o3 3 .213 &8 .58 o .o52 o.755 1 1.987 o . •65 2. 768 o . l74 IX 

~B -~ 123.1 24.43 1.73 1.5 74 .54 O. OSB 0 .575
1
1.695 0.494 2 .69 0 . 103 IX 

0 • 1 80.21 17.2 5.065 6.336 210. 6 0 .033 1.456 ~ 0 . 9~4 0.658 S 0 .068 X 

LO • ~ 54.H 10.71 2.608 3.6H 126.1 0 .016 1.252 1.107 0.78 7.585 0 .159 X 

BX ·1 40.55 8 . H3 2:1e1 3. 183 101.2 0 .021 1.04 
1
0 . 991 0 . 693 7.138 0 . 138 XI 

BX·~ 46 .69 8 .676 2 .824 3.019 108.4 0 .015 1.104
1
0 . 915 0 . 709 7. 139 0 . 137 » 

CH ·1 122. 3 31.55 14 .95 10. 3 346. 2 0 .03 1.79 , 0 . 795 0.72 5. 4 0 .065 X. 

!cH. 2 76 . 91 14 . 57 4.619 5.792 189. 9 - t .293 ' o . &75 o.n1 5. 205 o .o53 n 
EB ·1 63.72 12 .61 3 .375 3 .829 139.2 0 .015 1.108 ' 0 . 713 0.741 5.882 0 .05 X. 

EB ·2 73 12.34 3 .569 4.2<6 160.8 0 .028 1.197 0 .6 8 6 0 . 815 6 0 .086 X• 

HG-780.89 10.851 .965 0. 978 70.05 O.OU 0.795 . 0 . 898 0.536 4.933 0 . 162 • 

HG ·! 65.89 10.67 1.97 1.305 68.66 0 .031 0 .746 ' 1.247 0 . 529 4.835 0 .206 II 

.4G ·2 55.52 10. 49 2 .28) 2 .859 103. 9 0 .025 0 .978
1
0 . 906 0 . 66 6 ,742 0 . 139 )11 

.4G ·1 48 .36 8.7S4 2 .264 2.694 88.67 0 .02 0 .919 ' 0 .872 0 . 682 6 . 852 0 .14 )11 

LEB·1 11 S1 30.88 12.75 8.6e9 290. 4 0 .008 1.488 0 .676 0 . 783 5 . 471 0 .045 )a 

LEB· 2 187. 5 69.3 21.oc 15.4 •&1.4 o .o81 1.732
1 o.n5 0.799 5 .215 o .o2 ;a 

k:H .1 75 .58 15.7 4 .297 4.e24 154.6 o .o2S 1.096: 0 .691 0 . 673 5 .327 0 .033 X. 

EBS.1 68 .64 14.16 4.11 4 .89 165.3 0 .03 1.222 ' 0.707 0.762 5 .562 0 .063 D 

ees-2 72.49 15.82 3 . 565 5.917 193.8 o .o29 1.43e ' o .696 o.1s9 5.301 o .o4 x• 
K • t 102. 5 19 5 .039 4. 941 178.4 0 .032 1.319: 1.063 0 . 658 6 .831 0 .087 I • 

HG -e 69.91 13.52 2.049 1.107 79 .88 0 . 052 0 .873t 1 .34 0 . 556 5. 159 0 .225 II 

\ ex-~ 48 .38 7.o75 2 . 974 2.857 98.86 o .o24 1.028ro . 9o9 o.737 6 .69 0 . 136 » 
X. 7 89.2 13.48 3.79 3 . 735 126. 9 0 .02 0 .969 1 . 031 0 . 541 3 .627 0 .074 t 

Y·HG 84 .86 11.48 2.205 1.41 98.67 0 .057 1.3U 1.739 0.746 7 .262 0 . 198 II 

HG -~ 64.45 12.42 2. 552 1.206 91.28 0 .033 0 .81S 1.319 0 . 558 5 .014 0 . 168 • 

MD-1 _133..:7~4.91. ~ . 8t 1.631 79 .61 0 .042 O~S3? 1_.,1}~._2-•88 ? .80 4 0 .1 91 « 
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~Appendix 11: lnter-eJemcnt concc.:nlratjon ratios for ~3ivasha Q-uarry ource·s 

(normalist>d agains t th oriu m) 

~ry N _ ~ Tl ~! n __ ~ CV Zn Rb Y Zr Nb PtiGp 

HC ·1 313 6 •~ . 39 8 . 9 < ~ S3t8 <~ 05.7]0 . 275 4. 188 6 . 986 2 971 2•06 5217 11 

HC-_2 370 S2 .98 12 61~4 46?. 7 10 . 423 s~\2 a• 1'1 
C • .> 19 3 . 4 2) J0. 1 6 365 I• 

HC ·_3f 300. 9 43 .91 9 , 547 • 953 333. 9 O.H 1 (.4 06 6 . S 2 859 ~6 £ 4 • 906 11 

HC·,366. 5 60.92 8 217$.317 383 8 0 . 133 4. • 6 7 7 .033 2 . 7 27. • 2 S&S II 
0LB·1 308 . 5 S0.83 8 . 7 ~ 8 S.__68 H4 .8 0 . \15 5 .026 7 . 5?6 3 . .C1 3154 5 .641 

HG ·! 523.1 72.86 1 :\ . ~~ 8.939 603. 1 0 .286 8 . 1e• 15. 73 6 . 245 56.94 13 

OLB·• 311.8 41.95 9 .094 4.938 3?5.2 0 . 125 4 .266 6 . 938 3 .078 ?8 .59 5 .0H 

OLB· 363.7 60.52 10.48 5.731 426.1 0 . 134 5 . 179 0.703 3.134 30.07 5 ,358 

KIB-1 474.1 46.88 15.06 6.0 42 401.3 0 . 542 4.813 9 .792 3 .646 37.81 5 .792 

KIB·2 575.7 90.7 13 .42 :'.093 $71.3 0 . 326 7 .72 1 10.91 5 .163 52.33 7 .581 

1<19·3 353.8 o.33 7.875 c.9e4 354 .6 o .266 4.9S3 7 .266 3 . M1 33.&7 • . 859 

1<18-.( 422.3 84.11 12 . 91 5.036 450 0 . 25 5. 768 8 . 3H .c 40.27 ~.036 

KIB-5 ~67.6 sG.oa 13 .sa s.eo 399.5 0 . 275 5.549 9 .098 3 . 804 38.43 s .7o6 

~ .C02.5 57.14 11.27 4.333 360.7 0 . 254 5.032 7.635 3 .• 29 32.54 5 .064 

OSE-1 383.6 <6.82 6.8!4 12. f4 497.3 0.136 6.546 10.23 4 . 636 .C4 .27 6 . 955 

~N • 253.2 54.06 2. 177 13 . 88 168.8 • 1.3$3 3.971 1.147 6.118 ~ . 265 

IV 

II 

IV 

IV 

v 

v 

y 

v 

OBR-? 3461 1251 521.4 207.1 6300 1.143 16.43 8.429 1.571 36 5 .714 I 
OLF·t 13<46 229.8 58. 25 38 .85 16001 0.4 t2 .2 12.55 7 . 55 74 .5 11.35 VII 

OLF·2 752 H1.5 50.67 30.33 1293 0 . 267 9.367 8 .& 5 . 133 51 .67 t 

HPF·1 1917 383.9 37.11 17.11 H30 0 .889 8.778 31 . .C.C 0.111 51 U .11 

GCL·1 753 .8 119.7 9.677 6.79 4 415.3 0 . 382 4.647 8 . 735 2 .5 14 .5 5 .618 

GCL·2 703.5 127.1 8 . .CH 7.972 389.7 0.5 6 .5 t 2 .5 0 .056 5 .389 

NB ·1 658 . 3 98.89 12 .07 18 . .CC 393.7 0 .296 4.333 11.41 2.667 15.89 5.741 

NB • ~ 1190 236. 1 16 .72 U.S 720.6 0.556 5.556 16.39 •.778 U 9 .667 

LO • t 1173 251.4 74 .05 92 .62 3079 0 . 476 21 .29 14.1 9.619 73. 1 14 .62 

LO • • 3H.9 67.5 16 .43 23.14 794 .3 0.1 7. 886 6 . 971 4 . 914 47.79 6.3 

ax -1 294.9 s9.45 20. t7 23.15 736.2 o . 151 7.562 1.2o6 5 .041 51 .92 7.274 

BX • 2 340.7 63.31 20.61 ?2 .03 790.7 0 . 108 8 . 0~4 6 .676 5.176 52.09 7 .297 

VII 

VI/ 

VII 

X 

X 
)(1 

)(1 

CH ·1 1881 485. 4 230 158 .5 5325 0 . 462 27 .54 12.23 11 .D8 83.08 15.38 D 

CH·<I t.CS7 276.1 87 .5 109.7 3598 • 24 .5 12.78 1.C .61 S8.61 18.94 H 

EB. t 1265 ?50.3 67 76 2763 0 .3 22 H.15 14 .7 116.8 19.85 X6 

EB • ~ e47.3 143.2 41 . 43 <9 . 29 1867 0 .321 13 .89 7.964 9.<64 69.6<4 11 .61 H 

HG·_1 500.2 67 .08 12. 15 6.05 433.2 0 .3 4.917 5.55 3 .317 30.5 6.183 II 

HC • e 319. 7 51.79 9. 556 6 .333 333.1 O. H8 3.617 6.0<9 2 .568 23.46 <4 .852 II 

MC·:i 3S8.S 75.29 16.41 20.51 745 . .C 0.177 7.015 6 .5 4.735 48.38 7.177 )(1 J 
MG-1 346.1 62.65 16.219. 28 634 .6 0. 145 6.578 6 .241 .c .u 49 .04 7.157 )(1 I 

LEB·1 2639 685 282.7 192.7 6.C.C1 0.182 33 15 17.36 t21..C 22.18 XI I 

lEB~ 9312 34H 10.CS 756 • .C 86 36 39. 67 259 49.67 )(J 

'CH -~ 2314 .C80.8 131.5 147.7 4735 0.769 33.54 21.15 20. 62 163. 1 30.62 XII 

EBS-1 1089 224 .8 65. 22 77 .61 2623 0.478 19.39 11.22 12.09 88.26 15.87 XII I 
EBS·2 1807 394 . 3 88.86 147.5 4831 0.714 35. 86 17 .36 18.93 132.1 24 .93 XII 

K·1 1183 219 . 3 58.18 57 .05 2060 0.364 15.23 12 .27 7.5~1 78 .86 11.55 I • 

HG·_fi 311 60.13 9. 115 4 .923 355.4 0 .231 3.885 5.915 2.474 22.95 4 • .(49 II 

'ex-~ 354 .8 51.88 2 1.81 21.01 12s o. 174 7.536 6.667 s .• o6 •9.06 7 . 333 » 
X·? 1207 182 .• 51.26 50.53 171 16 0.?63 13.11 13.95 7.316 49 .05 13.53 1 J 

~-HG H8.8 58.04 11.14 7.125 498 . 7 0 .276 7.036 8.786 3. 768 36.7 5 .054 II I 
~G·9 384.7 74.115.237.197 544.7 0. 197 <4 .885 7.869 3 .328 ~9.92 5.967 II 

t.IO • 1 7_01.7 13Q._8 20 8 .S63 <418 0 .219 3.3H 9.219 2.563 14.72 5 .25 IX 
..:.;l:'.:;_..:J...~;...:..;..----=u-__;;....;..,. -'---'-'---'-''-=.;.;;.o..;.;.;:;..;_;..a..;;.:.;:;..;_;...o __ :..~~ ...... - --
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