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Abstract

The eruption of xendic material during large explosive eruptions, at any volcaupply

vital samples of the suburface lithologiesipon which it is built, which in turn provides an
indication of the evolution of the volcanic complex, in particular the volcanic condaiyma

storage zones and crustal / mantle lithologies. This is particularly important at alkaline
OFNb2ylFGAGS O02YLX SESa 6KAOK | NB (y26y (2 KI ¢
zones of alteration through fenitisation processes. As the onlyweadaarbonatite volcano on

Earth and also the unusual nature of Oldoinyo Lengai, Tanzania, it is an excellent study site to
better understand the generation and chemical influence of carbomiate melts and fluids

from source to surfaceThis studyhas dtempted to better constrain the subolcanic
environment, the source of the carbon within the material and the processes which lead to the

formation of such unique rocks.

Using geochemistry, isotopic studies and fluid inclusidims, thesishighlights theimportance

of fluid circulation within thevolcanic systemboth at the surface but also within the sub
volcanic mantle leading to metasomatised material rich in carbon and alkali elements from
which natrocarbonatite and potentially kimberlitic materiautd be derived. Almost all of the
geochemical evidence and composition of fluid inclusions trapped within $editaureoles
indicates a mantlalerivation of carbonatitic material with isotopic signatures typical of the
preeRS ¥ A y S R-0 & KThepniatiieSof the fluids is also investigated using trace element
modelling and argued to be both carbonatitic and siliceous in qriginich have been
circulging within the mantle beneath the Gregory Rift since before the establishment of

Oldoinyo Lengai.

These hemes of research are discussed in terms of the genesis of natrocarbofatitssing
upon the notion that it may be an evolutionary feature of Oldoinyo Lengai rather than a

constant eruptiveproduct.
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Chapter 1 zAn introduction to the carbonatites of the East African
Rift and Oldoinyo Lengai.

1.1. Carbonrich igneous melts: Carbonatites
1.1.1Subdivisionsfaarbonatites

Carbonatites are allocthonous igneous rock unifkey can occur as intrusiyeextrusive,
hydrothermal or replacements bodies and contain more than 50%, by volume, primary igneous
carbonate minerals derived from carbonate magr(ttreckeisen, 1980, Le Maitre, 2002,
Woolley, 1982)However, carbonatiteshave recently been redefined using a mineralogical
genetic classification, which resulted in their division into two groups: primary carbonatites,
and carbothermal residuéMitchell, 2005) Using this classification, primary carbonatites can
be divided into groups of magmatic carbdibes that are associated witlephelinite,
melilitite, kimberlite and other mantlelerived magmasformed at different depths in the
upper mantle by different degrees of partial melting. Carbothermal residua carbonatites,
according to Mitchell (2005), afmrmed from lowtemperature fluids derived from magma
bodies, which are dominated by ¢€®ut also contain KD and fluorine.The primary
carbonatitesare further subdivided into

9 calciecarbonatitesg sovitesif coarse grainedalvikitesif mediumto-fine grained;
1 dolomite carbonatiteg beforsite;

9 ferrocarbonatite¢ formed primarily of iroarich carbonate minerals;

1 magnesiocarbonatiteg main constituent is MgO

1 natrocarbonatite¢ composed of sodiuspotassiumcalcium carbonate.

Until the observation of drusive carbonateich lavas from Oldoinyo Lengai, Tanzania
(Dawson, 1962a)carbonatites were not accepted gwimary magmas but were instead
thought to be the result of limestone syntexis (decomposition of limestone plateaus or country
rock). This theory, however, had one major flaw in that field relationships of intrusive
carbonatites from across the globe indied that carbonatites were emplaced at
temperatures well below that required to cause melting of pure calcium carbonate

(temperature in excess of 1000°C), with a lack of thermal alteration of the country rocks into

14



which the carbonatite intruded. Only &it subsequent investigations into the isotopic
signatures and detailed petrographic studies was it confirmed that carbonatites could be

derived from primary magma®awson, 1962b, Dawson, 1962a)

1.1.2Tectonic setting ofarbonatites

Primarily, carbonatites are locad within stable, intraplate settingspver half of which are in
Africa (Figure 1), often occurring in peripheral regions to orogenic belts showing an apparent
link to orogeniceventsor plate separatior{Bell, 189, Veizer, 1992, Le Bas, 1987, Garson et al.,
1984) A detailed account of African alkaline igneous provinces and carbonatites can be found
within Woolley (2001)Carbonatite concentrations are generally associated with topographic
swells which can be u 1000km acrosqSrivastava and Hall, 1995, Le Bas, 19%ih over

half the African carbonatites spatially associated with the East Africa@/Rifilley, 2001) The
other carbonatite occurrences within Angola, Namibia andtis@drica are thought to relate

to major transform faults in the South Atlanijgvoolley, 1987)Theapparent confinement of
carbonatites tocontinentallithosphereled to the conclusion that the continental crust played
a vital role within the genesis of carbonatite magm@&ell and Blenkinsop, 1987kb3ince
isotopic evidence suggestsetderivation of these melts from asthenospheric dep(Nglson

et al., 1988)
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Figure 1.1 Global distribution of carbonatite complex@&/oolley and Kjarsgaard, 2008)
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The only carbonatites noted to not occur above continental lithosphere are the Cape Verde
exposureswhich overlay oceanic lithosphe(Siha et al., 1981, Hoernle et al., 2002, Kogarko,
1993, Jargensen and Holm, 200Bjowever, the discovery of carbonatite meltcarring as
interstitial pockets within dunite xenoliths from the Kerguelen Archipelégoine et al.,
2004) indicatesthat oceanic carbonatites may not be so rare and thia¢ role of the
continental crust in carbonatite generation is superficial. Areas of carbonatitic activity are
often long lived and appear unrelated to the migration of mantle plumes, suggestimga d

relationship between the lithosphere and carbonatitic actiyiBenge, 1994)

A more recent investigation into the role of the continental lithosphere, in particular Archaean
cratons, into the formation of carbonatites suggests that repeategmatism within cratons

is the result of reactivation of lithosphere lesions during global plate movements and not
related to fluctuating activity of mantle plume@Voolley and Bailey, 2012)sing African
carbonatite activity as a reference, Woolley and Bailey (2@12) corroborate spikes of
carbonatite activity with tectonic events which affected the entire African plate, placing the
entire anorogenic landmass under enormous stresses leading to brittle failure and the release
of melts into the cratonic lithospherélhe apparent sparsity darge carbonatite complexes
within oceanic areas is argued to be the result of a lack of thiokt awhich absorbs and
conserves large amounts of €@quired for large scale production. This is also combined with
a steeper geothenal gradient due to a thinner crust which hinders the liquid immiscbility

processegWoolley and Bailey, 2012)

1.1.3Temporal distribution ofarbonatite

Globally, there are around 52Farbonatite occurrence§Woolley and Church, 2008Yoolley

and Kjarsgaard, 2008, Woolley, 2004ith 49 of these being extrusive carbonatiteanging in

age from Archean to presenthe oldest dated carbonatites approximately\8007 million years

old, located in Tupertalik, Greenlan@ownes et al., 2012)Of the 49 known extrusive
carbonatites, 4 are calciecarbonatites, 7 are dolomitic carbonatites and only one extrusive
carbonatite is alkalingi.e. natrocarbonatite (Woolley and Church 2008bwever, recently It

has been argued that carbonatdearing lava flows are of relatively small abundaric
comparison tocarbonatite pyroclastigsvhichrepresent the majority of carbonatitic material,
occurring as a matrix in between clasts of silicate glass which contain carbonate globules

(Bailey and Kearns, 2012)Vith recognition of this particular form of carbonatisdicate
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volcanism, Bailey and Kearns (2012) argue that there are aré0@dvents within Europe

Ff2yS KE@OS y2id 0SSy AyOtdRSR Ay 222tt88 FyR

Carbonatites tend not to occur as single rock units but rathepa$ of a suite of alkaline
igneaus rocksand so can be found in association with alkaline silicate rocks. A summary of the
assocated rock units from Woolley and Church (2D@%early shows that nephelinite and
melilitite are the most common associated extrusive silicate rotlesley ad Brey (2004)
argue that the relationship between carbonatite and silicate units could be due to the ascent
of carbonatitic fluid through peridotitic wall rock, resulting in compositional deviation away

from carbonatites and towards carbonated unekaturated silicate melts.

Despite the occurrence of carbonatites throughout the majority of geological periods since the
Archean, there has beean apparent increase in frequency with episodic clusters of activity
leading to the suggestion that conditions remed for carbonatite formation needed to be
established in the Archean and over time are becoming more widespread (Woolley T9&9).

was argued to be the result of the growth of continental crust from small nuclei landmasses in
the Early Archean towards present day extent around 1.8 Ga, suggesting that if continental
crust does play a role in generating carbonatite melts, the conditions required would have
been established in the Paleoproterozdi¢eizer, 1992)A consequence of this is that there
should not be an apparent increase in carbonatite formation over time from 1.8 Ga. Veizer et
al (1992) argue that the apparent increaisea preservation artefact with crustal erosion and
recycling of orogenic regions removing the topographic highs with which orogenic carbonatites
are associated. The authors calculate a half life of carbonatite bodies and the host rocks they
intrude into & ~445 Myr. All carbonatite units (orogenic and anorogenic) are easily weathered
particularly in comparison to their associated silicate rocks. For this reason it is likely that
carbonatite occurrences may appear to decrease the further back in geoldstaty you go.

This is even true for anorogenic occurrences which have multiple episodes of activity resulting

in an incomplete geological record.

The extrusive carbonatitesf Oldoinyo Lengawill be discussed within thihesiswith some
references madeéo Shombole carbonatite volcano and Kerimasi volcdie three volcanoes

are situated within the East AfricaRift, with Shombole being the northemost and located

on the border between Kenya and Tanzania the shores of LakMatron Kerimasi and

Oldoinyo Lengai are situated within Tanzania with Kerimasi being the southernmost volcanic
OSYGNB FyR 2FGSy NBFSNNBR (G2 +a htR2Ay&2 [Sy
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1.1.4Genesis ofarbonatites

The generation of carbonatite magma, especially that of natrocarbonatite, is a corgialve
and highly debated topic. The result of decades of research has resulted in three main theories
of genesis;
1. Residual melts of fractionated carbonated nephelinite or melilf@&tins and Jago,
1998, Gittins, 1989)
2. Immiscible melt fractions of G@aturated dicate melts(Kjarsgaard and Peterson,
1991, Lee and Wyllie, 1997, Kjarsgaard and Hamilton, 1988, Kjarsgaard and Hamilton,
1989, Brooker and Kjarsgaard, 2010, Brooker and Hamilton, 1990, Amundsen, 1987,
Church and Jwes, 1995, Freestone and Hamilton, 1980, Dawson, 1998, Moore,.2012)
3. Primary mantle melts generated through partial melting o-®€aring peridotite
(Harmer et al., 1998, Harmer and Gittins, 1998, Sweeney, 199gd&%and Green,
1988)

There are also a number of proponents for a combination of the above theories of genesis; for
example the generation of carbonatite liquids at depth formed from carbonated eclogitic
material, which infiltrates overlying mantle toegerate silicaundersaturated carbonate
bearing liquids which may penetrate the crust and subsequently evolve or upvaktey and
Brey, 2004)Bailey and Kearn (2012) also propose a petrogenesis theory fomine forms of
abundant carbonatitesilicate volcanism which suggests they are primary magmas sourced
from a depth of around 60 km due to the preserafedolomite but could potentially be from
depths >90 km for those units which contain dolomite. A primary nature is invoked due to the
transport of mantle material within these pyroclastic deposits and Mg# > 0.64 and so it is
argued that these magmas haveached the surface, their final emplacement, from the
mantle without modification (Bailey and Kearns, 2012However the authors also
acknowledge the evidence for liquid immiscibility in terms of the carbonate globules within the
silicate glass clasts, suggesting that two postésl must be considered; either immiscibility
occurs during ascent or the source region is charactertised by the presence of unmixed
conjugate meltswhich thenmingle prior to ascent. The presence of myplitase immiscibility
documented at both LimagneFrance and Kerimasi, Tanzani@rther complicate the

immiscibility method of formatiorfGuzmics et al., 2012, Bailey and Kearns, 2012)

A theory corresponding to primary carbonatite melts, but with a slight vamatiwas

introduced in 2003, which suggested thiéie source of carbonatitesis generatedin the
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lithospheric mantledy rising carbonatitic meltdfrom an ascending mantle plum&/hen these
melts reach higher levels they are stalled, due to a reduction mperature, gengating a
carbonatite netasomati®d horizon. As thanuch hotter cente of the plume approaches,
melting is inducedin the metasomatic horizon ancesults ingeneration of the carbonatite

melts that are doserved on the surfacgBizimis et al., 2003)

Although the above have emerged as the predominant methods of gerabiy, processes
have been discussed including anatexis of metasomatised basefimbgan and Martin,
1985) incorpaation of trona sediments [N&CQ)(HCQ).2HO] and remobilisation of
carbmate material already present on the volcan@kurch, 1995and references therein).
Each of these theories has received less supgitah the above and so has passed out of
favour. In recent years a different theory for genesis has emerged which proposes
natrocarbonatite, in particular, to be a cognate fluid condensate, i.e. a condensate of a co
magmatic fluid(Nielsen and Veksler, 2001, Nielsen and Vek&2@02) This theory will be
explored in more detail later in this chapter when reviewing Oldoinyo Lengai and

natrocarbonatite.

An important factor in determining which of the above methods generates carbonatites, is
characterising the parental unit fromhich they are derived and the pristine composition of
the carbonatites prior to their eruption. The latter is often a controversial matter as
carbonatites, like silicate melts, are subject to evolution through crystal fractionation and loss

of elements dudo fenitisation / metasomatism.

1.1.5What is meant by fenitisation and metasomatism?

Metasomatism is defined as a metamorphic process by which the chemical composition of a
rock or rock portion is altered in a pervasive mannéris can involvthe introduction and/or
removal ofparticularchemical componentand is theresult of the interaction of the rock with
fluids. During metasomatism the rock remains in a solid state. Fenitisation is a particular form
of metasomatism specifically related to the intrusiamf alkaline igneous units such as

nepheline syenites, carbonatites or ijolit€sharikov et al., 2007)

It is at this point | feel it is necessary to define what is meant fiyiéin the context of this

work. The term fluid can be ambiguousthin the literature, with some authorsising it to
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describe vadtiles in the system-O-H-SN (Navon et al., 1988)while others includenon-solid
phases such adissolved oxidefPearson et al., 2003for the remainder of this work the term

fluid shall be usedo refer to a volatilerich liquid also containing somesdolved solutes
(oxides, sulfates, carbonates, nitrates or halides). It is important to emphasise that these fluids

need not be aqueous liquids {Btbased) but may be carbonatitic liquids (fased.

The fenitisation process results in the alteration of the original country rocks to metasomatic
units which are primarily composed ofN& feldspars, nepheline, alkaline pyroxenes and
alkaline amphiboleqZharikov et al., 2007, Rubi@nd Gunter, 1983) The exact mineral
assemblage of the resulting fenite is of course controlled by the composition of the intruding
magma as well as the original composition of the country rqtksBas, 1987)The process
itself generates replacement aureoles of different grades of metasomatism and so different
mineral assemblagesThe outermost zones show the lowest degree of fenitisation and so
often contain relict minerals, whilst the inner zones can be completely replaced and are often
monomineralic. The products of fenitisation are thought to be determined by several
important variables including temperature, pressure, GOntent and the K/Na ratio of the
fluid (Rubie and Gunter, 1983)importantly the fenite aureoles of carbonatites are
recognisably dferent from those of ijolitt rocks, usually with extensive phlogopitisation,
feldspathisation and amphibolisation associated with carbonat{fRihardson and Birkett,
1996)

There are a number of geological areas which epitomise theigatiitn process, including that
of the carbonatite Fen complex, Norway, from which fenitisation derived its n@mdersen,
1988, Kresten and Morogan, 1986pwever it $ the early work on Alnd Island, Sweden, which
provides us with the first recognition of the influence of carbonatite intrusions on the
surrounding country rockEckermann, 1961, Eckermann, 8R4Eckerman (1948) observed
that the composite berforsitanelilitite dykes on Alno resulted in the generation of a-red
coloured fenitic unitwithin the country granitic gneisshat was adjacent to both the
carbonatite and the silicate portion of the kiy suggesting the fenitisation process was not

purely linked to the intrusion of the melilitite but also the beidde magma.

20



1.2. The carbonatites of Oldoinyo Lengai, Tanzania
1.2.1Geological context of the Gregory Rift and Oldoinyo Lengai

Oldoinyo Lengai sii® the East African Rift, part of the Afextensional regionThisdivergent
boundary is thought to be the result of the upwelling of astbgpheric mantle material
generating new land through magmatigi@un et al.2007, Ni and Helmberger, 2003, Nyblade
et al., 2000, Ritsema et al., 1999, LithgBertelloni and Silver, 1998yhe number of plumes
below the regioris subject to dbate; some scientists arguing for a single plume rising beneath
the triple junction pant of the triangle driving the separation of the Red Sea, Gulf of Aden and
the East African RiftWeeraratne et al., 20030pponents to this argue that there are multiple
plumes generating volcanism across East AfifiRzgers et al., 2000, Pik et al., 2006, Furman,
2007)

The East African Riftalley is aroun@700km long and varies in width from8 to 80km along

its length, stretching from the Gulf of Aden through Ethiopia, Kenya and Tanzania. The vertical
elevation of the rift can vary up 8 kmfrom the bottom of the valley and runs appdmnately

North ¢ South, with a divergence and eventual termination around Lake Victoria due to the
fracture-resistant nature of the underlying Archaean Tanzania Cré@awson, 2008, Dawson,
2010) A detailed geological review of the Tanzanian Craton is beyond the scope oEs8iss th
but in brief it is argued to comprise of six Neoarchean greenstone belts varying in age from
2823 Ma in the west to 2670 Ma in the northegdbtanya and Maboko, 2008The greenstone
belts casist of mafieintermediate volcanic units which have subsequently been
metamorphosed to greenschist / amphibolite facies. Due to its termination against the
Tanzanian Ctan, the southernmost section of the rift lacks distinct parallel rift features and
so is in fact a half gben structure with no clear eastern boundary. This fracturing within the
eastern branch of the rift, also known as the Gregory Rift, is accomphyitatge amounts of
volcanism, which égan in Ethiopia ~30 Ma ago slowly progressing into Kenya and lastly

Northern Tanzania ~8 M@awson, 2010)

1.2.2Stratigraphy of Oldoinyo Lengai

Oldoinyo Lengai is the onlytesion Earth actively producingatrocarbonatite and so naturally
has become a central focus for investigation into the formation of these exotic magmas.

Located in the Gregory Rift, Tanzania (Z435°54E) approximately 16km south of Lake
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Natron and rising to an altitude of 2960m, Oldoinyo Lengai forms an almost perfect
stratovolcano comprising predominantly of nephelinite and phonolite with minor carbonatite
material. The summit of the volcano m@ins two craters, north and south, separated by an
eastwest aligned ridge. Volcanic activity forming the Younger Extrusives of the Gregory Rift,
is thought to have started after the generation of the major Ne®buth fault approximately

1.2 Myrs agowhich now marks the western boundary of the rift vali@awson, 2010)The

onset of activity has been poorly constrained with age measurements altlest pyroclastics

(as determined by stratigraphic positioning) at 037.22 Ma(Bagdasaryan et al., 1973)

Richard (1942) and Dawson (1962) have written excellent summaries on the geology and
historical activity of Oldoinyo Lengai. The geology of Oldoinyo Lengai was first described by
Uhlig in 1907. Since then numerous authors have documented the vo(€auk, 1923, Reck

and Schulze, 1921, Dawson, 1962b, Dawd@62a, Goriatschev, 1968, Norton and Pinkerton,
1997, Richard, 1942¥%tratigraphically Oldoinyo hgai was first subdivided into the following
units (oldest to youngest) by Dawson (1962):

1. Yellow palagonitized tuffs and agglomerates of phonolite andheépite with
interbedded nephelinite / phonolite lavas.

Mica and pyroxene tuffs from parasitic cones and craters.

Black nephelinite tuffs, many of which are more than 200m thick.

Minor melanephelinite flows.

Variegated carbonatite flows.

o g M w DN

Modern natrocarbmatite lavas.

Much of the oldest stratigraphic unit is thought to have originated from the now extinct
southern crater and makes up 90% of the cone. All historic activity that has been recorded,
shows eruptions only from the northern crater, which is sgped into an active and inactive
section, by an ash saddle. Later studies of the volcanic structure by Klaudius and Keller (2006)
LINBaSyGdSR I Y2NB O2yRSyaSR A0GNY GAINY LIKAO & dz
previous work and structural assations;

1. Lengai k phonolite tuffs and phonolite lavas

2. Lengai Il & nephelinite tuffs and nephelinite lavas

3. Lengai Il B nephelinite tuffs, nepheline lavas, grey melilitiearing nephelinite tuffs

and carbonatite tuffs and lavas of the active northerater.
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The relationship between each of these units is shown below in FigR&lthudius and Keller,
2006) The authors argue that Lengai is in fact a composite of two different cones formed in
sequence afte a major sector collapse around 10 ka g#daudius and Keller, 2004bjhe
effect of this sector collapse will be dissed later in this review. The Lengai Il formation is
separated into A and B by a crater rim forming a visible unconformity indicating a change in
eruptive product during the construction of this later section. Overall Klaudius and Keller
(2004) estimatehat Lengai | forms around 60% of the present day cone, Lengai Il around 35%

and the carbonatites constitute only 5%.

Pyroclastics
Recent filling crater structure
Pre 1917 natrocarbonatites  Within Lengai Il B
natrocarbonatites
Lengai llB

Pyroclastics
1941-67
Lengai Il B

CWNs
Lengai 1 B

CWhs

i
Lengaill A Phanclites

Lengai |

1 km

Figurel.2: Cross section of Oldoinyo Lengai Upper cone showdogngtry and stratigraphic
relations of units(Klaudius and Keller, 2006)

1.2.3Geometry of Oldoinyo Lengai from 1960 to 2007

Previous reports on Oldoinyo Lengai state the altitude of the volcano as 2(8gamweru,

1988a) The eastern flank of the volcano has a deep amphithestigped collapse scar
(discussed below) known as the Eastern Chdkervyn et al., 2008a) This missing section
must be taken into account when estimating th@lwme of the volcano and so adds
uncertainty. Kervynet al (2008) using remote sensing estimate the cone volume a4t

with the collapse scar resulting in no more than 0.3kdifference. This volume is
intermediary to previous estimates of the volumenging from 30km(Donaldson et al., 1987)

to 60knT (Brantley and Kgeenick, 1995)
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The geometry of the active northern crater has changed dramatically over time and eruptive
cycles from a flat crater floor, with numerous hornito structures, to a deep crater after
expbsive activity, which is the present state. The northerrater has been observed by
numerous geologists and reports of activity by Nyamweru (1988, 1990) are excellent
summaries of the size and shape of the crater from 1960 to 1988. In the early 1960s the crater
was estimated to be elliptical in shape with mmieter of 503m by 640m and a depth to the
crater floor of 122m from the upper rifDawson, 1962a)At this pont the volcano was in an
effusive stage of aatity generating natrocarbonatite material which was contained within the
northern crater filling a previously created pit from prior explosive eruptions. Explosive
activity once again occurred at Lengai irgAst¢{ SLIJi SY0 SNJ mdpcc ITSYSNI A\
LIAG 0St 26 ((Kydmwera, K99@vithahedBveréical cratewalls which drop sharply

into the central pit. Nyamweru (1990) argues that the central pit only forms during the latter
stages of the expkive activity caused by subsidence along ring faults after exhaustion of the
magma column. fer the explosive actity the crater remained in a dynamic, unstable state
with numerous sites of slumping but without renewed effusive activity. The initiation of
effusive activity in 1983 once again began to fill the crater with natrocarbonatite material

raising the floor 3fh from 1983 to 1988, a volume of 1.3 X i (Nyamweru, 1988a)

1.2.4EruptionStyleg effusive and explosive

The eruptive style of Oldoinyo Lengsicharacterised by alternating periods (often months to
years) of effusive activity, primarily contained within the northern crater and upper flanks, and
explosive phases of Vulcanian / Plinian type volcanism lasting for shorter time periods of
weeks to nonths. The effusive activity is predominantly carbonatitic material whilst explosive
episodes can see the release of both alkaline silicate material and sodKelfdr and Krafft,
1990) During its effusivephases Oldoinyo Lengai generates natrocarbonatite via lava
fountains up to a few metres in heigliNorton and Pinkerton, 1997, Keller and Krafft, 1990)
from active spatter cones generating droplet lapilli. Lava flows from active vents are generally
small (<100 ) with low effusion rates (~0.3 81") (Kellerand Krafft, 199Q)Interconnected

lava lakes within the crater regularly overflow generating further lava flows which can top the
crater rim and extend a few hundred metres down the upper flanks. Keller and Krafft (1990)
report that during the 1988 actity the lava lake lost about 1000°nduring each overflow

cycle.
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The activity up to 1955 is well documented by Dawson (1962) and references therein. In the
last century Lengai has erupted explosively in 1917 which was large enough to remove the
thick vegetation from the flanks of the volcano. Minor eruptions occurred in 1921 and 1926
followed by a major eruption in 194Q 41 (Richard, 1942and smaller eruptions in 1954
(Guest, 1956)In 1960 observations made by Dawson (1962) indicated the continuation of
effusive activity in the nohtern crater. This activity was halted in 196&7 with a major
explosive eruption which cleared the northern crater floor, leaving an eruption pit
(Goriatschev, 1968, Dawson et al., 196&8jter this explosive eruption it is unclear whether
effusive activity esumed resulting in a quiescent period until renewed activity in 1983
(Nyamweru, 1988hbyvith further explosive eruptions. Since the 1983 eruption it is argued that
Lengai was then in atinuous stage of effusive activity (Keller and Krafft 1990) until the most
recent eruptins in 2006¢ 07, which began with typical natrocarbonatitic effusive activity
producing an unusually large volume lava flow down the western flank in April(R@b8yn et

al., 2008b) Efusive activity was contirally monitored by satellite measurements of thermal
activity up to June 200fVaughan et al., 2008)nd this period of unrest culminated in an
eruption which was suplinian in character and generated an ash plume up to 5km in height
on 4" September 2007. This period of explosive unrestQidoinyo Lengai continued from
November 2007 until midFebruary 2008 with low intensity ash emission and degassing. The
final parocysmal eruptions which generated eruption columns up to 15 km in height occurred

at the end of February 200&ervyn et al., 2010)

It is argued that the 2007 eruption may have been triggered by a malriman earthquake
swarm which originated near the volcanic centre of G@aier et al., 2008)Thought to have
been the result ofnormal slip on a deepeated blind fault (A. Church pers comms), the
volcanic swarm culminated in a magnitude 5.4 Earthquake, 2 days prior to the eruption of

Lengai.

The explosive eruption is thought to have started with eruption of natrocarbonatite ash
(Mitchell and Dawson, 200%yhich rapidly changed to emission of silicate material. Mitchell
and Dawson (2007) also argue that the material generated during this eruption is unlike any
YFEGSNRFE LINBaSyd G htR2Aye&2 [&difiddnthate bf iy A &
2F (GKS YF3AYlI&a LINBGA2dzate SNHUzZIISROPPDPE | f (K2 dZ
material as indicated above, i.e. a combeitevollastonite nephelinite lacking pyroxene, they
suggest its origin to be that of a hybrid magmaused by desilication of nephelinite.
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Desiliation would be generated by the input of a large volume of natrocarbonatite, either that
ocaupying the northern crater, added by thermal erosion and dissolution or magma stored
within the chamber. Once the twonagma types come into contact, decomposition and
assimilation of the carbonatite occurs resulting in the addition of Na and Ca to the nephelinite
changing the bulk rock composition with the replacement of pyroxene, which would now be
meta-stable, to melitite and combeite. Mitchell and Dawson (2007) question what causes the
thermal erosion of the crater natrocarbonatite? This would require the presence of silicate
lava close to the surface which should be degassed due to the reduction in pressure and so a
explosive eruption would not occur. Later work has suggested that a lack of altered
natrocarbonatite materials within the ash deposits indicates a lack of interaction with older

natrocarbonatite materia(Mattsson and Reusser, 2010)
1.2.5Debris deposits on Oldoinyo Lengai

The 2006 deposit is minor in comparison to larger deposits presenndrthe volcano. These
deposits, termed Debris Avalanche Deposits (DADs), have been extensively investigated by
Kervyn et al (2008). Hypothesised to be more mobile thanvaaoanic landslides, DADs can
travel up to 100 m$ and cover areas up to 1000 kmRecognised by their hummocky
morphology and by use of remote sensing, Kervyn et al (2008) believe that three DADs
emanate from Oldinyo LengaiKigure 1.3; labelled Zebra, Oryx and Cheetah DADs in Figure
1.5(Klaudius and Keller, 2004a)
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The Zebra DAD is tHargest of these deposits extending down to the shore of Lake Natron
(~24 km in length) and relates to the sector collapse of Oldoinyo Lengai | (see above) due to
the large amount of phonolite lava and pyroclastic blocks. As outlined in Talhe Zebra

DAD is equivalent to the collapse of 12% of the current day cone. The smaller Oryx DAD
contains predominantly combeiteollastonite nephelinite lava clasts (Klaudius andldfe

2004) indicative of origination from Lengai Il formation (Kervyn et al, 2008 Cheetah DAD,
dated to ~2428&; 2960 years, contains rock units which are present in both Lengai | and Lengai
Il suggesting that this debris avalanche, which affected the eastern flank of the volcano, cut
much deeper than that of the Oryx flow resuljiin a deep amphitheatre shaped scar known

as the Eastern Chasm. Remote sensing data also suggests the Cheetah DAD was likely to have
been stopped emmasse by several scoria cones which exist at the base of Oldoinyo Lengai only

reaching to half the heighdf the cones.
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Max Max Average  Max Edge Max Max

Area DAD DAD DAD or Runout Droj Volume _ . .
DAD (km®) Length  Width Thickness Hummock Distance HeigEt HL (km*) %o Volume
(km) (km) (m) Height (m) (km) (m)
Zebra 1974 189 139 25 45 241 2600 0.108 49 12
Oryx 12.4 6.7 27 10 25 94 2100 0223 0.1 03
Cheetah 11.5 6.2 2.9 20 40 8.5 1950 0.229 0.2 086
Kerimasi 33.1 89 4.8 30 &0 10.8 1300 0.120 1.0 1-2

* Assuming recent OL and Kerimasi velume of 41 kn® and 30-60 km?®, respectively

Table 1 Summary of estimates of sizes and volumes of DADs (Kervyn et al, 2008)

As shown above, Kerimasi also exhibits a scar indicative of a debris flow. Despite little field
evidence of the material involved in the flow due to deposition of newer volcanic material,
Kervyn et al (2008) uses remote sensing technicamed previous descriptions bfSidert,
1984b)to estimate the characteristics of the Kerimasi flow. It can be seen in Tatiat the
Kerimasi flow is of the same order in terms of size as those currently seen at Oldoinyo Lengai.
This suggests that processes that are currently activeDtwtoinyo Lengai were most likely

active on Kerimasi during its life cycle.

Triggering mechanisms for DADs have been discussed by Siebert (2004), who argues that an
accumulation of volcanic material around a central vent will inevitably result in flatdpsel
particularly if steep slopes are developed. Higher volcanoes are also more likely to fail (Kervyn
et al, 2008 and references therein) with 30% of volcanoes over 2000 m experiencing flank
callapse compared to 10% of volcanoes of 500 m. Other stratfaatures must also be taken

into account; the presence of competent lava flow layers between unconsolidated material,
edifice construction, underlying geological structures, repetitive dyke intrusion events and
hydrothermal weathering can all contribeitto instability. Basement fault movement and
explosive eruptions are also common factors causing flank collapse. It is known that the East
African Rift region is subject to Earthquakes with Oldoinyo Lengai situated within the North
Tanzanian DivergencéBaker et al., 1972)a region of high seismicityekyn et al (2008)
consider that earthquakériggered collapse is possible for the generation of the Zebra and
Cheetah DADs due to lack of magmatic intrusion, however they argue that the smaller Oryx
DAD is most likely to have been caused by unstable dgrafithe upper flanks of Oldoinyo

Lengai with narrow and shallow collapses leaving ttsh&ped scar present on the cone today.
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1.2.6Mineralogy of ratrocarbonatite from Oldoinyo Lengai

The petrology of Oldoinyo Lengai material has been extensively descoypenimerous
authors (Dawson, 1962a, Peterson, 1990, Church, 1995, Church and Jones, 1994, Dawson,
1998, Dawson and Hill, 1998, Donaldson and Dawson, 1978, Keller and Krafft, 1990, Dawson et
al., 1995) Natrocarbonatte from Oldoinyo Lengai is predominantly porphyritic in nature with
phenocrystgcomprising about 50% of the roc) platy nyerereite (Na, Kga(Cg), andmore
rounded gregoryitg(Na,K)CaCg) set in an aphyricgroundmass of nyerereite and gregoryite,

with sylviteghalite, fluorite, apatite(CaF), alabandite and Mith magnetite. Other accessory
minerals inthe natrocarbonatiteinclude barite, khanneshite, sphalerite, pyrrhotite, galena,
monticellite, neighborite and niocaligeuspidine ((Zaitsev and Keller, 200@6nd references
therein). The phenocrysts occur ipmoximately equal proportions and both show twinning
(Keller and Krafft, 1990}t is also noted that gregoryite commonly shows exsolution lamellae

of nyerereite occurring in particular zones (Keller and Krafft 1990) and containing numerous

mineral inclusions such as apatite.

An aphanitt variety of natrocarbonatite is also not¢deller and Krafft, 1990, Gittins and Jago,

1998) consisting of the same constituents, which occurs as driblet cones, hdik@to
structures and also as fluid flows leaking out from tops of lava flows. This aphanitic variety of
natrocarbonatite is thought to be the result of filter pressing by the crystal mush of the
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1.2.6.1.  Occurrence of melanophlogite at Oldoinyo Lengai

The above described mineralogy has been reported almost consistently since 196thaint
recent discovery of a differenmhineral within themixed mineralogy of th&006 lavaflows
known as melanophlogit¢Beard et al., 2009)Melanophlogite is best describeas a low
temperature, late stagg@olymorph of Si@with tetragonal habit and structurstabilising guest
organic moleculese(g. Clii CQ, SQ, N,, OH) trapped within a clathraiype silicate
framework. In the case of the occurrence at Oldoinyo Lengai the guest organic molecule is
predominantlyCQ. It occurs asear perfect cubes between 50 to 80um in size and electron
microprobe analysis reveslwell defined compositional zoningith variations in carbon
content (Beard et al., 2009)Although this is not the first noted occurrence of melanophlogite

worldwide, with a few ocauences in Italy(Adorni and Tateo, 20079nd Mount Hamilton,

29



California(Dunning and Cooper Jr, 2002)is the first time it has been noted lava flows at
OldoinyoLengai and in a high eperature setting.This discovery raises numerous questions;
has this rare mineral alwaysisted within the magma of Oldoinyo Lengai? If not what physical
processes cause crystallization of melanophlogite and how did the erupti®idoinyo Lengai
in 2006 alter the magmatic system to allow its crystallizatide?it a primary mineral

crystallised from the magma or is it a secondary mineral generated by some later process?

Interestingly descriptions of peralkaline nephelinitic tanby Dawson (1998) suggest that
electron microprobe analysis of combeite phenocrysts generate low overall totals which the
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melarophlogite with zoned sections and near cubic crystal form (Figdde 1.

Figurel.4: BSE image of altered combeite phenocry
from wollastonite nephelinite. Note inclusion @
nepheline laths and zoning within crystgDawson,
1998)

Melanophlogite was first discovered in Sicily, Italy and described as a silica polymorph
contaning films of organic matter whichgave the mineral its slight brown colouration and
upon heding turned black(Skinner and Appleman, 1963)ater studies using-pay diffraction

on the mineral resulted in the classification of melanophlogite as a clathratpe mineral

with polyhedral voids in which organic guest molecules are ho(kathb, 1965, Zak, 1972

the 1980s work on mlanophlogite increased with the introduction of a new group of minerals
known as clathrasils of which melanophlogite is a-gudup (Gies et al., 1982 Clathrasils are
defined as porous tectosilicates which are distinct from zeolites. The guest molecules are
argued to be norexchangeable between cages due to the small size of the regiongciimn

cages.
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The work by Gies et al (1982) demonstrated that melanophlogite could be synthesised from
silica solutions at temperatures of around 2@0and pressures of 150 bar, but also revealed
that synthetic melanophlogite has a cubic structure atmoeemperature whilst naturally
occurring melanophlogite with the same guest molecules is tetragofi&k, 1972)
Investigations into crystallisation conditions later revealed that synthetic melanophlogite can
be generated by hydrolysis of tetramethyl orthosilicate (Si(dEHNn 2M aqueous
ethylenediamine (&(NH,)) in the presence of guest speciedibu 1t KS | 6 aSy 0S 2 7F
I.e. atmospheric gasg$unawardane et al., 1987l was concluded that guest species act as
templates during crystallization and the size and shape of cages within the tetrahedra is a
function of the size and shape of the gtienolecule. The presence of methylamine {SH)

in the expeimments crystallises melanophlogite at lower temperatures (16QR00C)
irrespective of the presence of air but requires between 8 and 10 weeks for initial
crystallisation, however like earlierofk by Gies et al (1982) the synthetic melanophlogite is
cubic. The change from tetragonal to cubic is argued to occur upon heating to temperatures
around 338K (~6%®) (Gies, 1983)and further heating to temperatures of around 873K
(~6000C) results in expansion of the cubic structure allowing guest molecules to e@dapmst

al., 1997) This change in cstal habit when at elevated temperatures may provide an
explanation as to why the metaphlogite from Qdloinyo Lengai and synthetic melanophlogite

is cubic rather than tetragonal.

The exact formation condition of melanophlogite in nature is not well defined with
occurrences in different low temperature environments and as yet has not been identified to
contain any HO within its cage structure. In the laboratory it has been shown that
melanophlogite is unstable under hydrothermal conditions and the absence of molecular
species at tempeitures between 300 500°C and pressure up to 2kbar. In this situatioe th
melanophlogite is often documented to revert to quartz. However under dry conditions
metastability is possible up to 800 (Kolesov and Geiger, 2008nd references therein).
Later work suggests that melanophlogite and other clatitsaare crystallization products of
silicarich colloids or gels, similar to that of cristobalite and chalcedony, and that the rarity of
such minerals in nature is a result of the requirement of structlirecting agents such as ¢O
CH and N or more caonplex hydrocarbon chains for other clathrasils, which are just not as
abundant in nature(Geiger and Dachs, 2008nhterestingly, clathrate formation is noted to
take place at thesmaller scale inside fluid inclusions. MixegDH NaClg CQ inclusions are
often difficult to study due to the presence of clathrate miner@ésepherd et al., 1985These
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are argued to form upon cooling of fluid inclusions to temperes of-28°C and are the result
of strong interaction btween the aqueous liquid, ice, solid £Q@Q-rich liquid and Cé&xich

vapour.

1.2.7Xenolith suites from Oldoinyo Lengai

The magmaat Oldoinyo Lengai va yielded numerous xenoliths of both plutonibavson et

al., 1995)and crustal origirwhich record the process of feniison beneathLengai(Morogan
and Martin, 185), as well as indicating the petrology of the inner core of the volcano.
Fenitisation is an alkaline metasomatic process, which charéss ijolitic and adoonatitic
complexes causing a halo of alteratiohthe surrounding country rockaith production of
hydrous alkalirich minerals.The crustalfenitised xenoliths comprisef metagranitic and
metagabbroic basenmd, which has undergone fenittion resulting in rock unitthat contain
sanidine, nepheline and aegiriraigite with evidence of mehlig & higher grades (Tablg).
Thought to originate from either th&anzanian Shield or Mozambique Orogerdtt Blorogan
and Martin 1985, and references therein) the presence of these xenoliths, along with other
units such as nepheline syenites and biotitgrgxenites, seem to indicate the presence at

depth of a widespread alkali metasomatic reglmmeath Oldoinyo Lengai.

BDS58 BD44 BD3Z BD48 BO43 BDAZ BOI5 BOSS
7
51

alkali feldspar 63 38 47 a6 58 51

plagioclase 4 33 28 35

clinopyroxene 20 el 34 40 28 3 1

hornblende 34

bictite 1 5

quartz 1.5 2

wollastonite T 8 5 | g™ B*
calcite 2.5 2 5 4 2 F

opaque phases 1 3 8 4

apatite tr 1 2 1 ", 2

titanite 1 1 3 3 & 1 tr
nepheline LY 30

melanite tr 1

glass 7 tr 2 2

number of

O et 1200 1000 1200 1000 400 700 600 500

BD58 low-grade fenite, granitic gneiss ancestor; BD44 low-grade
fenite, metagabbro ancestor; BD3Z, BD48 medium-grade fenites,
granitic gneiss ancestor; BD43 high-grade fenite, granitic
gneiss ancestor; BD42 high-grade fenite, metagabbro ancestor;
BD35, BD55 leuccocratic contact fenites. * includes pectolite,
tr trace. Results expressed in volume %,

Table 2 Modal compositions of crustal fenite xertbb from Oldoinyo Lengai, (Morogan and
Martin 1985)
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Fenitisation occurs in grades and witmcreasein gradethe relict mineralogy of original
lithologies is replaced by nepheline,rpyene and alkali feldspar through a series of reactions
where minerals such as plagioclase and olivine are consumed in the production of nepheline or
quartz. Plagioclase, Heldspar, sillimanite and garneire consumeddue to the growth of
sodiumrich fedspar, aegirineaugite, biotite, corundum and sping{Robins, 1984, Bowden,
1985)

Nephelinisation: CaAJSOs + (Na,KCQ = 2(Na,K)AISi3 CaCo
OR
4CaAISpGs + 3NaAISDs + 2(Mg,FesiQ + 4(Na, kD = 11(Na,K)AISi® 4Ca(Mg,Fe)$k

Feldspathisation: 2(Mg,Fe)AL(SiQ); + 7A}SIG + 4(Na,K)= 6(Mg,Fe)AD, + 4(Na,K)AIZD; +
ALO; + Sf*

Phlogopitisation: 2(Mg,Fe)AL(SiQ); + AbSIQ + 4K + 4H0 = 4K(Mg,FgAISiO.0)(0H, +
3ALO; + St

The grades of fenitisation enable the identification iwefzones ofenitisation around ijolitie
carbonatitic complexes, which are as follofuge Bas, 1977, Dawson et al., 1970)

1. Quartz still presentfew sodic mafics.

2. No quartz, mainly feldspar, some sodic mafics

3. Feldspar and sodic pyroxene abundant

4. Feldspar, pyroxene and nepheline abundant

5

Little feldspar, mainly pyroxene and nepheline present

Compositionally the clinopyroxene within the fenites bews less sodic denitisationgrade
increases resulting in a transition from aegirine to aegiangite (70%Ac to 20%Ac). The
feldspars from all grdes plot within the albiteorthoclase binary system with trends towards
higher Or compositions with gradé&anidine Qx in highest grade fenites). An im&on of
feldspars from monoclinic to triclinibabit sets a minimum temperature of formation of
around 760°C and the absence of microclineri¢k feldspar) limits fluid interaction of
basment rocks to terperatures above 50°C, the limit of its stabilityMorogan and Martin

1985).
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Carbonatite metasomatismin particular, mainly results in feldspatkation caused by
potassiumrich fluids. The resultant unit is composed almost entirely of potassiam
orthoclase and a few ircoxides between these feldspar crystdlse Bas, 1977, Rubie and
Gunter, 1983) Four other prgesses are thought to occur in relation to canaditic
metasomatism, which is dictated by the chemistry of therbomatite being intruded.
Ferrocarbonatites can result in hemsgtiion with the generation of hematite and magnetite.
Carbonatsation is also a common process with existing silicat@enais retaining their
textures but geochemically appear related to the late stage carbonatites. The generation of
fluorite is argued to bdhe third metasomatic process. The final process of silicification of
earlier carbonatitic intrusions could occur from teiicarich solutions generated by previous

metasomatic preesseqSt” from above equations)

1.2.7.1.  Previous work on xenoliths from Oldoinyo Lengai

A suite of plutonic xenoliths reported by Dawson et (#9995, consist of jacupirangite,
pyroxenite, ijolite,nepheline syenite and wollastonitite all found within the pyroclastics of
Oldoinyo Lengai, showing a mainly cumulate texture. The xenoliths consist of nepheline,
clinopyroxene, Fandradite, spinel, apatite, perovskite, titanite, wollastonite, sulphidaiga,

glass and fich feldspar. Some ijolites also contain megacrysts of olivine and mica. Olivine is
often mantled with radiating pyroxene, magnetite, perovskite and mica minerals suggested to
represent an early reaction coron®awson et al., 1995Nepheline in specimens is either
potassc or sodic with little variation betweens grains within samples. Individual grains
however, show variation between core and rims with mostly more potassic rims of some
crystals. Pyroxenes between xenoliths define a compositional trend from diopside ite.aug
Phenocrysts of pyroxene show variation in composition with zones and patches, which are
distinct from one another differing in colour and/or inclusion content. The incorporation of
pyroxene by ijolitic material is a common process which can be clegised in two ways; if

the pyroxene material retains some of its primary characteristies banding, they are
considered to be pyroxenite xenoliths. If however the pyroxene becomes disaggregated the

resultant rock unit is described asreeltiegite.
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1.3. Uniqueness of Oldoinyo Lengai

As the only active carbonatite volcano on Earth, Lengai raises numerous questions about the
mantle conditions beneath this part of the African continent and whether specific processes
occur which do not occur or no longeccur elsewhere on the globeSuch conditions are
thought to be rarely achieved and so the generation of natrocarbonatite is(@iténs, 1988)
However Nielsen and Veksler (2002) suggest that 8aefghration is a universal process that
can occur from any carbonated alkalic body of magma, therefore natrocarbonatite volcanism
could occur anywhere in the world that has such a body of magma. A similar argument is
based upon the presence of alkdth fenitic aureoles around the majority of carbonatitic
complexes, which suggests that almostcaltbonatites at one point carried alkali elements in
the same concentration as that of the natarbonatites at Oldoinyo LengéiVoolley and
Church, 2005)This leads to the question ofolw the carboratite material at Lengahas
managed to hold onto its alkalid® the same paper Woolley and Church (2005) suggest that
the alkali content of carbonatites is controlled by their formation process, with primary,
deeper sourced carbonatite melts containingwer concetrations of alkalis than those

formed from high level immiscibility and fractionation.

The unigue nature of Lengai is argued to be the result of unique conditions, including the
nature of the parent melt, structure of the subvolcanic systene tlegassing process and the
permeability of the cone, which optimise fluid separation. This idea is similar to that of
previ2 dzid F dziK2NB 6K2 | NBdzS F2NJ Iy SEGNBYS 2N a¥
to natrocarbonatite enabling the productn of this rare magméChurch, 1995)Church (2005)
investigated the apparent difference between Oldoinyo Lengai and Kerimasi. These centres,
both within the Gregory Rift and approximately 12 km apart, ham@lai parent magmas yet
Kerimasiappears to havenot producel natrocarbonatite. The proximity of the volcanoes
appears to rule out sampling of a completely different mantle source, although small scale

heterogeneities may result from metasomatic processes.

1.4. Formation of natrocarbonatite lava at Oldoinyo Lengai

The petrogenesis theories for natrocarbonatite are similar to those suggested for the
formation of all carbonatites discussed above in section 1.2.4 and are best summarised in the
diagram in Figure 5 below. Based on radioisotope data for rock units at Shombole volcano,

Kenya, the models presented for calcite carbonatite production by Bell and Peterson (1991)
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are applicable to theories of petrogenesis of carbonatite material at Lengai. All petisigene
theories can be divided into two theories; either natrocarbonatite is a secondary magma
generated by differentiation process from a parental silicate melt or they are primary magmas

formed drectly by evolution of mantlelerived carbonate melts.

Figurel.5: Models ofpotential carbonatite formation processes for volcanoes of the East Afri
Rift. (Bell and Peterson, 1991 C = calcium carbonatite; N = Nephelinite; P = Phonolite;
Dolomite carbonatite; ON = Olivine nephelinite

Model one in Figure &.focuses upon the generation of carbonatite through the process of
liquid immiscibility from a carbonated, peralkaline silicate parent magma (whether that is an
initial olivine nephelinite, a more evolved differentiated nephelinite orelilitite). The
miscibility gap between carbonate and silicate melts with compositions akin to that of magma
G htR2Aye2 [Sy3alA L& FANARG NBO23yAraSR SELXS
and Wyllie (1963) with later expansion by numerausghors (Peterson, 1989, Koster Van
Groos and Wyllie, 1966, Visser and Koster Van Groos, 1977, Rankin and Le Bas, 1974,
Kjarsgaard and Hamilton, 1989, Amundsen, 1987key paper by Freestone and Hamilton
(1980) etermined the miscibility gap to occur between 0.7 and 7.6 kbar at temperatures of
between 900 and 1,256C and that natrocdonatite at Oldoinyo Lengai was more likely to

have separated from phonolitic magma than nephelinitic, based upon detailed tephase
diagrams of he immiscible system (Figure L.@Extension of this work has been conducted

over subsequent years with physical conditions of liquid immiscibility found to extend to
pressures of 5@ 375 MPa (equivalent to 0.6 3.75 kbar) and temperates of 700¢ 850 °C
(Kjarsgaard and Hamilton, 1989, Kjarsgaard et al., 1995, Brooker and Hamilton, 1990)
Additional evidence for the liquid immiscibility model was provided upon the identification of
silicate aggegates within natrocarbonatite unit§Church and Jones, 1995, Mitchell, 2Q09)
which were thought to represent the first identifiton of crystallisation of conjugate liquids

within natural samples.
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Figure 1.6: Ternary diagram illustrating process of liquid immiscibility and
compostion of experimentally determinedanjugate pairs of silicate and carbonatit
melt. Solvus determined for pressure of 3 kb@freestone and Hamilton, 1980)

A key couter-argument to the theory of derivation by liquid immiscibility invokes the
difference in radiogenic isotope signatures from units which are proposed to be conjugate
(Harmer and Gittins, 1998, Harmer et al., 1998hese conjugate melts should be in both
chemical and isotopic equilibrium upon the point of separationhwdifferences indicating
either modification through assimilation of country rock (which can be supported by higher Sr
and Nd concentrations in the carbonatites) or that the melts are not related by immiscibility.
The second model in Figure 1i§ offered as an alternative genesis and illustrates the
production of sodic, dolomitic carbonatite as a primary magma through partial melting of
carbonrich mantle material, from approximately the same source region as that of the silicate
materials and by small deees of partial melting causing the adike nature of the primary
melts. This is then followed by fractionation to generate natrocarbondtallace and Green,
1988) Very little work on the application of this theory to Oldoinyo Lengai has been
completed, but the application of this theory to other carbonatite complexes éaded in
Harmer and Gittins (1998) and Stoppa et al (2009). However work by Sweeney et al (1995)
concluded that fractionated melts from the primary composition suggested by Wallace and
Green (1998) were too sodic to be parental to Oldoinyo Lengai unitdhatdeaction with

mantle rocks would drive the compositions towards soévite rather than natrocarbonatite.

The final model presented by Bell and Peterson (1991) again depicts carbonatites as secondary

magmas derived from a silicate parent melt and differatetd through contamination and
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fractionation to produce the known forms of carbonatite including natrocarbonatite. Twyman
and Gittins (1987) argue that natrocarbonatite is a late differentiate of an alkalic olivine sdvite
magma developed under low watardacity, but should not to be considered parental to other
carbonatite rock types but instead forms an extreme enedmber of the differentiation
process(Gittins and Jago, 1998, Twyman and Gittins, 19B&)er work by Gittins and Jago
(1991) again highlighted the importance of fractional crystallisation for the production of
natrocabonatite, this time in the presence of fluorine which allows the thermal barrier

generated by nyerereite to be broken so that differentiation can continue.

There § a fourth theory of formation which sees natrocarbonatite as a cognate fluid
condensate which forms from a emagmatic fluid phase generated during crystallisation of a
parent silicate(Nielsen and Veksler, 2001, Nielsen and Veksler, 2002heir work, Nielsen

and Veksler (@02) conclude that the existing chemical data (in terms of both isotopes of
conjugate melts and the difference between experimentally produced melts and natural melts)
cannot be explained in terms of either immiscibility or fractional crystallisationedwasthe
authors advocate the genesis of natrocarbonatite from a coexisting dense, alkali amtiCO
co-magmatic fluid.The volcanic cycle envisaged by Nielsen and Veksler (2002) is illustrated in
Figure 17 below and indicates that natrocarbonatite proction occurs upon heating of

previously formed, alkaliich metasomatic units upon introduction of new silicate material.
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Figurel.7: Schematic diagram illustrating the production of natrocarbonaditea fluid condensatat
Oldoinyo Lengai and the stages of activity obseryitelsen and Veksler, 2002)

1.5. Aims of this thesis

The first part of this thesis outlines the current physical state of the volcanegsaption and

also previous processes which have occurred to shape the volcano (chapter 3). This Chapter
also investigates volcanifeatures throughout this region of the Gregory Rift to look at
similarities and differences in volcanic procesbesveen features Following thisa detailed
description of the rock units present beneath Oldoinyo Lengai is presented based upon a suite
of 20 xenoliths collected from the volcano (chapter 4). This chapter outlines the petrography,
crystallisation histories and chemical variations oé torystal phases to hypothesis about

magma source regions and processes occurring during crystallisation of the units.

In order to characterise Oldoinyo Lengai both chemically and physically, it is important to

investigate the generation of such a uniglaaa type in terms of its mantle source and any
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processes which occur during its emplacemenherefore the next section of the thesis
investigates the role of fluids that are generated during crystallisation of magma units in the
upper mantle and crustalegion (chapter 5). Here an outline of a number of fluid inclusion
assemblages is discussed in terms of their composition and sotiieepresence of fenites or
metasomites allows an investigation into the redistribution of carbon from original parent
melts / fluids to country rocksThis is followed by geochemical modelling (chapter 6) to fully
characterise the fluids and the metasomatic processes at work within thecsutnental
mantle and crust, which also involves the use of radiogenic isotope sigisatahapter 7).
Finally &iemical redistribution of carbon isnvestigated using the alteration products of
natrocabonatite (chapter 8), whichis important in resolving the unigueness of
natrocarbonatiteby determining if there are any mineral indicatdhat are preserved, which

may be observed at other carbonatite complexes.

The following chapter outlirethe techniques used for the above investigations and also the

results obtained.
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Chapter 2: Methodology for all Analyses

The research included withithis thesis has been accumulated using a number of techniques.
An overview of these methods {grovided below to give clarification to the reader when

methods are discussed in the following chapters.

2.1.Sample peparation for thin sections

Thin sections we made of all rock samples collected during field work. Due to the
hygroscopic nature of some of the samplesnumber could not be made into sections using

the standard techniques. Sections were therefore prepared either wet or dry.

2.1.1Wet sample preparadin

Xenolith samples and those which did not appear to contain natrocarbonatite were cut and
polished under the presence of water. Samples were cut down into small sections using a
diamond tipped bench circular saw and ground flat using a grinding whethl ,dfavhich are
lubricated with water. Specimens that were less consolidated were either surface or vacuum
impregnated with epoxy resin. Surface impregnation involved applying a thin layer of epoxy
resin to the surface of the sample and allowing it to lsdato the upper few millimetres.
Vacuum impregnation was applied to specimens which broke up easily. A thick MetPrep epoxy
resin is mixed in 4 parts resin to 1 part hardener and poured over the samples within a
dispcsable container. The samples were thglaced within desiccators and pumped down to a
vacuum. The epoxy resin is absorbed into gaps between grains of the sample and upon drying

form a consolidated block of material.

The subsequent blocks of rock were then polished using polishing platesrbufrwadum
powders of increasing grade from 320 to 1000. Once one face of the block had a reflective,
smooth surface they were placed in the oven overnight at 50°C to dry the samples. Once dry,
the samples were placed on a hot plate at 60°C and a mixturepoiy resin was made in the

ratio 3 parts resin to 1 part hardener by volume and coated over the surface of the samples. A
clean glass slide was then placed over the sample and left to harden on the hot plate. Once the
resin cured the glass slides werearied of any residual resin using a scalpel and placed on the
vacuum holder of the Buhler PetroThin. Using the PetroThin the excess material is removed by
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a diamond tipped blade so that the section was just over 100 microns thick. The grinding
wheel of thePetroThin is then used to incrementally thin the samples to near 30 microns. Final
adjustments to thickness were made using the polishing plates and sample thickness was
gauged using birefringence colours of standard minerals such as nepheline or Gaanales

which were required to be doubly polished were polished on all grades from 320 to 1000 and a
final polish was achieved using a Lap Master polishing wheel with 1200 grade aluminium oxide

power mixed with deionised water.

2.1.2Dry smplepreparation

A nunber of samples collected contained natrocarbonatite material or other hygroscopic
material which could not be exposed to water during sample preparation. Large samples were
cut into small blocks for thin sections using the same bench saw as above dyuiopuise the

saw was drained off all water and thoroughly cleaned. Once dry the samples were cut under 3
in 1 oil, administered by hand during the cutting process. Samples were cleaned of excess oil
by washing in methylated spirit. Smaller samples wetadey using an angle grinder, mounted

onto a bench mount, fitted with a diamond coated, 11.5cm diameter bléeéigure 2.1)
Cutting samples this way was quick and generated straight cut samples for sections. Heat

damage to the saples was minimal due to thamount of time taken to cut each sample.

Figure 2.1: Bench mounted angle igder used to cut samples containin
hygroscopic material. Blade diameter 11.5cm and diamond coated.
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Samples were again ground flat using the bench mounted grinding wheel lubricated with 3 in 1
oil administered by hand. Polishing the surface to stick to the slide proved difficult. Initially
samples were pidhed on the plates using the carborundum powder mixed with oil, but it was
found that the oil was too thick and caused lubrication without polishing the rock face.
Polising was therefore achieved using Wet & Dry carborundum grit paper normally used in
palaeontology. The wet & dry paper works in a similar way to the wet polishing plates with
different grades from 12Q@ 1000 grit size. Samples were again thoroughly cleaned using
methylated spirit and placed in the oven overnight to dry. The blocks were ayma stuck to

clean, dry glass slides using the same epoxy resin as above and left to cure on the heat. Once
dry the samples could not be reduced in size using the PetroThin as this is lubricated and
cooled using water. Dry samples were therefore reduitedize by sawing of as much of the
excess block as was safely possible and the remainder was ground off using the bench
mounted grinding wheel, again lubricated with 3 in 1 oil. This process obviously has the
drawback that a large amount of sample istldaring the grinding process so repeat sections

of the same block are not possible. Final adjustments to the thickness of the sections and

polish were made using the Wet & Dry paper.

2.2. Scanning Electron Microscopy and Electron Microprobe

Elemental analysi and mineral determination of samples was completed using Scanning
Electron Microscopy (SEM) at University College London using a Jed488IW high
performance, variable pressure analytical scanning electron microscope with a high i@solut

of 3 nm. Bergy dispersive -Kay spectroscopy (EDS) and electron backscatter diffraction
analyses were also possible using the Oxford Link system. Samples were analysed as thin
sections coated in carbon and mounted using carbon tape. An acceleration voltage of 18kV
and an aquisition time of 90 seconds was used for samples which do not volatilise, éasily

low in ©dium, whilst the natrocarbonatite samples were analysed using an acceleration
voltage of 10kV for only 20 seconds to reduce the loss of volatile efesmall samples were
analysed at a working distance of 11 mm and a spot size of 65 pm. The EDS detector within the

SEM has a resolution of between 70 to 130eV.

Highly volatile samples, such as natrocarbonatitere analysed using repeated spot analysis
for low count times e.g. 5repeats at 20s to reduce the damage to the sample and loss of

elemental data by volatilisatior\/olatile loss during analysis cannot be completely avoided and
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is thought to be the result of thermal activity breaking the &§® bonds resulting in ionic
diffusion. This process is normally evident from either a shift in aiketal count rate under
constant beam voltage and current or low analytical totg@pray and Rae, 1999}he decline

in count rate varies over time with an initial steep decline inrtdaate for elements such as
sodium with an eventual steadystate count rate achieved over longer acquisition times. Itis
therefore important to take into account the loss of alkalis metals when using EDS or WDS
data for mineral calculations as the dinconcentrations are not truly representative of the
sample. However, by tracking the shift in count rate during an analysis of nepheline, for
exanple, it is possible to back calculate to the original sodium content. For each thin section
analysed, initid measurements on nepheline crystals were made fors@8ond acquisition
times with a NgO value taken at 5 seconds and then every 10 seconds. The results of these are

plotted below Figure2.2).
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Figure 2.2Graph to illustrate the Na vdiitisation from sample OLX 17a over time under EDS be
conditions. Eacline represents a different ndyeline crystal.

The majority of analyses show the characteristic dropl&O wt% with time, however some
show very little decrease or even a slight increase. According to Spray (1995) this increase is
due to electron accumulation at the surface of the mineral (know as a dpgiee charge) in

regions of thin conductive coatin(in this case carbon coating), resulting in the attraction of Na
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ions towards the surface. By extrapolation from these line graphs it is possible to determine

the initial Na content of the minerals before excitation by the beam.

Samples of interest weralso analysed using wavelength dispersisay spectroscopy (WDS)
which generates elemental data over a higher resolution than BB e electron microprobe
is setup so that particular wavelengths are scanned and countdils achieved by a precise
se-up crystalspectrometers,which diffract the Xays towards the detectoraA/DS analysis
was completed using a Jeol8100 Superprobe with Oxfosttument INCA microanalytical
system. The same carbon coated sections used on the SEM were used on thenelectro

microprobe.

Some of the extremely hygroscopic material collected during field work was not suitable to be
turned into thin sections and so SEM work was conducted upon grain mount stubs. SEM stubs
with sticky carbon tape were dipped into sample bags cmimg grains of the material and

then puffs of air were used to ensure the material was securely attached to the stub. These
were then analysed using the same technical set up as above. Due to the inability to generate
a polished surface on the grain maidrit must be expected that unfavourable scattering of

the X-rays will occur and so analytical precision will decrease compared to measurements
made upon polished sections. The results will only therefore be used as a guide to mineral

chemistry.

2.3. Whole rock elemental analysis

To further investigate the genesis of some samples, in particular fenites and metasomatised
units, bulk elemental data was required for major, minor and trace elements. This work was
outsourced to the Natural History Museum and coetpt by Dr Stanislav Strekopytov using
both Inductively Coupled Plasma Atomic Emission SpectroscopyABHEPand quadrapole
Inductively Coupled Plasma ags Spectroscopy (IBFS). Thetechniques were used to

determine different elemental concentrations;

1 ICGP-AES
o Al Ca, Fe, K, Mg, Mn, Na,aRd Ti (all measured in oxide weigbércent
(Wt%))
0 Ba,Cr, S, Sr,V,Y and Zn (all measured in parts per million (ppm))
1 ICRMS
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o Co, Cs, Ga, Li, Mo, Nb, Pb, Rb, Sb, Th, U, W, Zr and REE elements from La to Lu
(all measued in ppm)

2.3.1Sample peparation

Sample preparation for both methods was exactly the same. Slices of selected samples were
cut using the diamond tipped angle grinder and then passed through a jaw crusher to produce
centimetre sized chips of rock. The jamusher was thoroughly cleaned before use and
between each sample to prevent contamination. Cleaning the equipment required removal of
the crushing plates which were then scrubbed down with water and dried using acetone. The
jaws and inside of the crushingere wiped down with a damp cloth and then vacuumed to
remove any dust. The collection basket was also cleaned using a damp cloth and acetone to
dry. The rock chips were then ground to a fine powder gf£2um using a tungsten carbide
Tema Mill sefor 3 seconds. Again, the machinery was thoroughly cleaned prior to use and in
between each sample, using water and acetone. Any large pieces of material were finished off

by hand using an agate pestle and mortar.

2.3.2Major and minor elementalanalysis

For bulkconcentrations of major and minor elements an aliquot of approximately 40 mg was
taken of each sample, piieeated with 1 ml concentrated HNGand fused with 120 mg of
LiBQin a Pt/Au crucibléHezel et al., 2011)lhe resulting material was then dissolved in 10%
HNQ and run on the ICRRES using a Varian Vista fAxal. The IGRES technique works by
usinginductively coupled plasma to produce thermally excited atoms from enga. Upon
relaxation from this excited state the atoms emit electromagnetic radiation in the form of a
photon of light which has a wavelength characteristic of the element. As a sample is fofmed o
a mixture of elements simultaneous emission of a spectrum of wavelengthedaqad which

is then separated by a grating within the spectrometer and each emissioneigati into a
dedicated photomultiplier tube detector, which converts the electronsignal into

concentration.

2.3.3Trace ¢ementanalysis

Trace element concentrations require the use of-M® due to the lower abundance of these
elements within a sample. The technique used is again that outlined in Hezel et al (2011). A
100 mg aliquot of eeh sample was prereated with concentrated HNand dissolved in a
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mixture of 4 ml HF and 1ml HGl&t 100°C. The solution was then dried down at 150°C. The
remaining residue was rdissolved in 2 ml HCJ@t 150°C. The solution was again dried down
and then redissolved in a mixture of 1 ml concentrated HN@d 1 ml HOand 0.5 ml KO, at

70°C. The solution was diluted up to 10 ml using deionised watetMERBnalysis works in a
similar way to that of IGRES. The atoms of the elements are converted ions by the
plasma source and carried towards the mass spectrometer where they are separated and
detection ofions is possible by their mats-charge ratio (M/Z). The detector within the mass
spectrometer measures the number of ions striking the deteend translates this into an

electrical signal which can be related to the number of atoms of the element.

2.3.4.Standards andalibration

All analyses for major, minor and trace elements were completed using certified reference
materials;
BCR 1
BHVQL1 (basalts)
JGc¢ 1 (granodiorite)
JLS1 (limestone)

T MAGc 1 (marine muds)
All the standards were run at the start of the analyses along with a blank to monitor the
acairacy of the bulk elemental analysis. Laboratory control samples were also run after every
batch of 10 samples to monitor the drift and precision of the machinery. All of these were

found to be satisfactory for all elements.

2.4. Radio and stablesiotope analysis
2.4.1Radioisotope wrk

The following outlines the sample preparation and analysis for ggdim isotope
determination of both mica and pyroxene megacrysts as well as whole rock samples of
carbonatite ash and fenitic units. The samples waiearily analysed for Rb and Sout some

Sm and Ndénalyses were also conducteding the NERC facilsiet NIGL, BGS, Keyworth, UK.
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24.1.1. Sample preparation
Initially mica minerals and pyroxene megacrysts were handpicked using tweezers and placed in
disposable Petri dishes prior to crushing. The-gneshed whole rock samples were measured
out with a spatula ad placed in glass capsules for weighing. The mica and pyroxenes were
then crushed by hand using an agate pestle and mortar which was rinsed with deionised water
between samples to prevent any contamination. The resulting powders were transferred to
glasscapsules for weighing. Sample weights were taken using a micro balance. The powders
were placed intcan acid cleanedlastic containewith a small amount of MilQ (MQ) water
to collect small flecks of powder attracted to container sides. A Zerostastatic gun was
used to keep measurements as accurate as possible. Thatatiti gun works by releasing a
stream of positive ions when the trigger is squeezed and a stream of negative ions when the
trigger is released, resulting in a neutrally chargedface. The majority of the samples

weighed etween 0.007g and 0.05g.

2.4.1.2. Chemical peparation
Mica samples were soaked in acetic acid for an hour to remove any carbonate material. All
samples were spiked with Sr, Rb and3id of known isotopic values for dysis.A premixed
RbSr spike was used to reduce error on measurement due to small nature of natural
concentrations in samples. Approximately 180 of mixed spike was added to each sample
Spike ddition was achieved from dropper bottleshich wereweighed prior to administering
and then after to find out how much had been added. Once spigachples were dissolved
and evaprated in acid in a sequential way using nitric acid, hydrofluoric acid and hydrochloric

acid until all impurities were removed andraples were reduced to small amosmtf powder.

lon exchange columns were removed from a bath of 6M HCI and rinsed with MQ water both
inside and out. Any airlock present above the filter was removed by gently pressurising the top
of the column with a thmb until the water drained freely. The columns were then filled with
Sr Spec in # (~ 9 drops) and cleaned using MQ water and 6M HCI (alternation about 5 times).
The dried samples were dissolved in a small amount of acid and then placed into the columns
using a pipette. The columns then go through Sr extraction procedure using ¢iN@rying
molarity ¢t a0 G2 NBY2@0S SOSNRBOKAY3A o6dzi { NI FNRY
products, which includéhe Rb, SrNd and REE elements, are collected ireatirbeaker to be
analysed later. The Sr is removed using 2 ml of 0.05M3;HIN@® collected in a beaker. Both
beakers were then placed on the hot plate to evaporate.
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The dried Sr forms a ball of material in the bottom of the beaker. This purified sample was
loaded into the mass spectrometer using a carousel of single rhenium filaments. Each filament
is loaded onto a current block, where 1 amp current is passed through to warm the filament. A
small amount of Parafilm is placed on the sample 1/3 from eitheérterform a barrier to keep

the sample from rolling off during placement. The Sr ball was dissolved in tantalum oxide and
place onto the filament using a pipette. The sample was evaporated and then the current was
slowly increased to 2amps causing the s#&spo glow for a few seconds. Samples are then
loaded back onto the carousel and covered with metal plates. The carousel was then loaded
into the ThermeElectron Triton 1, thermal ionisation mass spectrometer (TIMS). This method
of analysis works by geration of ions through thermal ionisation under a vacuum. These ions
are then accelerated across an electric potential of around 10,000 volts and focused into a
beam via slits and electrstatically charged plates. The ion beam is passed through a magnetic
field and accelerated before it is separated into individual bedased upon the mas®-
charge ratio. These individual beams are then directed into faraday cup collectors where the

beam charge is recorded as a voltage.

2.4.2Stable $otope

Whole rock lava ah volcanic ash samples from Oldoinyo Lengai were collected during field
work for the purpose of stable isotope chemistry determination. All samples were kept in
desiccant during transit from Africa to the UK to keep atmospheric alteration and so
subsequenisotopic fractionation to a minimum. Upon return to UCL the samples wsyend

by hand usin@nagate pestle and mortar until a few microimssize(flour-like consistency).

2.4.2.1. Carbon percentage analysis ahsples

Prior to isotopic analysis the powdereshmples were analysed for total carbon using the
ThermoFisher Scientific Flash EA 1112 NC analyser. Samples were weighed out into tin foil
cgpsules using a micrbalance. The tin capsules were then carefully folded and rolled into
small balls ensuring thaall the air is removed from the capsule with no splitting of the
container sides. The samples are then loaded into the autosampler along with 1 blank and 7
standard The standards were positioned at the beginning, middle and end of the run to
monitor the drift of the equipment during the analysis. The samples are dropped into a
furnace with a pulse of oxygen and burned. The resultant gases are carried by helium carrier
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gas through an oxidant to ensure complete burning. Chemical traps are in place toecapyur
sulphur or halogens that may be present. A copper reduction furnace is used to trap excess O
and convert any NOcompounds to B for analysis. A water trap, formed of a drying tube
containing magnesium perchlorate, removes any excess water ands a&lgamatography
column separates the Nand CQ. These gases then flow into the EA detector and finally

through a CONFLO IV interface into the mass spectrometer.

2.4.2.2. Isotopic determinationqwcedure

For isotopic analysis each sample was weighed out using4stales and platinum boats with
sample weights ranging between 380430 micrograms depending on their total carbon
percentage previously measured. Multiple samples were weighed for repetition of
measurementsinitially, samples were treated / washed wifl0% HO, and left for 1.5hours.

The mixture was then treated with acetone and placed in an oven at 50 degrees and left for 48
hours to dry.The samples were then placed in the run tray and flushed with helium to remove
atmospheric gases from the vial grito analysisWhole rock and volcanic ash samplesrev
analyzed at the Bloomsbury Environmental Isotope Facility (BEIF) at University College London

on a Therméinnigan Delt8"®

XP stable isotope mass spectrometer attached to a
ThermoScientific Gas Bdndl device. Standards and unknown sample rock andvesie

loaded into glass vials, methanol rinsed, oven roasted at 200°C for 1 hour and kept overnight in
a 70°C overkor analysis, each vial was manually acidified with 100% Phosphoric aaia)(0.1
using a syringe injection via the screw cap septa. Precision of all internal (BDH, IAEA & IFC) and
external staR I NR& o0b. { md’Cand# o5 y $& AlINERNIater chaptersare

reported in the Vienna Pee Dee Bee notation (VPDB) relatidB®19.

After the initial samples were analysed a humber appeared to have large standard deviations
between repeats which seemed anomalous and perhaps related to the preparation of the
samples using hydrogen peroxide. A number of samples were therefamatgsed using only
roasting as the preparation to remove any organic molecules such as sulphur which may affect
the performance of the mass spectrometer. The samples werweighed to approximately

600 micrograms with 3 repeats of each sample and the aebmethod was repeated for

analsis.
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2.5. Micro Raman Spectroscopy
2.5.1Theory andadvantages oRaman Spectroscopy

Micro Raman techniques were used for ndestructive analysis of fluid inclusions located
within nepheline, quartz and apatite grains. Raman spacwpy is well suited for the study of

fluid inclusions and petrographic studies due to timdestructivenature and the rapidity of

the measurements. Additionally, Raman spectroscopy can reveal the presence of numerous
mineral phases within onspectrumat submicrometer resolution. This differs from electron
beam elemental analysis which provides the bulk elemental make up of one or all the phases
within the beam area. The technique is based upon the observations of Raman scattering
caused by the excitain of molecules by irradiation from a light source of a specific
wawelength. Photons from the source excite the molecules of the sample to a virtual excited
energy state. When the molecule relaxes it returns to a different vibrational or rotational state
and releases a photon whose frequency is shifted away from the excitation wavelength
known as the Stokes or Arfiitokes Shift, depending on whether the photon has less or more
energy, respectively, than the original photdkeresztury, 2006, Burke, 200Dnly certain
GAONY GA2yLE adGrdisSa FNB arAR (G2 06S awlyYly 1 Ot
technique, which is ultimately dictated by the amount of deformation of the electron cloud
and bonds of hie moleculeg the polarizability. For a vibration to be Raman active there must
be a change in the size, shape or orientation of the polarizability ellipsoid during normal

vibration, i.e. ground state vibration idgtire 2.3).
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Figure 2.3: Example of Ramaactive vibrations between two small displacements (+q ggil
within a water molecule(Ferraro and Nakanto, 2003) V; represents a change in size; &
change in shape and; ¥ change in orientation of the polarizability ellipsoid.

All of the Raman analysigas completed at The Carnegie Institution of Washington using non
cover slipped, doubly polished thin sections between¢3b0 microns thick. Raman spectra
were geneated using a frequenegioubled solidstate YAG laser (532nm) operating between
03and ¥2 2dzillzi® LYIF3IAYy3I ¢ & -stdbng eebield épticadza A y 3
microscope (SNOM) which was customised to allow for confocal Raman spectroscgiogima
The optical microscope was used with a 100x super long working distance (SLWiiyeobje
and a 20x long working distance (LWD) objective. The lateral resolution of the instrument is
approximately 460nm in air using the 100x SLWD objective or 810nm when using the 20x LWD
objective. A 50um optical fibre was used to act as the confocal pin moléransmit the laser

light and Raman signal. A Peltmyoled Marconi 4l1 CCD chip was used to collect the
spectra, after passing through a f/4 300mm focal length imaging spectrometer typically using
600 lines/mm gratingSteele et al., 2007)Raman spectroscopy calibration and laseririg

were adieved using both a pure silica standaadd a type lla diamond standard, with

characteristic peaks at 520 ¢nand 1332 crii respectively.
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2.5.2Precautions for work on thirestions

A number of considerations must be taken when performing Raman spectroseogjass
mounted thin sections. These will be outlined below but a full description of the precautions
can be found in(Dieing et al., 2010)Firstly, thin section surfaces are often irregular and
contain contamination from polishg material used during their production. Surface
irregularities, such as pits or grooves, often cause scattering of the excitation beam and can
contain abrasive grains of polishing powders. Surface spectra scans can often lead to the
misinterpretation o the polishing material as a feature of the mineral. It is therefore advisable
to check the scan area in reflective light prior to scanning to ensure the area is free of
contaminant or to perform a scan below the surface of the mineral. Using the refielagint
prior to scanning also enables the user to check they are focusing the upper surface of the thin

section rather than the lower surface.

Secondly, the mounting resin used to stick the rock slice to the glass often permeates through
cracks within tle section, particularly for those made using the vacuum impregnation
technique. The resin itself is a-H based product and so generates peaks within tHd C
stretch, higher wave number regiaf Raman spectraas well as at lower wave numbers. It is
advisable totake a reference spectrunfFigure 2.3 of the resin so that the peak combinations

can be reognised and interpreted accordingly.
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Figure 2.4: Raman spectra of thin section resin. Key identification peaks are marked. A numl
these peaks correspond toineral identifications peaks.
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Thirdly, thin sections that have been studied using other techniques, for example electron
microprobe or scanninglectron microscopy, will have been previously carbon coated. This
coaing can be removed with extra polishing but removal is often imperfect and Raman
spectrascopy is extremely sensitive to the presence of carbon. Any remaining coating will
appear as lasereflective material causingimost flat lined spectralmperfectly removed
carbon coéing produces a spectra similar to that of amorphous / glassy cafbaing et al.,
2010)

2.5.3.Setup for mineralogicairiaging

Sections were laded onto the microscope stage and viewed under a low magnification
objective (20x). The site of interest was located and centred. The microscope can be used with
either reflective or transmitted light at this stage. The surface of the section is brought in
focus by raising or lowering the microscope stage and albrdmates were zeroed. The
section was then viewed in transmitted light using a higher magnification objective (100x),

which revealed the subsurface inclusions of inte gsgure2.5).

Figure 2.5 (a) Reflected light image of the surface of an inclusion rich mineral. Lineations visi
the surface are inclusion trails located a few microns below the surface; (b) Transmitted
image of the same sitef interest taken 14.7%nicrons into the section. The swdircular features
are all fluid inclusions located at different focal depths within the section.

The microscope was then focused through the thin section until suitable inclusions were in

focus. For Cgxich inclusions this was when a bright halo could be seen around the moving

CQ bubble. At this point thez co-ordinate recorded the depth into theection that the laser

would penetrate. As a confocal spectroscopy system the collection of light is constrained to a

narrow band close to the selected focal plane. Any light from above or below this plane is
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rejected at the confocal aperture and so dasecollected for a thin slice of the section specific

to the inclusion of interest. In theory several thin slices can be scanned of a single inclusion to
build up a 3dimensional image of the inclusion. Raman imaging was conducted by taking a
Raman spectim at each pixel within a manually defined scan area. Scan areas varied in size
between 5x5um to larger area scans of 70x40 finfFor each scan the number of scan lines
and points per line were defined according to the area size. For example, a scagmragxs

pum would be set to scan 10 lines with 10 points per line, using the rule of thumb that number
of lines and scan points should be at least double the maximum dimension of the scan area.
Each point was scanned for an integration time of 3 or 6 sg¢sodepending on the resolution
required. Larger area scans were primarily performed overnight, as scan run time (hours) =

(number of lines * number of points * integration time) / 3600.

2.6. Microthermometry analysis offluid inclusions
2.6.1.Sample peparation

Doubly polished thin section wafers were made at Kingston University from cut sections rock
marked with areas of interest for fluid inclusion studies. The method of preparation is beyond

the scope of this thesis and for a review of techniquesSieepherd eal (1985)

2.6.2.Heating andreeing tage

Microthermometry experiments were carried out at Kingston University, London using a
Linkam TMS95 heating and freezing stage attached to a Nikon Optiphot microscope. The stage
was regularly calibrated using a FLISY@thetic standard of # fluid inclusions (pure B

critical point at +374.2 °Gs shown irFigure2.6a. Standards and samples were loaded onto

the microscope stage which is then sealed to create an isolated chamber. This chamber is
heated to approximagly 30°C and the chamber is purged of atmospheric gas by opening a one
way valve. Purging of the chamber is an important process to ensure that condensation of air
does not occur on the microscope and obscure the view of the inclusions. This is alse@chiev
by flowing cold air over the surface of the glass window. Once purged the chamber is sealed

by closing the valve and the temperature is lowered using liquid nitrogen.
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If calibrating using the standards the inclusions are quickly cooleBO®C at aate of 100°C /

min. Once this temperature is achieved the temperature is held for a few minutes to allow the
development of solid material (ice crystals in the case of puf@ idclusions) before slowly
heating the sample (110°C/min) and taking measements for particular phase changes. It is
important to make all measurements on the heating cycle rather than the cooling cycle due to
the effect of super cooling Fluid inclusions behave metastably during cooling with the
devdopment of new phases occuing reluctantly at lower temperatures than expected which
varies with each cooling. The values are therefore meaningless. Upon heating the ice crystals
are slowly lost back into the liquid of the fluid inclusion and homogenisation shoulgtake
around-0.2°C Figure2.6b shows the presence of ice crystals within the standard just prior to
homogenisation with the final ice crystals located at the tips of the inclusion. In this instance
the homogenisation occurred at 0.0°C which is 0.2°C higher thandsbeuhnd so all results
were corrected for this. A standard calibration was conducted first thing in the morning and

before each new sample.

Figure 2.6: (a) FLINC pure,@ fluid inclusion standard atl.6°C; (b) The same fluic
inclusion at-0.3°Cwith visible ice crystalgust prior to hanogenisation, which took place
between-0.2°Cand +0.2C 56



Sample analysis occurs in much a similar way to that as the standard calibration with samples
being quicklycooled to temperatures arounel20°C or until solid material forms. In the case
of CQ ¢ rich inclusions this is a visible change with the generation of an inclusion that has a

similar appearance to frog spawhigure2.7).

114:00:00
Rate 100 *C/min Limit -180 °C

Figure2.7: Solidbearing fluid inclusions from sample OLX 3.dSakithin the inclusion develop ¢
pattern similar to that of frog spawii.arger ofinclusions ~ 20m in length.

The sample is once agdieated slowly and the measurements are made on the heating cycle.
There are 2 important measurements to be made; firstly the melting temperaty)ewfiich is

the transformation of solid (S) + vapour (V) to liquid (L) + vapour (V) and secondly the
homogerisation temperature (J) which is the change from liquid + vapour to liquid or vapour
solely. It is important to note the type of homogenisation which occurs. The melting
temperature provides an indication of the gas composition of the inclusion, with [i@e
inclusions melting betweerb6.6°C and56.2°C. The presence of other gases will suppress this
temperature to lower temperatures. The homogenisation temperature can then be used to

calculate the density of the fluid within the inclusion.
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When invesigating aqueous inclusions a different set of measurements must be made during
the heating cycle. For,B ¢ Salt inclusions three measurements are made;
1 First ice melting also known as eutectig) @which is the change fromS +Vto S +V
+ L and indicats the type of salt in solution i.e. NaCl, KCI.
i Last ice melting ¢jice) ¢ the change from S +V + L to V + L and an indication of the
salinity
1 Homogenisation temperature (¢ the final change from V + L to either V or L and

can be used to determine thieapping pressure and temperature.

Immiscible HO ¢ CQ ¢ salt inclusions are slightly more complicated to investigate and require
five main measurements;
1 CQ melting (T,C0O2)
1 First ice melting ()
1 Clathrate melting (Jclath) ¢ this is used as the proxyif salinity as essentially
represents the last ice melting of the system and oftacursbetweeng 6 and +12°C.
1 Partial homogenisation (CO2)

1 Final homogenisation g

The reproducibility of the measurements was approximately + 0.2 °C below 30 °C 2A@ +

above 30 °C. Analytical errors are insignificant in terms of geological interpretation.

2.7. Permeabilitymeasurement

The permeability of a rock sample was determined using a stetdg-flow permeameter.

The permeameteland calculation of permeabiliida o6 a SR dzLJl2y 5 KDE Qa [ |
where Q is discharge through the sample, K is the hydraulic conductivity (permeability), A is

the crosssectior f | NBI 2F (KS O2NBI K Aa GUKS RATTFSI
between the reservoirs and L which is the length of theeceample The permeameter works

by placing a small core of rock into rubber jacket and plattirigto the sample assembly

through which water is passed from one reservoir at the top of the sample to another
resevoir at the base. The sample itself iaggd under a confining pressure and pore pressure

using an oil confining medium which generatefequatepressureto seal the jacket on the

sample andproduce an effective pressure to simulate overburden during buri@nce the

confining pressure is stdlsed the reservoirs are filled with water so that one reservoir is full
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and then other is near empty. The valves for the reservoirs are then opened so that flow
through the sample can occur. The sample assembly contains numerous intensifiers which help
generate the differential pressures at the sample ends encouraging flow. The servo controlled
unit then monitors the flow rate both out of one reservoir and the flow rate into the other.

From this a flow volume rate and subsequently discharge per unit dré@ecample can be

OF £ OdzAf F ISR YR adzoadAddziSR Ayidz2 | NBE I NNI y 3
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Figure 2.8 Inner sample assembly for the permeameter with sample jacket at cer
Diagram courtesy of Liz Gaunt, Mike Heap and Steve Boon.

2.7.1.1.  Coring the natrocarbonatite
2.7.1.Core gneration

Natrocarbonatite is extremely hygroscopic and so alters rapidly utidepresence of water,

for this reason a few adaptations to the procedure for generating cores were ndadere of
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natrocarbonatite pavement lava was taken using a standard rock corer and a diamond tipped,
25 mm core drill bit. Water could not be used #g coolant and lubricant so was replaced
with 3 in 1 oil. This was applied generously to the drill bit prior to coring. The cor¢hemas

completed in small, incremental stages ftbe following reasons

1. To prevent breakage or damage of the core unit

2. To leep the temperature of the drill bit to a minimum both to prolong the life of the
drill bit and also to reduce the thermal damage to the sample.

3. Oil had to be administered to the sample and drill bit by hand using a distilled water
bottle, so after small extions cored a generous amount of oil was applied for

lubrication and cooling.

Normally cores are removed from tlaill bit using a blast of water, so to remove the core a
small amount of oil was passed around the inside of the bit and the core way gersthed

out using a steel rod to reduce damage to the surface of the core.

Grinding of the core was also completed by hand rather than using a Jones and Shipman
grinding whee] as the lubricant is water based in the machinery. The core was first ground by
hand on dry polishing matssingthe coarsest mato speed up the process. Once the surfaces
were flat, the top and base of the core were made perpendicular to the sides of the core by
fixing the core into the jig normally used on the grinding wheel mliog a flat, limiting surface

to grind to, again using the dry polishing mats.

The core was kept in a sealed box with silica gel desiccant betusssto prevent alteration

in atmospheric moisture. The core itself had an average diameter of 2dt22and aerage
length of 25.20mm. The sample mass was 25.0The core was then placed within the
permeameter assembly and fluid flow through the sample was monitored. The sample was left

in the permeameter for just over 3 hours with one refill of the reserdoiring this time.
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Chapter 3: New Field Observations of Oldoinyo Lengai (f@waption)
and surrounding rift region

The aim of this chapter is to detail tindvservations made during a twweek field campaign to
the Gregory Rift in May 2010. A numbafrvolcanic features were visiteghd theirexact GPS
co-ordinatesobtained (Appendix A The primary aim of the observations wer®® document
(1) the appearance of Oldoinyo Lengafter the 2007eruption, and (2)the morphological
features located orits flanks The results were used to investigdatee physical processes that
have shaped the Yoano and surrounding landscaped also, to compare the 20Gtuption

with other historic eruptions to investigate ttayclicityof activity atthe vdcano.

3.1 New dbservationsof Oldoinyo Lengai
3.1.1Cratergeometry andmorphology

The process of crater filling discusseddmapter 1 continued until the explosive activity in
2007, which again cleared the crater above the condand producedan irregular crater floor
172 m down from the rim of the ash cone (estimated maximum depiif)e crater floor is
enclosed bynearvertical lower wallsthe upper rims of which are topped by inner slopes of
the ash cone that dip inwards by about 4§-igure3.6). The crater illiptical in shape with a
N-S rimto-rim distance of 262n andan EW, rim-to-rim distance of 289n (measurements
made using infrared rangefinder accurate to withimm). The crater floors covered with
rocky debrisincluding tilted broken lava plates -8 mscale) possibly from recent magma
withdrawal, and collapse material from the locally unstable inner crater wadlsris scars of
about 30m wide occur in thenorth-eastern and soutiwestery a4 SOG2NA 2F (KS
indicating that some material agarsto have fallen en masse into the crater whilst other

sectionshavebeoome disaggregate¢rigure3.4a and 3.8).

The crater walls expose an upper series oilliagpominated ashes with whitéo-ochrecolours
up to 30 m thick that mantle # topograply of underlying greyo-white carbonatite lava
flows and lapilli tuff formed within the previous crater. A sedrtical intrusion~5 m widewith
irregular boundaries was observed cutting most of the north wall of the cratbismay
represent a venbr feeding conduit to previous hornitahat wasplugged in the most recent

(2007) activity(Figure3.2). The head of this intrusion hasusel deformation in the pevious
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sub-parallel deposits with upwards shearing @ margins. This appears to be the first
recorded observatiorof dykelike features within the crater walls of Lengai. Whether this
feature represents a feeder system for one of the larger hornitos prior to tkglosive
eruption or a feeder system for the eruption itself is unknown. The comipositf this feature

is also unknown. Due to thastability of the overlying slopes it was not possible to collect rock
samples. The lack of white alterati@uggestghat the dyke is cmprised primarily of silicate

rock rather than natrocarbonatite.

Clse examination of the suparallel units within the tuff cone walls reveals some vertical
offset between continuous layers of aboutd, suggesting subsidence to the east of the crater
possibly due to the intrusion of magma along a localised fault. Whetherfault was
gengated during or prior to magma intrusion is unknown. The distance of the observations
unfortunately did not allow the identification of a chilled or baked margin associated with the

body of magma.

The upper slopes and region between tera are littered with volcanic debris generated
during the explosive activity. This debris consists mainly af 30 cm bombs coated in grey
to-ochre natrocarbonatite up to 1 cm thicKigure3.1). Once split operthe bombs revead a

number of litholodes related to the subsurface geglp which will be discussed ih#&pter 4

Figure 3.1 Surface of crater rim littered with volcanic bomb materfaterage borb size around 10
cm acrossPhoto courtesy of Adrian Jones
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Numerous metrescale white stalactites appended to overhangs indicate remobilisation of
water-soluble carbonates from the white, lapiiominated ashes exposed on the rimtbg
crater. Such formations have previously been reported within caves exposed beneath inactive
hornitos located on the crater floor prior to the explosive actijcFarlane et al., 2004ut

also appear on the recent lava flows associated with the overfilling of the northern crater prior

to eruption (see section 3.1.3).
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Figure 3.2: Close up of swirtical dykelike feature located in the northern crater wall witl
deformation of the volcanic ash evident arouncethead of the intrusion. Whitgrey linear €atures
are mscale stalactites
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There were at least three visible sites of active degassing, two fissures on the crater rim

ash cone(Figure3.3) and one from a vent on the crater floor. These plumes were white in
colour and had a sulphurous smell suggesting the presence of hydrogen sulphide. The ash
cone on thenorth-westernapproach to the crateshowed up to kneeleep alteration to dark
brown, yellow and black sdike products with pockets of blue and green material
accompanied by a distinctive sulphurous smell. Similar colourations could be seen on the
precarious western crater wall just belotlie slope of ash. Rocky exposures of pyroclastic
breccia on the upper nortlwestern slopes of the volcano, immediately below the ash cone,
have numerous expansion cracks and fissures suspected of recently releasing gas, as indicated
by large nmbers of dea insects. A gas haze in the same area suggests additional diffuse
degassing from the upper flanks of the volcaAofull report on the degassing and plume of
Lengai is included in Appendix ®hich indicates the presence of aerosols from the diffuse

emissons from the summit crater of the volcano.

Figure 3.3 Fracture located on the rim of the new ash cone of the northern crater, wt
showed degassing. A white effervescent coating can be seen around the fracture.
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Observations of the crater suggest that the volcano is in a period of reduced activity following
the explosive eruption in 2007 with no effusive lava production on the crater floor, although
lava could beheard below the surface with assumed pockets of degassing lava, causing
disturbances around cavities in the crater floor at intervals of¢1Z minutes. At least four
open vents were observed on the crater floor appearing darker than their surroundirfgsv

of these cavities look to be the initiation of metseale hornito building, but are not yet well
organised. Some areas near the crater wall appeared to have darkefiflfeatures from

recent lava extrusion.

Figure3.4: (a) Rimg to ¢ rim view of the northern crar taken looking approximately EasWest;
(b) downward view into the crater from the western edge of crater rim.
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The upper slopes of Oldoinyo lgai are paryy covered with indurated whitegrey volcanic ash
(2007), recently flushed with watdrom seasonal raind={gure3.5a). On the middle to lower
slopes, the same white crust can be found on radial topographic highs. This indurated material
breaks under foot to reveal dark watesaturated ash. The flanks vary in slope from-&5°
beyond the half way point and much of the recent ash had been removed, along deeply incised
water-runoff gullies. A white effemescence of carbonata={gure3.5b), <Ilmm in thickness,
covers much of the upper slopes of the volcano and active erosion runoff chantetsliag

down towards Lake Natron. This layer is thought to be the result of evaporation and

crystallisation from carbonate saturated rainwater appearimgilgir to salt crystals.

Figure3.5Yy o0 0 ! LJJSNJ af 21LJSa 2F hftR2Aye2 [Sy3ala
DFiSaé¢dd ¢KS LI2 G avarNg dfislopes Keprésanting Welathefed lcanic ash fr
the latest eruption; (b) close up of the carbonate effervescence present on the surfaces of th
gullies on the upper slopes of the volcamhoto courtesy of Matt Genge.
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3.1.2 Estimation of solid carbonatite flux

By using the measurements of the cratéris possible to estimate the volume of theatar
itself. Previous estimates have been based on the crater being dynedmndrical shape
(Nyamweru, 199Q)which providesan upper limit to the crater volumeA lower limit for the
volume carbe estimated by apmximatingthe crater to that of a coneThe drawback of this is

that the cone top must be circular and so an average of the two distances must be used.

r2 Volume ofCylinder (elliptical base)

N T 4

=" *1*r2*h
h =" *144.475* 131.215 172

=1.02 X 16n®

~ Y

N Volume ofCone:

.—_—-/
=1/3" r’*h
h

=1/3" * (137.845§* 172

=3.42 X 1fm?

If it is assumed that explosive eruptignghich excavate the crateoccur approximatly every
40 yearsa crude estimate for thaveragecarbonate flux can be determined using the above

calculated volumes
Cylindrical- 1.02 X 16m®/ 40 years = 2.55 X 1tn’/yr
Cone- 3.42 X 18m®/ 40 years = 8.55 X i1mm°/yr

In the years before the expbsive eruption of 2007, the crater overflowed with
natrocabonatite flows extending down the flanks from numerous sites. The breach of the
crater rim on the northwestern and eastern sides is thought to have occurredingu
extensive activity in 1998he northern edge was topped in 2005 and the western nn2006.

The volumeof lavathat hasextended devn the flanks of the volcano ot well documented
68



and so place an uncertainty on the carbonate flux from @ldyo Lengai. For example
observations of lie 2006 flowsuggestthat 1.7 X 16 m? of natrocarbonatite material could
have been emplaced on the slofi€ervyn et al., 2008bkstimates of the volume of large lava
flows, which have occurred on Oldoinyo Lengahe last 25 years, are comparable to this flow
rate. The Chaos Crag and South#tow, whichwere emplacedn 1993, weredocumented to

have a voluméetween of 0.15X 10 m*and 1.3 X 10m® (Dawson et al., 1994&/enzke et al.,
2002). Dawson et al (1994) suggest that the flows were emplaced within 336 hours (~14 days)
after almost 17 years of dormancy, showing that the crater filling occurs in sporadic events
rather than as a continuous outpourin@he drivingforce of suchlarge lava flows is little

understood.

69



Figure 3.6Stitched @mnoramic view of northern crater showing near vertical walls and steep upper slopesdowih lapilli ash from the 2007 eruption. The crater flo
also shows collapse from the upper slopes and subsidence of the crater floor (brown slabs of rock). Remnants of the@®rions can be seen on the southern edge
the crater. Looking 8D° with Gelai peak just visible in the background.

70



3.1.3 Observations of 2006 Lava flow the Western Flank

In the years beforéhe 2007 explosion, Oldoinyo Len@activity waseffusiveandresulted in

the production of two approximatel3 km long &va flow down the western flank of the
volcana According to local reportthe flow wasemplaced in less than 14 hourAt this time

the northern crater was completely full with carbonatite material due to the outpouring of the
central hornito. Small flowbad already topped the crater rim to the north, northwest and
east, lut had extended no more than a few teametres down the flanks before cooling. The
new lava flow on the western flank vasidrom rubbly pahoehoe taalike lava Figure3.7b).

The ceatral part of the flow (up to 15 m thick) is predominantly blocky lava with patches of
pahoehoe lava, whilst towards the flow front (~2 m thick) the lava is predominantly pahoehoe
with ropey textures within channels up to I@n in width. Previous estimatesf the flow
volume are in the range of9.2 (+3.0)x1®m? (Vaughan et al., 2008, Kervyn et al., 2008c)
yielding a mean effusive flow rate of 20°sh or less.Over the 4 years since emplacement
exposure to the anospherehas caused secondary alteratiand turned the previously blaek
grey lava flow to whiteso that it stands out against the upper grejopes of the volcano
(Figure3.7a).
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Figure3.7: (a) Upslope view of 2006 lava flow showing contrast in colours between white alt
natrocarbonatite and indurated slopes of Lengai of mixed carbonatite / silicate material; (b) Ve
sedion along eastern side of lava flow. Tape measure represents Bhotos courtesy of Adriar
Jones.

Alteration is restricted to the outer, exposed regions of the flg@nerating avhite carapace a
few centimetres thickThe carapacecoversa brecciated flowtop, as wellas a basal breccia
(Figure3.8a). Just above this basal breccias are small {®25cm thick)layeredflows of a
browner coloured carbonate mterial Figure 3.8c). These flows have distinct boundaries and
appear to have beermplacedbefore the mainflow. They may represent previous flows
which are at a more advanced stage of alteratitue to their colouration Theblockytype lava
often contains pressu ridges and tumuli Figure3.8b), the largest of which is aroundrs tall
(Mattsson and Vuorinen, 2009Thetumuli are generatedby lavaaccumulating beneath a
stronger crust and pushing the crust upwdBluncan et al., 2004, Guest et al., 198attson
and Vuorinen (2009) indicate that two important conditions must be satisfiedréeroto
generat these inflation featuredirstly there must be a lateral barrier which prevents the flow
from getting any wider and secondly there has to be a continual influx of materaabh the

crust of the lava flow.
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Figure 3.8 (a) Basal breccias of 2006 flow; (
Tumulus present on top of 2006 flowPhoto
courtesy of Adrian Jongg&) thin flows present at
the base ofthe 2006 lava flows above the basi
breccias with camera lens for scale.

The interior of the main lava flow still appears freshnd maintains gpredominantly back
colour with some regions appear to have a brown colouration possibly duéotalised
weathering or a #htly different chemistry. Théresh natrocarbonatite is potpyritic with
visiblephenocrysts ohyerereite and gregoryiteNumerous xenoliths and volcanic bombs can
be found withinand on top ofthe lava flow. The clasts entrained within the fl@are most
likelyto have been incorporated during its descent down ffanks of the volcanowhilst the
xenoliths resting on the surface are volcanic bomplsducedby subsequent explosive activity.
Thexenolithsand bombs vary in size from 5cm to 75cm but do not appear to have any chilled

or baked margins.

Salactitessimiar to those foundon the crater wallsmentioned abovealsoextend from the
underside ofthe 2006 lava flowKigure3.9a). Theyhave maximum lengths of ~7 cm, anere
seenwith water droplets forming at thie tips. The stalactites effervesce with thepigation
of 10% HClindicating a carbonate mineralogylthough the majority occur asvertical
features, closer examination of the lava surface reveals horizontatltkbestructures formed

of the same materialRigure3.%).
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Figure3.9: (a) Small stalactites hanging fréouwer surface of 2006 lava flow; (b) seconda
alteration of lava flow generating horizontal tubes of material similar to that of -
stalectites. GPS location 024.89S, 3%3.26E

Thehorizontalorientation may bedue to wind blowing surface water down slope. Toward the
side of the lava flow is an excavated gullyhich runs parallel to the lava flownost likely
caused by rainwater and so winds are likely to be channelled along this gullynsidhes of
these stalactites, at their base, show stibcular growth patterns with pore spaces, consistent
with the addition over time,of layers over an initial drop. Similaatureswere found inside
the base of an inactive hornitbefore the explosiveeruption and are argued to the be the
result of precipitation from an alkaline brine generated by weathering of natrocarbonatite
(Mitchell, 2006b, McFarlane et al., 200furing weatheringhighly soluble elements such as
Na, KCIl and F are concentrated meteoric water, which then percates through the lava at
the roof of the hornito and precipitatesninerals via evaporation.However, percolation
through the lava body may ndtave been required to form the stalactites on the 2006 lava
flow. In this casejt appears as though the meteongater may simply flow over the surface

and once it reaches the edge start to drip off and form the stédés.

3.1.4 Interpretation of 2006 lava flow

The effusive activity in Marct April 2006 ighought to represent the largest outpouring of
natrocarbondite in the histaical recordof Oldoinyo Lengai, even larger than tlditthe Chaos
Crag flow in 1993\everthelesssimilarities can be drawn between the everteth emplaced
large volumes of crystaich, natrocarbonatite in short péds of time andwere associated

with contemporaneous or slightly delayed explosive activithe 1993 eventhas been
interpreted as an influx of silicate material into a magma chamber which was already

crystallising nyerereite and gregoryite as a crystal mush, with relsigilgyricnatrocarbonatite
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(Dawson et al.,, 1994a, Church, 1995The addion of silicate lava, which was exsolving
carbonate during its ascent, provided the driyiforce and additional material to generate a

large lava flon(Dawson et al., 1994a)

Hfusive behaviouiis occasionally produced when the flank collapse oftibmito allowsthe
escape of lavavith elevated Si@and crystal content. This was thought to be the case during
the 1993 eruption and the 20087 eruptions (Kervyn, Ernst et al. 2008 and references
therein). In 200607, the western flank lava flowwas emplaced in onl§4 daysat eruption
rates of 3¢ 12 nts® , which appear to be typicalrainage ofa shallow magmareservoir
following hornito collapseKervyn et al (2008) interpret the 20@& flow to have resulted
from the collapse of two central hornitos, forming aladeralike pit crater and rapid drainage

of the underlying lava lakePetrographic analysis revealed a typical natrocarbonatite
composition of nyerereite and gregoryite phenocrysts within a matrix of sylvite, nyerereite,
gregoryite, fluorite and opaqueddowever the material also containe®l ¢ 7 vol%silicate

spheroids consisting of nepheline and pyroxene with minocamdradite and wollastonite

The 2006effusiondescended down the slope as two separate fl¢g@awson, 2010, Mattsson
and Vuorinen, 2009yith morphologiesdifferent from those normally seen for small volume
breakouts(Mattsson and Vuorinen, 2009 particular,MODIS thermal datahow that the

first flow descendedhe flank of Lengai on 35March andthe second on the % April (Kervyn

et al., 2008b) The driving force and mode of emplacement of such large flows are an
important consideation for understanding the evolution of Oldoinyo Lengai andriregmatic
processes beneath the summit cratévlattsson and Vuorinen (2009) concluded that the flows
were emplaced by overflowing the crater wall on the western rim and extending down the
flank eroding a channel within which to flow, approximately 2.5 @emland 5 m wide. The
position of this channel is argudry Mattsson and Vuorinen (2008) have been dictated by a
pre-existing gully on the flank of the volcano. Pressure ridges and tumuli did not start to form
until the flow reached the lower slopes bengai where the gradient is shallower and lateral

barriers could develop.

Older lava flows contained solely within the crater, prioatbepisodes of historicaxplosive

activity, have been loserved to issue from small hornitos and spatter vents ohivismall,

open lava lakegKeller and Krafft, 1990)n 1988 Keller and Krafft (1990) observed at least
GKNBS ONIXGSNI €@ ftF1S5a 6KAOK ¢SNB KAIKE 2
Periodically theséakes were observed to fill and overflaw feedlava flows up to 10Q 200m

long and thought to be the resit of a sudden upwelling of gagh, hotter lava. The authors
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estimated each exasion of lava from these lakes to produce around 1000 mPrewdus
eruption rates of material produced by hornito collapse and drainage of a shallow reservoir
have been estimated at § 10 nT s (Kervyn et al., 2008byhich are comparable to the
estimate of eruption rates ofhe 2006 flows (X 12 n? s*) by the same authors. For this
reason Kervyn et al (2008) argue that the western flank flow was the result of drainage of a
shallow magma reservoir brought on by the collapse of hornitos due to destabilisation caused
by an intial magma withdrawal. It is plausible that this initial magma withdrawal may have
been the result of an influx of silicate material similar to that of the Chaos Crags. For this
model to work it requires all of the hornitos to be interconnected to somgda magma
reservoir located near the surface which can empty upon disturbance. A complete drainage of
this shallow magma reservoir may explain the timeguired to refill the reservoir before

activity can start again.

3.2 Field observations of timmocks

An mportant morphological feature found within the Gregory Rift on the flanks and
surrourding plains of Oldoinyo Lengai and Kerimasi are large hummocks of debris material,
which have previously been interpreted as Debris Avalanche Deposits (¥eDgyn et al.,
2008a)

Figure3.1Q Debris deposits (hummocks) located on the plains between Oldoinyo Lengai anc
Naron. Photograph taken looking S#th Oldoinyo Lengai off to the right hand side of the phoi
Photograph couesy of Adrian Jones. 76



Previous work, outlined in chapter 1, concludes thia¢ avalanches wer provided bysector
collapses of volcanic conedhe formation of the deposits is an important part of
understanding the evolution and growth of thelganic complex as well as the rift valley itself,
particularly in terms of palaeoshores of Laketidn. The following section outlines the

features of the hummocks present on the current southern shore of Lake Natron.

As shown by the skeh map inFigurel.5, the hummocksxtendto the north and easfrom
Oldoinyo LengaiSome of the avalanches have run odistances over 20 km and are now
located within the present southern shoreline of Lake Natron. Kervyn et al (2008) suggest that
the debris material fanning out to the east of the volcano (referred to as the Cheetah DAD) is
the result of a deep,-ghaped mcision on the eastern slope of Oldoinyo Lengai, known as the
Eastern Chasm. This collapse scar is shoviAigires 3.1la and b. The close up image of the
scar shows the inner volcanic complex with layering afaté and minor carbonatite material.

The carbonatitic material occur®nly in the top 10% of the volcanmwing to dissolution
during weatheringFigure3.11aclearly shows the feeding point and fan of material, which

extends from the central region of the scar towards the plains.
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Figure3.11 (a) View of Eastern Chasm on Oldoinyo Lengai from the Serengeti road Ic
West; (b) Close up of the collapse scar with visible volcanic layers and blatkrastecent
eruption.

The hummoc& themselves vary in size with the larger outcrops up to 2d6ng 10 mwide

and 5 m high, whilst smaller outcrops are <20 m in length and 2 m in width or height. The
hummocks show variatiom size, mixing and lithologyith distance from the source, vith

could be a result of mechanical sorting during transportatibhe hummock at Location 10
was studied in depth and is locatexpproximately 6 km northeast of the lower flanks of
Oldoinyo Lengai. This hummock is around 20 m in length and 4 mghtteigure3.12). It is
mainly clastsupported with clasts of nephelinite and wollastonite nephelinite ranging from ~3
cm to 1.5 m across, within a matrix of pulverised rock that contains remnant crystal fragments
of nepheline and pyroxene. The larger clasts more angular in shape and brecciated in a
Geraldal g FAGE FlrakKiAzys gKAfad GKS avltf SN Of
sorting of the deposits indicating turbulent mewent and deposition, which can be
characteristic of debris avalanchepiesits(Siebert, 1984aHowever, later work on landslides

by Kilbun (200 0 AYyRAOF(0Sa GKIG a2Aa3aleg FALGE of 201

ax

merely signify the avalanche materialvas disaggregatinguring emplacementThe overall
yellow appearance of the hummock and compios of the material is similato that of the

older, palagortized units of Oldoinyo Leng@ddawson, 1962a)
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Figure 3.12Small hummock on théainks of Oldoinyo Lengdthoto courtesy of Adrian Jones

Moving further away from Oldoinyo hgai, the hummocks become more matsMpported,

with a coarse grained, welded matrix supporting $sabinded blocks around 30 cm across. The
matrix also contains some carbonatévhich effervescesupon application of dilute
hydrochloric acigl The large hmmock on the shoreline of Natron seems to have crude
layering of dfferent flow units Figure3.13a): a lower greycoloured unit containing polymict
clasts of nephelinite, trachyte, phonolite and basement units of varying sizes, and an upper
yellow unit wth monogenetic clasts of phonolite, with large nepheline crystals up to 2cm
across. The atrix is preferentially weathered in both layers resulting in the prominence of
clasts. Composite bombs can also be found within the deposit, which appear to be fofmed
jacupirangite, utite and nephelinite with fined graed, chilled margins. Location 14
represents a site on the deposit where a large, consolidated block of porphyritic lava has
moved en masseotvards the lakeshore, incorporating sediment into a wedgmeath the

slab Figure3.13b). The observation of discrete flowing units or layers within the hummocks
again counter the interpretation of turbulent flow, which requires the mixing of units from
different levelg(Kilburn, 2007)
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Figure 3.13: (a) Large hummoak shoreline of Lake Natronith apparent ramped flows
discernible by colour; (bjakge slab of porphyritic lava with accumulated sedim&uale:
70cm at thickest esh of sediment wedge

The contact between the block of lava and sediment is undulate and discordant with a thin
baked margin. The sediment wedge then grades into the grey ctagt unit previously seen
within the hummock. This grey unit could represent pyroclastic material previously deposited
from explosive eruptions that have then been entrained by the debris avalanche flow. On the
westward side of the hummock soft sediment deformation can be seen withingg of the
yellow unit generating an eastwest axial plane, suggesting a transport directiof north¢

south (Figure 3.14a). The sense of motion is also indicated by the presence of parallel

laminations within the matrix of the hummocks, similar tmse of shear plane§igure3.14b).

80



Figure 3.14(a) Soft sediment deformation within one flow unit of the debris deposit; (b) Par:
laminations along shear planes

3.2.1 Volcanic activity during collapse

An interesting feature of the hummocks is that they do not appear to contain blocks of trona, a
mineral readily precipitated from Lake Natron due to its alkaline chemistrychnini turn is
thought to relate to the activity of Oldoinyo LengaA complex hydrothermal circation
system is thought to exist connecting the lake to the surrounding waters running off of Lengai.
The watersoluble nature of thenatrocarbonatiteresultsin hydrothermal fluids sairated with
alkalis (up to 30 X £@pm of dissolved solid sodium carbondtdillaireMarcel et al., 1986,
HillaireeMarcel and Casanova, 198,Avhich are introduced to the lake via hot springs found at
numerous sites around the lak®Varren, 2006) The lack of trona within the debris deposits
within the trapped sediment wedgesuggests thathe large, first sector collapse of Oldoinyo
Lengai, from which the humatks on the shoreline of Natron are thoughthaveoriginated,
occurred duing a time when the lake was not as alkalineahgresent. The direct relation
0SGsSSy (GKS t11S OKSYAA(lNER thysRurthéris®gesd hat Ol v 2 ¢
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Oldoinyo Lengi may not have been producing natrocarbonatite during the early stages of its
growth and so the prodtion of carbonatite is an evolutionary step rather than a consistent
feature of this volcano. The presence of stromatolites at the distal end of somenbuks, as
previously reported byHillaireMarcel et al (1987), Hillair®arcel andCasanovg1986) and
Kervyn et al (2008ndicates that the lake level during this lagse would have been higher
than present levelsAhigh stand is dated at ~10,000 ye&®8 and so the debris deposits would

have floned into the lacustrine environment.

One of the most interesting consequences of thebra sector collapsewhich accurred at
Oldoinyo Lengai during its early stage of formation, is to causesttee of active lava
productionto shift from the southern crater to the now active northern craterid possible
that the removal of a large percentage of material from the volcanic cone eshinlta change

in the stress regimabove the shallow magma chamber anlfimately causd the volcanic
conduitto be moved northwardMigration of conduitshas been documented at Las Cafadas
caldera,in Tenerife where overlapping calderas are thought to be the result of magma
chamber migration due to the wvertical collapse of aaldw chamber (Marti and
Gudmundsson, 2000)

In a rifting regimethe principd stresses areriented with a verticalmaximum pmcipal stress

(" 1) andhorizontalminimum principal stress §). Thisallows horizontakxtension whichin a
volcanic situation favours the propagation of dykesthat open in the diretion of .
Gudmunsen (2000) argues that after collapse of a volcanic edifickhe maximum or
intermediate principal stresgan become horizontal due to a change in the overburden.
Fractures can now not open laterally and so dyke formation is often arrested at depth. This
results in fault propagationawards the region of higher overburden where the stress regime
is underdnormak, pre-collapse conditionsand results in thegeneration of a new magma
chamber to the side of the previousltimatelyresulting in a movement of thconduit.A large

time lag would occur étween the collapse of the flank of the volcano and the onset of new

volcanic activity as the conduit must beestablished.

3.3 Field observations oKerimasi units

Kerimasi is an extinct volcano which lies apprately 12 km southeast of Oldoinyengai
and is thought to have been an earlier twin of Lengaibecauseboth are comprised of

nephelinitc I Yy R~ OF NB 2y F GAGAO YI (S NAdatdsdhe NArdidk Basird A Q &
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boundary fault Its early activityvas bcated close to the fault, buildingn edificeup alongside

the escarpmentwhich it eventually overtopped and so the fault section is now buried beneath
Kerimasi. The core of the volcano is formed of nephelinitic tuffs and agglomerates which are
overlainby cacium carbonatite tuffs and agglomeratésought to represent the final activity

of the volcangDawson, 2008, Church, 1995)

During the field campaign observations of the carbonatite material ofméeii were made in

two locations:a gully section located between Kerimasi and Oldoinyo Lengai on the-north
eastern slopes of Kerimaand a ridge on the eastern flank of the volcano. The gully on the
north-eastern slope cuts through the upper carbonatite carapace of Kerimasi consisting of a
lower silicate agglomerate, approximately 1m thick with a pink colouration containing large
clastsof alkaline units including ijolite, nepheline syenite, nephelinite and pyroeumit to

20cm acrossHigure3.159. Previous studies of similar units located on Kerimasi by Dawson
(2008) also note the presence of more exotic clasts of amphiboddtiegite, melanite

meltiegite, mica pyroxenite, urtite and uncompaghrite.

=
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Figure 3.15: (a) ijolite clast within basal agglomerate; (b) accretionary lapilli tuff,
supported with cored lapilli and proto lapilli in same formatioRhotos courtesy of Adriar
Jones

The agglomerate unit is overlain by a tapered, lenticular unit of welded calcium carbonate
lapilli tuff approximately 8m thick at the centre and ~1 m at the edges with a complex
stratigraphy. The base of the tuff is diffusively stratified with horizons rich in fine material
intercalated with units of matrixssupported lapilli tuff. The lapilli vary in size from 0.5 cm to 2
cm and represent up to 35% of each stratification. Tegority of the lapilli are sulsounded

to oblate andappear to have a fingrained ash core lacking internal structuretorbe proto-

lapilli lacking any laminations.

83



Above this lies a massive clast supported accretionary lapilli tuff layer. Within tkds lay
around 10% of the accretionary lapilli have mafic lithic cores and so are classified as cored
accretionary lapill(Brown et al., 2010)The unit shows littléo-no subparalld stratification

and the lapilli constitute up to 65% of the unit. The lapdin range in size from 0.5 cm%am

and are sb-rounded in shape Kigure 3.15b). In some regions of this deposit there are
indications of normal gradingowards the tapered @ge of the section are lenticular bodies of

clast supported agglomerates with up to 80% clasts.

The welded tuff is capped by an ash aggregate layer typical of ash fallout. This unit (dark grey,
draping lithology irFigure3.16a) is approximately 2 2.5 min thicknesswith well developed
laminations, showindjttle variation along the length of the sectiand is comprised of clast

supported coated ash pellets, cored pellets and lastly ash pellets (normal grading visible from

base to upper surface).
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Figure3.16: (a) Overview of tuff deposit located in gully beeveKerimasi and Oldoinyo Lenge
(b) simplified stratigraphic log of tuff deposit; LT = lapilli tliEicc = accretionary lapilli tuff, db
diffusively bedded, m = massive, pel = ash pellet, cpel = cored pellet, a = ash, |= lapilli, bl -
bo=boulderPhotograph courtesy of Adrian Jones

3.3.1 Interpretation oflapilli unit

At first glance the morphology of this deposit is typical of pyroclastic density current deposits.
The pink coloured basalinsorted agglomerates at this location represent either the initial
stages of a pyroclaist flow after the initial basal surge deposits, which are not visible at this
outcrop, or ballistic air fall deposits from the initial eruption column prior to the collapse and
generation of the density current. The intermingling of both pr&pilli andwell developed
accretionary lailli could indicatethat two different sources of materided the samedeposit.

Ash aggregates and lapilli are common in deposits from both air fall and pyroclastic density
currents. Accretionary lapillihowever, are thoughto only form in turbulent regions from
pellets or lithic fragments which are too large to be sustained within the rising plume (this
could be the umbrella cloud of an explosive eruption or the lofted ash cloud of a density
current) and so descend into éhdensity current where ash accretes to the surfa@ewn et

al., 2010, Gilbert and Lane, 1994)is therefore possible that during an explosivepgion the

air fall deposit and a density current were depositing material in the same regiarh due to

the heat of the density current becomes welded into one tuff unit. The asbutadirape which

caps the entire deposit records waning of the plume after the cessation of the pyroclastic
density current and so normal grading occurs as suogagsemaller particles fall out of

suspension.
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3.4 Field observations oéxplosion craters and tuffanes

The younger volcanoes of the Tanzanian section of the East African Rift are typically highly
explosive as can be witnessed with recent activity at Oldwibgngai. This is also evident from

the presence of minor volcanic features of explosion craters and tuff cones found within the
Natron Basin on the plains between Kerimasi, Lengai and Gelai. The following section describes

the morphology and petrology aome of these features from field observations.

3.4.1Loolmurwak explosiorrater

Loolmurwak explosion crater is a dry maar approximately circular in shape with a diameter of
915 m and a small tuff cone located at the southern edge. The southern wall of atex cr
contains a fault causing an estimated maximum offset of 30 m to the west. The orientation of
this fault is similar to that of the larger scale faulting of the rift section and so are synthetic
antithetic faults. The outer slopes of the crater aenge with an angle of no more than 20°,
whilst the inner walls are near vertical and expose the strata through which the crater
exploded (fig 3.18), argued to be Kerimasi pyroclastic material from previous (Rarkson

and Powell, 1969)This material consists of fragmented urtitesltiegite - ijolite tuff material

which is cemented by calcite and occupies the lower stratigraphy of the crater. The upper 50 m
of the crater walls are draped with a more maffich ejecta magrial (visible inFigure3.17a),

the uppermost 5 m of which is a hydrated, palagonatised yellow tuff that contains abundant
crystals of mica, pyroxene and olivine. The mica crystals occur as books up to 6 cm across and
2.5 cm in thickness whilst the pymxes are well formed crystals often appearing glassy
(Figure3.17b). The upper unit of Loolmurwak also contains numerous blocks of plutonic rocks;
olivine ¢ mica pyroxenite and mica pyroxenites. Dawson and Powell (1969) discuss the origin
of these pyroxenes concluding that they are not consistent with the petrology of Kerimasi
and so do not represent xenoliths entrained from Kerimasi material and ejected during the
explosion which formed the craters. The authors also argue that theses dockot represeh

metasomatic lithologies from the interaction of neighbouring carbonatite magmas.
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Figure 3.17 (a) Annotated photograph of Loolmurwak explosion crater with Kerin
pyroclasticsand upper ash drape / palagongiz unit. Back wal fault indicated in red, (b)
close up of palagonitized unit of Loolmurwak with large mica book (6cm across) and pyr
in matrix of hydrated carbonate cemented ash.

One key observation is that the draped material topping the explosion craters in this region is
similar to that of the ash drape observed at the lapilli tuff oufcreithin the gully between

Kerimasi and Oldoinyo Lengdiwo explanations for the similarity are plausible. First
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explosion craters erupdn the slopes of Kerimasi display pyroclastic material inrttertical
inner walk, so thatthe draped ejectanay representmaterial similarto the rock type through
whichthe crater formed. Secondhe eruptionthat producedthe lapilli tuff deposit may have
been sufficiently largéo spreadfine material (e.g.from a pyroclastic density current) around
Kerimasi ad so the ash drapes were formed in one single event. Which of these scenarios is
correct has implications for the age of the craters in relation to that oink@si and Lengai. If
the first iscorrect, Loolmurwak and other explosion craters appear to hforened after the
main explosive events of Kerimasiowever, if the secondexplanationis correct then
Kerimasi must still have been active during the formation of LoolmuriMa&presence of the
yellow palagonized unit at Loolmurwak providea constrdnt since this unit is typical of the
early volcanic sequence associated with Oldoinyo Le(igaiwson, 1962a, Dawson, 2008)
However yellow palagonitd units are also a common feature of hydrovolcanatufees due

to the alteration of magratic glass to iron oxides and smectite clay.
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Figure 3.18(a) Stitched panoramic of Loolmurwak explosion crater situated on the petween Kerimagfto the left) and Lenga(to the right), Photograph
courtesy of Adrian Jones and taken looking °2&@h vehicle for scajgb) Panoramic of explosion crater locally named Kisetey located to the southee
Loolmurwak, again with Keriasi and Oldoinyo Lengai visible to the left and right respectiViptograph looking 26Trater diameter ~ 600m {& direction)
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3.4.2 Tuff cones (Ubehebe type).oluni, Pello Hill and Deeti.

Ubehebe type tuff cones are those which stand above the surrounding plains with outer slopes
up to 30° and more gently inclined inner slopesaihlead to a bowl shaped crater. The outer
slopes of the tuff cones found within the Gregory Rift are generally deeply incised by rainwater
gullies generatingé NA 0 0 SR¢ FigutelSI9NI y OS 6

Figure 3.19:(a) Loluni tuff cone
SEKAOAGAY3 322R
weathering patterns and elongate
morphology. Vertical height of
slopes ~ 400n. Photographtaken

looking west from Kisetey.

During this field campaigthree tuff conesvere visited:Loluni located on the eastern flank of
Kerimasi, Pello Hill located on the western flank of Gelai volcano and Deeti also on the eastern
flank of Kerimasi. The lower slopes of Loluni tuff cone were visited to look for xenolithic
material. Thecone itself is primarilgomprised of lapillup to 3 cm in diametersimilar tothat

of Kerimasi and Loolmurwakhat containlarge crystals of phlogopite and amphibole. The
phlogopite crystals exist as loose mica books previously seen at other eruptitresc(up to 5

cm across) or as megacrysts within the tuff deposit itself. Deeti tuff cone also comprises of
carbonate cemented, concentric lapilli and ejected bombs forming m36gh oval tuff cone

with an eroded central crater. The megacryst suitdetti is formed of mica, amphibole and
pyroxene.The concentric lapilli at this locality are oftéormed arounda mica book. Previous
work has suggested that the host lavas at Deeti are melilitites which are poavimedbut rich

in pyroxene (Johnson et al., 1997)This work alsdndicates the presence of ultramafic

xenoliths at Deeti but these were not observed during this trip.

ThePello Hill tuff cone differs from both Deeti and Loluni in that it is not dominaied lapilli

tuff, but by ultramafic scoria. Pello Hill does haegilli tuff depositsbut these are confined to
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the lower sections of the cone with lapilli up to 3 mm in size showing glassy cores and
cemented with carbonate material. Withithe scoria, identified to be adtungitic in
composition(Dawson, 2008)resides a large number of xenoliths which vary in composition
and can be up to 10 cm across. Thesinstriking xenoliths are green peridotitic / pyroxenitic
and cumulate blocks with visible chrome diopside pyroxene appearing apple green in colour.
Around 40% of these green xenoliths contain rich veins up to 5mm in width argued by
this author and thers (Church, 1995, Dawson and Smith, 1988)e meta®matic alterations
made to the original host unit. The veins cross cut in some regions which could be indicative of
more than one metasomatic event. Pello Hill also contains a grey unknown xenittittarge
phenocrysts of a retbrown and black mineralThe xenolith itself is fine grained and veined
with a white mineral. It is possible this unit represents a block of the ketsingite (kalsiliteg
leucite ¢ olivine melilitite) with phenocrysts of melilite and olivine. Overall the xenoliths are

heterogen®usly distributedand constitute between 10 and 40% of the deposit.

3.4.3 Processes dbrmation of explosioncraters andtuff cones

All of these minor volcanic features are typical formations caused by interaction between
magma and water at different levelsithin the crust. The main factors that control the
landform created during the interaction are;
1. Ratio of magma to water (typically 0c10.3 for efficient conversion of thermal energy
to mechanical energy in basaltic systeBberidan and Wohletz, 19§3)

2. Depth within the crust that the interaction takes place.

In general the closer tche surface the interaction occurs timeore structurallypronounced is

the deposit generated. This is thought to be a result of a higher watemagma ratio which
causes the fragmentation process be less efficient and producegter-saturateddeposits
that areable to build aconewith a slopesteeper than the natural angle of repose at a short
distance from the venfWohletz and Sheridan, 1983Jherefore, a maar or explosion crater
such as Loolmurwak, which has very little surface expression, is the product of rmagtex
interaction at depth below the surfaceusually attibuted to magma encountering an aquifer
The resulting phreatic explosion excavates the observed cradad disperseselatively dry
pyroclasticdar from the vent at a low angle of deposition. Tuff cones, on the other hand, are

the result of an interactin which has occurred at the surface when magma encounters a
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shallow body of waterto generate wet, cohesive ashthat can build up steeper slopes
(Sheridan and Wohletz, 1983, Wohletz and SheridaB319hustuff conesare associated
with eruptions throughstanding water(such asa lakg, whilst tuff rings and maars are
associated witheruptions in initially dry conditions but where ground watee.g. from an
aquifer) or surface water is able to @mtthe vent. All the deposis contain material from
pyroclastic surge dominated by lithic material rather than juvenile material, with the

presence of lamiations and structures typical of laminar flow such as climbing dunes.

Field and geophysical dadom maars and tuff cones in the Eifel region, Germsungport the
interpretation that largebodies of water at the surfacprevent the formation of maarand

deep diatremes andend to result in the formation of tuff cone deposi{korenz, 1986)In
particular Lor@z (1986) has arguedhat maar formation is related to a downward
displacement of the hydrostatic pressure barrier which normally controls the depth at which
explosive hydromagmatic eruptions can initiate. The periodic injection of groundvester
steam, inareas of limited groundwater gply, displaces this barrier downwards, allowing the
root diatreme to extend to greater depths andtimately resulsin a larger eruption and larger
collapse features to form maars. However, if large amounts of water aiable to replenish

the volcanic system during the eruption the confining pressure zone is not lowered and the
diatreme root does not penetrate further down than its starting depth, preventing maar
formation. Converselyin areas lacking water, madiatreme formation is also halted and the
magma body is able to rise to the surface without interacting with the water to produce a lava
lake or scoria cone. Lorenz (1986) therefore agrees with Sheridan and Wohlet} {{i288e
formation of maars and tuff awes are favoured by criticahagma: watemrations of 3:1 and

1:1.

Understanding the formation of tuff cones and maars, is important for understanding their
relative location to Oldoinyo Lengai and Kerimasi. The explosion craters appear to have
occurred mly on the plains between the large volcanic centres of this section of the Natron
Basin, whereas the tuff cones are found on the lower slopes of the volcanoes. Dawson and
Powell (1969) cacluded that this spatial pattermeflected the amount of water whilb can
accumulate on the plains and slopes of tt@canoes. Theguggested that flat lying areas on
the plains between the volcanoes were more likely to accumulate bodies of water during wet
periods (or even due to a highstand of Lake Natron), resultimhisatomagmatic eruptions
forming maars. However, this interpretation does not explain the presence of hydromagmatic
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tuff cones on the slopes of the large volcanic structures of Gelai and Kerimasi. It is also
inconsistent with later experimental and obsational data that indicate that large amounts

of standing water areaguired to generate tuff coneBNohletz and Sheridan, 1983, Sheridan
and Wohletz, 1983, Lorenz, 1986)

The above explanation for maar formatiaoes not correspond to the conclusion that
expbsion craters such as Loolmurwak and Emablulu were the result of magma interaction
within swampy regions caused by a highstand of Lake Ng@@awson and Powell, 1969)
Evidcence does exist which indicates that the shoreline of Lake Natron was substantially higher
than present levels around 240,000 years B.P, 135,000 years B.P and more recently between
11,800 and 9,100 years B(Hilaire et al., 1987, Warren, 2006yt the exact extent of this
lacustrine extension is unknown. The exposure of Kerimasi units within these explosion craters
constrains their formation until after the main activity gi@d of Kerimasi between 040.6 Ma
(Church, 1995Wwith dating of phlogopite crystals from Loolmurwak between 140,000 to
570,000 years with an average of 350,000 years (Blicintyre et al., 1974pand so it is
possible that their eruption coincided with a lake highstand. However, the amount of water
available at the surface would have hindered the formation of maars and result in the
formation of tuff cones.It seems more likely that the maars are the result of interaction with
aquifersbelow the surfacelocated on the plains due to topographic driven floRello Hil
appears to have formed in a region lacking any ground water as evident by exprassion
scoria come and lack of palagonitisatiohis may have implications for theming of the
eruption of Pello Hill and the extent of previous lake levels; either Pdll@ddpted before or

long afteran episode of lacustrine extensiam the lake lewel neverextended as far as Pello

Hill.

The presence of tuff cones on the lower slopes of Kerimasi can be explained by shallow bodies
of hydrothermally generated groundwater as a result of both topography driven fluid flow
(flow system in which ground wet flows from higheslevation recharge areas, to lower
elevation discharge areas, where hydraulic head is loesed)thermally driven advection cells

(Forster and Smith, 1989, Hurwitz et al., 2003)
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Figure 3.20 (a) Generalised schematic of flui
flow beneath mountainous terraifblue dashed
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Although beyond the scope of this thesis, computer models of hydrothermal circulation
beneath volcanic edifices simulate topography driven flow vs. advection driven flow by setting
fluid flow and thermal parameters including permedbili basal heat flow and thermal
conductivity of the solid, liquid and vapour phases within a specified geon{etoywitz et al.,
2003, Forster and Smith, 1989Results of these simulations show that ascent of a
hydrothermal plume can be facilitated by the presence of a heat source at depth, weak
topography driverflow, a flux of deepsourced volatiles and a moderately permeable pathway
through which the fluid can traved { ¥ m3 All of these conditions are easily met at
Kerimasi with the heat source provided by magma sourced at depth and volatile flux (primarily
carbon dixide and hydrogen sulphide) from numerous locations across the rift. However
eventually thewater will be driven towards the lower slopes of the volcanic terrain and so
thermal pools and springs can be found on the lower slopes of the volcanic edifice. Shallow

bodies of water on the lower slopes of Kerimasi may also be the result of fault rdlatéd

flow.
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3.5 Concludng remarks- Interpretation of field observations

The above field observations, when combined with those previously made during different
atdr3aSa 27F hi R2AYe& INydgmEefd 998, NyamENH088a) Wawsodat db f S
1994a, Keller and Krafft, 1990, Vaughan et al., 2008, Kervyn et al., 2008c, Kervyn et al., 2008b,
Kervyn et al., 2008ahelpto generate a broagcale picture of how the magmatic system

within the Gregory RifthasefodSR aAy OS AdGa FANERG RSaONXLIA 2

The eruptive cycle of Oldoinyo Lengai in 2008 appears to have continued in similar ways to
previous eruptive cycles, suggesting a continuation of a deep seated prodhissésvoursa
cyclicactivity at the volcano.The timing ofthe cycleshas been investigated using isotope
disequilibriaand hasbeen inferred to occur over periods @f¢ 18 years (Williams et al, 1986)
or 20 ¢ 81 years (Pyle et al, 1991). Thature of the eruptive cycle of Leraj has been

addressed by¥hurch (1995)vho concludsthat the cycle at Lengai can be summarised as;

1. An almost continuous rise of batches of natrocarbonatite lava during periods of

effusive activity generating lava flows on the crater floor.

2. Occasionally Aody of hotter, more volatileich, juvenile silicate magma will enter the
volcanic system driving the release of ,GDd causing explosive activity, the size of
which depends onthe size of the silicate magma body and the thermal contrast

between the twomagma types.

3. A period of repose then occurs as a result of drainage of the subvolcanic magma
storage chamber. This repose ends when the residual silicate material fractionates
and eventually reaches the threshold for liquid immiscibility to generate

natrocarbonatite.

The observations of the 200607 activity in terms of the magma composition and eruptive
behaviour of Oldoinyo Lengéfervyn et al., 2010, Keller et al., 201i@s led to more detailed
evaluations othe volcanic activity of lrgyai than that of Church (2006)herevisedstructure

of the volcanic cycle can be summarised as follows;

1. A large explosive eruption excavates a large pit crater in the northern crater of the

volcano.

2. Aninflux of new carbonateénephelinite (parental unit) enters the storage chamber.
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3. Enrichment of COand alkalis occurs as the parental magma crystallises and
fractionates resulting in the crossing of the liquid immiscibility solvus and

natrocarbonatite is generated.

4. The immiscil® natrocarbonatite rises to a shallow level reservoir where convective
heat transfer and fluid motion causes the magma to rise within the conduit towards

the surface where it can be observed as lava lakes or hornitos.

5. Thermal erosion of the bases of th@rhito complexes by continual resurgence of
natrocarbonatite lava results in the eventual collapse and effusion of large carbonatite
flows like that of 2006.

6. The exhaustion of the shallow reservoir results in the system being recharged by
silicate magma ah so C@and alkali enrichment continues in the upper part of the
column generating a carbonated combeillastonitenephelinite which rises up the

volcanic conduit due to the removal of the overlying carbonatite.

7. Ascent of this silicate magma leads tasgdecompression which drives an explosive

eruption of silicate material prior to production of natrocarbonatite.

It is clear that this region of Tanzania haglaergone violent explosions from multiple centres.
This has been witnessed in recent timesCitloinyo Lengai with the eruptions in 1966 and
2007, but is also evident from other volcanic features in the vicinity. pfégence of the lapilli
tuffs on the flanks of Kerimasi providesidence for high energy explosions during its active
stage. Thes@xplosions would have been strong enough to generate a plinian eruption and

pyroclastic density currents.

The explosion craters of the Natron basin are the result of magma interaction with bodies of

water. It is concluded that the tuff cones and maarslom plains between Lengai and Kerimasi

are not the result of magma interaction with standing surficial water, but rather due to the

interaction of magma with aquifersvhich are preferentially formed beneath the plains due to

topography driven flow. It iproposed that these features are the result of magma rising in

random pockets, potentially related to magma storage beneath the largieamoes Kerimasi,

Lengai and Gelai, all of which have had batches of magma that miss the main storage zone and

so eruptphreatomagmatically to produce parasitic cones. The composition of thessipar

cones raises some interesting questions. Are they chemically related to the magmas which
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have been observed at the larger volcanic centres in particular Oldoinyo LengddP tkiy
represent a juvenile magma composition from which the exotic magmas at Lengai could
ultimately differentiate? Or do they represent precursory material before the eruption of

natrocarbonatite?

The above observatichased model provides the first adel of the eruption dynamics and
cyclicity of Oldoinyo Lengai and so is a starting point from which future models can be
postulated with increased observation of this unique volcano. In order to understand the
processes which are at work at Lengdais important to combine physical observations, both
of current activity and historical activity via deposits, with chemical and petrological

observations of the volcanic complex as a whole.
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Chapter 4: Petrology of a xenolith suite from Oldoinyo Lengai, pogs-
2007 eruption.

4.1. Xenolith suite from 2007¢ 2010

During a field campaign to Tanzania conducted during May 2010 a suite of rocks from volcanic
centres within the Natron basi(Figure4.1)were collected for further analysis upon return to

the UK. The xeniths amongst this suite are angular in shape and up to 9cm in length. The
samples can be divided into two regions, those collected from the active volcano Oldoinyo
Lengai and samples collected from the smaller volcanic centres located on the Hank

plains surrounding Lengai and neighbouring Kerimasi volcano.

Location 8- Lengai summitiese= ) : #
s yepil 73 Location 11~ Pello]Hill

' Locahog 22 - Loluni Cone
y

; Location 3.- Deeti Tuff Cone

I Kerimasi
g

GOOGle

Eye alt 45.33 km

Figure 41: Satellite image diatron basin region with sampling areas between Kerimasi and
Oldoinyo Lengai indicated.

4.1.11 engaixenoliths

After the explosive activity in 2007 a suite of volcanic bombs containing xenoliths and ejected
natrocarbonatite were collected from both the rim and upper flanks of the nariteater and

the inactive southern crater of Oldoinyo Lengai. These xenoliths are comparable to those
previously collected from Lengai by Dawson (1988wson and Smith (1992nd Morogan

and Martin (1985). The suite consigi§20 xenoliths of both volmic and plutonic material
whose mineralogy is summarised in tallealong with that of a megacryst / xenocryst also

collected from the rim of the active cratefThe samples collected cover a range of lithologies
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sampling different igneous envinments and depths under the volcanic complex. All xenoliths
are found as volcanic bomb@igure 4.2) and so are coated in natrocarbonatiesh or

nephelinite lavayvhich once henmered open, reveals different mineralogy.

Figure 4.2 View of
summit at  Oldoinyo
Lengai with southern
crater wall exposed on
the right and the rim of
. the active northern crater
to the left. Rubble on the
grourd consists of
volcanic bombs
containing xenolithic
material.

Photos courtesy of Adriar

Jones

4.1.2 Other amples

Further samples of xendtitc and megacrystic material were also collected from regions within
the Natron¢ Engaruka horst block between Kerimasi and Oldoinyo Lengai to investigate the
subsurface mineralogy of the region. This region between the two volcanic centres is
dominated bysmall cones and craters belonging to the Younger Extrusive range of volcanic
features (Dawson and Powell, 1969)The investigated sites include Loolmurwak explosive
crater and Loluni and Pello Hill, which are both tafines whose formation was discussed
previously in chapter .3A number of samples were also collected from the debraaamche
deposits on the shore of Lake Natron. Previous work on these debris flow deposits suggests
that they orignated from Oldoinyo éngai and so samples should correspond to units already

classified by Dawson (1962).

A full list of samples collesti during the field campaign and also tha$enated for study by
Abigail Chruch and Jorg Kellean be found in Appendix B, along with iB®S cardinates of
sample sitesFor the remaider of thethesis samples will be referred to by their sample code,

which can be summarised as;

OLX =0ldoinyo Lengatenolith, OLC ©ldoinyo Lengaxenocryst, OLA ©ldoinyo Lengaash,

OL =Oldoinyo Lengalava, DTC Peeti megacryst, DTX Beeti xenolith, PHX ello Hill
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xenolith, PHC £ello Hillmegacryst, PH = Pello Hill material, LWX = Loolmurwak xerndlit®
= Loolmurwak megacryst, HMK = Hummock material, NTR = Lake Natron material, KMS =

Kerimasimaterial, LRX = Loluni xenolith and LRC = Loluni megacryst.
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Plutonic
/volcanic
xenoliths
OLX1 40 40 (aug 15 <1 Nephelinite
hd) (Hauyne
)
OLX 2 45 5 (sd) 40 (dpg 1 1 <1 (Ti ljolite /
au) Mag) Meltiegite
OLX 7 95 3 <1 (F Natrocarbonatite
OLX 10 5 25 30 15 25 <1 (Ti Olivine mica
Mag) ijolite
OLX 16 40 5 (sd) 30 ljolite
OLX 18 35 40 5 <1 10 Nephelinite
(cmb)
OLX 19 35 40 5 <1 15 Combeite
(Cmb) Nephelinite
OLX 20 45 10 25 5 10 ljolite
OLC 2a 30 10 30 10 15 5 (Ilm)  Mica ijolite with
fenite vein
OLC 2b 20 40 5 25 <1 5 (lIm); Mica ijolite
5 (pvs)
OLC1 100 Phlogopite
megacryst
OoL8 5 5 90 Altered
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Natrocarbonatite
OL 6 40 5 30 5 5 5 10 Nephelinite
Fenitic /
altered
xenoliths
OLX 3 <1 80 (sd- 10 <1 5 4 Contact Fenite
an)
OoLX 4 35 20 (sd) 40 (au) 5 High grade
Fenite*
OLX5 30 45 (sd¢ 20 (agau) 2 3 High grade
mc) Fenitét
OLX 6 10 70 (sd) 10 2 1 5 2 Medium grade
(Quartz) Fenite*
OoLX 8 10 35 35 (au) 7 3 High grade
Fenitel
OLX 13 10 40 30 5 10 5 High grade
Fenitel
OLX 14 40 10 (mc- 35 (au) 5 5 2 1 2 (Ag/ High grade
sd) Cud Fenite*
OLX 15 20 25 (sd) 45 (hdg 2 1 5 2 1(Ti Nepheline
au) Mag), 5 Syenitét
(amphi)
OLX 17a 10 55 (sd) 30 (agau, 1 1 1 2 (Tk High grade
dp) mag) Fenitel
OLX 17b 35 (¢) 30 (au) 10 25 Medium grade
(Quartz) Fenite*

Table3: Mineral assemblages simplesuite post2007 eruption(modal %)(mc) = microcline, (sd) = sanidine, (an) = anorthoclase, (au) = augite, (hd) = hedenbergite, (dp) =
diopside, (ag) = aegirin@nag) = magnetite, (cmb) = combeite, (Ilm) = limenite, (pvs) = perovskite, * = metagranitic pratolittetagabbroic protolith.
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4.2.Petrography of Oldoinyo Lengai xenolithicaterial

4.2.1FenitisedPyroxenite

Xenolith OLX 15 consists of a gobinded, coarsayrained, equigranular, green inner unit
coated in finer grained, porphific nephelinitic lavaKigure4.3). The core unit appears similar

to that of peridotite but its mineralogy is not consistent. Although approximately 45% of the
unit is equant, subhe@d pyroxene crystals showing zoning with lighter green cores and darker
green rims, the remainder is alkali feldspar showing simple twinning and low order
birefringence colours and smaller amounts of nepheline. All pyroxene crystals show
pleochroism frombrown to dark green indicative of aemie-augite. The majority of the
nepheline analysed was contained within the nephelinite coating of the xenolith. The inner
unit also contains dwrdinate amounts of titanite, apatite, wollastonite and metal sulphides
and oxidesA minor amount of alkaline amphibole occurs as y@morphs within the sample.

The nephelinite coating on the sample consists of phenocrysts of nepheline and pyroxene

within a groundmass of nepheline, pyroxene and minor titanite.

Figure4.3: Hand specimen of OLX 15 showing cored xenolith with crysta
inner unit and finer grainediephelinitic lava outer selvedg®ark flecks within
inner unit represent metal oxide and sulphide grains.

The replaement textures and mineralogy of this xenolith indicate thatduld representa
xenolith of fenitised ultra-mafic cumulate which may have previously been a pyroxenite.

There appears to be little evidence of olivine within the sample, which wowddesuthat it
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