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As a change I have included two opposing quotes for my thesis; the first is a statement by 

which many scientists live by known as hŎŎŀƳΩǎ ǊŀȊƻǊ. The second is a quote from one of my 

favourite authors H.G Wells from his science fiction work The Time Machine. 

 

ά{ƛƳǇƭŜǊ ŜȄǇƭŀƴŀǘƛƻƴǎ ŀǊŜΣ ƻǘƘŜǊ ǘƘƛƴƎǎ ōŜƛƴƎ ŜǉǳŀƭΣ ƎŜƴŜǊŀƭƭȅ ōŜǘǘŜǊ ǘƘŀƴ ƳƻǊŜ ŎƻƳǇƭŜȄ ƻƴŜǎέ 

Paraphrased from William of Ockham 

 

ά±ŜǊȅ ǎƛƳǇƭŜ ǿŀǎ Ƴȅ ŜȄǇƭŀƴŀǘƛƻƴΣ ŀƴŘ ǇƭŀǳǎƛōƭŜ ŜƴƻǳƎƘτŀǎ Ƴƻǎǘ ǿǊƻƴƎ ǘƘŜƻǊƛŜǎ ŀǊŜΗέ 

H.G. Wells, The Time Machine 
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Abstract  

 

The eruption of xenolithic material during large explosive eruptions, at any volcano, supply 

vital samples of the sub-surface lithologies upon which it is built, which in turn provides an 

indication of the evolution of the volcanic complex, in particular the volcanic conduit, magma 

storage zones and crustal / mantle lithologies. This is particularly important at alkaline-

ŎŀǊōƻƴŀǘƛǘŜ ŎƻƳǇƭŜȄŜǎ ǿƘƛŎƘ ŀǊŜ ƪƴƻǿƴ ǘƻ ƘŀǾŜ άŜȄƻǘƛŎέ ŎƘŜƳƛǎǘǊƛŜǎ ŀƴŘ ŀƭǎƻ ŎŀǳǎŜ ŜȄǘŜƴǎƛǾŜ 

zones of alteration through fenitisation processes. As the only active carbonatite 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 carbonate-rich melts and fluids 

from source to surface. This study has attempted to better constrain the sub-volcanic 

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 inclusions, this thesis highlights the importance 

of fluid circulation within the volcanic system, both 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 material could be derived. Almost all of the 

geochemical evidence and composition of fluid inclusions trapped within fenitised aureoles 

indicates a mantle derivation of carbonatitic material with isotopic signatures typical of the 

pre-ŘŜŦƛƴŜŘ άƳŀƴǘƭŜ-ōƻȄέΦ The nature of the fluids is also investigated using trace element 

modelling and argued to be both carbonatitic and siliceous in origin, which have been 

circulating within the mantle beneath the Gregory Rift since before the establishment of 

Oldoinyo Lengai. 

These themes of research are discussed in terms of the genesis of natrocarbonatite, focussing 

upon the notion that it may be an evolutionary feature of Oldoinyo Lengai rather than a 

constant eruptive product. 
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Chapter 1 ɀAn introduction to  the carbonatites  of the East African 

Rift and Oldoinyo Lengai . 

 

1.1. Carbon-rich igneous melts: Carbonatites 

1.1.1. Subdivisions of carbonatites 

Carbonatites are allocthonous igneous rock units. They can occur as intrusive, extrusive, 

hydrothermal or replacements bodies and contain more than 50%, by volume, primary igneous 

carbonate minerals derived from carbonate magma (Streckeisen, 1980, Le Maitre, 2002, 

Woolley, 1982). However, carbonatites have recently been redefined using a mineralogical-

genetic classification, which resulted in their division into two groups: primary carbonatites, 

and carbothermal residua (Mitchell, 2005). Using this classification, primary carbonatites can 

be divided into groups of magmatic carbonatites that are associated with nephelinite, 

melilitite, kimberlite and other mantle-derived magmas, formed at different depths in the 

upper mantle by different degrees of partial melting. Carbothermal residua carbonatites, 

according to Mitchell (2005), are formed from low-temperature fluids derived from magma 

bodies, which are dominated by CO2 but also contain H2O and fluorine. The primary 

carbonatites are further subdivided into; 

¶ calcio-carbonatites ς sövites if coarse grained; alvikites if medium-to-fine grained;  

¶ dolomite carbonatite ς beforsite;  

¶ ferrocarbonatite ς formed primarily of iron-rich carbonate minerals; 

¶ magnesiocarbonatites ς main constituent is MgO 

¶ natrocarbonatite ς composed of sodium-potassium-calcium carbonate.  

Until the observation of extrusive carbonate-rich lavas from Oldoinyo Lengai, Tanzania 

(Dawson, 1962a), carbonatites were not accepted as primary 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 indicated 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 
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which the carbonatite intruded. Only after subsequent investigations into the isotopic 

signatures and detailed petrographic studies was it confirmed that carbonatites could be 

derived from primary magmas (Dawson, 1962b, Dawson, 1962a).  

 

1.1.2. Tectonic setting of carbonatites 

Primarily, carbonatites are located within stable, intra-plate settings, over half of which are in 

Africa (Figure 1.1), often occurring in peripheral regions to orogenic belts showing an apparent 

link to orogenic events or plate separation (Bell, 1989, 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 up to 1000 km across (Srivastava and Hall, 1995, Le Bas, 1971), with over 

half the African carbonatites spatially associated with the East African Rift (Woolley, 2001). The 

other carbonatite occurrences within Angola, Namibia and South Africa are thought to relate 

to major transform faults in the South Atlantic (Woolley, 1987). The apparent confinement of 

carbonatites to continental lithosphere led to the conclusion that the continental crust played 

a vital role within the genesis of carbonatite magmas (Bell and Blenkinsop, 1987b), since 

isotopic evidence suggests the derivation of these melts from asthenospheric depths (Nelson 

et al., 1988). 

 

 
Figure 1.1: Global distribution of carbonatite complexes (Woolley and Kjarsgaard, 2008) 
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The only carbonatites noted to not occur above continental lithosphere are the Cape Verde 

exposures, which overlay oceanic lithosphere (Silva et al., 1981, Hoernle et al., 2002, Kogarko, 

1993, Jørgensen and Holm, 2002). However, the discovery of carbonatite melt occurring as 

interstitial pockets within dunite xenoliths from the Kerguelen Archipelago (Moine et al., 

2004), indicates that oceanic carbonatites may not be so rare and that the 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, suggesting a direct 

relationship between the lithosphere and carbonatitic activity (Genge, 1994).  

A more recent investigation into the role of the continental lithosphere, in particular Archaean 

cratons, into the formation of carbonatites suggests that repeated magmatism within cratons 

is the result of reactivation of lithosphere lesions during global plate movements and not 

related to fluctuating activity of mantle plumes (Woolley and Bailey, 2012). Using African 

carbonatite activity as a reference, Woolley and Bailey (2012) also 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 lithosphere. The apparent sparsity of large carbonatite complexes 

within oceanic areas is argued to be the result of a lack of thick crust which absorbs and 

conserves large amounts of CO2 required for large scale production. This is also combined with 

a steeper geothermal gradient due to a thinner crust which hinders the liquid immiscbility 

processes (Woolley and Bailey, 2012). 

 

1.1.3. Temporal distribution of carbonatite 

Globally, there are around 527 carbonatite occurrences (Woolley and Church, 2005, Woolley 

and Kjarsgaard, 2008, Woolley, 2001), with 49 of these being extrusive carbonatites, ranging in 

age from Archean to present. The oldest dated carbonatite is approximately 3007 million years 

old, located in Tupertalik, Greenland (Downes et al., 2012). Of the 49 known extrusive 

carbonatites, 41 are calcio-carbonatites, 7 are dolomitic carbonatites and only one extrusive 

carbonatite is alkaline, i.e. natrocarbonatite (Woolley and Church 2005). However, recently It 

has been argued that carbonate-bearing lava flows are of relatively small abundance in 

comparison to carbonatite pyroclastics, which represent the majority of carbonatitic material, 

occurring as a matrix in between clasts of silicate glass which contain carbonate globules 

(Bailey and Kearns, 2012). With recognition of this particular form of carbonatite-silicate 
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volcanism, Bailey and Kearns (2012) argue that there are around 500 vents within Europe 

ŀƭƻƴŜ ƘŀǾŜ ƴƻǘ ōŜŜƴ ƛƴŎƭǳŘŜŘ ƛƴ ²ƻƻƭƭŜȅ ŀƴŘ /ƘǳǊŎƘΩǎ όнллрύ ǊŜǾƛŜǿΦ 

Carbonatites tend not to occur as single rock units but rather as part of a suite of alkaline 

igneous rocks, and so can be found in association with alkaline silicate rocks. A summary of the 

associated rock units from Woolley and Church (2005) clearly shows that nephelinite and 

melilitite are the most common associated extrusive silicate rocks. Yaxley and 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 under-saturated silicate melts.  

Despite the occurrence of carbonatites throughout the majority of geological periods since the 

Archean, there has been an apparent increase in frequency with episodic clusters of activity 

leading to the suggestion that conditions required for carbonatite formation needed to be 

established in the Archean and over time are becoming more widespread (Woolley 1989). This 

was argued to be the result of the growth of continental crust from small nuclei landmasses in 

the Early Archean towards a 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 Paleoproterozoic (Veizer, 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 increase is a 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 at ~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 geological history you go. 

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

in an incomplete geological record. 

The extrusive carbonatites of Oldoinyo Lengai will be discussed within this thesis with some 

references made to Shombole carbonatite volcano and Kerimasi volcano. The three volcanoes 

are situated within the East African Rift, with Shombole being the northernmost and located 

on the border between Kenya and Tanzania, on the shores of Lake Natron.  Kerimasi and 

Oldoinyo Lengai are situated within Tanzania with Kerimasi being the southernmost volcanic 

ŎŜƴǘǊŜ ŀƴŘ ƻŦǘŜƴ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ hƭŘƻƛƴȅƻ [ŜƴƎŀƛΩǎ ǘǿƛƴΦ 
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1.1.4. Genesis of carbonatites 

 
The generation of carbonatite magma, especially that of natrocarbonatite, is a controversial 

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 melilitite (Gittins and Jago, 

1998, Gittins, 1989). 

2. Immiscible melt fractions of CO2-saturated silicate 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 Jones, 1995, Freestone and Hamilton, 1980, Dawson, 1998, Moore, 2012). 

3. Primary mantle melts generated through partial melting of CO2-bearing peridotite 

(Harmer et al., 1998, Harmer and Gittins, 1998, Sweeney, 1994, Wallace 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 to generate silica-undersaturated carbonate-

bearing liquids which may penetrate the crust and subsequently evolve or unmix (Yaxley and 

Brey, 2004). Bailey and Kearn (2012) also propose a petrogenesis theory for their new forms of 

abundant carbonatite-silicate volcanism which suggests they are primary magmas sourced 

from a depth of around 60 km due to the presence of dolomite 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 have reached the surface, their final emplacement, from the 

mantle without modification (Bailey and Kearns, 2012). However the authors also 

acknowledge the evidence for liquid immiscibility in terms of the carbonate globules within the 

silicate glass clasts, suggesting that two possibilities must be considered; either immiscibility 

occurs during ascent or the source region is charactertised by the presence of unmixed 

conjugate melts, which then mingle prior to ascent. The presence of mulit-phase immiscibility 

documented at both Limagne, France and Kerimasi, Tanzania, further complicate the 

immiscibility method of formation (Guzmics et al., 2012, Bailey and Kearns, 2012). 

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

introduced in 2003, which suggested that the source of carbonatites is generated in the 
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lithospheric mantle by rising carbonatitic melts from an ascending mantle plume. When these 

melts reach higher levels they are stalled, due to a reduction in temperature, generating a 

carbonatite metasomatised horizon. As the much hotter centre of the plume approaches, 

melting is induced in the metasomatic horizon and results in generation of the carbonatite 

melts that are observed on the surface (Bizimis et al., 2003). 

 

Although the above have emerged as the predominant methods of genesis, other processes 

have been discussed including anatexis of metasomatised basement (Morogan and Martin, 

1985), incorporation of trona sediments [Na3(CO3)(HCO3).2H2O] and remobilisation of 

carbonate material already present on the volcano ((Church, 1995) and references therein). 

Each of these theories has received less support than 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 Veksler, 2002). 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 from which 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 due to fenitisation / metasomatism. 

 

1.1.5. What 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 manner. This can involve the introduction and/or 

removal of particular chemical components and is the result 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 intrusion of alkaline igneous units such as 

nepheline syenites, carbonatites or ijolites (Zharikov et al., 2007).  

 

It is at this point I feel it is necessary to define what is meant by a fluid in the context of this 

work. The term fluid can be ambiguous within the literature, with some authors using it to 
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describe volatiles in the system C-O-H-S-N (Navon et al., 1988); while others include non-solid 

phases such as dissolved oxides (Pearson et al., 2003). For the remainder of this work the term 

fluid shall be used to refer to a volatile-rich liquid also containing some dissolved solutes 

(oxides, sulfates, carbonates, nitrates or halides). It is important to emphasise that these fluids 

need not be aqueous liquids (H2O-based) but may be carbonatitic liquids (CO2-based). 

 

The fenitisation process results in the alteration of the original country rocks to metasomatic 

units which are primarily composed of K-Na feldspars, nepheline, alkaline pyroxenes and 

alkaline amphiboles (Zharikov et al., 2007, Rubie and 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 rocks (Le Bas, 1987). The process 

itself generates replacement aureoles of different grades of metasomatism and so different 

mineral assemblages.  The 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, CO2 content and the K/Na ratio of the 

fluid (Rubie and Gunter, 1983). Importantly the fenite aureoles of carbonatites are 

recognisably different from those of ijolitic rocks, usually with extensive phlogopitisation, 

feldspathisation and amphibolisation associated with carbonatites (Richardson and Birkett, 

1996). 

 

There are a number of geological areas which epitomise the fenitisation process, including that 

of the carbonatite Fen complex, Norway, from which fenitisation derived its name (Andersen, 

1988, Kresten and Morogan, 1986), however it is the early work on Alnö Island, Sweden, which 

provides us with the first recognition of the influence of carbonatite intrusions on the 

surrounding country rock (Eckermann, 1961, Eckermann, 1948). Eckermann (1948) observed 

that the composite berforsite-melilitite dykes on Alnö resulted in the generation of a red-

coloured fenitic unit within the country granitic gneiss, that was adjacent to both the 

carbonatite and the silicate portion of the dyke suggesting the fenitisation process was not 

purely linked to the intrusion of the melilitite but also the berforsite magma. 
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1.2. The carbonatites of Oldoinyo Lengai, Tanzania 

1.2.1. Geological context of the Gregory Rift and Oldoinyo Lengai 

Oldoinyo Lengai sits in the East African Rift, part of the Afar extensional region. This divergent 

boundary is thought to be the result of the upwelling of asthenospheric mantle material 

generating new land through magmatism (Sun et al., 2007, Ni and Helmberger, 2003, Nyblade 

et al., 2000, Ritsema et al., 1999, Lithgow-Bertelloni and Silver, 1998). The number of plumes 

below the region is subject to debate; some scientists arguing for a single plume rising beneath 

the triple junction point of the triangle driving the separation of the Red Sea, Gulf of Aden and 

the East African Rift (Weeraratne et al., 2003). Opponents to this argue that there are multiple 

plumes generating volcanism across East Africa (Rogers et al., 2000, Pik et al., 2006, Furman, 

2007).  

The East African Rift Valley is around 3700 km long and varies in width from 48 to 80 km along 

its length, stretching from the Gulf of Aden through Ethiopia, Kenya and Tanzania. The vertical 

elevation of the rift can vary up to 3 km from the bottom of the valley and runs approximately 

North ς South, with a divergence and eventual termination around Lake Victoria due to the 

fracture-resistant nature of the underlying Archaean Tanzania Craton (Dawson, 2008, Dawson, 

2010).  A detailed geological review of the Tanzanian Craton is beyond the scope of this thesis 

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 northeast (Manya and Maboko, 2008). The greenstone 

belts consist of mafic-intermediate volcanic units which have subsequently been 

metamorphosed to greenschist / amphibolite facies.  Due to its termination against the 

Tanzanian Craton, the southernmost section of the rift lacks distinct parallel rift features and 

so is in fact a half graben structure with no clear eastern boundary. This fracturing within the 

eastern branch of the rift, also known as the Gregory Rift, is accompanied by large amounts of 

volcanism, which began in Ethiopia ~30 Ma ago slowly progressing into Kenya and lastly 

Northern Tanzania ~8 Ma (Dawson, 2010). 

 

1.2.2. Stratigraphy of Oldoinyo Lengai  

Oldoinyo Lengai is the only site on Earth actively producing natrocarbonatite and so naturally 

has become a central focus for investigation into the formation of these exotic magmas. 

Located in the Gregory Rift, Tanzania (2°45S, 35°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 contains two craters, north and south, separated by an 

east-west aligned ridge.  Volcanic activity forming the Younger Extrusives of the Gregory Rift,  

is thought to have started after the generation of the major North-South fault approximately 

1.2 Myrs ago, which now marks the western boundary of the rift valley (Dawson, 2010). The 

onset of activity has been poorly constrained with age measurements of the oldest pyroclastics 

(as determined by stratigraphic positioning) at 0.37 ς 0.22 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 volcano (Reck, 1923, Reck 

and Schulze, 1921, Dawson, 1962b, Dawson, 1962a, Goriatschev, 1968, Norton and Pinkerton, 

1997, Richard, 1942). Stratigraphically Oldoinyo Lengai was first subdivided into the following 

units (oldest to youngest) by Dawson (1962): 

1. Yellow palagonitized tuffs and agglomerates of phonolite and nephelinite with 

interbedded nephelinite / phonolite lavas. 

2. Mica and pyroxene tuffs from parasitic cones and craters. 

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

4. Minor melanephelinite flows. 

5. Variegated carbonatite flows. 

6. Modern natrocarbonatite 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 separated into an active and inactive 

section, by an ash saddle. Later studies of the volcanic structure by Klaudius and Keller (2006) 

ǇǊŜǎŜƴǘŜŘ ŀ ƳƻǊŜ ŎƻƴŘŜƴǎŜŘ ǎǘǊŀǘƛƎǊŀǇƘƛŎ ǎǳōŘƛǾƛǎƛƻƴ ƻŦ [ŜƴƎŀƛ ōŀǎŜŘ ǳǇƻƴ 5ŀǿǎƻƴΩǎ όмфснύ 

previous work and structural associations; 

1. Lengai I ς phonolite tuffs and phonolite lavas 

2. Lengai II A ς nephelinite tuffs and nephelinite lavas 

3. Lengai II B ς nephelinite tuffs, nepheline lavas, grey melilitite-bearing nephelinite tuffs 

and carbonatite tuffs and lavas of the active northern crater. 
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The relationship between each of these units is shown below in Figure 1.2 (Klaudius and Keller, 

2006). The authors argue that Lengai is in fact a composite of two different cones formed in 

sequence after a major sector collapse around 10 ka ago (Klaudius and Keller, 2004b). The 

effect of this sector collapse will be discussed later in this review.  The Lengai II 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) estimate that Lengai I forms around 60% of the present day cone, Lengai II around 35% 

and the carbonatites constitute only 5%.  

 

 

 

 

1.2.3. Geometry of Oldoinyo Lengai from 1960 to 2007 

Previous reports on Oldoinyo Lengai state the altitude of the volcano as 2086m (Nyamweru, 

1988a). The eastern flank of the volcano has a deep amphitheatre-shaped collapse scar 

(discussed below) known as the Eastern Chasm (Kervyn et al., 2008a).  This missing section 

must be taken into account when estimating the volume of the volcano and so adds 

uncertainty. Kervyn et al (2008) using remote sensing estimate the cone volume at 41±5 km3 

with the collapse scar resulting in no more than 0.3km3 difference.  This volume is 

intermediary to previous estimates of the volume ranging from 30km3 (Donaldson et al., 1987) 

to 60km3 (Brantley and Koepenick, 1995). 

Figure 1.2: Cross section of Oldoinyo Lengai Upper cone showing geometry and stratigraphic 

relations of units (Klaudius and Keller, 2006). 
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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 

explosive activity, which is the present state. The northern crater 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 a diameter of 503m by 640m and a depth to the 

crater floor of 122m from the upper rim (Dawson, 1962a). At this point the volcano was in an 

effusive stage of activity 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 in August ς {ŜǇǘŜƳōŜǊ мфсс ƎŜƴŜǊŀǘƛƴƎ  άŀ ǎƳŀƭƭ ŎŜƴǘǊŀƭ 

Ǉƛǘ ōŜƭƻǿ ǘƘŜ ŀǎƘ ǎƭƻǇŜǎέ (Nyamweru, 1990) with near vertical crater walls which drop sharply 

into the central pit. Nyamweru (1990) argues that the central pit only forms during the latter 

stages of the explosive activity caused by subsidence along ring faults after exhaustion of the 

magma column. After the explosive activity 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 30m from 1983 to 1988, a volume of 1.3 X 106 m3 (Nyamweru, 1988a). 

 

1.2.4. Eruption Style ς effusive and explosive 

The eruptive style of Oldoinyo Lengai is characterised 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 months.  The effusive activity is predominantly carbonatitic material whilst explosive 

episodes can see the release of both alkaline silicate material and soda ash (Keller and Krafft, 

1990). During its effusive phases Oldoinyo Lengai generates natrocarbonatite via lava 

fountains up to a few metres in height (Norton and Pinkerton, 1997, Keller and Krafft, 1990) 

from active spatter cones generating droplet lapilli. Lava flows from active vents are generally 

small (<100 m3) with low effusion rates (~0.3 m3s-1) (Keller and Krafft, 1990). 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 activity the lava lake lost about 1000 m3 during each overflow 

cycle.  
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IƛǎǘƻǊƛŎŀƭƭȅ ǘƘŜǊŜ ƘŀǾŜ ōŜŜƴ ǘŜƴ ǊŜǇƻǊǘŜŘ ŜȄǇƭƻǎƛǾŜ ŜǊǳǇǘƛƻƴǎ ƻŦ ǘƘŜ ǾƻƭŎŀƴƻ ǎƛƴŎŜ ǘƘŜ муулΩǎΦ 

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 1940 ς 41 (Richard, 1942) and smaller eruptions in 1954 

(Guest, 1956). In 1960 observations made by Dawson (1962) indicated the continuation of 

effusive activity in the northern crater. This activity was halted in 1966 - 67 with a major 

explosive eruption which cleared the northern crater floor, leaving an eruption pit 

(Goriatschev, 1968, Dawson et al., 1968). After this explosive eruption it is unclear whether 

effusive activity resumed resulting in a quiescent period until renewed activity in 1983 

(Nyamweru, 1988b) with further explosive eruptions. Since the 1983 eruption it is argued that 

Lengai was then in continuous stage of effusive activity (Keller and Krafft 1990) until the most 

recent eruptions in 2006 ς 07, which began with typical natrocarbonatitic effusive activity 

producing an unusually large volume lava flow down the western flank in April 2006 (Kervyn et 

al., 2008b). Effusive activity was continually monitored by satellite measurements of thermal 

activity up to June 2007 (Vaughan et al., 2008) and this period of unrest culminated in an 

eruption which was sub-plinian in character and generated an ash plume up to 5km in height 

on 4th September 2007. This period of explosive unrest at Oldoinyo Lengai continued from 

November 2007 until mid-February 2008 with low intensity ash emission and degassing. The 

final paroxysmal eruptions which generated eruption columns up to 15 km in height occurred 

at the end of February 2008 (Kervyn et al., 2010). 

It is argued that the 2007 eruption may have been triggered by a magma-driven earthquake 

swarm which originated near the volcanic centre of Gelai (Baer et al., 2008). Thought to have 

been the result of normal slip on a deep-seated 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, 2007) which rapidly changed to emission of silicate material. Mitchell 

and Dawson (2007) also argue that the material generated during this eruption is unlike any 

ƳŀǘŜǊƛŀƭ ǇǊŜǎŜƴǘ ŀǘ hƭŘƻƛƴȅƻ [ŜƴƎŀƛ ŀƴŘ ƛǎ άǳƴƭƛƪŜƭȅ ǘƻ ǊŜǇǊŜǎŜƴǘ ŀ ǎƛƳǇƭe differentiate of any 

ƻŦ ǘƘŜ ƳŀƎƳŀǎ ǇǊŜǾƛƻǳǎƭȅ ŜǊǳǇǘŜŘΦΦΦέ !ƭǘƘƻǳƎƘ ǘƘŜ ŀǳǘƘƻǊǎ ŎƻƴŦƛǊƳ ŀ ǎƛƳƛƭŀǊ ŎƻƳǇƻǎƛǘƛƻƴ ƻŦ 

material as indicated above, i.e. a combeite ς wollastonite nephelinite lacking pyroxene, they 

suggest its origin to be that of a hybrid magma caused by desilication of nephelinite. 
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Desilication would be generated by the input of a large volume of natrocarbonatite, either that 

occupying the northern crater, added by thermal erosion and dissolution or magma stored 

within the chamber. Once the two magma 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 melilitite 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 an 

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 material (Mattsson and Reusser, 2010). 

1.2.5. Debris deposits on Oldoinyo Lengai  

The 2006 deposit is minor in comparison to larger deposits present around the volcano. These 

deposits, termed Debris Avalanche Deposits (DADs), have been extensively investigated by 

Kervyn et al (2008). Hypothesised to be more mobile than non-volcanic landslides, DADs can 

travel up to 100 ms-1 and cover areas up to 1000 km2. Recognised by their hummocky 

morphology and by use of remote sensing, Kervyn et al (2008) believe that three DADs 

emanate from Oldoinyo Lengai (Figure 1.3); labelled Zebra, Oryx and Cheetah DADs in Figure 

1.5 (Klaudius and Keller, 2004a). 
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The Zebra DAD is the largest of these deposits extending down to the shore of Lake Natron 

(~24 km in length) and relates to the sector collapse of Oldoinyo Lengai I (see above) due to 

the large amount of phonolite lava and pyroclastic blocks. As outlined in Table 1, the Zebra 

DAD is equivalent to the collapse of 12% of the current day cone. The smaller Oryx DAD 

contains predominantly combeite-wollastonite nephelinite lava clasts (Klaudius and Keller, 

2004) indicative of origination from Lengai II formation (Kervyn et al, 2007). The Cheetah DAD, 

dated to ~2428 ς 2960 years, contains rock units which are present in both Lengai I and Lengai 

II suggesting that this debris avalanche, which affected the eastern flank of the volcano, cut 

much deeper than that of the Oryx flow resulting in a deep amphitheatre shaped scar known 

as the Eastern Chasm. Remote sensing data also suggests the Cheetah DAD was likely to have 

been stopped en-masse by several scoria cones which exist at the base of Oldoinyo Lengai only 

reaching to half the height of the cones. 

Figure 1.3: Mapped DAD flows emanating from Oldoinyo Lengai (Kervyn et al., 2008a). 
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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 techniques and previous descriptions by (Siebert, 

1984b) to estimate the characteristics of the Kerimasi flow. It can be seen in Table 1 that 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 active on Oldoinyo 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 flank collapse, 

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 

collapse compared to 10% of volcanoes of 500 m. Other structural features 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 contribute to 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 Divergence (Baker et al., 1972), a region of high seismicity. Kervyn et al (2008) 

consider that earthquake-triggered 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 growth of the upper flanks of Oldoinyo 

Lengai with narrow and shallow collapses leaving the V-shaped scar present on the cone today. 

 

 

 

Table 1: Summary of estimates of sizes and volumes of DADs (Kervyn et al, 2008) 
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1.2.6. Mineralogy of natrocarbonatite from Oldoinyo Lengai 

The petrology of Oldoinyo Lengai material has been extensively described by numerous 

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). Natrocarbonatite from Oldoinyo Lengai is predominantly porphyritic in nature with 

phenocrysts (comprising about 50% of the rock) of platy nyerereite (Na, K)2Ca(CO3)2 and more 

rounded gregoryite ((Na,K)2CaCO3) set in an aphyric groundmass of nyerereite and gregoryite, 

with sylviteςhalite, fluorite, apatite-(CaF), alabandite and Mn-rich magnetite. Other accessory 

minerals in the natrocarbonatite include barite, khanneshite, sphalerite, pyrrhotite, galena, 

monticellite, neighborite and niocaliteςcuspidine ((Zaitsev and Keller, 2006) and references 

therein). The phenocrysts occur in approximately equal proportions and both show twinning 

(Keller and Krafft, 1990). It 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 aphanitic variety of natrocarbonatite is also noted (Keller and Krafft, 1990, Gittins and Jago, 

1998), consisting of the same constituents, which occurs as driblet cones, hornito-like 

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 

ǇƻǊǇƘȅǊƛǘƛŎ ǾŀǊƛŜǘȅ όYŜƭƭŜǊ ŀƴŘ YǊŀŦŦǘ мффлύΣ ǘŜǊƳŜŘ ΨǎǉǳŜŜȊŜ-upǎΩ ōȅ Dƛǘǘƛƴǎ ŀƴŘ WŀƎƻ (1998). 

 

 

1.2.6.1. Occurrence of melanophlogite at Oldoinyo Lengai 

 
The above described mineralogy has been reported almost consistently since 1962 until the 

recent discovery of a different mineral within the mixed mineralogy of the 2006 lava flows 

known as melanophlogite (Beard et al., 2009). Melanophlogite is best described as a low 

temperature, late stage polymorph of SiO2 with tetragonal habit and structure-stabilising guest 

organic molecules (e.g. CH4, CO2, SO2, N2, OH) trapped within a clathrate-type silicate 

framework. In the case of the occurrence at Oldoinyo Lengai the guest organic molecule is 

predominantly CO2. It occurs as near perfect cubes between 50 to 80µm in size and electron 

microprobe analysis reveals well defined compositional zoning with variations in carbon 

content (Beard et al., 2009). Although this is not the first noted occurrence of melanophlogite 

worldwide, with a few occurrences in Italy (Adorni and Tateo, 2007) and Mount Hamilton, 
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California (Dunning and Cooper Jr, 2002), it is the first time it has been noted in lava flows at 

Oldoinyo Lengai and in a high temperature setting. This discovery raises numerous questions; 

has this rare mineral always existed within the magma of Oldoinyo Lengai? If not what physical 

processes cause crystallization of melanophlogite and how did the eruption of Oldoinyo Lengai 

in 2006 alter the magmatic system to allow its crystallization? Is it a primary mineral 

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

 

Interestingly descriptions of peralkaline nephelinitic units by Dawson (1998) suggest that 

electron microprobe analysis of combeite phenocrysts generate low overall totals which the 

auǘƘƻǊ ƛƴŘƛŎŀǘŜǎ ŎƻǳƭŘ ōŜ άŘǳŜ ǘƻ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ǎƻƳŜ ǳƴŀƴŀƭȅǎŜŘ ŜƭŜƳŜƴǘ ǎǳŎƘ ŀǎ hΣ I ƻǊ 

/έΦ LƳŀƎŜǎ ƻŦ ǘƘŜǎŜ ŎǊȅǎǘŀƭǎ ǿƛǘƘƛƴ ǘƘŜ Ǉŀper bear a resemblance to the morphology of 

melanophlogite with zoned sections and near cubic crystal form (Figure 1.4). 

 

 

 

Melanophlogite was first discovered in Sicily, Italy and described as a silica polymorph 

containing films of organic matter which gave the mineral its slight brown colouration and 

upon heating turned black  (Skinner and Appleman, 1963). Later studies using X-ray diffraction 

on the mineral resulted in the classification of melanophlogite as a clathrate - type mineral 

with polyhedral voids in which organic guest molecules are housed (Kamb, 1965, Zak, 1972). In 

the 1980s work on melanophlogite increased with the introduction of a new group of minerals 

known as clathrasils of which melanophlogite is a sub-group (Gies et al., 1982). Clathrasils are 

defined as porous tectosilicates which are distinct from zeolites. The guest molecules are 

argued to be non-exchangeable between cages due to the small size of the regions connecting 

cages.  

 

Figure 1.4: BSE image of altered combeite phenocryst 

from wollastonite nephelinite. Note inclusion of 

nepheline laths and zoning within crystal. (Dawson, 

1998) 
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The work by Gies et al (1982) demonstrated that melanophlogite could be synthesised from 

silica solutions at temperatures of around 170°C and pressures of 150 bar, but also revealed 

that synthetic melanophlogite has a cubic structure at room temperature whilst naturally 

occurring melanophlogite with the same guest molecules is tetragonal (Zak, 1972). 

Investigations into crystallisation conditions later revealed that synthetic melanophlogite can 

be generated by hydrolysis of tetramethyl orthosilicate (Si(OCH3)4) in 2M aqueous 

ethylenediamine (C2H4(NH2)) in the presence of guest species buǘ ǘƘŜ ŀōǎŜƴŎŜ ƻŦ άƘŜƭǇ ƎŀǎŜǎέΣ 

i.e. atmospheric gases (Gunawardane et al., 1987). It 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 guest molecule. The presence of methylamine (CH3NH2) 

in the experiments crystallises melanophlogite at lower temperatures (160 - 200°C) 

irrespective of the presence of air but requires between 8 and 10 weeks for initial 

crystallisation, however like earlier work 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 (~65°C) (Gies, 1983) and further heating to temperatures of around 873K 

(~600°C) results in expansion of the cubic structure allowing guest molecules to escape (Liu et 

al., 1997). This change in crystal habit when at elevated temperatures may provide an 

explanation as to why the melanophlogite from Oldoinyo 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 H2O 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 temperatures between 300 - 500°C and pressure up to 2kbar. In this situation the 

melanophlogite is often documented to revert to quartz. However under dry conditions 

metastability is possible up to 800°C ((Kolesov and Geiger, 2003) and references therein).  

Later work suggests that melanophlogite and other clathrasils are crystallization products of 

silica-rich 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 structure-directing agents such as CO2, 

CH4 and N2 or more complex hydrocarbon chains for other clathrasils, which are just not as 

abundant in nature (Geiger and Dachs, 2008). Interestingly, clathrate formation is noted to 

take place at the smaller scale inside fluid inclusions. Mixed H2O ς NaCl ς CO2 inclusions are 

often difficult to study due to the presence of clathrate minerals (Shepherd et al., 1985). These 
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are argued to form upon cooling of fluid inclusions to temperatures of -28°C and are the result 

of strong interaction between the aqueous liquid, ice, solid CO2, CO2-rich liquid and CO2-rich 

vapour. 

 

1.2.7. Xenolith suites from Oldoinyo Lengai 

The magmas at Oldoinyo Lengai have yielded numerous xenoliths of both plutonic (Dawson et 

al., 1995) and crustal origin which record the process of fenitisation beneath Lengai (Morogan 

and Martin, 1985), as well as indicating the petrology of the inner core of the volcano. 

Fenitisation is an alkaline metasomatic process, which characterises ijolitic and carbonatitic 

complexes causing a halo of alteration of the surrounding country rocks with production of 

hydrous alkali-rich minerals. The crustal fenitised xenoliths comprise of metagranitic and 

metagabbroic basement, which has undergone fenitisation resulting in rock units that contain 

sanidine, nepheline and aegirine-augite with evidence of melting at higher grades (Table 2).  

Thought to originate from either the Tanzanian Shield or Mozambique Orogenic Belt (Morogan 

and Martin 1985, and references therein) the presence of these xenoliths, along with other 

units such as nepheline syenites and biotite pyroxenites, seem to indicate the presence at 

depth of a widespread alkali metasomatic region beneath Oldoinyo Lengai. 

 

 

 

 

 

Table 2: Modal compositions of crustal fenite xenoliths from Oldoinyo Lengai, (Morogan and 

Martin 1985) 
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Fenitisation occurs in grades and with increase in grade the relict mineralogy of original 

lithologies is replaced by nepheline, pyroxene 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, K-feldspar, sillimanite and garnet are consumed due to the growth of 

sodium-rich feldspar, aegirine-augite, biotite, corundum and spinel (Robins, 1984, Bowden, 

1985). 

 

Nephelinisation:   CaAl2Si2O8 + (Na,K)2CO3  =  2(Na,K)AlSiO4 + CaCO3 

OR 

4CaAl2Si2O8  + 3NaAlSi3O8 + 2(Mg,Fe)2SiO4 + 4(Na,K)2O  = 11(Na,K)AlSiO4 + 4Ca(Mg,Fe)Si2O6 

 

Feldspathisation:   2(Mg,Fe)3Al2(SiO4)3 + 7Al2SiO5 + 4(Na,K)+ = 6(Mg,Fe)Al2O4  + 4(Na,K)AlSi3O8 + 

Al2O3 + Si4+ 

 

Phlogopitisation:      2(Mg,Fe)3Al2(SiO4)3  + Al2SiO5 + 4K+  + 4H2O = 4K(Mg,Fe)3(AlSi3O10)(OH)2 + 

3Al2O3 + Si4+ 

 

The grades of fenitisation enable the identification of five zones of fenitisation around ijolitic-

carbonatitic complexes, which are as follows (Le Bas, 1977, Dawson et al., 1970); 

1. Quartz still present, few 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 becomes less sodic as fenitisation grade 

increases resulting in a transition from aegirine to aegirine-augite (70%Ac to 20%Ac). The 

feldspars from all grades plot within the albite-orthoclase binary system with trends towards 

higher Or compositions with grade (Sanidine Or71 in highest grade fenites). An inversion of 

feldspars from monoclinic to triclinic habit sets a minimum temperature of formation of 

around 760°C and the absence of microcline (K-rich feldspar) limits fluid interaction of 

basement rocks to temperatures above 500°C, the limit of its stability (Morogan and Martin 

1985). 
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Carbonatite metasomatism in particular, mainly results in feldspathisation caused by 

potassium-rich fluids. The resultant unit is composed almost entirely of potassium-rich 

orthoclase and a few iron-oxides between these feldspar crystals (Le Bas, 1977, Rubie and 

Gunter, 1983). Four other processes are thought to occur in relation to carbonatitic 

metasomatism, which is dictated by the chemistry of the carbonatite being intruded. 

Ferrocarbonatites can result in hematisation with the generation of hematite and magnetite. 

Carbonatisation is also a common process with existing silicate minerals retaining their 

textures but geochemically appear related to the late stage carbonatites. The generation of 

fluorite is argued to be the third metasomatic process. The final process of silicification of 

earlier carbonatitic intrusions could occur from the silica-rich solutions generated by previous 

metasomatic processes (Si4+ from above equations).  

 

1.2.7.1. Previous work on xenoliths from Oldoinyo Lengai 

 

A suite of plutonic xenoliths reported by Dawson et al (1995), 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, Ti-andradite, spinel, apatite, perovskite, titanite, wollastonite, sulphides, mica, 

glass and K-rich 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 corona (Dawson et al., 1995). Nepheline in specimens is either 

potassic 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 to augite. 

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 characterised in two ways; if 

the pyroxene material retains some of its primary characteristics, i.e. banding, they are 

considered to be pyroxenite xenoliths. If however the pyroxene becomes disaggregated the 

resultant rock unit is described as a meltiegite.    
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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 longer occur elsewhere on the globe.  Such conditions are 

thought to be rarely achieved and so the generation of natrocarbonatite is rare (Gittins, 1988). 

However Nielsen and Veksler (2002) suggest that fluid separation 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 alkali-rich fenitic aureoles around the majority of carbonatitic 

complexes, which suggests that almost all carbonatites at one point carried alkali elements in 

the same concentration as that of the natrocarbonatites at Oldoinyo Lengai (Woolley and 

Church, 2005). This leads to the question of how the carbonatite material at Lengai has 

managed to hold onto its alkalis? In 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 containing lower concentrations of alkalis than those 

formed from high level immiscibility and fractionation. 

 

The unique nature of Lengai is argued to be the result of unique conditions, including the 

nature of the parent melt, structure of the subvolcanic system, the degassing process and the 

permeability of the cone, which optimise fluid separation.  This idea is similar to that of 

previƻǳǎ ŀǳǘƘƻǊǎ ǿƘƻ ŀǊƎǳŜ ŦƻǊ ŀƴ ŜȄǘǊŜƳŜ ƻǊ άŦǊŜŀƪέ ŦǊŀŎǘƛƻƴŀǘƛƻƴ ǘǊŜƴŘ ƻŦ ǘƘŜ ǇŀǊŜƴǘŀƭ ƳŜƭǘǎ 

to natrocarbonatite enabling the production of this rare magma (Church, 1995). Church (2005) 

investigated the apparent difference between Oldoinyo Lengai and Kerimasi. These centres, 

both within the Gregory Rift and approximately 12 km apart, have similar parent magmas yet 

Kerimasi appears to have not produced 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 1.5 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 petrogenesis 

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 directly by evolution of mantle-derived carbonate melts. 

 

 

 

Model one in Figure 1.5 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 or melilitite). The 

miscibility gap between carbonate and silicate melts with compositions akin to that of magma 

ŀǘ hƭŘƻƛƴȅƻ [ŜƴƎŀƛ ǿŀǎ ŦƛǊǎǘ ǊŜŎƻƎƴƛǎŜŘ ŜȄǇŜǊƛƳŜƴǘŀƭƭȅ ƛƴ ǘƘŜ ŜŀǊƭȅ мфслΩǎ ōȅ YƻǎǘŜǊ Ǿŀƴ DǊƻƻǎ 

and Wyllie (1963) with later expansion by numerous authors (Peterson, 1989, Koster Van 

Groos and Wyllie, 1966, Visser and Koster Van Groos, 1977, Rankin and Le Bas, 1974, 

Kjarsgaard and Hamilton, 1989, Amundsen, 1987). A key paper by Freestone and Hamilton 

(1980) determined the miscibility gap to occur between 0.7 and 7.6 kbar at temperatures of 

between 900 and 1,250 °C and that natrocarbonatite at Oldoinyo Lengai was more likely to 

have separated from phonolitic magma than nephelinitic, based upon detailed ternary phase 

diagrams of the immiscible system (Figure 1.6). Extension of this work has been conducted 

over subsequent years with physical conditions of liquid immiscibility found to extend to 

pressures of 50 ς 375 MPa (equivalent to 0.5 ς 3.75 kbar) and temperatures of 700 ς 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 aggregates within natrocarbonatite units (Church and Jones, 1995, Mitchell, 2009), 

which were thought to represent the first identification of crystallisation of conjugate liquids 

within natural samples. 

Figure 1.5: Models of potential carbonatite formation processes for volcanoes of the East African 

Rift. (Bell and Peterson, 1991). CC = calcium carbonatite; N = Nephelinite; P = Phonolite; DC= 

Dolomite carbonatite; ON = Olivine nephelinite 
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A key counter-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., 1998). These conjugate melts should be in both 

chemical and isotopic equilibrium upon the point of separation, with differences 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 1.5 is offered as an alternative genesis and illustrates the 

production of sodic, dolomitic carbonatite as a primary magma through partial melting of 

carbon-rich mantle material, from approximately the same source region as that of the silicate 

materials and by small degrees of partial melting causing the alkaline nature of the primary 

melts. This is then followed by fractionation to generate natrocarbonatite (Wallace 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 is detailed 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 units and that reaction with 

mantle rocks would drive the compositions towards sövite 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 differentiated through contamination and 

Figure 1.6: Ternary diagram illustrating process of liquid immiscibility and the 

composition of experimentally determined conjugate pairs of silicate and carbonatite 

melt. Solvus determined for pressure of 3 kbar. (Freestone and Hamilton, 1980) 
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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 sövite 

magma developed under low water fugacity, but should not to be considered parental to other 

carbonatite rock types but instead forms an extreme end-member of the differentiation 

process (Gittins and Jago, 1998, Twyman and Gittins, 1987). Later work by Gittins and Jago 

(1991) again highlighted the importance of fractional crystallisation for the production of 

natrocarbonatite, this time in the presence of fluorine which allows the thermal barrier 

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

There is a fourth theory of formation which sees natrocarbonatite as a cognate fluid 

condensate which forms from a co-magmatic fluid phase generated during crystallisation of a 

parent silicate (Nielsen and Veksler, 2001, Nielsen and Veksler, 2002). In their work, Nielsen 

and Veksler (2002) 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 crystallisation. Instead the 

authors advocate the genesis of natrocarbonatite from a coexisting dense, alkali and CO2-rich 

co-magmatic fluid. The volcanic cycle envisaged by Nielsen and Veksler (2002) is illustrated in 

Figure 1.7 below and indicates that natrocarbonatite production occurs upon heating of 

previously formed, alkali-rich metasomatic units upon introduction of new silicate material. 
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1.5. Aims of this thesis 

 
The first part of this thesis outlines the current physical state of the volcano post-eruption and 

also previous processes which have occurred to shape the volcano (chapter 3). This Chapter 

also investigates volcanic features throughout this region of the Gregory Rift to look at 

similarities and differences in volcanic processes between features. Following this a 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 of the crystal 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 unique lava type in terms of its mantle source and any 

Figure 1.7: Schematic diagram illustrating the production of natrocarbonatite as a fluid condensate at 

Oldoinyo Lengai and the stages of activity observed. (Nielsen and Veksler, 2002) 
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processes which occur during its emplacement. Therefore the next section of the thesis 

investigates the role of fluids that are generated during crystallisation of magma units in the 

upper mantle and crustal region (chapter 5). Here an outline of a number of fluid inclusion 

assemblages is discussed in terms of their composition and source. The presence of fenites or 

metasomites allows an investigation into the redistribution of carbon from original parent 

melts / fluids to country rocks. This is followed by geochemical modelling (chapter 6) to fully 

characterise the fluids and the metasomatic processes at work within the sub-continental 

mantle and crust, which also involves the use of radiogenic isotope signatures (chapter 7). 

Finally chemical redistribution of carbon is investigated using the alteration products of 

natrocarbonatite (chapter 8), which is important in resolving the uniqueness of 

natrocarbonatite by determining if there are any mineral indicators that are preserved, which 

may be observed at other carbonatite complexes. 

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

results obtained. 
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Chapter 2: Methodology for all Analyses 

 

The research included within this thesis has been accumulated using a number of techniques. 

An overview of these methods is provided below to give clarification to the reader when 

methods are discussed in the following chapters. 

 

2.1. Sample preparation for thin sections 

Thin sections were made of all rock samples collected during field work. Due to the 

hygroscopic nature of some of the samples, a number could not be made into sections using 

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

 

2.1.1. Wet sample preparation 

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 wheel, both of which 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 soak into 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 

disposable container. The samples were then placed 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 plates of carborundum 

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 mixture of epoxy 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 were cleaned 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 the PetroThin 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 quartz. Samples 

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. 

 

2.1.2. Dry sample preparation 

A number 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 but prior to use 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 were cut dry using an angle grinder, mounted 

onto a bench mount, fitted with a diamond coated, 11.5cm diameter blade (Figure 2.1). 

Cutting samples this way was quick and generated straight cut samples for sections. Heat 

damage to the samples was minimal due to the amount of time taken to cut each sample.  

 

 

 
Figure 2.1: Bench mounted angle grinder used to cut samples containing 

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 polished 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. 

Polishing 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 120 ς 1000 grit size. Samples were again thoroughly cleaned using 

methylated spirit and placed in the oven overnight to dry. The blocks were once again 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 reduced in size 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 is lost during 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 analysis and mineral determination of samples was completed using Scanning 

Electron Microscopy (SEM) at University College London using a Jeol JSM-6480LV high 

performance, variable pressure analytical scanning electron microscope with a high resolution 

of 3 nm. Energy dispersive X-ray 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 acquisition time of 90 seconds was used for samples which do not volatilise easily, i.e. 

low in sodium, whilst the natrocarbonatite samples were analysed using an acceleration 

voltage of 10kV for only 20 seconds to reduce the loss of volatile elements. All samples were 

analysed at a working distance of 11 mm and a spot size of 65 µm. The EDS detector within the 

SEM has a resolution of between 70 to 130eV.  

Highly volatile samples, such as natrocarbonatite, were analysed using repeated spot analysis 

for low count times, e.g. 5 repeats at 20s, to reduce the damage to the sample and loss of 

elemental data by volatilisation. Volatile loss during analysis cannot be completely avoided and 
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is thought to be the result of thermal activity breaking the Na ς O bonds resulting in ionic 

diffusion. This process is normally evident from either a shift in alkali-metal count rate under 

constant beam voltage and current or low analytical totals (Spray and Rae, 1995). The decline 

in count rate varies over time with an initial steep decline in count rate for elements such as 

sodium with an eventual steady - state count rate achieved over longer acquisition times.  It is 

therefore important to take into account the loss of alkalis metals when using EDS or WDS 

data for mineral calculations as the final concentrations are not truly representative of the 

sample. However, by tracking the shift in count rate during an analysis of nepheline, for 

example, it is possible to back calculate to the original sodium content. For each thin section 

analysed, initial measurements on nepheline crystals were made for 75-second acquisition 

times with a Na2O value taken at 5 seconds and then every 10 seconds. The results of these are 

plotted below (Figure 2.2). 

 

 

The majority of analyses show the characteristic drop in Na2O 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 space-layer charge) in 

regions of thin conductive coating (in this case carbon coating), resulting in the attraction of Na 

Figure 2.2: Graph to illustrate the Na volatilisation from sample OLX 17a over time under EDS beam 

conditions. Each line represents a different nepheline crystal. 
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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 were also analysed using wavelength dispersive X-ray spectroscopy (WDS) 

which generates elemental data over a higher resolution than EDS, as the electron microprobe 

is set-up so that particular wavelengths are scanned and counted. This achieved by a precise 

set-up crystal spectrometers, which diffract the X-rays towards the detectors. WDS analysis 

was completed using a Jeol8100 Superprobe with Oxford Instrument INCA microanalytical 

system. The same carbon coated sections used on the SEM were used on the electron 

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 containing 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 material it 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 completed by Dr Stanislav Strekopytov using 

both Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) and quadrapole 

Inductively Coupled Plasma Mass Spectroscopy (ICP-MS). The techniques were used to 

determine different elemental concentrations; 

¶ ICP-AES   

o Al, Ca, Fe, K, Mg, Mn, Na, P and Ti (all measured in oxide weight percent 

(wt%)) 

o Ba, Cr, S, Sr, V, Y and Zn (all measured in parts per million (ppm)) 

¶ ICP-MS 
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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 measured in ppm)   

2.3.1. Sample preparation 

 

 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 jaw crusher 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 crushing were 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 of 2 ς 4 µm using a tungsten carbide 

Tema Mill set for 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.  

 

2.3.2. Major and minor elemental analysis 
 
For bulk concentrations of  major and minor elements an aliquot of approximately 40 mg was 

taken of each sample, pre-treated with 1 ml concentrated HNO3 and fused with 120 mg of 

LiBO2 in a Pt/Au crucible (Hezel et al., 2011). The resulting material was then dissolved in 10% 

HNO3 and run on the ICP-AES using a Varian Vista Pro-Axial. The ICP-AES technique works by 

using inductively coupled plasma to produce thermally excited atoms from a sample. 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 formed of 

a mixture of elements simultaneous emission of a spectrum of wavelengths is produced which 

is then separated by a grating within the spectrometer and each emission is directed into a 

dedicated photomultiplier tube detector, which converts the electronic signal into 

concentration. 

 

2.3.3. Trace element analysis 
 

Trace element concentrations require the use of ICP-MS 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 each sample was pre-treated with concentrated HNO3 and dissolved in a 
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mixture of 4 ml HF and 1ml HClO4 at 100°C. The solution was then dried down at 150°C. The 

remaining residue was re-dissolved in 2 ml HClO4 at 150°C. The solution was again dried down 

and then re-dissolved in a mixture of 1 ml concentrated HNO3 and 1 ml H2O and 0.5 ml H2O2 at 

70°C. The solution was diluted up to 10 ml using deionised water. ICP-MS analysis works in a 

similar way to that of ICP-AES. The atoms of the elements are converted into ions by the 

plasma source and carried towards the mass spectrometer where they are separated and 

detection of ions is possible by their mass-to-charge ratio (M/Z). The detector within the mass 

spectrometer measures the number of ions striking the detector and translates this into an 

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

 

 
2.3.4.  Standards and calibration 

 
All analyses for major, minor and trace elements were completed using certified reference 

materials; 

¶ BCR ς 1 

¶ BHVO-1 (basalts) 

¶ JG ς 1 (granodiorite) 

¶ JLS -1 (limestone) 

¶ MAG ς 1 (marine muds) 

All the standards were run at the start of the analyses along with a blank to monitor the 

accuracy 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 stable isotope analysis 

2.4.1. Radioisotope work 

The following outlines the sample preparation and analysis for radiogenic isotope 

determination of both mica and pyroxene megacrysts as well as whole rock samples of 

carbonatite ash and fenitic units. The samples were primarily analysed for Rb and Sr, but some 

Sm and Nd analyses were also conducted using the NERC facilities at NIGL, BGS, Keyworth, UK. 
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2.4.1.1. Sample preparation 

Initially mica minerals and pyroxene megacrysts were handpicked using tweezers and placed in 

disposable Petri dishes prior to crushing. The pre-crushed whole rock samples were measured 

out with a spatula and 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 

glass capsules for weighing. Sample weights were taken using a micro balance. The powders 

were placed into an acid cleaned plastic container with a small amount of Milli-Q (MQ) water 

to collect small flecks of powder attracted to container sides.  A Zerostat anti-static gun was 

used to keep measurements as accurate as possible. The anti-static 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 charged surface. The majority of the samples 

weighed between 0.007g and 0.05g. 

 

2.4.1.2. Chemical preparation 

Mica samples were soaked in acetic acid for an hour to remove any carbonate material. All 

samples were spiked with Sr, Rb and Nd-Sm of known isotopic values for analysis. A pre-mixed 

Rb-Sr spike was used to reduce error on measurement due to small nature of natural 

concentrations in samples. Approximately 180 µl of mixed spike was added to each sample. 

Spike addition was achieved from dropper bottles which were weighed prior to administering 

and then after to find out how much had been added.  Once spiked, samples were dissolved 

and evaporated in acid in a sequential way using nitric acid, hydrofluoric acid and hydrochloric 

acid until all impurities were removed and samples were reduced to small amounts of powder.  

 

Ion exchange columns were removed from a bath of 6M HCl 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 thumb until the water drained freely. The columns were then filled with 

Sr Spec in H2O (~ 9 drops) and cleaned using MQ water and 6M HCl (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 HNO3 of varying 

molarity (2 ς тaύ ǘƻ ǊŜƳƻǾŜ ŜǾŜǊȅǘƘƛƴƎ ōǳǘ {Ǌ ŦǊƻƳ ǘƘŜ ǎŀƳǇƭŜ ƛƴ ǘƘŜ ŎƻƭǳƳƴΦ ¢ƘŜ άǿŀǎǘŜέ 

products, which include the Rb, Sm-Nd and REE elements, are collected in a fresh beaker to be 

analysed later. The Sr is removed using 2 ml of 0.05M HNO3 and 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 either end to form 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 samples to 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 Thermo-Electron Triton 1, thermal ionisation mass spectrometer (TIMS). This method 

of analysis works by generation 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 electro-statically charged plates. The ion beam is passed through a magnetic 

field and accelerated before it is separated into individual beams based upon the mass-to-

charge ratio. These individual beams are then directed into faraday cup collectors where the 

beam charge is recorded as a voltage. 

 

2.4.2. Stable isotope  

Whole rock lava and 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 

subsequent isotopic fractionation to a minimum. Upon return to UCL the samples were ground 

by hand using an agate pestle and mortar until a few microns in size (flour-like consistency).  

 

2.4.2.1. Carbon percentage analysis of samples 

Prior to isotopic analysis the powdered samples were analysed for total carbon using the 

ThermoFisher Scientific Flash EA 1112 NC analyser. Samples were weighed out into tin foil 

capsules using a micro-balance. The tin capsules were then carefully folded and rolled into 

small balls ensuring that all 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 to capture any 

sulphur or halogens that may be present.  A copper reduction furnace is used to trap excess O2 

and convert any NOx compounds to N2 for analysis. A water trap, formed of a drying tube 

containing magnesium perchlorate, removes any excess water and a gas chromatography 

column separates the N2 and CO2. These gases then flow into the EA detector and finally 

through a CONFLO IV interface into the mass spectrometer. 

 

2.4.2.2. Isotopic determination procedure 

For isotopic analysis each sample was weighed out using micro-scales and platinum boats with 

sample weights ranging between 380 ς 430 micrograms depending on their total carbon 

percentage previously measured. Multiple samples were weighed for repetition of 

measurements. Initially, samples were treated / washed with 10% H2O2 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 prior to analysis. Whole rock and volcanic ash samples were 

analyzed at the Bloomsbury Environmental Isotope Facility (BEIF) at University College London 

on a ThermoFinnigan DeltaPLUS XP stable isotope mass spectrometer attached to a 

ThermoScientific Gas Bench II device. Standards and unknown sample rock and ash were 

loaded into glass vials, methanol rinsed, oven roasted at 200°C for 1 hour and kept overnight in 

a 70°C oven. For analysis, each vial was manually acidified with 100% Phosphoric acid (0.1 ml) 

using a syringe injection via the screw cap septa. Precision of all internal (BDH, IAEA & IFC) and 

external stanŘŀǊŘǎ όb.{мфύ ƛǎ ҕлΦло ŦƻǊ ʵ13C and ±лΦлу ŦƻǊ ʵ18O. All values in later chapters are 

reported in the Vienna Pee Dee Bee notation (VPDB) relative to NBS19. 

After the initial samples were analysed a number 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 therefore re-analysed 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 were re-weighed to approximately 

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

analysis. 
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2.5. Micro Raman Spectroscopy 

2.5.1. Theory and advantages of Raman Spectroscopy 

Micro Raman techniques were used for non-destructive analysis of fluid inclusions located 

within nepheline, quartz and apatite grains.  Raman spectroscopy is well suited for the study of 

fluid inclusions and petrographic studies due to the non-destructive nature and the rapidity of 

the measurements. Additionally, Raman spectroscopy can reveal the presence of numerous 

mineral phases within one spectrum at sub-micrometer 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 excitation of molecules by irradiation from a light source of a specific 

wavelength. 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 ς 

known as the Stokes or Anti-Stokes Shift, depending on whether the photon has less or more 

energy, respectively, than the original photon (Keresztury, 2006, Burke, 2001). Only certain 

ǾƛōǊŀǘƛƻƴŀƭ ǎǘŀǘŜǎ ŀǊŜ ǎŀƛŘ ǘƻ ōŜ άwŀƳŀƴ !ŎǘƛǾŜέ ƳŜŀƴƛƴƎ ǘƘŀǘ ǘƘŜȅ ŀǊŜ ǊŜŎƻƎƴƛǎŀōƭŜ ǳǎƛƴƎ ǘƘƛǎ 

technique, which is ultimately dictated by the amount of deformation of the electron cloud 

and bonds of the molecule ς 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 (Figure 2.3). 
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All of the Raman analysis was completed at The Carnegie Institution of Washington using non-

cover slipped, doubly polished thin sections between 30 ς 150 microns thick.  Raman spectra 

were generated using a frequency-doubled solid-state YAG laser (532nm) operating between 

0.3 and 1Ƴ² ƻǳǘǇǳǘΦ LƳŀƎƛƴƎ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ ŀ ²ƛǘŜŎ ʰ-scanning near-field optical 

microscope (SNOM) which was customised to allow for confocal Raman spectroscopy imaging.  

The optical microscope was used with a 100x super long working distance (SLWD) objective 

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 50µm optical fibre was used to act as the confocal pin hole and transmit the laser 

light and Raman signal. A Peltier-cooled Marconi 40-11 CCD chip was used to collect the 

spectra, after passing through a f/4 300mm focal length imaging spectrometer typically using 

600 lines/mm grating (Steele et al., 2007). Raman spectroscopy calibration and laser tuning 

were achieved using both a pure silica standard and a type IIa diamond standard, with 

characteristic peaks at 520 cm-1 and 1332 cm-1 respectively. 

 

Figure 2.3: Example of Raman-active vibrations between two small displacements (+q and ςq) 

within a water molecule (Ferraro and Nakamoto, 2003). V1 represents a change in size; V2 a 

change in shape and V3 a change in orientation of the polarizability ellipsoid. 
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2.5.2. Precautions for work on thin sections 

A number of considerations must be taken when performing Raman spectroscopy on glass 

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 polishing 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 of 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 reflective light 

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 the section, particularly for those made using the vacuum impregnation 

technique. The resin itself is a C-H based product and so generates peaks within the C-H 

stretch, higher wave number region of Raman spectra, as well as at lower wave numbers. It is 

advisable to take a reference spectrum (Figure 2.4) of the resin so that the peak combinations 

can be recognised and interpreted accordingly. 

 

 
Figure 2.4: Raman spectra of thin section resin. Key identification peaks are marked.  A number of 

these peaks correspond to mineral identifications peaks. 
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Thirdly, thin sections that have been studied using other techniques, for example electron 

microprobe or scanning electron microscopy, will have been previously carbon coated. This 

coating can be removed with extra polishing but removal is often imperfect and Raman 

spectroscopy is extremely sensitive to the presence of carbon. Any remaining coating will 

appear as laser-reflective material causing almost flat lined spectra. Imperfectly removed 

carbon coating produces a spectra similar to that of amorphous / glassy carbon (Dieing et al., 

2010). 

 

2.5.3.  Setup for mineralogical imaging 

Sections were loaded 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 into 

focus by raising or lowering the microscope stage and all co-ordinates were zeroed. The 

section was then viewed in transmitted light using a higher magnification objective (100x), 

which revealed the subsurface inclusions of interest (Figure 2.5).  

  

 

 

 

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

focus. For CO2-rich inclusions this was when a bright halo could be seen around the moving 

CO2 bubble. At this point the z co-ordinate recorded the depth into the section 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 

Figure 2.5: (a) Reflected light image of the surface of an inclusion rich mineral. Lineations visible at 
the surface are inclusion trails located a few microns below the surface; (b) Transmitted light 
image of the same site of interest taken 14.75 microns into the section. The sub-circular features 
are all fluid inclusions located at different focal depths within the section. 
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rejected at the confocal aperture and so data is collected 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 3-dimensional image of the inclusion.  Raman imaging was conducted by taking a 

Raman spectrum at each pixel within a manually defined scan area. Scan areas varied in size 

between 5x5µm2 to larger area scans of 70x40 µm2. For each scan the number of scan lines 

and points per line were defined according to the area size. For example, a scan of a region 5x5 

µm 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 seconds, depending 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 of fluid inclusions 

2.6.1.  Sample preparation 

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 techniques see Shepherd et al (1985). 

 

2.6.2.  Heating and freezing stage 

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 FLINC synthetic standard of H2O fluid inclusions (pure H2O 

critical point at +374.2 °C) as shown in Figure 2.6a. Standards and samples were loaded onto 

the microscope stage which is then sealed to create an isolated chamber. This chamber is 

heated to approximately 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 also achieved 

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 cooled to -30°C at a rate 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 pure H2O inclusions) before slowly 

heating the sample (1 - 10°C/min) and taking measurements 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 

development of new phases occurring 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 should take place 

around -0.2°C. Figure 2.6b 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 than should be and 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 H2O fluid inclusion standard at -1.6°C; (b) The same fluid 

inclusion at -0.3°C with visible ice crystals, just prior to homogenisation, which took place 

between -0.2°C and +0.2°C. 
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Sample analysis occurs in much a similar way to that as the standard calibration with samples 

being quickly cooled to temperatures around -120°C or until solid material forms. In the case 

of CO2 ς rich inclusions this is a visible change with the generation of an inclusion that has a 

similar appearance to frog spawn (Figure 2.7). 

 

 

 

 

 

The sample is once again heated slowly and the measurements are made on the heating cycle. 

There are 2 important measurements to be made; firstly the melting temperature (Tm) which is 

the transformation of solid (S) + vapour (V) to liquid (L) + vapour (V) and secondly the 

homogenisation temperature (Th) 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 pure CO2 

inclusions melting between -56.6°C and -56.2°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.  

 

Figure 2.7: Solid-bearing fluid inclusions from sample OLX 3. Solids within the inclusion develop a 

pattern similar to that of frog spawn. Larger of inclusions ~ 20µm in length. 
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When investigating aqueous inclusions a different set of measurements must be made during 

the heating cycle. For H2O ς Salt inclusions three measurements are made; 

¶ First ice melting also known as eutectic (Te) ς which is the change from S + V to S + V 

+ L and indicates the type of salt in solution i.e. NaCl, KCl. 

¶ Last ice melting (Tmice) ς the change from S + V + L to V + L and an indication of the 

salinity 

¶ Homogenisation temperature (Th) ς the final change from V + L to either V or L and 

can be used to determine the trapping pressure and temperature. 

 

Immiscible H2O ς CO2 ς salt inclusions are slightly more complicated to investigate and require 

five main measurements; 

¶ CO2 melting (TmCO2) 

¶ First ice melting (Tm) 

¶ Clathrate melting (Tmclath) ς this is used as the proxy for salinity as essentially 

represents the last ice melting of the system and often occurs between ς 6 and +12°C. 

¶ Partial homogenisation (ThCO2) 

¶ Final homogenisation (Th) 

 

The reproducibility of the measurements was approximately ± 0.2 ºC below 30 ºC and ± 2 ºC 

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

 

2.7. Permeability measurement 

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

The permeameter and calculation of permeability iǎ ōŀǎŜŘ ǳǇƻƴ 5ŀǊŎȅΩǎ [ŀǿ v Ґ Y ! όhɻ/L), 

where Q is discharge through the sample, K is the hydraulic conductivity (permeability), A is 

the cross-sectionŀƭ ŀǊŜŀ ƻŦ ǘƘŜ ŎƻǊŜΣ ʵƘ ƛǎ ǘƘŜ ŘƛŦŦŜǊŜƴŎŜ ƛƴ ƘȅŘǊŀǳƭƛŎ ƘŜŀŘ όǇǊŜǎǎǳǊŜ ƎǊŀŘƛŜƴǘύ 

between the reservoirs and L which is the length of the core sample. The permeameter works 

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

through which water is passed from one reservoir at the top of the sample to another 

reservoir at the base. The sample itself is placed under a confining pressure and pore pressure 

using an oil confining medium which generates adequate pressure to seal the jacket on the 

sample and produce an effective pressure to simulate overburden during burial.  Once the 

confining pressure is stabilised 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 area of the sample can be 

ŎŀƭŎǳƭŀǘŜŘ ŀƴŘ ǎǳōǎǘƛǘǳǘŜŘ ƛƴǘƻ ŀ ǊŜŀǊǊŀƴƎŜŘ ǾŜǊǎƛƻƴ ƻŦ 5ŀǊŎȅΩǎ [ŀǿ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ 

permeability of the sample. 

 

 

 

 

 

2.7.1.1.  Coring the natrocarbonatite 

2.7.1.  Core generation 

Natrocarbonatite is extremely hygroscopic and so alters rapidly under the presence of water, 

for this reason a few adaptations to the procedure for generating cores were made. A core of 

Figure 2.8: Inner sample assembly for the permeameter with sample jacket at centre. 

Diagram courtesy of Liz Gaunt, Mike Heap and Steve Boon. 
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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 as the coolant and lubricant so was replaced 

with 3 in 1 oil. This was applied generously to the drill bit prior to coring. The core was then 

completed in small, incremental stages for the following reasons: 

1. To prevent breakage or damage of the core unit 

2. To keep 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 sections cored a generous amount of oil was applied for 

lubrication and cooling. 

Normally cores are removed from the drill 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 was gently pushed 

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 wheel, as the lubricant is water based in the machinery. The core was first ground by 

hand on dry polishing mats using the coarsest mat to 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 providing 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 between uses to prevent alteration 

in atmospheric moisture. The core itself had an average diameter of 24.22 mm and average 

length of 25.20 mm. The sample mass was 25.10 g. The 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 reservoir during this time. 
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Chapter 3: New Field Observations of Oldoinyo Lengai (post-eruption) 

and surrounding rift region 

 

The aim of this chapter is to detail the observations made during a two-week field campaign to 

the Gregory Rift in May 2010. A number of volcanic features were visited and their exact GPS 

co-ordinates obtained (Appendix A). The primary aims of the observations were to document 

(1) the appearance of Oldoinyo Lengai after the 2007 eruption, and (2) the morphological 

features located on its flanks. The results were used to investigate the physical processes that 

have shaped the volcano and surrounding landscape and also, to compare the 2007 eruption 

with other historic eruptions to investigate the cyclicity of activity at the volcano. 

 

3.1 New observations of Oldoinyo Lengai 

3.1.1  Crater geometry and morphology 

The process of crater filling discussed in Chapter 1 continued until the explosive activity in 

2007, which again cleared the crater above the conduit and produced an irregular crater floor 

172 m down from the rim of the ash cone (estimated maximum depth). The crater floor is 

enclosed by near-vertical lower walls, the upper rims of which are topped by inner slopes of 

the ash cone that dip inwards by about 45 ° (Figure 3.6). The crater is elliptical in shape with a 

N-S rim-to-rim distance of 262 m and an E-W, rim-to-rim distance of 289 m (measurements 

made using infrared rangefinder accurate to within 1 m).   The crater floor is covered with 

rocky debris, including tilted broken lava plates (5-10 m scale) possibly from recent magma 

withdrawal, and collapse material from the locally unstable inner crater walls. Debris scars of 

about 30 m wide occur in the  north-eastern and south-westerƴ ǎŜŎǘƻǊǎ ƻŦ ǘƘŜ ŀǎƘ ŎƻƴŜΩǎ ǊƛƳ 

indicating that some material appears to have fallen en masse into the crater whilst other 

sections have become disaggregated (Figure 3.4a and 3.4b).  

 

The crater walls expose an upper series of lapilli-dominated ashes with white-to-ochre colours 

up to 30 m thick that mantle the topography of underlying grey-to-white carbonatite lava 

flows and lapilli tuff formed within the previous crater. A sub-vertical intrusion ~5 m wide with 

irregular boundaries was observed cutting most of the north wall of the crater. This may 

represent a vent or feeding conduit to previous hornitos that was plugged in the most recent 

(2007) activity (Figure 3.2). The head of this intrusion has caused deformation in the previous 
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sub-parallel deposits with upwards shearing at its margins. This appears to be the first 

recorded observation of dyke-like features within the crater walls of Lengai. Whether this 

feature represents a feeder system for one of the larger hornitos prior to the explosive 

eruption or a feeder system for the eruption itself is unknown. The composition of this feature 

is also unknown. Due to the instability of the overlying slopes it was not possible to collect rock 

samples. The lack of white alteration suggests that the dyke is comprised primarily of silicate 

rock rather than natrocarbonatite.  

 Close examination of the sub-parallel units within the tuff cone walls reveals some vertical 

offset between continuous layers of about 1 m, suggesting subsidence to the east of the crater 

possibly due to the intrusion of magma along a localised fault. Whether the fault was 

generated 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 craters are littered with volcanic debris generated 

during the explosive activity. This debris consists mainly of 10 ς 50 cm bombs coated in grey-

to-ochre natrocarbonatite up to 1 cm thick (Figure 3.1). Once split open, the bombs revealed a 

number of lithologies related to the subsurface geology, which will be discussed in Chapter 4.   

 

Figure 3.1: Surface of crater rim littered with volcanic bomb material. Average bomb size around 10 

cm across. Photo courtesy of Adrian Jones 
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Numerous metre-scale white stalactites appended to overhangs indicate remobilisation of 

water-soluble carbonates from the white, lapilli-dominated ashes exposed on the rim of the 

crater. Such formations have previously been reported within caves exposed beneath inactive 

hornitos located on the crater floor prior to the explosive activity (McFarlane et al., 2004) but 

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 sub-vertical dyke-like feature located in the northern crater wall with 

deformation of the volcanic ash evident around the head of the intrusion. White-grey linear features 

are m-scale stalactites. 
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There were at least three visible sites of active degassing, two from fissures on the crater rim 

ash cone (Figure 3.3) 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 the north-western approach to the crater showed up to knee-deep alteration to dark 

brown, yellow and black soil-like 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 below the slope of ash. Rocky exposures of pyroclastic 

breccia on the upper north-western slopes of the volcano, immediately below the ash cone, 

have numerous expansion cracks and fissures suspected of recently releasing gas, as indicated 

by large numbers of dead insects. A gas haze in the same area suggests additional diffuse 

degassing from the upper flanks of the volcano. A full report on the degassing and plume of 

Lengai is included in Appendix C, which indicates the presence of aerosols from the diffuse 

emissions from the summit crater of the volcano.  

 

 

 

 

 

Figure 3.3: Fracture located on the rim of the new ash cone of the northern crater, which 

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 be heard below the surface with assumed pockets of degassing lava, causing 

disturbances around cavities in the crater floor at intervals of 15 ς 20 minutes. At least four 

open vents were observed on the crater floor appearing darker than their surroundings. A few 

of these cavities look to be the initiation of metre-scale hornito building, but are not yet well 

organised. Some areas near the crater wall appeared to have darker flow-like features from 

recent lava extrusion.  

 

 

Figure 3.4: (a) Rim ς to ς rim view of the northern crater taken looking approximately East - West; 

(b) downward view into the crater from the western edge of crater rim. 
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The upper slopes of Oldoinyo Lengai are partly covered with indurated white- grey volcanic ash 

(2007), recently flushed with water from seasonal rains (Figure 3.5a). 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 water-saturated ash. The flanks vary in slope from 45 - 55° 

beyond the half way point and much of the recent ash had been removed, along deeply incised 

water-runoff gullies. A white effervescence of carbonate (Figure 3.5b), <1 mm in thickness, 

covers much of the upper slopes of the volcano and active erosion runoff channels extending 

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

crystallisation from carbonate saturated rainwater appearing similar to salt crystals. 

 

 

 

Figure 3.5Υ όŀύ ¦ǇǇŜǊ ǎƭƻǇŜǎ ƻŦ hƭŘƻƛƴȅƻ [ŜƴƎŀƛ ǿƛǘƘ ƭŀǊƎŜ ǊƻŎƪ ǎǘǊǳŎǘǳǊŜǎ ƭƻŎŀƭƭȅ ƪƴƻǿƴ ŀǎ ǘƘŜ άtŜŀǊƭȅ 

DŀǘŜǎέΦ ¢ƘŜ ǇƘƻǘƻƎǊŀǇƘ ǎƘƻǿǎ ǿƘƛǘŜ Ŏovering of slopes representing weathered volcanic ash from 

the latest eruption; (b) close up of the carbonate effervescence present on the surfaces of the rain 

gullies on the upper slopes of the volcano. Photo courtesy of Matt Genge. 
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3.1.2 Estimation of solid carbonatite flux 

 
By using the measurements of the crater, it is possible to estimate the volume of the crater 

itself. Previous estimates have been based on the crater being a nearly cylindrical shape 

(Nyamweru, 1990), which provides an upper limit to the crater volume. A lower limit for the 

volume can be estimated by approximating the crater to that of a cone. The drawback of this is 

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

 

 

 

 

 

 

 

 

 

 

 

 

If it is assumed that explosive eruptions, which excavate the crater, occur approximately every 

40 years, a crude estimate for the average carbonate flux can be determined using the above 

calculated volumes; 

Cylindrical - 1.02 X 107m3 / 40 years = 2.55 X 105 m3/yr 

Cone - 3.42 X 106m3 / 40 years = 8.55 X 104 m3/yr 

In the years before the explosive eruption of 2007, the crater overflowed with 

natrocarbonatite flows extending down the flanks from numerous sites. The breach of the 

crater rim on the north-western and eastern sides is thought to have occurred during 

extensive activity in 1998. The northern edge was topped in 2005 and the western rim in 2006. 

The volume of lava that has extended down the flanks of the volcano is not well documented 

Volume of Cylinder (elliptical base):  

= ̄  *r1 * r2 * h 

= ̄   * 144.475 * 131.215 * 172 

= 1.02 X 107m3 

Volume of Cone:  

= 1/3 ̄   r2 * h 

=1/3 ̄  * (137.845)2 * 172 

= 3.42 X 106m3 
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and so places an uncertainty on the carbonate flux from Oldoinyo Lengai. For example, 

observations of the 2006 flow suggest that 1.7 X 106 m3 of natrocarbonatite material could 

have been emplaced on the slope (Kervyn et al., 2008b). Estimates of the volume of large lava 

flows, which have occurred on Oldoinyo Lengai in the last 25 years, are comparable to this flow 

rate. The Chaos Crag and Southern flow, which were emplaced in 1993, were documented to 

have a volume between of 0.15 X 107 m3 and 1.3 X 107 m3 (Dawson et al., 1994a, Venzke 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 outpouring. The driving force of such large lava flows is little 

understood. 
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Figure 3.6: Stitched panoramic view of northern crater showing near vertical walls and steep upper slopes covered with lapilli ash from the 2007 eruption. The crater floor 

also shows collapse from the upper slopes and subsidence of the crater floor (brown slabs of rock). Remnants of the previous crater rim can be seen on the southern edge of 

the crater.  Looking ~280° with Gelai peak just visible in the background. 
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3.1.3   Observations of 2006 Lava flow on the Western Flank  

 
In the years before the 2007 explosion, Oldoinyo LengaiΩǎ activity was effusive and resulted in 

the production of two approximately 3 km long lava flow down the western flank of the 

volcano. According to local reports the flow was emplaced in less than 14 hours. At this time 

the northern crater was completely full with carbonatite material due to the outpouring of the 

central hornito. Small flows had already topped the crater rim to the north, northwest and 

east, but had extended no more than a few tens of metres down the flanks before cooling. The 

new lava flow on the western flank varies from rubbly pahoehoe to aa-like lava (Figure 3.7b). 

The central 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 15 cm in width. Previous estimates of the flow 

volume are in the range of  9.2 (±3.0)×105 m3 (Vaughan et al., 2008, Kervyn et al., 2008c), 

yielding a mean effusive flow rate of 20 m3s-1 or less. Over the 4 years since emplacement, 

exposure to the atmosphere has caused secondary alteration and turned the previously black-

grey lava flow to white, so that it stands out against the upper grey slopes of the volcano 

(Figure 3.7a).  
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Alteration is restricted to the outer, exposed regions of the flow generating a white carapace a 

few centimetres thick. The carapace covers a brecciated flow top, as well as a basal breccia 

(Figure 3.8a). Just above this basal breccias are small (0.5 ς 2 cm thick) layered flows of a 

browner coloured carbonate material (Figure 3.8c). These flows have distinct boundaries and 

appear to have been emplaced before the main flow. They may represent previous flows 

which are at a more advanced stage of alteration due to their colouration. The blocky type lava 

often contains pressure ridges and tumuli (Figure 3.8b), the largest of which is around 5 m tall 

(Mattsson and Vuorinen, 2009). The tumuli are generated by lava accumulating beneath a 

stronger crust and pushing the crust upward (Duncan et al., 2004, Guest et al., 1984). Mattson 

and Vuorinen (2009) indicate that two important conditions must be satisfied in order to 

generate these inflation features: firstly there must be a lateral barrier which prevents the flow 

from getting any wider and secondly there has to be a continual influx of material beneath the 

crust of the lava flow.   

Figure 3.7: (a) Upslope view of 2006 lava flow showing contrast in colours between white altered 

natrocarbonatite and indurated slopes of Lengai of mixed carbonatite / silicate material; (b) Vertical 

section along eastern side of lava flow. Tape measure represents 5 m. Photos courtesy of Adrian 

Jones. 
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The interior of the main lava flow still appears fresh and maintains a predominantly black 

colour with some regions appear to have a brown colouration possibly due to localised 

weathering or a slightly different chemistry. The fresh natrocarbonatite is porphyritic with 

visible phenocrysts of nyerereite and gregoryite. Numerous xenoliths and volcanic bombs can 

be found within and on top of the lava flow. The clasts entrained within the flow are most 

likely to have been incorporated during its descent down the flanks of the volcano, whilst the 

xenoliths resting on the surface are volcanic bombs produced by subsequent explosive activity. 

The xenoliths and bombs vary in size from 5cm to 75cm but do not appear to have any chilled 

or baked margins. 

Stalactites similar to those found on the crater walls, mentioned above, also extend from the 

underside of the 2006 lava flow (Figure 3.9a). They have maximum lengths of ~7 cm, and were 

seen with water droplets forming at their tips. The stalactites effervesce with the application 

of 10% HCl, indicating a carbonate mineralogy. Although the majority occur as vertical 

features, closer examination of the lava surface reveals horizontal tube-like structures formed 

of the same material (Figure 3.9b).  

Figure 3.8: (a) Basal breccias of 2006 flow; (b) 

Tumulus present on top of 2006 flow. Photo 

courtesy of Adrian Jones; (c) thin flows present at 

the base of the 2006 lava flows above the basal 

breccias with camera lens for scale. 

a b 

c 
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The horizontal orientation may be due to wind blowing surface water down slope. Toward the 

side of the lava flow is an excavated gully, which runs parallel to the lava flow, most likely 

caused by rainwater and so winds are likely to be channelled along this gully. The insides of 

these stalactites, at their base, show sub-circular growth patterns with pore spaces, consistent 

with the addition, over time, of layers over an initial drop. Similar features were found inside 

the base of an inactive hornito before the explosive eruption and are argued to the be the 

result of precipitation from an alkaline brine generated by weathering of natrocarbonatite 

(Mitchell, 2006b, McFarlane et al., 2004). During weathering, highly soluble elements such as 

Na, K, Cl and F are concentrated in meteoric water, which then percolates through the lava at 

the roof of the hornito and precipitates minerals via evaporation. However, percolation 

through the lava body may not have been required to form the stalactites on the 2006 lava 

flow. In this case, it appears as though the meteoric water may simply flow over the surface 

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

 

3.1.4   Interpretation of 2006 lava flow 

The effusive activity in March ς April 2006 is thought to represent the largest outpouring of 

natrocarbonatite in the historical record of Oldoinyo Lengai, even larger than that of the Chaos 

Crag flow in 1993. Nevertheless, similarities can be drawn between the events: both emplaced 

large volumes of crystal-rich, natrocarbonatite in short periods of time and were associated 

with contemporaneous or slightly delayed explosive activity. The 1993 event has been 

interpreted as an influx of silicate material into a magma chamber which was already 

crystallising nyerereite and gregoryite as a crystal mush, with residual aphyric natrocarbonatite 

Figure 3.9: (a) Small stalactites hanging from lower surface of 2006 lava flow; (b) secondary 

alteration of lava flow generating horizontal tubes of material similar to that of the 

stalactites. GPS location 02°44.89S, 35°53.26E 
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(Dawson et al., 1994a, Church, 1995).  The addition of silicate lava, which was exsolving 

carbonate during its ascent, provided the driving force and additional material to generate a 

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

Effusive behaviour is occasionally produced when the flank collapse of the hornito allows the 

escape of lava with elevated SiO2 and crystal content. This was thought to be the case during 

the 1993 eruption and the 2006-07 eruptions (Kervyn, Ernst et al. 2008 and references 

therein). In 2006-07, the western flank lava flow, was emplaced in only 14 days at eruption 

rates of 3 ς 12 m3s-1 , which appear to be typical drainage of a shallow magma reservoir 

following hornito collapse. Kervyn et al (2008) interpret the 2006-07 flow to have resulted 

from the collapse of two central hornitos, forming a caldera-like pit crater and rapid drainage 

of the underlying lava lake. Petrographic analysis revealed a typical natrocarbonatite 

composition of nyerereite and gregoryite phenocrysts within a matrix of sylvite, nyerereite, 

gregoryite, fluorite and opaques. However the material also contained 3 ς 7 vol% silicate 

spheroids, consisting of nepheline and pyroxene with minor Ti-andradite and wollastonite.  

The 2006 effusion descended down the slope as two separate flows (Dawson, 2010, Mattsson 

and Vuorinen, 2009) with morphologies different from those normally seen for small volume 

breakouts (Mattsson and Vuorinen, 2009). In particular, MODIS thermal data show that the 

first flow descended the flank of Lengai on 25th March and the second on the 3rd April (Kervyn 

et al., 2008b). The driving force and mode of emplacement of such large flows are an 

important consideration for understanding the evolution of Oldoinyo Lengai and the magmatic 

processes beneath the summit crater.  Mattsson 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 m deep and 5 m wide. The 

position of this channel is argued by Mattsson and Vuorinen (2009) to 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 of Lengai where the gradient is shallower and lateral 

barriers could develop. 

Older lava flows contained solely within the crater, prior to all episodes of historical explosive 

activity, have been observed to issue from small hornitos and spatter vents or within small, 

open lava lakes (Keller and Krafft, 1990). In 1988 Keller and Krafft (1990) observed at least 

ǘƘǊŜŜ ŎǊŀǘŜǊ ƭŀǾŀ ƭŀƪŜǎ ǿƘƛŎƘ ǿŜǊŜ ƘƛƎƘƭȅ ŦƭǳƛŘ ŀƴŘ ŘŜǎŎǊƛōŜŘ ŀǎ άǾƛƎƻǊƻǳǎƭȅ ōƻƛƭƛƴƎέΦ 

Periodically these lakes were observed to fill and overflow to feed lava flows up to 100 ς 200m 

long and thought to be the result of a sudden upwelling of gas-rich, hotter lava. The authors 
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estimated each excursion of lava from these lakes to produce around 1000 m3.   Previous 

eruption rates of material produced by hornito collapse and drainage of a shallow reservoir 

have been estimated at 5 ς 10 m3 s-1 (Kervyn et al., 2008b) which are comparable to the 

estimate of eruption rates of the 2006 flows (3 ς 12 m3 s-1) 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 initial 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 some larger magma 

reservoir located near the surface which can empty upon disturbance.  A complete drainage of 

this shallow magma reservoir may explain the time required to refill the reservoir before 

activity can start again. 

 

3.2 Field observations of hummocks 

An important morphological feature found within the Gregory Rift on the flanks and 

surrounding plains of Oldoinyo Lengai and Kerimasi are large hummocks of debris material, 

which have previously been interpreted as Debris Avalanche Deposits (DADs) (Kervyn et al., 

2008a). 

 

 
Figure 3.10: Debris deposits (hummocks) located on the plains between Oldoinyo Lengai and Lake 

Natron. Photograph taken looking SE with Oldoinyo Lengai off to the right hand side of the photo. 

Photograph courtesy of Adrian Jones. 
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Previous work, outlined in chapter 1, concludes that the avalanches were provided by sector 

collapses of volcanic cones. The formation of the deposits is an important part of 

understanding the evolution and growth of the volcanic complex as well as the rift valley itself, 

particularly in terms of palaeoshores of Lake Natron. The following section outlines the 

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

As shown by the sketch map in Figure 1.5, the hummocks extend to the north and east from 

Oldoinyo Lengai. Some of the avalanches have run out distances 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, v-shaped incision on the eastern slope of Oldoinyo Lengai, known as the 

Eastern Chasm. This collapse scar is shown in Figures 3.11a and b. The close up image of the 

scar shows the inner volcanic complex with layering of silicate and minor carbonatite material. 

The carbonatitic material occurs only in the top 10% of the volcano, owing to dissolution 

during weathering. Figure 3.11a clearly shows the feeding point and fan of material, which 

extends from the central region of the scar towards the plains. 
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The hummocks themselves vary in size with the larger outcrops up to 200 m long, 10 m wide 

and 5 m high, whilst smaller outcrops are <20 m in length and 2 m in width or height. The 

hummocks show variation in size, mixing and lithology with distance from the source, which 

could be a result of mechanical sorting during transportation. The hummock at Location 10 

was studied in depth and is located approximately 6 km northeast of the lower flanks of 

Oldoinyo Lengai. This hummock is around 20 m in length and 4 m in height (Figure 3.12). It is 

mainly clast-supported 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 are more angular in shape and brecciated in a 

άƧƛƎǎŀǿ Ŧƛǘέ ŦŀǎƘƛƻƴΣ ǿƘƛƭǎǘ ǘƘŜ ǎƳŀƭƭŜǊ Ŏƭŀǎǘǎ ŀǊŜ ƳƻǊŜ ǊƻǳƴŘŜŘΣ ōǳǘ ǘƘŜǊŜ ƛǎ ƴƻ ŀǇǇŀǊŜƴǘ 

sorting of the deposits indicating turbulent movement and deposition, which can be 

characteristic of debris avalanche deposits (Siebert, 1984a). However, later work on landslides 

by Kilburn (200тύ ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ άƧƛƎǎŀǿ Ŧƛǘέ ōƭƻŎƪǎ ŀǊŜ ƴƻǘ ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ ƻŦ ǘǳǊōǳƭŜƴǘ ŦƭƻǿΣ ōǳǘ 

merely signify the avalanche material was disaggregating during emplacement. The overall 

yellow appearance of the hummock and composition of the material is similar to that of the 

older, palagonitized units of Oldoinyo Lengai (Dawson, 1962a). 

Figure 3.11: (a) View of Eastern Chasm on Oldoinyo Lengai from the Serengeti road looking 

West; (b) Close up of the collapse scar with visible volcanic layers and black ash from recent 

eruption. 
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Moving further away from Oldoinyo Lengai, the hummocks become more matrix-supported, 

with a coarse grained, welded matrix supporting sub-rounded blocks around 30 cm across. The 

matrix also contains some carbonate (which effervesces upon application of dilute 

hydrochloric acid).  The large hummock on the shoreline of Natron seems to have crude 

layering of different flow units (Figure 3.13a): a lower grey-coloured unit containing polymict 

clasts of nephelinite, trachyte, phonolite and basement units of varying sizes, and an upper 

yellow unit with monogenetic clasts of phonolite, with large nepheline crystals up to 2cm 

across. The matrix 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 formed of 

jacupirangite, urtite and nephelinite with fined grained, chilled margins. Location 14 

represents a site on the deposit where a large, consolidated block of porphyritic lava has 

moved en masse towards the lakeshore, incorporating sediment into a wedge beneath the 

slab (Figure 3.13b).  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 levels (Kilburn, 2007). 

Figure 3.12: Small hummock on the flanks of Oldoinyo Lengai. Photo courtesy of Adrian Jones 
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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 clast - rich 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 with folding of the 

yellow unit generating an east - west axial plane, suggesting a transport direction of north ς 

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

laminations within the matrix of the hummocks, similar to those of shear planes (Figure 3.14b).  

Figure 3.13: (a) Large hummock on shoreline of Lake Natron with apparent ramped flows 

discernible by colour; (b) Large slab of porphyritic lava with accumulated sediment. Scale: 

70cm at thickest end of sediment wedge 
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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 chemistry, which in turn is 

thought to relate to the activity of Oldoinyo Lengai.  A complex hydrothermal circulation 

system is thought to exist connecting the lake to the surrounding waters running off of Lengai. 

The water-soluble nature of the natrocarbonatite results in hydrothermal fluids saturated with 

alkalis (up to 30 X 103 ppm of dissolved solid sodium carbonate (Hillaire-Marcel et al., 1986, 

Hillaire-Marcel and Casanova, 1987)), which are introduced to the lake via hot springs found at 

numerous sites around the lake (Warren, 2006). The lack of trona within the debris deposits 

within the trapped sediment wedges suggests that the large, first sector collapse of Oldoinyo 

Lengai, from which the hummocks on the shoreline of Natron are thought to have originated, 

occurred during a time when the lake was not as alkaline as at present. The direct relation 

ōŜǘǿŜŜƴ ǘƘŜ ƭŀƪŜ ŎƘŜƳƛǎǘǊȅ ŀƴŘ ǘƘŜ ǾƻƭŎŀƴƻΩǎ ŎƘŜƳƛǎǘǊȅ ǿƻǳƭŘ thus further suggest that 

Figure 3.14: (a) Soft sediment deformation within one flow unit of the debris deposit; (b) Parallel 

laminations along shear planes 
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Oldoinyo Lengai may not have been producing natrocarbonatite during the early stages of its 

growth and so the production of carbonatite is an evolutionary step rather than a consistent 

feature of this volcano. The presence of stromatolites at the distal end of some hummocks, as 

previously reported by Hillaire-Marcel et al (1987), Hillaire-Marcel and Casanova (1986) and 

Kervyn et al (2008) indicates that the lake level during this collapse would have been higher 

than present levels. A high stand is dated at ~10,000 years BP and so the debris deposits would 

have flowed into the lacustrine environment. 

 

One of the most interesting consequences of the Zebra sector collapse, which occurred at 

Oldoinyo Lengai during its early stage of formation, is to cause the site of active lava 

production to shift from the southern crater to the now active northern crater. It is possible 

that the removal of a large percentage of material from the volcanic cone resulted in a change 

in the stress regime above the shallow magma chamber and ultimately caused the volcanic 

conduit to be moved northward. Migration of conduits has been documented at Las Cañadas 

caldera, in Tenerife, where overlapping calderas are thought to be the result of magma 

chamber migration due to the vertical collapse of a shallow chamber (Marti and 

Gudmundsson, 2000).  

 

In a rifting regime, the principal stresses are oriented with a vertical maximum principal stress 

( 1̀) and horizontal minimum principal stress (̀3). This allows horizontal extension which, in a 

volcanic situation, favours the propagation of dykes that open in the direction of 3̀. 

Gudmunsson (2000) argues that, after collapse of a volcanic edifice the maximum or 

intermediate principal stress can 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 propagation towards the region of higher overburden where the stress regime 

is under άnormalέ, pre-collapse conditions and results in the generation of a new magma 

chamber to the side of the previous, ultimately resulting in a movement of the conduit. A large 

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

volcanic activity as the conduit must be re-established. 

 

3.3 Field observations of Kerimasi units  

 
Kerimasi is an extinct volcano which lies approximately 12 km southeast of Oldoinyo Lengai 

and is thought to have been an earlier twin of Lengai, because both are comprised of 

nephelinitic ŀƴŘ ŎŀǊōƻƴŀǘƛǘƛŎ ƳŀǘŜǊƛŀƭΦ YŜǊƛƳŀǎƛΩǎ ŦƻǊƳŀǘƛƻƴ Ǉƻǎǘ-dates the Natron Basin 
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boundary fault. Its early activity was located close to the fault, building an edifice up alongside 

the escarpment, which 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 

overlain by  calcium carbonatite tuffs and agglomerates thought to represent the final activity 

of the volcano (Dawson, 2008, Church, 1995). 

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

two locations: a gully section located between Kerimasi and Oldoinyo Lengai on the north-

eastern slopes of Kerimasi and 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 

clasts of alkaline units including ijolite, nepheline syenite, nephelinite and pyroxenite up to 

20cm across (Figure 3.15a). Previous studies of similar units located on Kerimasi by Dawson 

(2008) also note the presence of more exotic clasts of amphibole meltiegite, melanite 

meltiegite, mica pyroxenite, urtite and uncompaghrite.  

     

 

 

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 matrix-supported lapilli tuff. The lapilli vary in size from 0.5 cm to 2 

cm and represent up to 35% of each stratification. The majority of the lapilli are sub-rounded 

to oblate and appear to have a fine-grained ash core lacking internal structure or to be proto-

lapilli lacking any laminations. 

Figure 3.15: (a) ijolite clast within basal agglomerate; (b) accretionary lapilli tuff, clast 

supported with cored lapilli and proto lapilli in same formation. Photos courtesy of Adrian 

Jones 
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 Above this lies a massive clast supported accretionary lapilli tuff layer. Within this layer 

around 10% of the accretionary lapilli have mafic lithic cores and so are classified as cored 

accretionary lapilli (Brown et al., 2010). The unit shows little-to-no sub-parallel stratification 

and the lapilli constitute up to 65% of the unit. The lapilli can range in size from 0.5 cm to 5 cm 

and are sub-rounded in shape (Figure 3.15b). In some regions of this deposit there are 

indications of normal grading. Towards the tapered edge 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 in Figure 3.16a) is approximately 2 ς 2.5 m in thickness with well developed 

laminations, showing little variation along the length of the section and 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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3.3.1   Interpretation of lapilli unit 

At first glance the morphology of this deposit is typical of pyroclastic density current deposits. 

The pink coloured basal, unsorted agglomerates at this location represent either the initial 

stages of a pyroclastic 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 proto-lapilli and well developed 

accretionary lapilli could indicate that two different sources of material fed the same deposit. 

Ash aggregates and lapilli are common in deposits from both air fall and pyroclastic density 

currents. Accretionary lapilli, however, are thought to 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 the density current where ash accretes to the surfaces (Brown et 

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

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

the heat of the density current becomes welded into one tuff unit. The ash fallout drape which 

caps the entire deposit records waning of the plume after the cessation of the pyroclastic 

density current and so normal grading occurs as successively smaller particles fall out of 

suspension. 

Figure 3.16: (a) Overview of tuff deposit located in gully between Kerimasi and Oldoinyo Lengai; 

(b) simplified stratigraphic log of tuff deposit; LT = lapilli tuff, Tacc = accretionary lapilli tuff, db = 

diffusively bedded, m = massive, pel = ash pellet, cpel = cored pellet, a = ash, l= lapilli, bl = block, 

bo=boulder Photograph courtesy of Adrian Jones 
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3.4 Field observations of explosion craters and tuff cones 

The younger volcanoes of the Tanzanian section of the East African Rift are typically highly 

explosive as can be witnessed with recent activity at Oldoinyo Lengai. 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 of some of these features from field observations. 

 

3.4.1  Loolmurwak explosion crater 

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 the crater 

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 ς 

antithetic faults.  The outer slopes of the crater are gentle 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 work (Dawson 

and Powell, 1969). This material consists of fragmented urtite-meltiegite - 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 mafic-rich ejecta material (visible in Figure 3.17a), 

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 pyroxenes are well formed crystals often appearing glassy 

(Figure 3.17b). The upper unit of Loolmurwak also contains numerous blocks of plutonic rocks; 

olivine ς mica pyroxenite and mica pyroxenites. Dawson and Powell (1969) discuss the origin 

of these pyroxenites 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 these rocks do not represent 

metasomatic lithologies from the interaction of neighbouring carbonatite magmas. 

 



87 

 

 

 

 

 

 

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 outcrop within the gully between 

Kerimasi and Oldoinyo Lengai. Two explanations for the similarity are plausible. First the 

Figure 3.17: (a) Annotated photograph of Loolmurwak explosion crater with Kerimasi 

pyroclastics and upper ash drape /  palagonitized unit. Back wall fault indicated in red, (b) 

close up of palagonitized unit of Loolmurwak with large mica book (6cm across) and pyroxene 

in matrix of hydrated carbonate cemented ash. 
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explosion craters erupt on the slopes of Kerimasi display pyroclastic material in their vertical 

inner walls, so that the draped ejecta may represent material similar to the rock type through 

which the crater formed. Second, the eruption that produced the lapilli tuff deposit may have 

been sufficiently large to spread fine material (e.g. from a pyroclastic density current) around 

Kerimasi and 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 of Kerimasi and Lengai.  If 

the first is correct, Loolmurwak and other explosion craters appear to have formed after the 

main explosive events of Kerimasi. However, if the second explanation is correct, then 

Kerimasi must still have been active during the formation of Loolmurwak. The presence of the 

yellow palagonitized unit at Loolmurwak provides a constraint since this unit is typical of the 

early volcanic sequence associated with Oldoinyo Lengai (Dawson, 1962a, Dawson, 2008).  

However yellow palagonitized units are also a common feature of hydrovolcanic features due 

to the alteration of magmatic glass to iron oxides and smectite clay. 
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 Figure 3.18: (a) Stitched panoramic of Loolmurwak explosion crater situated on the plain between Kerimasi (to the left) and Lengai (to the right), Photograph 

courtesy of Adrian Jones and taken looking 250° with vehicle for scale, (b) Panoramic of explosion crater locally named Kisetey located to the southeast of 

Loolmurwak, again with Kerimasi and Oldoinyo Lengai visible to the left and right respectively. Photograph looking 267° Crater diameter ~ 600m (E-W direction) 
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3.4.2 Tuff cones (Ubehebe type) ς Loluni, 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 slopes which lead to a bowl shaped crater. The outer 

slopes of the tuff cones found within the Gregory Rift are generally deeply incised by rainwater 

gullies generating a άǊƛōōŜŘέ ŀǇǇŜŀǊŀƴŎŜ όFigure 3.19).  

 

          
 

During this field campaign three tuff cones were 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. The cone itself is primarily comprised of lapilli up to 3 cm in diameter, similar to that 

of Kerimasi and Loolmurwak, that contain large crystals of phlogopite and amphibole. The 

phlogopite crystals exist as loose mica books previously seen at other eruptive centres (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 a 50 m high oval tuff cone 

with an eroded central crater. The megacryst suite at Deeti is formed of mica, amphibole and 

pyroxene. The concentric lapilli at this locality are often formed around a mica book. Previous 

work has suggested that the host lavas at Deeti are melilitites which are poor in olivine but rich 

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

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

 

The Pello Hill tuff cone differs from both Deeti and Loluni in that it is not dominated by a lapilli 

tuff, but by ultramafic scoria. Pello Hill does have lapilli tuff deposits, but these are confined to 

Figure 3.19:(a) Loluni tuff cone 

ŜȄƘƛōƛǘƛƴƎ ƎƻƻŘ ǇŀǊŀǎƻƭΣ άǊƛōōŜŘέ 

weathering patterns and elongate 

morphology. Vertical height of 

slopes ~ 400 m. Photograph taken 

looking west from Kisetey. 
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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.  Within the scoria, identified to be katungitic in 

composition (Dawson, 2008), resides a large number of xenoliths which vary in composition 

and can be up to 10 cm across. The most striking 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 mica-rich veins up to  5mm in width argued by 

this author and others (Church, 1995, Dawson and Smith, 1988) to be metasomatic 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 xenolith with large 

phenocrysts of a red-brown and black mineral. The xenolith itself is fine grained and veined 

with a white mineral. It is possible this unit represents a block of the host katungite (kalsilite ς 

leucite ς olivine melilitite) with phenocrysts of melilite and olivine. Overall the xenoliths are 

heterogeneously distributed and constitute between 10 and 40% of the deposit. 

 

 

3.4.3 Processes of formation of explosion craters and tuff cones 

 

All of these minor volcanic features are typical formations caused by interaction between 

magma and water at different levels within the crust. The main factors that control the 

landform created during the interaction are; 

1. Ratio of magma to water (typically 0.1 ς 0.3 for efficient conversion of thermal energy 

to mechanical energy in basaltic systems (Sheridan and Wohletz, 1983))  

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

 

In general the closer to the surface the interaction occurs the more structurally-pronounced is 

the deposit generated. This is thought to be a result of a higher water-to-magma ratio, which 

causes the fragmentation process to be less efficient and produces water-saturated deposits 

that are able to build a cone with a slope steeper than the natural angle of repose at a short 

distance from the vent (Wohletz and Sheridan, 1983). Therefore, a maar or explosion crater 

such as Loolmurwak, which has very little surface expression, is the product of magma - water 

interaction at depth below the surface, usually attributed to magma encountering an aquifer. 

The resulting phreatic explosion excavates the observed crater and disperses relatively dry 

pyroclastics far from the vent at a low angle of deposition. Tuff cones, on the other hand, are 

the result of an interaction which has occurred at the surface when magma encounters a 
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shallow body of water to generate wet, cohesive ash that can build up steeper slopes 

(Sheridan and Wohletz, 1983, Wohletz and Sheridan, 1983). Thus tuff cones are associated 

with eruptions through standing water (such as a lake), whilst tuff rings and maars are 

associated with eruptions in initially dry conditions but where ground water (e.g. from an 

aquifer) or surface water is able to enter the vent. All the deposits contain material from 

pyroclastic surges dominated by lithic material, rather than juvenile material, with the 

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

 

Field and geophysical data from maars and tuff cones in the Eifel region, Germany support the 

interpretation that large bodies of water at the surface prevent the formation of maars and 

deep diatremes and tend to result in the formation of tuff cone deposits (Lorenz, 1986). In 

particular Lorenz (1986) has argued that 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 groundwater as 

steam, in areas of limited groundwater supply, displaces this barrier downwards, allowing the 

root diatreme to extend to greater depths and ultimately results in a larger eruption and larger 

collapse features to form maars. However, if large amounts of water are available 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. Conversely, in areas lacking water, maar-diatreme 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 Wohletz (1983) that the 

formation of maars and tuff cones are favoured by critical magma: water rations 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 only 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) concluded that this spatial pattern reflected the amount of water which can 

accumulate on the plains and slopes of the volcanoes. They suggested 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), resulting in phreatomagmatic 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 observational data that indicate that large amounts 

of standing water are required to generate tuff cones (Wohletz and Sheridan, 1983, Sheridan 

and Wohletz, 1983, Lorenz, 1986).  

 

The above explanation for maar formation does not correspond to the conclusion that 

explosion craters such as Loolmurwak and Emablulu were the result of magma interaction 

within swampy regions caused by a highstand of Lake Natron (Dawson and Powell, 1969). 

Evidence 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.P (Hilaire et al., 1987, Warren, 2006) but 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 period of Kerimasi between 0.4 ς 0.6 Ma 

(Church, 1995) with dating of phlogopite crystals from Loolmurwak between 140,000 to 

570,000 years with an average of 350,000 years B.P (Macintyre et al., 1974) and 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 

aquifers below the surface, located on the plains due to topographic driven flow.  Pello Hill 

appears to have formed in a region lacking any ground water as evident by expression as a 

scoria cone and lack of palagonitisation. This may have implications for the timing of the 

eruption of Pello Hill and the extent of previous lake levels; either Pello Hill erupted before or 

long after an episode of lacustrine extension or the lake level never extended 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 water flows from higher-elevation recharge areas, to lower-

elevation discharge areas, where hydraulic head is lower) and thermally driven advection cells 

(Forster and Smith, 1989, Hurwitz et al., 2003).  
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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 permeability, basal heat flow and thermal 

conductivity of the solid, liquid and vapour phases within a specified geometry (Hurwitz et al., 

2003, Forster and Smith, 1989). Results of these simulations show that ascent of a 

hydrothermal plume can be facilitated by the presence of a heat source at depth, weak 

topography driven-flow, a flux of deep-sourced volatiles and a moderately permeable pathway 

through which the fluid can travel όƪ җ мл-16 m2). All of these conditions are easily met at 

Kerimasi with the heat source provided by magma sourced at depth and volatile flux (primarily 

carbon dioxide and hydrogen sulphide) from numerous locations across the rift.  However, 

eventually the water 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 related fluid 

flow. 

 

Figure 3.20: (a) Generalised schematic of fluid 

flow beneath mountainous terrain (blue dashed 

line = water table, arrows = hypothetical fluid 

flow); (b) Simulated pattern of fluid flow and 

heat transfer in concave topography typical of 

volcanic terrain (blue dashed line = water table, 

red lines = isotherms, black dashed = heatline, 

black dotted = groundwater flow line, grey 

dashed line = start of basal zone of low 

permeability). Both Figures adapted from 

Forster and Smith (1989). 
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3.5 Concluding remarks - Interpretation of field observations  

The above field observations, when combined with those previously made during different 

ǎǘŀƎŜǎ ƻŦ hƭŘƻƛƴȅƻ [ŜƴƎŀƛΩǎ ŜǊǳǇǘƛǾŜ ŎȅŎƭŜ (Nyamweru, 1990, Nyamweru, 1988a, Dawson et al., 

1994a, Keller and Krafft, 1990, Vaughan et al., 2008, Kervyn et al., 2008c, Kervyn et al., 2008b, 

Kervyn et al., 2008a), help to generate a broad-scale picture of how the magmatic system 

within the Gregory Rift has evoƭǾŜŘ ǎƛƴŎŜ ƛǘǎ ŦƛǊǎǘ ŘŜǎŎǊƛǇǘƛƻƴ ƛƴ ǘƘŜ ŜŀǊƭȅ мфллΩǎΦ  

The eruptive cycle of Oldoinyo Lengai in 2006 - 07 appears to have continued in similar ways to 

previous eruptive cycles, suggesting a continuation of a deep seated processes this favours a 

cyclic activity at the volcano. The timing of the cycles has been investigated using isotope 

disequilibria and has been inferred to occur over periods of 7 ς 18 years (Williams et al, 1986) 

or 20 ς 81 years (Pyle et al, 1991). The nature of the eruptive cycle of Lengai has been 

addressed by Church (1995) who concludes that 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 a body of hotter, more volatile-rich, juvenile silicate magma will enter the 

volcanic system driving the release of CO2 and causing explosive activity, the size of 

which depends on the size of the silicate magma body and the thermal contrast 

between the two magma 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 2006 ς 07 activity in terms of the magma composition and eruptive 

behaviour of Oldoinyo Lengai (Kervyn et al., 2010, Keller et al., 2010), has led to more detailed 

evaluations of the volcanic activity of Lengai than that of Church (2006). The revised structure 

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. An influx of new carbonated nephelinite (parental unit) enters the storage chamber. 



96 

 

3. Enrichment of CO2 and alkalis occurs as the parental magma crystallises and 

fractionates resulting in the crossing of the liquid immiscibility solvus and 

natrocarbonatite is generated. 

4. The immiscible 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 the hornito 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 and so CO2 and alkali enrichment continues in the upper part of the 

column generating a carbonated combeite-wollastonite-nephelinite which rises up the 

volcanic conduit due to the removal of the overlying carbonatite. 

7. Ascent of this silicate magma leads to gas decompression which drives an explosive 

eruption of silicate material prior to production of natrocarbonatite.  

 

It is clear that this region of Tanzania has undergone violent explosions from multiple centres. 

This has been witnessed in recent times at Oldoinyo Lengai with the eruptions in 1966 and 

2007, but is also evident from other volcanic features in the vicinity.  The presence of the lapilli 

tuffs on the flanks of Kerimasi provides evidence for high energy explosions during its active 

stage. These explosions 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 maars on the 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 aquifers, which are preferentially formed beneath the plains due to 

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

random pockets, potentially related to magma storage beneath the larger volcanoes Kerimasi, 

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

so erupt phreatomagmatically to produce parasitic cones. The composition of these parasitic 

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 Lengai? Could they 

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 observation-based model provides the first model 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 Lengai, it is 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.  



98 

 

Chapter 4: Petrology of a xenolith suite  from  Oldoinyo Lengai, post-

2007 eruption.  

 

4.1. Xenolith suite from 2007 ς 2010 

During a field campaign to Tanzania conducted during May 2010 a suite of rocks from volcanic 

centres within the Natron basin (Figure 4.1) were collected for further analysis upon return to 

the UK. The xenoliths 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 flanks and 

plains surrounding Lengai and neighbouring Kerimasi volcano. 

 

 

 

4.1.1. Lengai xenoliths 

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 northern crater and 

the inactive southern crater of Oldoinyo Lengai. These xenoliths are comparable to those 

previously collected from Lengai by Dawson (1995), Dawson and Smith (1992) and Morogan 

and Martin (1985). The suite consists of 20 xenoliths of both volcanic and plutonic material 

whose mineralogy is summarised in table 3, along with that of a megacryst / xenocryst also 

collected from the rim of the active crater.  The samples collected cover a range of lithologies 

Figure 4.1: Satellite image of Natron basin region with sampling areas between Kerimasi and 

Oldoinyo Lengai indicated. 
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sampling different igneous environments and depths under the volcanic complex. All xenoliths 

are found as volcanic bombs (Figure 4.2) and so are coated in natrocarbonatite ash or 

nephelinite lava, which once hammered open, reveals different mineralogy. 

 

 

4.1.2 Other samples 

Further samples of xenolithic and megacrystic material were also collected from regions within 

the Natron ς 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 by small 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 tuff cones, whose formation was discussed 

previously in chapter 3.  A number of samples were also collected from the debris avalanche 

deposits on the shore of Lake Natron. Previous work on these debris flow deposits suggests 

that they originated from Oldoinyo Lengai and so samples should correspond to units already 

classified by Dawson (1962).  

A full list of samples collected during the field campaign and also those donated for study by 

Abigail Chruch and Jörg Keller, can be found in Appendix B, along with the GPS co-ordinates of 

sample sites. For the remainder of the thesis samples will be referred to by their sample code, 

which can be summarised as;  

OLX = Oldoinyo Lengai xenolith, OLC = Oldoinyo Lengai xenocryst, OLA = Oldoinyo Lengai ash, 

OL = Oldoinyo Lengai lava, DTC = Deeti megacryst, DTX = Deeti xenolith, PHX = Pello Hill 

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 

ground consists of 

volcanic bombs 

containing xenolithic 

material. 

Photos courtesy of Adrian 

Jones 
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xenolith, PHC = Pello Hill megacryst, PH = Pello Hill material, LWX = Loolmurwak xenolith, LWC 

= Loolmurwak megacryst, HMK = Hummock material, NTR = Lake Natron material, KMS = 

Kerimasi material, LRX = Loluni xenolith and LRC = Loluni megacryst. 
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Sample 
Number 

Neph Alkali 
Feldspar 

Pyroxene Oliv Carbonate Titanite Mica Wol Apatite Gar Fe 
Sulph 

Other Classification 

Plutonic 
/volcanic 
xenoliths 

             

OLX 1 40  40 (au ς 
hd) 

  15  5    <1 
(Hauyne

) 

Nephelinite 

OLX 2 45 5 (sd) 40 (dp ς 
au) 

  1   1 2 1 <1 (Ti 
Mag) 

Ijolite / 
Meltiegite 

OLX 7     95    3  1 <1 (Fl) Natrocarbonatite 

OLX 10 5 25 30 15   25   5  <1 (Ti 
Mag) 

Olivine mica-
ijolite 

OLX 16 40 5 (sd) 30          Ijolite 

OLX 18 35  40   5  5 <1  2 10 
(cmb) 

Nephelinite 

OLX 19 35  40   5   <1   15 
(Cmb) 

Combeite 
Nephelinite 

OLX 20 45 10 25   5   10  5  Ijolite 

OLC 2a 30 10 30 10   15     5 (Ilm) Mica ijolite with 
fenite vein 

OLC 2b 20  40   5 25  <1   5 (Ilm); 
5 (pvs) 

Mica ijolite 

OLC 1       100      Phlogopite 
megacryst 

OL 8 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 - 
an) 

10  <1 5     4  Contact Fenite 

OLX 4 35 20 (sd) 40 (au)        5  High grade 
Fenite*  

OLX 5 30 45 (sd ς 
mc) 

20 (ag-au)     2   3  High grade 
FeniteϞ 

OLX 6 10 70 (sd) 10   2  1   5 2 
(Quartz) 

Medium grade 
Fenite* 

OLX 8 10 35 35 (au)   7     3  High grade 
FeniteϞ 

OLX 13 10 40 30      5  10 5 High grade 
FeniteϞ 

OLX 14 40 10 (mc -
sd) 

35 (au)   5  5 2  1 2 (Ag / 
Cu S) 

High grade 
Fenite*  

OLX 15 20 25 (sd) 45 (hd ς 
au) 

  2  1 5  2 1 (Ti 
Mag), 5 
(amphi) 

Nepheline 
SyeniteϞ 

OLX 17a 10 55 (sd) 30 (ag-au, 
dp)  

  1  1   1 2 (Ti- 
mag) 

High grade 
FeniteϞ 

OLX 17b  35 (sd) 30 (au)      10   25 
(Quartz) 

Medium grade 
Fenite* 

Table 3: Mineral assemblages of sample suite post-2007 eruption (modal %). (mc) = microcline, (sd) = sanidine, (an) = anorthoclase, (au) = augite, (hd) = hedenbergite, (dp) = 

diopside, (ag) = aegirine, (mag) = magnetite, (cmb) = combeite, (Ilm) = Ilmenite, (pvs) = perovskite, * = metagranitic protolith, Ϟ = metagabbroic protolith. 
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4.2. Petrography of Oldoinyo Lengai xenolithic material 

4.2.1. Fenitised Pyroxenite  

Xenolith OLX 15 consists of a sub-rounded, coarse-grained, equigranular, green inner unit 

coated in finer grained, porphyritic nephelinitic lava (Figure 4.3). The core unit appears similar 

to that of peridotite but its mineralogy is not consistent. Although approximately 45% of the 

unit is equant, subhedral 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 from brown to dark green indicative of aegirine-augite. The majority of the 

nepheline analysed was contained within the nephelinite coating of the xenolith. The inner 

unit also contains subordinate amounts of titanite, apatite, wollastonite and metal sulphides 

and oxides. A minor amount of alkaline amphibole occurs as pseudomorphs 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. 

 

 

 

The replacement textures and mineralogy of this xenolith indicate that it could represent a 

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 would suggest that it 

Figure 4.3: Hand specimen of OLX 15 showing cored xenolith with crystalline 

inner unit and finer grained nephelinitic lava outer selvedge. Dark flecks within 

inner unit represent metal oxide and sulphide grains. 


