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ABSTRACT 

Longonot volcano is situated in central Kenya in the vicinity of Lake Naivasha. It is one 
of a series of Quaternary volcanoes aligned along the inner trough of the Gregory Rift 
Valley, part of the East African Rift. The 10 ka history of eruptions at Longonot is 
subdivided into an early explosive caldera pyroclastic stage (9150-5650 yrs BP), 
followed by a dominantly effusive series of eruptions, the lava pile stage (5650 -1000 yrs 
BP). The Longonot volcanic rocks are extremely restricted in composition, being almost 
exclusively peralkaline trachyte. 

Individual beds of the caldera pyroclastic stage are characterised by major and trace 
element compositional zonation, with no systematic relationship between beds. 
Successive flows of the lava pile stage are increasingly enriched in FeO(T) (7-9 wt %) 
and incompatible trace elements such as Th (12.5 - 23.6 ppm) but depleted in trace 
elements such as Ba (198 - 4.7 ppm) that are compatible in sanidine, which accounts for 
>80% of all phenocrysts. All trachytes have generally flat chondrite normalised rare earth 
element profiles but with negative Eu anomalies and a restricted range in Pb and Nd 
isotope ratios (2°7Pbt204Pb: 15.66-15.73 n = 36, 143Nd/144Nd: 0.51257 - 0.51265 n= 34). 

Trace element modelling shows that the trachytes are derived by partial melting of alkali 
basalts, possibly related to mafic underplating associated with rift extension. The caldera 
pyroclastics comprise a series of separate magma batches, whereas the lava pile stage 
comprises only two coexisting magmas from which successive eruptions sampled the top 
of the chamber as it became compositionally zoned. Trachyte differentiation took place 
in a near-surface magma chamber (<l kb) with a complex structure as indicated by the 
co-existence of different magma batches, slight Pb-Nd isotopic heterogeneities and 
compositional zonation. Differentiation of the main lava pile trachytes is modelled by 
50% closed-system fractional crystallisation. 

High precision thermal ionisation mass spectrometry (TIMS) has been used to analyse U
series isotopes in the Longonot volcanics. The lava pile samples define a single near
horizontal linear array of constant (230Th/232Th) (0.796 +/- 0.01 n = 22) but variable 
{238Ut232Th) (0.601 - 0.715). The caldera pyroclastics have variably lower (230Th/232Th) 
than the lava pile (0.745 - 0.792 n = 14), but it is constant for each zoned pumice bed 
whereas {238U/232Th) is variable. Early lava pile trachytes have 226Ra excess but Ra 
partitioning into sanidine during differentiation results in (226Ra/230Th) < 1 (1.132 - 0.749 
n =16) for most samples. 

238U-230Th fractionation has been modelled as a two-stage process. The first stage 
involved partial melts ponding in a deep reservoir in almost closed system for 60 -220 ka, 
possibly with limited differentiation. Magma ascent was sporadic, and may have related 
to fault movements along the rift. Secondary 238U - 230Th fractionation during 
differentiation was due to variable crystallisation of accessory phases in a 
compositionally zoned near surface magma chamber. 

Combined (230Th/238U) and (226Ra/230Th) disequilibria indicate that differentiation in the 
near surface magma chamber was rapid, possibly much less than 10 ka for the 32 km3 of 
magma that formed the lava pile and that compositional zonation may have developed in 
under 1 ka. This rapid differentiation is most readily achieved through complex sidewall 
crystallisation. 
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Frontispiece 

'At last we reached the bottom of the cone proper, and with astonishment I viewed its extraordinary steepness. It 
beat anything of the kind I had ever seen. I made a determined spurt, literally on hands and knees, to ascend this 
part. The slightest slip would have landed me half-way down the mountain. At last I reached the top, and the 
scene that lay before me fairly overwhelmed me with wonder. I found myself on the sharp rim of an enormous 
pit, as far as I could judge.from 1500 to 2000 feet in depth. It was not, however, an inverted cone, as volcanic 
craters frequently are, but a great circular cavity, with pe,fectly perpendicular walls and about three miles in 
circumference, without a break in any part, though on the south-western side rose a peak, several hundred feet 
above the general level of the rim. So perpendicular were the enclosing walls, that immediately in front of me I 
could not trace the descent, owing to a slight angle near the top. So sharp also, was the edge of this marvellous 
crater that I literally sat astride on it, with one leg dangling over the abyss internally, and the other down the 
side of the mountain. The bottom of the pit seemed to be quite even and level, covered with acacia-trees, the tops 
of which, at that great depth, had much the general aspect of a grass plain. There were no bushes or creepers to 
cover in the stern and forbidding walls, which were composed of beds of lava and agglomerate. The scene was 
of such an astounding character that I was completely fascinated, and felt an almost irresistible impulse madly 
to plunge into the fea,ful chasm. So overpowering was this feeling that! had to withdraw myself from the side of 
the pit.' 

Through Masai Land: 
A Journey of Exploration among the Snowclad volcanic mountains and strange tribes of Eastern equatorial 
Africa. 
Being the narrative of the Royal Geographical Society's expedition to Mount Kenia and Lake Victoria Nyanza, 
1883-1884. 

By Joseph Thompson F.R.G.S. 
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CHAPTERl 

UNDERSTANDING MAGMA CHAMBER PROCESSES USING 

U-SERIES DISEQUILIBRIUM 

1.1 Introduction 

Igneous rocks from a single source may significantly vary in composition. Explaining 

such variations within these cogenetic suites of igneous rocks remains one of the major 

goals of igneous petrology (Harker, 1909; Nielsen, 1990; Tait and Jaupart, 1990). 

Magmatic differentiation is the generic term for the wide variety of physical and 

chemical processes by which this diversity in composition is derived from parental 

magmas (Allaby and Allaby 1990; Wilson, 1993). 

Recent advances in the analysis of short lived radionuclides of the U - series decay chain 

has made it possible to investigate the time interval over which differentiation takes 

place. By understanding the timescale and the nature of differentiation it is possible to 

begin to constrain the mechanisms by which those changes were brought about. This 

thesis is a detailed study of a single magmatic system in which the compositional changes 

and the time taken for them to ,occur have been investigated. This information allows 

models of magmatic evolution to be evaluated for a real system. 
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1.2 Magmatic Differentiation 

1.2.1 The Maj or Processes of Differentiation 

Since the beginning of modern petrographic investigation of igneous rocks in the early 

19th century, such as in the study of the volcanic islands of the Pacific by Charles Darwin 

(1844), it has been recognised that the differences between igneous rocks could be 

explained by differences in the proportions of their constituent minerals, and that the 

minerals reflected the bulk composition of the magma from which they crystallised. By 

the tum of the century a combination of detailed field observation, the analysis of thin 

sections and the development of major element geochemistry lead Harker (1909) to 

conclude that 'the compositional variations within many individual rock bodies were 

largely attributable to processes of differentiation'. Such ideas were soon to be 

supported by the introduction of laboratory experiments (Bowen, 1928) which placed 

these petrographic observations into the rigorous constraints of physical chemistry. The 

application of trace elements (Allegre and Minster, 1978) and most recently stable and 

radiogenic isotopes (Faure, 1986; Dickin, 1995) has built upon these concepts into a 

detailed, and increasingly complex, understanding of the compositional variations of 

igneous rocks and the nature of differentiation. 

The major processes involved in magmatic differentiation are summarised in Figure 1.1 

(p.3), modified from Wilson (1993). Together these processes can account for the broad 

spectrum of igneous compositions, although opinion as to the relative importance of each 

mechanism has varied considerably over time. Here, the term melt is used to define a 
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Figure 1.1 A summary of the major processes responsible 
for magmatic differentiation, after Wilson (1993). 
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crystal free derivative of crustal or mantle melting whereas a magma is a liquid - crystal 

mixture undergoing differentiation. 

1.2.2 Melt Formation, Extraction and Ascent 

The first complication to the simplified view expressed in Figure 1.1 is that there is no 

single parental composition from which igneous rocks are derived. Extensive laboratory 

experiments over the last three decades have revealed a wide range of both mafic and 

silicic melts that can be derived by partial melting of the upper mantle or crust. The 

differences are a product of the heterogeneous nature of both the mantle and crust ( e.g. 

DePaolo and Wasserburg, 1977; Hawkesworth et al., 1984; Zindler, 1984; Allegre and 

Turcotte, 1985; Zindler and Hart, 1986; Menzies and Hawkesworth, 1987; Nixon and 

Davies, 1987; O'Nions and McKenzie, 1988; Cousens et al., 1995; Niu and Batiza, 

1997) and the differences in the mechanisms of partial melting (e.g. O'Hara, 1968; 

MacDonald et al., 1970; Hanson and Langmuir, 1978; Pearce et al., 1984; Maaloe, 

1985). Appreciating this diversity of starting compositions is the first step to 

understanding the processes of differentiation. 

A partial melt, once formed, must segregate from its source in order to form a rock that 

differs in composition from its parent. Proposed mechanisms of melt extraction are 

critically dependent upon the degree of melting, the rheology of the melt and residual 

phases and the nature of deviatoric forces applied to the parental rock. 

At low melt fractions a melt can only escape from its protolith once an interconnecting 

three dimensional network of fluid exists along grain boundaries through which melt can 

migrate (Arzi, 1978; Waff and Bulau, 1979). The exact geometry of this network and the 
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degree of melting required is a function of the mineralogy and water content of the 

parental rock resulting in dihedral angles that are typically in the range 44-60° (Jurewicz 

and Watson, 1984; Laporte, 1994). The dihedral angle is the angle between two planes, 

in this case mineral grain boundaries, measured in a third plane perpendicular to their 

intersection. At dihedral angles less than 60° a melt may form an inter-connecting 

network along grain edges, making the rock permeable to melt. At values greater than 60° 

the melt remains isolated at grain corners and the rock is impermeable. 

· In the simplest form, the extraction of small melt fractions from the protolith can be 

described as a gravitational compaction in which the melt and matrix behave as two 

viscous fluids with contrasting densities and rheologies so that a two phase flow exists in 

which the driving force of segregation is the difference in bouyancy between the low 

density/low viscosity melt and high density/high viscosity matrix (McKenzie, 1984, 

1985; Richter and McKenzie, 1984; Scott and Stevenson, 1986; Fowler, 1990; 

Spiegelman, 1993). The equations governing the basic principles of buoyancy driven 

melt segregation are outlined in Figure 1.2 (p.6). A uniform layer of material, of 

thickness h, consisting of a melt of density pr and a solid matrix with a density Ps is 

placed upon an impermeable surface, such as being underlain by solid rock. Compaction 

starts in a· region next to the impermeable layer and the upwelling of melt prevents 

compaction elsewhere. The thickness of the layer compacting at any given time is termed 

the compaction length (Oc )and is a function of the pe1meability of the layer and the 

melt/matrix viscosities but not upon their density contrast. The relative velocity between 

the melt and matrix (mo) is a function of porosity and the density contrast (p8-pr) and 

combines with the compaction length to define the compaction rate ('r0 ) • For a full 

derivation refer to McKenzie (1984, 1985). 
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Figure 1.2 The extraction of magma from the crust or mantle 
by gravitational compaction, after McKenzie (1985). 
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Using these relatively simple equations, gravitational compaction 'has been assessed as a 

mechanisms for the derivation of a variety of mantle and crustal melts (McKenzie, 1985). 

The results indicate that high viscosity melts, such as granites, are incapable of separating 

from their matrix over geologically realistic timescales by gravitational compaction alone 

whereas low viscosity melts, such as picritic basalts, can readily separate from their 

source, even at low melt fractions. 

The inability to segregate commonly occun-ing melts from their source regions by 

gravitational compaction alone has lead to more complex models for melt extraction. It 

has been proposed that at higher melt fractions (porosity 26-40%) the proportion of melt 

reaches a critical value at which grain-grain contacts within the matrix cease to retain 

cohesion and the melt faction can rise diapirically (Wickham, 1987; Le Breton and 

Thompson, 1988; Fountain et al., 1989). 

Models of melt extraction that rely upon a critical melt fraction have been superseded by 

models that account for the effects of deviatoric stress during melting. Melt is driven, by 

pressure gradients, away from its restite and towards lower pressure dilatent sites 

developing in a heterogeneously deforming source (Sawyer, 1994; Rutter and Neumann, 

1995; Bagdassarov et al., 1996). In this way low melt fractions(< 0.3) can separate from 

the source. Trace element and isotopic disequilibrium between restite and melt from 

Himalayan granites suggest that such processes may be extremely rapid (200 - lka) and 

well within the limiting timescale of melt cooling rates (Harris et al., 1995 and in prep; 

Watt et al., 1996; Ayres et al., 1997). 

Once a melt has segregated from its source it must also ascend into higher levels in the 

crust in order to develop into many of the intrusive and extrusive igneous features that 
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are observed. On thermal and mechanical grounds it is unlikely that such ascent is along 

porous grain boundaries or by diapiric upwelling (Clemens and Mawer, 1992). Melt 

transport is more likely to take place along planes of weakness such as faults or by 

magma driven pressure fracturing of the country rocks (Spence and Turcotte, 1985; 

Turcotte, 1990; Turcotte et al., 1988; Lister, 1990, Clemens and Mawer, 1992). 

1.2.3 Differentiation 

It is now widely agreed that the dominant processes of differentiation, under most 

geological circumstances, is fractional crystallisation (Wilson, 1993). Fractional 

crystallisation, a term first coined by Becker ( 1897) is the combined physico-chemical 

process of crystallisation and separation of phenocrysts from a magma to leave a residual 

liquid that is different in composition from the original. Possibly the greatest proponent 

of fractional crystallisation was Bowen who, in The Evolution of the Igneous Rocks 

(1928), outlined the 'reaction principle' whereby evolved compositions could be derived 

by the progressive crystallisation of different minerals from a parental mafic magma. The 

phase equilibria of the common magmatic minerals are now well constrained (Yoder and 

Tilley, 1962; O'Hara, 1968; Hanson and Langmuir, 1978; Cox et al., 1979; Grove et al., 

1982; Thompson, 1984) but the physical mechanisms by which the minerals and residual 

liquid are separated remains, as we shall see later, the subject of considerable debate. 

Magma mixing is also a major process in the differentiation of igneous rocks. In the most 

extreme view-point all magmatic compositions have been attributed to the mixing of 

different proportions of basaltic and rhyolitic magma (Fenner, 1938) and the so-called 

'Bowen-Fenner' debate contrasted the roles of fractionation and mixing in petrogenesis. 

For many years fractional crystallisation was viewed to be of far greater importance to 

8 



differentiation, but the debate was reopened when it was demonstrated that basaltic and 

rhyolitic melts are miscible in all prop01tions to derive a wide range of hybrid 

compositions (Eichelberger, 1975; Eichelberger and Gooley, 1977). The debate continues 

to this day, especially in the field of calc-alkaline magma petrogenesis (Comey, 1997) 

where mixing commonly results in zoned and corroded phenocrysts, reflecting multiple 

changes in liquid composition. Mixing is clearly evident both petrographically and 

geochemically where it can result in the complete homogenisation of two magmas 

(Sparks and Marshall, 1986; Oldenburg et al., 1989) or lead to heterogeneous hybrid 

magmas (Scott and Bailey, 1984; Furman and Spera, 1985; Arana et al., 1994; Cioni et 

al., 1995). 

A fmther process of differentiation is assimilation which involves the melting and 

incorporation of country rock into a magma. Partial or complete melting of the country 

rock occurs through the exchange of heat and volatiles from the magma to its 

surroundings (Green, 1994). In recent years the combined processes of assimilation and 

fractional crystallisation (AFC) has gained popularity as a commonly invoked 

mechanism of differentiation in a wide variety of magmatic environments ( dePaolo, 

1981; Ghiorso and Kelemen, 1987; Nielsen, 1990; Reiners et al., 1995; Reiners et al., 

1996; Knesel et al., 1997; Thirlwall et al., 1997; Edwards and Russell, 1998). 

Contamination by assimilation without fractional crystallisation has been observed in 

some mafic magmas where turbulent ascent along dykes lead to erosion of the country 

rock without fractional crystallisation (Kerr et al., 1995). 

In addition to these three dominant processes of differentiation there are also those 

processes that are less common, but for certain magmatic compositions play a key role in 

differentiation. An example of this is liquid immiscibility which occurs when a single 
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melt splits into two coexisting melts in response to changes in temperature, pressure or 

composition (Roedder, 1979). As a means of differentiation immiscibility is most 

important in the genesis of carbonatite magmas for which experimental and field 

evidence has clearly shown the immiscibility of carbonate and silicate phases under 

certain conditions of pressure and temperature (Le Bas and Handely, 1979; Freestone and 

Hamilton, 1980; Kjarsgaard and Hamilton, 1988). Silicate - sulphide immiscibility may 

also play a key role in the early differentiation of mafic magmas with the loss of 

sulphides and chalcophile elements from the silicate magma into sulphide (Philpotts, 

1982; Lightfoot et al., 1997). 

The diffusion of elements within a magma plays a fundamental role in the nature and rate 

of many mechanisms of differentiation such as fractional crystallisation, magma mixing 

and assimilation (Kirkpatrick et al., 1981; Cashman, 1990). Thermogravitational 

diffusion as a direct means of differentiation within a magma is, however, considered 

today to be a relatively minor differentiation process (Lesher and Walker, 1988; Cygan 

and Carrigan, 1992) although it may play a role in the trace element enrichment of 

alkaline magmas with high volatile contents (Leat, 1984; MacDonald, 1987). 

1.3 The Role of Magma Chambers in Differentiation 

1.3 .1 Magma Chambers as a Location for Differentiation 

Many mechanisms have been proposed that create the right physical conditions for 

magmatic differentiation. Many of the earliest observations of differentiation were based 

on samples collected from plutons and other intrusive bodies (Harker, 1894, 1909) and it 
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was largely from these works that the concept of the magma chamber was initially 

developed. A magma chamber is 'a region postulated to exist below the earth's surface 

in which magma is received from a source region, stored and from which it moves to the 

earth's surface at the site of a volcano' (Allaby and Allaby, 1990). A magma chamber 

provides a convenient location for many of the differentiation mechanisms to take place. 

For example, it provides a physical location where crystals can form and separate 

(fractional crystallisation) or where different magmas can mix. There is now strong 

evidence for magma storage within the crust, as outlined below but the exact nature of 

such reservoirs remains uncertain. 

1.3.2 Evidence for Magma Chambers 

Evidence for the existence of large reservoirs of magma beneath the Earth's surface come 

from a variety of sources. The earliest observations of differentiation in cogenetic suites 

of igneous rocks came from exposures of intrusive igneous rocks such as the Carrock 

Fell intrusion of the English Lake District (Harker, 1894, 1909). Variation in the 

structure, petrography and composition and these intrusions were instrumental in the 

development of early ideas of fractional crystallisation, mixing and assimilation. The 

most famous of these 'exposed magma chambers' is the Skaergaard intrusion of east 

Greenland (Wager and Deer, 1939; McBirney and Noyes 1979; McBirney, 1995) but 

other classic examples include the Muskox intrusion of Canada (Irvine, 1985), the 

Bushveldt intrusion of southern Africa (Cawthorn and McCarthy, 1981; Cawthorn and 

Walraven, 1998) and the Rhum complex in the British Isles (Palacz, 1985; Hunter, 

1998). Within these exposures there is petrographic evidence for complex internal 

processes of magma mixing, crystallisation, convection and density currents leading to 

sedimentation of phenocrysts into the cumulate pile. The majority of these type-localities 
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are of mafic composition, mostly tholeiite, and significantly different structures are 

evident in felsic intrusions such as the Klokken syenite intrusion in south Greenland in 

which the syenite grades into a gabbroic sheath and within the intrusion syenite occurs as 

two forms, the inner section is highly banded due to sidewall crystallisation, whilst the 

outer area comprises structureless syenite (Mason et al., 1985; Parsons and Brown, 

1988) indicating that there are strong compositional controls on the mechanisms of 

differentiation. 

Further evidence for reservoirs of magma beneath volcanic centres comes from calderas. 

Calderas are fault bounded semi-circular depressions in the summit area of volcanoes 

that are thought to be the surface expression of collapsed magma chambers. They range 

in diameter from less than a kilometre to over 70 km and are most readily explained by 

the foundering and collapse of volcanoes into underlying chambers from which a large 

volume of material has been displaced, either through withdrawal of magma into lower 

reservoirs or from large volume eruptions (Clough et al., 1909; Williams and McBirney, 

1979; Druitt and Sparks, 1984; Newhall and Dzurisin, 1988; Gudmundsson, 1988). 

Calderas are found in all volcanic environments but are best developed in large silicic 

volcanoes such as Long Valley in California (Hildreth, 1979, 1981; Metz and Mahood, 

1985; Moos and Zoback, 1993; Sass, 1998). The presence of a structure interpreted as a 

caldera in summit of the volcano Olympus Mons on Mars indicates that magma 

chambers, and the processes attributed to them, may also be important on the other 

terrestrial planets (Zuber and Mouginis-Mark, 1992). Analogue laboratory experiments 

have shown how the size and shape of a caldera can be closely linked to the shape and 

depth of the underlying magma chamber (Philpotts, 1990; Marti et al., 1994) whilst 

detailed mapping of individual volcanoes has revealed the nature of caldera fault 

movements (Skilling, 1993). 
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Geophysical evidence from many geological settings has revealed the presence of magma 

chambers. Large areas beneath many active volcanic centres exhibit low P wave 

velocities and cannot propagate S waves whilst other volcanic centres are known to be 

associated with localised gravity anomalies. These phenomena are most readily explained 

as areas of liquid-crystal mushes (Ryan, 1988) which have significantly different seismic 

properties from normal crustal rocks. Significant differences in the size of these areas 

have been recognised between different magmatic regimes. The size of magma chambers 

ranges from < 5 km3 melt pockets beneath the mid-ocean ridges (Burnett et al., 1989; 

Collier and Sinha, 1990, 1992; Ryan, 1993; Calvert, 1995; Hussenoeder et al., 1996) to 

several hundred cubic kilometres of magma beneath Long Valley in California (Hildreth, 

1979, 1981; Metz and Mahood, 1985; Moos and Zoback, 1993; Reid et al., 1997; Sass, 

1998). Microgravity surveys of active volcanoes have also revealed rapid fluctuations in 

density that are attributable to changes in the volume of magma in near-surface 

reservoirs. However, not all volcanoes, for which there are geophysical data, show 

evidence for sub-volcanic magma chambers. An example of this is Vesuvius where there 

is no evidence of magma storage within 5 km of the surface (deNatale et al., 1998). The 

nature of the magma reservoirs, as revealed by geophysical surveys, is often very 

different from the structures seen in intrusions. The seismic imaging of Kilauea volcano 

in Hawaii (Ryan, 1988), for example, has revealed a complex series of interconnecting 

dykes and reservoirs whereas field-observations of intrusions are generally of single large 

reservoirs. 

Large volume pyroclastic eruptions such as the Bishop Tuff of Long Valley, California 

(Hildreth 1979 and 1981) and the Bandalier Tuff of New Mexico (Stix et al., 1988) have 

also given insight into the evolution of silicic magma chambers. Large pyroclastic beds, 

often associated with caldera collapse, are believed to represent the partial draining of 
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magma chambers. Within some pyroclastic beds, detailed investigation has identified 

compositional zonation interpreted to reflect internal zonation of the original magma 

chamber. The origin of this zonation is thought to come from density driven 

differentiation mechanisms within the magma chamber. However, not all large silicic 

eruptions appear to be zoned; some of the largest units are homogenous, such as the Fish 

Canyon Tuff in Colorado (Whitney and Stormer, 1985), suggesting an inverse 

relationship between magma chamber geometry and zonation (deSilva and Wolff, 1995) 

1.3.3 The F01mation of Magma Chambers 

A magma chamber results from the interplay of the physical properties of a magma and 

the crust that contains it. Once segregated from its source region a partial melt with a 

lower density than the residual crystals and will ascend until it reaches a level of neutral 

buoyancy. The rate of extraction of the melt is influenced by the density, viscosity and 

proportion of melt fraction (Stolper et al., 1981; McKenzie, 1984, 1985) whilst the rate 

of magma extraction is governed by the pressure, viscosity and density of the melt and 

the dimensions of any faults or fractures in the crust (Spence and Turcotte, 1985; 

Turcotte, 1990; Turcotte et al., 1988; Lister 1990; Rutter and Neumann, 1995). 

Magma will rise through the mantle or crust until it reaches a level of neutral buoyancy at 

which point it will tend to accumulate as a magma chamber. Not all magmas reach a 

level of neutral buoyancy, and some primitive melts are thought to have ascended 

directly to the earth's surface (Spera, 1984). A chamber comprising predominantly liquid 

has little or no compressive strength and so its position within the crust is maintained by 

a counterbalance between the density and upwelling of the magma and the pressure of the 

surrounding country rocks. This mechanism has been demonstrated for a wide variety of 
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igneous regimes by determining the density of erupting magmas and predicting the 

density of the crust through which they pass (Iyer et al., 1990; Ryan, 1993) (Figure 1.3 

p.16). Once a magma has reached a level of neutral buoyancy cooling and crystallisation 

will lead to the formation of an intrusive igneous body unless conditions of pressure or 

density change, permitting fmther ascent towards the surface. The eruption of a magma 

from a chamber results largely from differentiation processes such as the influx of new 

hot magma into a chamber (Sparks and Sigurdsson 1977), fractional crystallisation and 

assimilation that reduce the density of the magma (Botinga and Weill, 1970; Ghiorso and 

Sack, 1995) and the generation of overpressure by replenishment of magma (Folch and 

Marti, 1998) or tectonic movements. 

There is considerable discrepancy between the perception of magma chambers. 

Petrologists tend to view magma chambers as uncomplicated vessels that impose 

magmatic conditions on their environment and act as convenient locations for 

differentiation, whereas geophysical results indicate that there is a more complex 

interplay, in which the magma is under the structural control of the country rock (Marsh, 

1989). 
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Figure 1.3 In situ density-depth distributions of 
magma and crust for Iceland, after Ryan (1988) 

Magma can accumulate as magma chambers within 
the zone of neutral buoyancy between magma and crust. 
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1.4 Models of Magma Chamber Evolution 

1.4.1 The Development of Magma Chamber Models 

Given the broad range of sizes, shapes and compositions of magma chambers that have 

been postulated or identified it is hardly surprising that a wide variety of models have 

been developed to explain their internal mechanisms of differentiation. 

The simplest model for the evolution of magma chambers was suggested in the 19th 

century by, amongst others, Charles Darwin (1844), and is based on Stokes settling 

model of solids passing through a liquid due to a density contrast. The model assumes 

gravitational settling of the crystallising phases to produce more evolved magma 

compositions. In 1915 Bowen demonstrated the importance of gravitational settling in an 

experimental forsterite-diopside-silica system. When heated to just below the liquidus 

temperature crystals of olivine settled to the floor of the charge within periods of less 

than an hour (Bowen, 1915). In the simplest form of the model the rate at which a crystal 

will sink ( or rise) in a magma depends on the difference between the buoyancy force 

resulting from the density contrast between the crystal and magma and the viscous drag 

of the liquid on the crystal: 

Vt = dz/dt = 2gtipr2/911 [1.1] 
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where, 

terminal velocity lip - density contrast 

dz/dt - constant velocity (z measured downward) r - radius of spherical particle 

viscosity g- acceleration due to gravity T\ -

Obvious problems with this model are that the equation assumes that the particles are 

spherical, do not impede one another and the magma is behaving as a perfect Newtonian 

fluid (zero yield strength) rather than a Bingham fluid in which a yield strength must be 

overcome to permit movement. Such a simplistic model does not, for example, offer an 

explanation for how a low density crystal, such as plagioclase, could settle out of a high 

density residual basaltic magma to form a cumulate on the chamber floor. More complex 

versions of the model overcome some of these problems by incorporating factors such as 

the turbulent vortices created by rapidly moving crystals but they still cannot account for 

the complexity of layered intrusions. For a thorough review of crystal settling 

calculations refer to Philpotts (1990). Despite its many short-fallings, the Stokes settling 

model remained the principal mechanism invoked for magmatic differentiation until the 

late 1970's since when a great variety of new models have been proposed for the 

mechanisms of differentiation in magma chambers. 

One of the most important advances in understanding magmatic processes has been in 

the study of the role of convection as a determining factor in the nature and rate of 

fractional crystallisation. Convection develops as a result of heat loss from a magma to 

the surrounding country rocks (Tait and Jaupart, 1990). The heat and mass transfer 

processes in a multicomponent fluid, such as a magma, are extremely complex and are 

strongly dependent upon the viscosity and diffusion rates. Consequently, estimates of the 

potential of a magma to convect, expressed as the Rayleigh number, vary by over ten 
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orders of magnitude from 109 for a viscous rhyolite to 1023 for basalt (Wilson, 1993). 

Turbulent convection can begin at a Rayleigh number of 103 from which it was initially 

concluded that all magma chambers should convect sufficiently vigorously to maintain 

phenocrysts in a state of suspension (Sparks et al., 1984) and yet cumulate layering is a 

dominant feature of many igneous intrusions. In response to these observations, and in an 

attempt to explain many of the petrological features seen in igneous intrusions and zoned 

pyroclastic beds, more recent models have concentrated on the effects of different rates 

and types of convection on fractionation. These new models, as outlined below, are 

largely based on the premise that convection requires heat loss from the magma to the 

country rocks, and therefore nucleation of crystals will occur at the margins of a magma _ 

chamber. However, based on this simple concept two very different models of magma 

chamber fractionation have been developed based upon very different assumed rates of 

convection. 

Solidification front propagation is a model of magmatic fractionation that has, in part, 

developed as a response to observations of crystallisation in the Hawaiian lava lakes. 

Three historic eruptions in 1959 (Kilauea lki), 1963 (Alae) and 1965 (Makaopuhi) 

generated large volumes of tholeiitic lava that ponded in pit craters along the East Rift 

Zone of Kilauea. After a short time, often less than a month, these ponds formed solid 

crusts that acted as insulating lids. Direct measurements have subsequently been made of 

the evolution of the underlying lava as it cools and crystallises (Peck et al., 1966; 

Kirkpatrick, 1977). The evolution of the lava ponds have been considered directly 

comparable to the evolution of shallow basaltic reservoirs (Cashman and Marsh, 1988; 

Cashman, 1990). The insulating nature of the crust and the pit crater walls is such that the 

rate of cooling within the lava lakes is slow and so phenocrysts can develop over longer 

time periods than is normal for extrusive igneous bodies, or practicable in laboratory 
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experiments. In this model crystallisation takes place dominantly on a cool magma 

chamber roof as an inward propagating capture front of crystals (Figure 1.4 p.22) (Marsh, 

1985, 1989, 1996). Convection is believed to be weak (Marsh, 1988; Brandeis and 

Marsh, 1989) with little cooling or differentiation in the interior of the magma chamber. 

Crystals that escape the capture front are resorbed by the magma interior. Significant 

cumulates can only develop on the magma chamber floor when plumes of roof cumulates 

break way from the solidification zone in sufficient volume that they are not totally 

resorbed before reaching the chamber floor (Figure 1.4 ). 

The processes of sidewall and roof crystallisation have also been incorporated into a 

second popular model termed 'convective fractionation' (Sparks et al., 1984). This 

model is based on an assumption of relatively vigorous convection within the magma 

chamber. Unlike in the solidification front propagation model, fractional crystallisation 

along the roof or sidewalls of a magma chamber generates a residual fluid that convects 

away from the crystals and mixes back into the main body of magma (Figure 1.5 p.23). 

The effect of this process is that the interior of the magma chamber may exhibit the 

effects of differentiation without having crystallised itself (Langmuir, 1989) and will 

evolve towards the composition of the solidification zone liquids. Both the convective 

fractionation and solidification front propagation models have been applied to the 

Skaergaard intrusion (Marsh, 1988; Sparks, 1990), both authors considering the intrusion 

as evidence for the operation of their preferred mechanism. 

Convection in multicomponent fluids is complex, as variable factors such as composition 

and heat can have very different rates of diffusion within a large intrusion, leading to an 

effect known as double diffusive convection. This is outlined in Figure 1.6 (p.24) for an 

example in which the complex convective cells result from magma mixing. Convection 
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cells of this type can also form due to fractional crystallisation or assimilation to produce 

a residual magma of low density and temperature (for a thorough review of double 

diffusive convection refer to Turner and Campbell, 1986; Tait and Jaupart, 1990). 

The effects of complex convection cells on differentiation have been investigated by 

using analogue experiments that use the crystallisation of salt solutions in a glass tank 

that simulates magma in a magma chamber. Under closed-system conditions an evolved 

'cap' of lower density 'magma' derived by fractional crystallisation accumulates on the 

roof of the chamber (Sparks et al., 1984). In this way a cap with a highly evolved 

composition can develop without the need for large amounts of crystallisation of large 

volumes of magma. A more complex convection-crystallisation scenario occurs for an 

open-system magma chamber. A high density, hot liquid overlying a low density, cold 

liquid is analogous to an input of new magma rising to the top of the chamber. 

Crystallisation of the lower layer occurs until its density is reduced to that of the 

overlying liquid and rapid overturn takes place. In a later paper on the nature of 

convection and crystallisation (Sparks et al., 1993) it was demonstrated that 

crystallisation in a body increases until a critical density of particles is reached when 

convection can no longer hold the particles in suspension, the crystals settle into a 

discrete layer overlain by almost crystal free magma (Figure 1.7 p.27). This process can 

lead to discrete sedimentation events which have been likened to the rhythmic layering 

observed in intrusions such as Skaergaard. 
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Figure 1.4 Solidification front propagation, after Marsh (1989) 

The rheological regimes about the margins of a magma chamber. 

Temperature in the chamber is uniform and convection is sluggish. 
Most crystals forming on the chamber roof cannot escape the capture front. 
Bottom cumulates do not form and the chamber solidifies as an inward 
propagating solidification front.The few crystals that escape the capture 
front are resorbed by the chamber interior. Bottom cumulates can only form 
after protracted crystallisation to leave only a small chamber interior or when 
'plumes' of crystals break away from the roof. 
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Figure 1.5 Convective fractionation, after Langmuir (1989) 

In situ crystallisation of phenocrysts along the magma 
chamber sidewalls and roof forms a cumulate pile. Fractional 
crystallisation produces a residual magma that convects away 
from the cumulates, due to a difference in density, and 
becomes entrained into the well mixed magma chamber 
interior. In this way the chamber interior compositionally 
evolves without directly fractionating 

~ Residual magma 

WELL MIXED 
CONVECTING 
MAGMA CHAMBER 

SOLIDIFICATION 
ZONE 

CUMULATE PILE 

- Well mixed, convecting magma chamber interior 

- Phenocrysts crystallising in situ 
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Figure 1.6 An example case of double diffusive convection. 

A laterally extensive magma body with constant initial temperature and steadily increasing 
density is intruded by a second batch of magma that is more dense but also at a higher 
temperature. Heat from the second magma rises into the base of the overlying magma 
which then buoyantly rises. The heated magma rises until it reaches a level of neutral 
density and so begins to move laterally. In this way heat is transferred to the overlying 
magma with little or no diffusion of chemical constituents. Magma in this upper cell 
convects and encounters lower density magma and in this way many separately convecting 
cells can form. 
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magma chamber leading to rhythmic layering, 
after Sparks et al. (1993) 
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A major criticism of analogue experiments, such as those outline above, is that the glass 

vessels used as analogues for magma chambers have a simple geometry which is 

probabaly unrealistic for most magma chambers. The sensitivity of analogue experiments 

to changes in the shape of the vessel was demonstrated by de Silva and Wolff (1995) in 

which increases in the aspect ratio of the chamber (diameter/height) were shown to slow 

the rate at which an evolved cap of low temperature-low density fractionated liquid could 

develop. These experiments also demonstrated how convection generated by 

crystallisation along the sidewalls of a magma chamber would be a more efficient 

mechanisms in deriving an evolved composition in the top of a magma chamber than by 

crystal settling from the chamber interior. 

1.4.2 Evaluating Magma Chamber Models 

In order to evaluate models of magma chamber evolution it is necessary to define a 

parameter that will change depending upon the mechanisms that brought about the 

differentiation. The rate of differentiation is defined by the time taken for a given change 

in magma composition to take place, and is a function of the volume of magma, the 

dimensions of the magma chamber and the mechanism of differentiation. Therefore, by 

determining the pre-eruptive history of a series of volcanic eruptions it should be possible 

to evaluate different models of evolution for a real system. Consider, for example, a 

magma chamber of known dimensions which has erupted a series of magmatic 

compositions that can be explained as a differentiation sequence; if the change in 

composition is rapid then models of rapid convection, heat loss and crystallisation would 

be favoured whereas a slow rate of differentiation would imply a slow rate of cooling, 

weak convection and simple gravitational settling or inward propagating solidification 

fronts would be a more likely scenario for the dominant magmatic processes. 
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In recent years several techniques have been developed to investigate the timescales of 

magmatic differentiation. Crystal size distribution (CSD) is a statistical technique that 

uses the nucleation and growth rate of crystals to calculate the average residence time of 

phenocrysts in a magma (Marsh, 1988, 1998; Cashman and Marsh, 1988; Cashman, 

1988, 1990, 1992, 1993; Higgins 1996). The results from CSD suggest that the residence 

time of phenocrysts is around ~200 years, implying that magmatic evolution is a 

geologically rapid process. CSD can also be used to identify multiple populations of 

phenocrysts within a magma identified though irregularities in the population density of 

different crystal sizes. It can therefore be used to identify magma mixing where magma 

batches are indistinguishable in composition (Higgins, 1996). 

Recent numerical models of magmatic differentiation, that incorporate assumptions of 

diffusion and growth rate of phenocrysts in a magma, have also been used to place time 

constraints on differentiation mechanisms. Edwards and Russell (1998) presented a time

dependent AFC model for evaluating differentiation of the lskut volcanic field basalt of 

Canada. The results predicted that AFC processes operated over timescales of weeks to 

years, which is geologically very fast, and that where assimilation is involved, the rate is 

highly dependent upon the temperature and composition of the country rock. 

High precision Rb-Sr isotope dating of lavas from the Long Valley caldera of California 

have also been used to investigate the timescales of differentiation (Davies et al., 1994). 

Extreme Rb - Sr ratios (> 103
), that are unusual for most volcanic rocks, permitted the age 

of two rhyolite magma batches to be determined accurately. These results showed the 

residence time of phenocrysts to be far longer than timescales determined by CSD or 

through numerical modelling. Phenocrysts were up to 200 ka older than the known 
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eruption ages indicating long residence time and slow rates of differentiation. Difference 

in residence time ages for different magma batches were attributed to different rates of 

cooling in magma chambers of varying depth. 

The most extensively used method for understanding the rate of magmatic processes is 

the U-series disequilibrium method and will be the technique used in this thesis. Recent 

advances in the precise determination of the abundance of the short lived radionuclide 

daughters of 238U have created the opportunity to date magma formation and 

differentiation accurately. An outline of the technique is given below, based on several 

other detailed reviews on the methodology of the U-series disequilibrium technique 

(Ivanovich and Harmon, 1982, 1992; Condomines et al., 1982, 1988; Gill and 

Condomines, 1992). 

1.5 Evaluating the Rate of Magmatic Processes with U - Series Disequilibrium 

Radioactive atoms are subject to a probability that any particular atom will disintegrate in 

unit time. The rate of decay is therefore proportional to the number of atoms present: 

- ( dn/dt) =An [1.2] 

where 11, is the constant of proportionality, n is the number of atoms and tis unit time. A 

is characteristic of the radionuclide in question and is called the decay constant. The 

number of atoms after time tis given by integrating equation 1.2 between o 'zero' and t: 
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-At 
Ilt = Il0 e [1.3] 

where I1o is the original number of atoms and nt the number after time t has elapsed. 

The number of daughter radionuclides formed is always equal to the number of parent 

atoms decayed. If the number of daughter atoms present at t=O is D0 then the number now 

present, in a closed-system, is a function of the time elapsed; this is the fundamental 

basis of all geochronology: 

[1.4] 

Each radioactive isotope has its own decay constant and half life: 

t112 = ln2/A 0.693 /').. 

Many radioactive nuclides produce radionuclides that are themselves radioactive. The 

decay from parent to daughter and in turn to a sequence of subsequent daughters is called 

a decay chain. The longest known decay chain originates from 238U which, via a series of 

a and ~ emissions, decays to 206Pb. Similar decay chains exist for 235U and 232Th to 

produce 207Pb and 208Pb respectively. Figure 1.8 (p.30) summarises the decay chains of 

238U, 235U and 232Th highlighting the nuclides of relevance to isotope geochemistry. The 

U - series disequilibrium method is primarily concerned with two radionuclides of the 

238U decay chain that have geologically significant half lives; 230Th which has a half life 

of 75.4 ka and 226Ra that has a half life of 1.6 ka (Dickin, 1995). 
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Conventional geochronology methods such as U-Pb and Sm-Nd isotopes determine age 

by the relative abundances of a radioactive parent and its stable daughter. The use of 

intermediate radionuclides of the 238U- series decay chain is, however, further 

complicated because the daughters are themselves radioactive. The decay rate of the 

daughter is given by the difference between its loss and production rates so that: 

dni/dt [1.6] 

Where n1 and At are the abundance and decay constant of the parent and n2 and Az 

correspond to the daughter. In the case of the U-series decay chain where the decay 

constant of the parental 238U is much greater than that of any of its daughters then, if the 

system is left undisturbed for a long period, a state of secular equilibrium exists whereby 

the activity of the daughter is equal to the activity of the parent: 

[1.7] 

Fractionation by a geological process of parent from daughter leads to a state of 

disequilibrium and equation 1.7 is no longer valid. The time taken to re-attain 

equilibrium is determined by the decay constant of the daughter, reaching 99% of 

equilibrium activity in seven half lives. Secular equilibrium in the total U-series decay 

chain is governed by 230Th, the longest lived daughter, and is reached in ~0.5 x 106 years 

after the fractionation event. Disequilibria can also be studied between adjacent 

daughters in a decay chain such as from 230Th to 226Ra, in which secular equilibrium is 

attained after ~ 11,000yrs. During the period of disequilibrium the time since 
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fractionation may be calculated as a function of the activities of the respective parent and 

daughter nuclides. The 238U-230Th and 230Th-226Ra disequilibria techniques therefore fill a 

useful geochronological niche between the very short lived nuclides such as 14C (t112 = 

5.76 ka, Faure, 1986) and long lived nuclides such as 4°K (t112 = 1.25 x 109 yrs, Faure, 

1986). 

A fmther advantage of the 238U series decay chain to geochronology is that adjacent 

parent and daughter nuclides may exhibit very different chemical properties. U and Th 

are both actinides with large atomic radii and high ionic charges making them 

incompatible in most common magmatic crystallising phases, but small differences in 

their partition coefficients may lead to fractionation, and therefore isotopic 

disequilibrium, during both melting and crystallisation of a magma. In addition the 

behaviour of U is highly sensitive to its oxidation state and the composition of magmatic 

fluids. The solubility of U in magmatic fluids increases with oxygen fugacity (fO2) and 

varies with the concentration of halogens and CO3 
2

- dissolved in the fluid (Keppler and 

Wyllie, 1990). Ra is an alkaline earth metal, similar to Ba, making it far more compatible 

in potassic phases such as sanidine (Blundy and Wood, 1994). Full details of the 

mechanisms by which magmatic disequilibrium between 238U - 230Th and 230Tb - 226Ra 

is generated may be found elsewhere (Gill and Condomines, 1992; Condomines et al., 

1988; Pyle et al., 1991; Spiegelman and Elliott, 1993; Chabaux and Allegre, 1994). 
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In the 238U-23°Th disequilibria technique 234U is considered the direct daughter of 238U as 

234Th and 234Pa have geologically insignificant half lives (24 days and 1.2 minutes) and 

secular equilibrium is reattained within a matter of months. In unaltered samples of 

volcanic material the (234U):(238U) activity ratio is 1 and so 230Th may in tum be 

considered the direct daughter product of 238U for dating purposes. It is also assumed that 

the activity of 238U remains unchanged (t112 = 4.5 Ga) so that the activity of 230Th at a 

given time after fractionation is: 

where t and o refer to activities at time t and initial and 'A, is the decay constant for 230Th. 

It is standard practice for these activity values to be normalised to 232Th which has a half 

life sufficiently long (t112 = 14 Ga) that it may be considered stable over the duration of 

any disequilibrium. Equation [1.8] therefore becomes: 

which defines a straight line relationship between (230Th)!(232Th)t and (238U)/(232Th)t, The 

term (1-e-A.t) represents the slope of the line and is a function of time since fractionation. 

A suite of cogenetic whole-rock or mineral samples with variable U-Th abundance will 

plot along a single linear array, the slope of which will change with time (Figure 1.9 

p.34); and this forms the basis of the U-series disequilibrium dating technique. The 

equiline represents secular equilibrium between 238U and 230Th. After fractionation, at 

current levels of analytical precision, a sample is indistinguishable from the equiline after 
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approximately 5 half lives of the shortest lived radionuclide, which in the case of 230Th is 

around 300,000 years. 

The basic principles of the U-series dating technique may be equally well applied to 

230Th and its daughter 226Ra. The 1622 yr. half life of 226Ra (Dickin, 1995) gives a 

practical age range of dating of only 8000 years which makes the 230Th-226Ra system a 

sensitive tool for evaluating rapid magmatic processes. Fractionation of 230Th and 226Ra 

during normal magmatic processes is easily achieved because they exhibit very different 

chemical behaviour. The major disadvantage of using 226Ra is that it has no long lived or 

stable isotope to which values may be n01malised (228Ra t112 = 6.7 yrs). A solution to this 

problem was proposed by Williams et al., (1986) by normalising to Ba as a proxy for Ra; 

Equation 1.9 becomes: 

[1.10] 

where [Ba] denotes Ba concentration. However, this assumes that the partition 

coefficients for Ra and Ba are equal. When this is not the case, fractionation does not 

lead to a horizontal array on the 230Th - 226Ra equiline diagram (Volpe and Hammond, 

1991). 

There are two main analytical problems in determining the activities of U, Th and Ra; 

238U, 230Th and 226Ra have very different activities and often exceptionally low absolute 

abundances. Traditionally activities have been directly measured by a counting in which 

analytical error is typically +/-5%. Advances in thermal ionisation mass spectrometry, 

and in particular the use of decceleration lenses that improve abundance sensitivity (van 
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Calsteren and Schweiters, 1995), have lead to a reduction in analytical error to +/-1 % 

permitting more detailed analysis of U - series disequilibrium. Full details of the 

analytical methods used in this study may be found in Appendix 1. 

1.6 Previous U-Series Studies on the Rate of Magma Chamber Processes 

U- series disequilibria in igneous rocks were first identified by Joly (1909) but it was not 

until the late 1960's that improvements in analytical techniques allowed the normally low 

abundances of the 238U series radionuclides to be determined accurately (Allegre 1968; 

Oversby and Gast, 1968; Tadeucci et al., 1968) and it was a further ten years before Ra 

disequilibrium was accurately measured in recent volcanic rocks (Capaldi et al., 1976). 

238U - series disequilibrium has now been identified in magmas from a wide range of 

tectono-magmatic environments. The majority of these studies are concerned with one of 

two basic questions in igneous petrogenesis. Firstly there are studies concerned with the 

time period between the formation of a melt and its eruption and secondly there are 

studies of the residence time of magma, or phenocrysts, in a magma chamber. The result 

of this work has been a bewildering array of timescales for magmatic processes varying 

by up to five orders of magnitude. 

An investigation of the eruptions of Surtsey (1963-67) and Heimaey (1973) in Iceland 

using 21°I>b-226Ra -230Th systematics (Sigmarsson 1996) has shown that the residence 

time in an alkali basalt magma chamber is of the order of ~ 10 yrs during which 30% 

fractional crystallisation from alkali basalt to hawaiite took place. Similarly short time 

periods have been invoked for the evolution of the natrocarbonatite lavas of Oldoinyo 

Lengai in Tanzania (Williams et al .. 1986, Pyle et al., 1991). In the simplest model the 
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very short lived 228Ra and 228Th nuclides indicate a melt to eruption time period of ~20 

yrs whilst a more complex model gives a mean magma chamber residence time of ~81 

yrs. 

Longer magma chamber residence time values in the order of 0.5 -5 ka have been found 

for a number of volcanic systems. Using 230Th - 226Ra disequilibrium, anorthoclase 

phenocrysts in phonolite from Mount Erebus in Antarctica were shown to have residence 

times of ~3 ka (Reagan et al., 1992) which is similar to a 230Th - 226Ra disequilbrium 

study of dacite magmas at Mount St Helens (Volpe and Hammond, 1991) that resided 

within the crust for 0.5 - 3 ka. Many magmatic systems have also revealed residence 

time values which are at the limits of the 226Ra disequilibrium technique but, 

unfortunately, too close to the present day for the 238U-230Th technique to be at its most 

effective. U-Th-Ra disequilibrium in recent andesite and dacite magmas of Mt. Shasta 

(Volpe, 1992) indicate that fractionation took place < 10 ka ago and that the mean 

residence time is on the order of 6-7 ka, which is in good agreement with andesites from 

Nevada del Ruiz (Schaefer et al., 1993) in which the average crystallisation age of 

phenocrysts before eruption was 6 - 13 ka. Relatively short magma chamber residence 

times have also been inferred for the trachytes erupted over the past 40 ka at 

Emurnangogolak in Kenya where 238U - 230Th mineral isochron ages and sanidine 39 Ar-

40 Ar ages are very similar (Black et al., 1998). 

Residence times in excess of 20 ka have also been identified for a variety of tecto

magmatic regimes. Comendites from the Olkaria domes field of Kenya come from a 

restricted geographical area and have all erupted over the past 20 ka, but vary 

considerably in the 238U - 230Th age of erupting phenocrysts ranging from 14 - 50 ka 

(Black et al., 1997). Samples from the same area analysed for 226Ra disequilibrium do, 
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however, have (226Ra)/(230Th) activity ratios > 1 which would imply shorter timescales of 

differentiation. Similarly long residence times of 40 - 50 ka have been determined by 

238U - 230Th disequilibrium for rhyolites from Socorro Island in Mexico (Bohrson and 

Reid, 1998) although the authors note that this is a maximum residence time and that the 

value may have been affected by processes of crustal contamination. Phenocryst 

isochrons from calc-alkaline basalts of Soufriere, St Vincent, reveal residence times in 

excess of 50 ka (Heath et al., 1998). 

A combination of 23
_
8U - 230Th and 230Th - 226Ra disequilibrium for samples from 

Vesuvius have yielded very different ages (Black et al., 1998). 238U - 230Th 

disequilibrium in mineral separates indicates crystal residence times of 12 - 39 ka. 

Heterogenous U series activity in mineral separates is attributed to mixing of two 

different phenocrysts populations. However, 226Ra disequilibrium in the same rocks and 

phenocrysts yields much younger ages of only 2 - 3 ka. This discrepancy has beeen 

attributed to late stage addition of 226Ra to phenocrysts via a fluid rich phase. 

The longest recorded residence times determined by CT-series studies of any magma or 

associated phenocrysts come from zircons in the rhyolitic eruptions of Long Valley, 

California (Reid et al. 1997) that give ages in excess of 100 ka. 

One of the most extensive studies of U-Th-Ra disequilibrium has been of Mount Etna, in 

Italy, (Condomines et al., 1982, 1988, 1995) which has revealed a complex range of 

timescales and mechanisms of differentiation. Small variations in the initial 

(230Th)/(232Th) activity of samples have been used to identify the injection of new magma 

batches into the magma chamber over the past 150 ka and how this mixing process may 

be linked to episodes of caldera collapse. A more detailed study of volcanics from the 
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last 2 ka has shown that the main magma chamber (150 - 300 km3
) is an open-system 

undergoing steady state replenishment. Differentiation from hawaiite to mugearite in this 

chamber is believed to be a rapid process, occurring within the error of 230Th - 226Ra 

disequilibrium (<200 yrs) and with a residence time of less than 1500 yrs. A second 

much smaller magma body (~0.5 km3
), that has been erupting since the 1970's, has a 

significantly shorter residence time of only a few tens of years which is thought to be a 

consequence of this magma bypassing the main magma chamber. 

The timescales of differentiation have been determined by 238U - 230Th disequilibrium for 

the trachyte magmas of Sao Miguel in the Azores (Widom et al., 1992) and the phonolite 

magma of Laacher See in Germany (Bourdon et al., 1994). At Sao Miguel a single 

magma chamber has been shown to have existed for at least 15 ka in which 

compositional zonation under closed-system conditions can occur within 4.6 ka after a 

preceding eruption. The trachyte within the magma chamber evolved by fractional 

crystallisation of a parental alkali basalt, a process that took less than 90 ka. Phonolite at 

Laacher See contains phenocrysts which have a mean residence in the magma chamber of 

1-2 ka but the time taken for zonation to occur is much longer at 10-20 ka. The phonolite 

was derived by 70% fractional crystallisation of basanite in a deeper magma chamber 

over a period of ~ 100 ka. 
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1. 7 Aims of This Thesis 

U - series disequilibrium is a powerful tool by which the timescales of magmatic 

differentiation can be investigated but, as demonstrated by the above literature review, 

there is still considerable uncertainty as to why there is so much variation in the ages 

obtained and whether this range is a consequence of different processes of differentiation. 

The primary aim of this thesis is to conduct a detailed investigation of the timescale of 

differentiation operating within a well documented magma chamber. This, in turn, is 

used to place constraints on the processes that have operated to bring about 

differentation. In order to achieve these goals a series of criteria was established to 

maximise the effectiveness of such a study. 

The first requirement of any study of the thesis was to identify a volcano that is suitable 

for U - series dating. This mean that samples must be less than 300 ka old for 238U - 230Th 

disequilibrium and less than 8 ka old for 230Th - 226Ra disequilibrium to be preserved. 

Whilst it is not essential that the absolute age of each sample be known it is important 

that there are some age constraints within the samples. To place the evolution of the 

magma chamber into a more detailed context it is not sufficient to have a selection of 

samples from the volcano, each sample must be placed into a well defined stratigraphic 

succession so that temporal variation in the U - series disequilibrium of eruptions can be 

assessed. 

This thesis is based upon the volcano Longonot, a peralkaline trachyte volcano from the 

Gregory Rift Valley in Kenya which has erupted many times over the past 10 ka. The 
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tectonic setting, stratigraphic evolution and volume of Longonot volcano are outlined in 

Chapter 2. 

The second aim of this study is to determine the nature of differentiation operating within 

Longonot. In order to assess the timescales of differentiation it is first essential that the 

exact nature of any differentiation be quantified. The later sections of Chapter 2 describe 

the petrography of Longonot samples while Chapter 3 describes and interprets the 

compositional variations in the succession using major and trace element abundances and 

Pb-Nd isotope ratios. Together these analyses address several key questions: 

1. The composition of the Longonot samples 

2. The origins of magma at Longonot 

3. The relationship of Longonot magma to surrounding volcanic centres 

4. Processes of differentiation operating within the Longonot magma 

chamber 

5. The relationship of compositional changes in the magma chamber to the 

stratigraphic development of the volcano 

Chapter 4 uses both 238U - 230Th and 230Th - 226Ra disequilibrium to investigate several 

further questions: 

1. The cause of 238U - 23°Th - 226Ra fractionation at Longonot 

2. The timescale of melt formation and extraction 

3. The time period of magmatic differentiation at Longonot 

4. Whether 238U - 230Th and 230Th - 226Ra disequilibrium in whole rock 

samples can give the same fractionation ages. 
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5. Whether mineral separates can yield the same time information as whole 

rock samples. 

6. The relationship of timescale information at Longonot to surrounding 

volcanic centres. 

7. The relationship of timescales of magma chamber evolution to the 

timescale of eruptions of Longonot volcano. 

Chapter 5 is a discussion that brings together the information from the preceeding 

chapters in order to formulate a detailed story of magma formation and differentiation at 

Longonot volcano and the timescales over which these operate. This information is 

compared to similar published studies and used to make basic conclusions as to the 

mechanisms of differentiation operating in the Longonot magma chamber. 
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CHAPTER2 

LONGONOT VOLCANO, KENYA. 

2.1 Introduction 

In Chapter 1 it was demonstrated how U-series disequilibrium can be used to constrain 

the pre-eruptive history of recent volcanoes. A series of criteria was established to make 

a volcano suitable for such an investigation. The most important of these are that the 

compositional and stratigraphic development of the volcano must be well known, and all 

of the samples must be less than 300,000 year old in order to use the 238U - 230Th method 

or less than 8000 years old to use the 230Th - 226Ra method. The subject of this thesis, 

Longonot, meets these criteria. This chapter covers the tectonic setting and stratigraphic 

development of Longonot and its relationship to contemporaneous volcanoes. 

Longonot volcano is in Kenya (0° 55' S, 36° 26'E) approximately 100 km west of Nairobi 

in the vicinity of Lake Naivasha. It is just one of a series of Quaternary volcanoes that are 

aligned along the inner trough of the Gregory Rift valley (Figure 2.1 p.45), part of the 

East African Rift system. Collectively these volcanoes are called the 'Quaternary 

volcanic province of central Kenya' (Baker, 1987) and they represent the most recent 

activity along the world's most extensive and voluminous alkaline igneous province. 
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2.2 The Lake Naivasha Area of Kenya. 

Longonot is one of four major volcanic complexes situated in the Lake Naivasha area of 

central Kenya. A simplified topographic map of the Lake Naivasha area is given in 

Figure 2.2 (p.46). Tectonic and volcanic processes during the Quaternary period have 

produced a considerable array of geomorphological features located within the Gregory 

Rift. The rift is 50 km wide at Naivasha and is bounded to the east by the Kinangop 

plateau and to the west by the Mau escarpment. The Kinangop plateau has an average 

elevation of 2700 m asl, around 600 m higher than the valley floor and the descent is 

accommodated by a series of fault scarps each not exceeding 100 m. The Mau 

escarpment in the west is higher, rising to over 3000m with individual fault scarps up to 

300 min height (Clarke et al., 1990). 

Longonot volcano covers an area in excess of 350 km2 and it attains a maximum 

elevation of 2776 m, which is 880m higher than Lake Naivasha to the north and over 

1000m higher than the Akira plain to the south. The most recent volcanic cone covers an 

area of 45 km2 with a summit crater 2 km in diameter. Near-vertical walls in the summit 

crater range from 75-350 min height. Lava flows are prominent on the north, east and 

southern slopes but are mantled by thick pyroclastic deposits to the west. A large 

parasitic cone has formed on the northern slopes. The western side of Longonot is 

bisected by a series of gullies which can achieve depths of over 20 m, eroded into soft 

pyroclastic deposits. It is from these jagged formations that Longonot gets its name (Loo 

- 'n-nongot being Masai for 'hill of many peaks'). An arcuate series of cuspate ridges 

encircle the cone on the south and south-western sides. This is the margin of a large 

caldera ring fault (7 .5 km in diameter) that predates the current cone. 
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Figure.2.2 The main topographic features of the Lake Naivasha area. 
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Immediately west of Longonot is the Olkaria volcanic complex which covers an area of 

240 km2
• This complex comprises a series of steep sided domes varying from 50 m high 

and 500 m in diameter to 340 m high and 2 km in diameter which in the east of the 

complex coalesce into an arcuate ridge. The area is bisected by a steep sided erosional 

channel marking the outflow of Lake Naivasha during a period of higher lake level. In 

the north this channel is called Hell's Gate and passes mostly through lava flows. Further 

south the channel has cut steeply into mostly pyroclastic horizons and is called the 

Njorowa gorge. The channel has an overall length of 16 km and eventually opens out into 

the Akira plain. 

Suswa volcano is 20 km south of Longonot and Olkaria. It has a shield morphology and 

covers an area in excess of 1200 km2
• A central cone, Oldoinya Onyoke, has an elevation 

of 2356 m. Like the Longonot cone, Oldoinya Onyoke has a summit pir crater and is 

surrounded by a larger caldera ring fault. The Eburru volcanic centre lies on the north 

shore of Lake Naivasha, abuts the Mau escarpment and covers an area of 470 km2
• 

Eburru reaches a height of 980m above the valley floor with a summit area containing 

over 50 individual craters that are almost entirely mantled in pyroclastic deposits. In 

addition to the large volcanic centres there are also a large number of smaller volcanic 

cones in the area surrounding Lake Elmenteita, to the north of Lake N aivasha. 

Lake Naivasha has formed as the result of Longonot volcano and the Olkaria volcanic 

complex in the west creating a watershed that traps incoming water from the Malewa and 

Gilgil rivers flowing from the north. The lake presently has an elevation of 1889 m 

(1986) with an average depth of 4.7 m. Sedimentary deposits on the flanks of the 

surrounding volcanoes indicate that lake levels have fluctuated considerably over the last 
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12,000 yrs. (Richardson, 1966, 1972) but it has never become saline as is common in 

other rift valley lakes. 

Between the main volcanic centres are a series of depositional plains. The Alcira plain 

lies between Longonot and Suswa and comprises alluvial fans of reworked pyroclastic 

material from Longonot and Olkaria. The Ilkek plain north of Lake Naivasha comprises 

lake sediments and deltaic deposits that extend towards Lake Elmenteita and the 

Elmenteita volcanic tuff cones. The Ewaso Kedong plain lies to the east of Longonot 

and to the west of Lake Naivasha is the Ndabibi plain. 

This study will be based primarily upon lava flows and pyroclastic beds that together 

comprise Longonot volcano. In order to understand the composition and evolution of 

Longonot volcano it is, however, important to compare any information with that from 

the surrounding volcanoes. Extensive analyses are available for the Olkaria domes area 

(MacDonald et al., 1987; Davies and MacDonald, 1987; Clarke et al., 1990; Black, 1994; 

Black et al., 1997) and for Suswa (Skilling, 1988; MacDonald et al., 1993). In addition to 

the new analyses, published data are also available for Longonot (Scott, 1980; Scott and 

Bailey, 1984; Clarke et al., 1990). New analyses have also been made on selected 

samples from Olkaria, Suswa and Elmenteita to assist in later interpretations. A full 

compilation of new data is given in Appendix 2. 
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2.3 The Gregory Rift Valley and the Kenya Dome 

The Lake Naivasha area is associated with two continent scale geological features, the 

Gregory Rift and the Kenya Dome. The Gregory Rift (also called the Kenyan Rift) is 

part of the East African Rift system which is a major zone of crustal extension that 

extends north-south from the Afar triple junction in northern Ethiopia to Zimbabwe, with 

an overall length in excess of 6000 km. Models of rift formation range from extension of 

the lithosphere by pure shear (Baker, 1971) to extension by simple shear (Bosworth, 

1987) and diapiric upwelling of a mantle plume (Mohr, 1987). On the scale of the 

continent, the southern sections of the African rift are preferentially located along the 

margin of old stable cratonic blocks and mobile belts formed during the Pan-African 

orogenic event in the late Proterozoic (Harris et al., 1984; Key et al., 1989; Berhe, 1990; 

Smith and Mosely, 1993). In southern Ethiopia the rift divides in two, following the 

margins of the Tanzanian craton. The eastern branch (Gregory Rift) propagates through 

the Mozambique mobile belt that extends through Kenya to the Tanzanian plateau 

(Figure 2.3 p.50). The Kenya dome is a north-east elongate zone (250 km x 650 km) of 

crustal upwarp located in central Kenya and the Gregory Rift is located along its long 

axis. The attitude of the basement-cover contact and the radial disposition of the earliest 

lava flows in the region indicate that formation of the dome precedes the rifting and 

volcanism, and this has been cited as evidence for a mantle plume beneath east Africa 

(Mohr, 1987; Ebinger et al., 1989; Latin et al., 1993). The 'crest' of the Kenya dome 

occurs in the Lake Naivasha area which also corresponds to the highest density of 

volcanic centres of Holocene age. 
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Figure 2.3 The East African Rift System, after Rogers et al. (1998) 
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The Nyanza Rift is a subsidiary zone of extension that trends east-west between the 

Gregory Rift and Lake Victoria passing through only Archaean basement. There is no 

current volcanic activity in the Nyanza Rift and whilst much of its evolution is similar to 

the Gregory Rift they may not be related (Pickford, 1982). 

The tectonic evolution of the Gregory Rift can be traced back into the Miocene and it is 

divided into three stages of volcanic and tectonic activity (Baker, 1987). The earliest 

period is a pre-rift episode (30-12 Ma) characterised by the development of a depression 

in the Turkana area in north Kenya (Morley et al., 1992) into which voluminous alkali 

basalt was erupted as shield volcanoes. Contemporaneous with this was the eruption of 

nephelinite and carbonatite lava in the Kenya-Uganda borderlands. 

The second period (half graben stage, 12 - 4 Ma) marks the formation of a southwards 

propagating half graben. Up to 7 Ma the predominant eruptions were as voluminous 

phonolite and alkali basalt which then gave way to basalt-trachyte shield volcanoes. 

The third 'graben' stage (4 Ma - present) followed fault formation on the eastern flanks 

of the rift. It is associated with numerous fissure eruptions of monogenetic alkali basalt. 

Bimodal volcanism continued on the valley floor, whilst off axis this period is marked by 

the growth of the large central volcanoes of Mount Kenya, Mount Elgon and 

Kilimanjaro. Volcanism on the valley floor evolved during the Quaternary into the chain 

of twelve main volcanoes that we see today with only minor eruptions between them. 

Calculations of the volume of material erupted along the Gregory Rift since the Miocene 

vary considerably. Baker (1987) estimated a volume of 220,000 km3 equivalent to 0.006 

km3 yr.-1 whereas Latin et al., (1993) estimated that the volume of salic rocks was 88,000 

km3 but that these were derived from ~ 792,000 km3 basalt giving an overall volume of 
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924,000 km.3 and a magma production rate over the last 30 Ma of 0.03km3 yr·1
• In 

comparison, some flood basalt provinces contain similar volumes of magma but they 

were erupted over considerably shorter periods of time. For example, the Parana' flood 

basalt province of South America has an estimated volume of 790,000 km3 (Garland et 

al., 1995) erupted over 10 million years to give a much higher eruption rate of 0.079 km3 

yr·1
. Igneous activity along the mid ocean ridges is also far greater than along the Gregory 

Rift, a comparable length of mid ocean ridge (- 800 km) produces 0.32 km3 yr·1 of 

magma (Crisp, 1984). 

The crustal structure of the Gregory Rift has been the subject of several detailed studies, 

the most prominent of which is KRISP- the Kenyan Rift International Seismic Project 

(KRISP, 1987, 1991). KRISP demonstrated that large differences exist in the rift 

structure both along and across axis. The total crustal thickness increases from 20 km in 

Turkana to 35 km in Naivasha corresponding to a decrease in the amount of extension 

from north to south. Crustal thickening exists at the contact of Archaean craton and 

Mozambique mobile belt corresponding to the Pan-African orogenic event (Key et al., 

1989; Smith and Mosley, 1993). The trend of this thickening is coincident with the 

location of the rift axis which supports the model that rifting is partly controlled by pre

existing basement morphology (Smith and Mosley, 1993). Intracrustal seismic velocity 

variations indicate that the composition of the crust changes from granitic to mafic at 

depths of 10-15 km and in the Naivasha area the basement- cover contact is at a depth of 

6 km (Mechie, 1994 ). Anomalous upper mantle occurs along the complete length of the 

axial profile and is confined to the region beneath the rift itself. This is interpreted as a 

zone of magma accumulation or partial melting. 3D tomographic imaging around 

Naivasha suggests that 10-12% velocity changes in the uppermost asthenosphere are the 

product of diapirs containing 3-6% partial melt (Green et al., 1991). 
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2.4 The Quaternary Volcanoes of the Gregory Rift 

The twelve volcanoes that comprise the Quaternary volcanic province of central Kenya 

display a diverse rurny of chemical and physical characteristics. Whilst each may, to a 

large extent, be considered unique there are some important similarities and groupings 

that can be made (Baker, 1987). 

The volcanic centres are dominantly silicic and the most common composition is trachyte 

(SiO2 not in excess of 64 wt % ), although phonolites and comendites (peralkaline 

rhyolite) may be locally dominant. The rocks are overwhelmingly peralkaline (Molecular 

Na2O + K2O > A}zO3) although sub-alkaline rocks are also common. Seven of the twelve 

centres are dominantly trachyte in composition and all have experienced one or more 

phase of caldera collapse (Barrier, Emuruangogolak, Silali, Paka, Menegai, Longonot and 

Suswa). Within this series there are two sub-groups based on physical and chemical 

relationships (McCall, 1968; Williams, 1978, 1982; Williams et al., 1984; MacDonald, 

1987). Barrier, Emuruangogolak, Silali and Paka comprise the 'northern' group and they 

are characterised by caldera collapse with little associated pyroclastic activity. In the 

northern group, basalts account for around 20% of all the material erupted (Weaver, 

1978; Sceal and Weaver, 1971). The 'southern' group of Menegai, Longonot and Suswa 

exhibit caldera collapse of Krakatoan type (Leat, 1984) forming massive pyroclastic 

deposits. Basalt eruptions have only occurred between the main centres of the southern 

group of volcanoes although at Longonot hawaiite lavas occur as mixed flows with 

trachyte. Suswa volcano has also erupted phonolite lava flows and minor immiscible 

carbonates (MacDonald et al., 1993). 
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The remaining five volcanic centres are less easily grouped. The Olkaria dome field, 

which is sometimes referred to as the Naivasha field, (Davies and MacDonald, 1987; 

MacDonald et al., 1987) comprises around 80 separate volcanic centres ranging from 

single flows to prominent features over 300m in height. Each volcanic centre is 

geochemically distinct but the dominant composition is of comendite although basalt and 

trachyte also occur. None of the centres have evolved to the stage of caldera formation. 

Olkaria is well known for its commercial geothermal power plant and has been the 

subject of several detailed stratigraphic and geochemical investigations (Davies and 

MacDonald, 1987; MacDonald et al., 1987; Clarke et al., 1990; Wilding et al., 1993) as 

well as U-series analysis of the major comendite centres (Black, 1994; Black et al., 

1997). The EbmTu volcanic centre consists of a series of cones of predominately 

pantellerite composition (MacDonald and Bailey, 1970; Bailey and MacDonald, 1975) 

and while it has not evolved to the stage of caldera collapse, most of the deposits are 

mantled by recent pyroclastics. 

The eruptive centre of Oldoinyo Lengai is in n01th Tanzania and comprises phonolites, 

nephelinites and carbonatites. It has the only recorded eruptions of carbonatite magma 

and consequently it is possibly the most extensively studied alkaline volcano in the rift 

(Dawson, 1962, 1989; Dawson et al., 1990; Wooley, 1989). The composition is so 

extreme that it is very hard to relate its magmatic variations to 'normal' processes, but 

despite this it has been used to investigate magmatic timescales (Pyle et al., 1991). Little 

is known of the remaining volcanic centres of Korosi and Namarunu which comprise 

composite shield cones of trachyte-phonolite and alkali basalts. Full petrographic and 

historical records have yet to be determined for either. 
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2.5 The History of Volcanic Activity at Longonot 

2.5.1 Development of the Longonot Stratigraphy 

Since the discovery of Longonot by European explorers in the late 19th century it has 

been recognised as a recently active caldera volcano (Thompson, 1887; Gregory 1896, 

1920, 1921). However, it was not until much later in the 20th century, in the report on the 

geology of the Naivasha area by Thompson and Dodson (1963), that geological mapping 

and petrographic analyses were first conducted. 

A detailed stratigraphic, mineralogical and geochemical appraisal of Longonot began in 

the 1970's and continues to the present day (Scott, 1977, 1980, 1982; Scott and Bailey, 

1984; Clarke et al., 1990) A summary stratigraphic column and diagram of the evolution 

of Longonot are given in Figures 2.4 & 2.5 (p.56-57) based on the aforementioned 

publications, unpublished data (Scott, pers. comm.) and observations made as part of this 

investigation. Based on physical and, as we shall see in later chapters, chemical 

variations in the eruptions at Longonot the volcanic activity can be divided into three key 

episodes. These are termed the 'Olongonot', 'Caldera pyroclastic' and 'Lava pile' stages 

respectively. The exposure of these three stages of volcanic activty are shown in Figure 

2.6 (p.61). 
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Figure 2.4 Stratigraphy of Longonot volcano. 
Redrafted from Scott and Skilling (in press). Calibrated 14C ages from Clarke et al., (1990). 



Figure 2.5 Cross section showing the evolution of Longonot. 
Based on a cross section in Clarke et al., (1990). The line of section is 
shown on figure 2.6. Colours are the same as those in Figure 2.4. 
The oldest event is shown at the bottom of the diagram and the most 
recent activity at the top. The purple units are pre-Olongonot rift volcanics. 
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2.5.2 Olongonot 

The earliest recognisable volcanic stmctures at Longonot are the remnants of a large 

volcanic shield, called Olongonot, that underwent caldera collapse to create the arcuate 

ridge of cuspate fault scarps seen to the south, south-west and west of the current cone. 

Based on dated fault movements (Baker, 1977), growth of Olongonot began some time 

after 0.4 Ma. Most of the cone is now mantled by later pyroclastic deposits associated 

with the caldera collapse and so exposure is rare. Outcrops in the western caldera rim 

and boreholes sunk by the Kenyan Ministry of Agriculture (Scott, 1980) allow general 

conclusions to be drawn about its composition and stmcture. Olongonot was a composite 

cone comprising lava flows, pumice and welded ash layers of peralkaline trachyte 

composition (Lt1 on stratigraphic column). The cone is 25 km in diameter and prior to 

caldera collapse had an estimated elevation of 3000 m asl, 1200 m above the average 

height of the valley floor, giving an overall volume of approximately 280 km3
• 

2.5.3 Caldera Pyroclastics 

The formation of Olongonot terminated sometime during the period c.21,000- 9150 yrs. 

BP (Scott and Skilling, in press) with the formation of a large caldera in the summit of 

the shield cone. Caldera collapse took place in two stages. The first stage was 

characterised by ignimbrites of trachyte composition (Lp1
) which waned into plinian 

pumice eruptions (Lp2
). The only remaining evidence of this period is a broad pyroclastic 

filled depression in the south west caldera rim. The second stage of caldera collapse 

created an ignimbrite (Lp3
) that surrounds the caldera rim followed by a succession of 

base surges depositing pumice, lithic clasts, ash and accretionary lapilli (Lp4
), which are 

believed to be the result of magma-groundwater interactions. Synchronous with the base 
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surges was the creation of small tuff cones north of the main eruption centre and close to 

Lake Naivasha (Lpt). The caldera forming period consumed a maximum of 26.5 km3 of 

material (Scott, pers. comm.). 

Immediately after the caldera forming episode there followed a series of plinian airfall 

pumice eruptions (Lp5
) that blanketed the surrounding area. A palaeosol from beneath the 

lowermost Lp5 unit has been dated by 14C as 9150 yrs +/- 150 yrs. BP (Clarke et al., 

1990). There are at least 13 beds mostly of pumice separated by thin palaeosols and 

oxidised horizons. The final member is a bedded ash unit (Lp6
) grading upwards into a 

palaeosol. Exposure of the caldera pyroclastic eruptions is highly developed in the 

erosion gullies to the south of the present cone which has produced near-vertical sections 

through the pyroclastic beds. 

2.5 .4 Lava Pile 

A significant change in the nature of volcanism took place some time after 5650 yrs +/-

120 yrs. BP (Clarke et al., 1990). Activity became dominantly effusive with only 

subordinate pyroclastics; this is the lava pile stage. The earliest flow is of mixed hawaiite 

- peralkaline trachyte composition (Lmx 1) and crops out close to the shore of Lake 

Naivasha. The level of mixing decreases through the flow, with the uppermost part of the 

flow being almost entirely trachyte. The locus of volcanism then moved southwards and 

became concentrated over the eastern ring fault of the earlier caldera. These flows and 

ash-falls are of peralkaline trachyte composition (Lt2 & Lp7). Early flows extend for up to 

10 km from the vent, but as the eruptions continued they became more viscous and 

stacked to build the prominent cone that is now evident. Proximal tuff cones produced at 

this time are also preserved south of the summit area. Building of the lava pile terminated 
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at 3280 +/- 120 yrs. BP (Clarke et al., 1990) with the eruption of a major 

phreatomagmatic ash unit (Lp8
) that blankets the earlier lava flows. 

There are no accurate dates for subsequent volcanic activity. Collapse of the summit area 

took place some time after the eruption of the major ash unit resulting in a pit crater 2 km 

in diameter with near-vertical walls of 75-350 min height. The caldera floor is covered 

with a second mixed hawaiite-trachyte lava (Lmx2
). The final stages of known activity at 

Longonot are a series of parasitic cones on the upper slopes of the volcano that 

collectively form the Lt3 succession. Two associated lava flows extend to the north and 

south. Small mafic blebs in the early stages of these flows, and equivalent vegetation 

cover to that seen on the pit crater floor, suggest that the pit crater mixed lava (Lmx2
) and 

flank eruptions were contemporaneous. Estimates of the volumes of material erupted at 

each stage of the evolution of Longonot are summarised in table 2.1 (p.62), after Scott 

(1980). 
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Figure 2.6. Location of Longonot samples. Map from Clarke et al. (1990) 
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Table 2.1 Original volumes of volcanic products erupted during each episode of 
activity at Longonot and their equivalent liquid volumes, after Scott (1980). 

Eruptive unit Volume of volcanic Dense rock 
product / km3 equivalent / km3 

Olongonot composite volcano 
Trachyte lava 140x 140 
pyroclastics 140x 28a42b 56c 

Caldera pyroclastics SOY 10a 15b 20c 

Lava pile 
Mixed lava Lmx 1 0.5 0.5 
Main lava pile trachyte Lt2 16 16 
Terminal ash eruption Lp 8 2 0.4a 0.6b 0.8c 
Mixed lava Lmx2 0.34 0.34 
Lava pile trachyte Lt3 0.045 0.045 

Liquid 
equivalent/ km3 

147 
29.4a 44.1b 58.8c 

10.5a 15.75b 21c 

0.525 
16.8 

0.42a 0.63b 0.84c 
0.357 
0.047 

a,b,c: Assuming (a) 80%, (b) 70%, (c) 60% vesicles, packing voids and non magmatic ejecta in the pyroclastics 
x: Approximate 1 :1 ratio of lava and pyroclastics in Olongonot 
y: Minimum values 



2.6 Sampling of Longonot Volcano 

Sampling of Longonot volcano was can"ied out in January 1996. Supplementary samples 

come form the collection of S. Scott made during the last twenty years. Figure 2.6 is a 

simplified geological map of the Longonot area with the location of individual samples 

form both collections marked. The majority of lava samples come from flow fronts as the 

remainder of the flows are covered by later pyroclastic activity. Pyroclastic samples were 

mostly obtained from the erosion gullies on the south-western flanks of Longonot. 

Detailed grid references and descriptions of the samples, including those taken from the 

collection of S.Scott, are given in Appendix 2. 

Although samples have previously been collected from the Longonot area, a complete re

sampling programme was undertaken to ensure that, despite the often low phenocryst 

content of Longonot trachyte, samples would be large enough for minerals to be 

separated. All samples were in excess of 1 kg. 

In recent years there has been some debate over the potential loss of alkalis, REE, and U 

during the sub-solidus crystallisation of peralkaline lavas. Within single flows from 

Major Island in New Zealand significant differences in trace elements have been 

observed between the flow interior and exterior (Weaver et al., 1990) and this was 

attributed to the generation of volatile fluor-hydroxl groups that mobilise these elements 

during the cooling process. Similar variations have been noted in samples from 

Pantelleria in the Aegean and the Olkaria volcanic complex (Black, 1994). It has also 

been inferred that similar processes may affect U-Th disequilibrium in peralkaline rocks 

(Black, 1994; Black et al., 1997) but as yet this remains uncertain. In view of these 
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observations unaltered glass samples were collected wherever possible from the flow 

tops or bases, and where this was not possible samples were taken from the flow 

interiors. Later hydration of pumice clasts is not believed to affect trace element or 

isotopic ratios (Weaver et al., 1990) All samples were examined for signs of weathering 

and any alteration 'crusts' were removed in the field. 

When sampling pyroclastic beds, the samples were taken from the uppermost horizon in 

any given flow, taking care to avoid any oxidised bands or palaeosols. The uppermost 

section of each pyroclastic bed corresponds to the lowest level tapped in a draining 

magma chamber and at Longonot contains the most phenocrysts (Scott, pers. comm.) 

thus maximising the potential of a sample for mineral separation. Unfortunately later 

results indicated that the caldera pyroclastics were unsuitable for mineral separation due 

to the extremely low abundance of phenocrysts. Additional samples through units come 

from the collections of S. Scott and permit the possible effects of compositional 

zonation to be considered. Particular care has been taken, wherever possible, to sample 

the rare xenoliths and cognate autoliths which also occur. 

2. 7 Petrography of the Longonot Samples 

2.7.1 Methodology 

For full details of the individual samples collected during the 1996 field season and those 

used from the collection of S. Scott refer to Appendix 2. Below is a summary of the key 

characteristics and petrographic variations observed. The trachytes and mixed trachyte -

hawaiite eruptions of the Longonot succession have also been the subject of several 
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previous detailed studies (Scott, 1980; Scott, 1982; Scott and Bailey, 1984; Fortey et al., 

1986; Clarke et al., 1990). Following examination of the textural relationships of 

phenocrysts using a petrographic microscope, quantitative analyses were conducted using 

a Cameca SX 100 microprobe. Analytical conditions and details of the instrumentation 

are given in Appendix 1. 

2.7.2 Caldera Pyroclastic Petrography 

The early caldera pyroclastic stage is dominated by ignimbrites. One sample (53Lp1
) 

from the Loirogwa gorge, 25 km west of the Longonot vent, comprises 80% lithic 

debris/ash and 20% aphyric obsidian fiamme. Sorting is poor with individual fragments 

ranging from <1 mm to 30 mm in diameter. Samples more proximal to the vent (39Lp3
, 

52Lp3
) contain larger blocks up to 300 mm in diameter such that individual clasts of 

aphyric cinder could be collected. The later caldera pyroclastics Lp4
-
6 are dominated by 

airfall pumice with subsidiary glass chips, cognate xenoliths and lithics. Variation in the 

size and relative proportion of these components makes it possible to identify individual 

beds over large areas. Pumices are typically aphyric to poorly phyric (<5% phenocrysts) 

in which sanidine is generally the only recognisable mineral phase. Glass chips represent 

around 10% of any given horizon and the chips are typically <5 mm in diameter and 

aphyric. Cognate xenoliths comprise medium to coarse grained syenites which vary in 

size from 10 mm diameter to >200 mm. Many of the syenite xenoliths predominantly 

comprise large alkali feldspar crystals loosely held together by smaller mafic minerals, a 

full petrographic description is given below. Lithics comprise angular rock fragments of 

aphyric crystalline trachyte, believed to originate from Olongonot (Scott, pers. comm.). 

They vary from 1 - 20 mm in diameter and are most common in the earliest beds. In the 

Lp5 series the proportion of lithics and syenite nodules decreases through the succession; 
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for example, sample 47Lp5
, which is the first Lp5 bed, contains 10% lithics and 10% 

syenite both declining to ~2% in 32Lp5, the final Lp5 bed. Pumice in the pyroclastic beds 

range in size from 10 - 60 mm diameter indicating subtle variations in eruptive regime 

and energy throughout this period (Clarke et al., 1990; Scott and Skilling, in press). The 

third bed in the Lp5 succession is of particular note as it represents an important 

stratigraphic marker horizon, being characterised by large cinder blocks and syenite 

nodules each often exceeding 200 mm in diameter. Samples taken from this bed 

comprise a large cinder block (50 Lp5
), a syenite nodule that has a diameter of 200 mm 

(50synLp5
), and a large, 100 mm diameter, glass fragment (50obLp5). 

Full petrographic analysis was undertaken of the syenite nodule 50syn Lp5 from the third 

bed in the Lp5 pumice succession and results are given in Appendix 2. It comprises 85% 

large (>5 mm diameter) euhedral feldspar crystals with small interstitial anhedral mafic 

phases. Using back-scattered electron imaging the feldspar crystals can be seen to have 

suffered extensive exsolution into two distinct phases. Areas that have not exsolved 

account for ~30% of the total volume of alkali feldspar and have a composition of 

Ab6s.3,Or34_1,Ano.6 exsolving into Ab96.s,Or3.s and Ab42.1,Ors1.s,Ano.1- The relationship of 

the alkali feldpar compositions is shown in Figure 2.7 (p.67), which is a temperature

composition diagram showing the fields of exsolution compositions (Parsons and Brown, 

1984). The original sanidine composition must have crystallised at a temperature in 

excess of 700°C and cooled to approximately 650°C prior to quenching upon eruption. 

The retention of appreciable amounts of the original alkali feldspar suggests that the 

exsolution was an on-going process up to the time of eruption, together with the friable 

nature of the xenoliths, the petrography supports the idea that the syenite xenoliths are 

the cumulate equivalents of the magmas erupted as pumice around the same time, in 

Chapter 3 this will be supported with geochemical data. The interstitial mafic phases 
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include an extensive array of compositions. Sodic amphiboles, mostly riebeckite, are 

common, along with magnetite. There is also a large number of small ( <20 µm) anhedral 

crystals containing high proportions of REE, U and P. A more extensive investigation 

of the mafic phases evident in Longonot syenites can be found in Fortey et al. (1986) in 

which a great diversity of minerals that include olivine, clinopyroxene, sodic amphibole, 

aenigmatite and magnetite were identified. 

2.7.2 Lava Pile Petrography 

From field relations of the lava flows it is known that the earliest lava of the lava pile 

stage is the Lmx 1 series that crops out between the main Longo not cone and Lake 

Naivasha. These early mixed lavas comprise peralkaline trachyte that has mixed with a 

second magma thought to be hawaiite (Scott and Bailey, 1984; Clarke et al., 1990). The 

earliest stages of the Lmx1 eruption are dominated by the hawaiite with the relative 

proportion of trachyte increasing in the upper sections of the flow. Four samples were 

taken to investigate this physical and temporal variation. Sample 9Lmx1 is the most 

mafic sample and was taken from one of the earliest flow lobes. This sample has a high 

phenocryst content (~50%) in a glassy to microcrystalline groundmass. Sample 8Lmx1 is 

less porphyritic (20% phenocrysts), with a lower overall mafic content. Phenocrysts 

occur as single crystals or glomeroporphyritic masses. Samples 6Lmx 1 and 38Lmx1 are 

dominantly trachytic with correspondingly lower phenocryst contents (15%). Whilst the 

total abundance and relative proportions of phenocrysts vary between samples there are 

many overall similarities. Feldspar occurs as two distinct phases, plagioclase (Ab15_ 

21,An7s-s4,Or<1) and alkali feldspar (Ab61,An5,Or34). Plagioclase crystals are up to 20 mm 

in length with unzoned cores surrounded by oscillatory zoned rims showing extensive 

corrosion. Alkali feldspars are smaller ( <10 mm) and show simple twinning and slightly 
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corroded edges. Many of the feldspar crystals are also rimmed with a fine layer of 

feldspar of variable composition (Ab2s-42,An55_72,Or<1_19) although the majority are 

anorthoclase. The rims are around 20 µm in width and are best developed on the 

plagioclase phenocrysts. Rims of the sodic amphibole riebeckite have also been observed 

on some of the alkali feldspar crystals. Two compositions of olivine occur in the mixed 

lava. Those associated with the trachyte magma are small <1 mm and have a composition 

of Fo28Fa72, whereas those associated with the hawaiite are somewhat larger (1-4 mm), 

and have an average composition of Fo75Fa25; both phases are anhedral. Pyroxene in the 

lava originates from the trachyte magma and is of calcic aegerine augite composition. 

Pyroxene phenocrysts are typically <5 mm in diameter and anhedral. Small anhedral 

microphenocrysts of magnetite,<! mm, are ubiquitous and they have a characteristically 

high TiO2 contents (21.5-22.5 wt%). 

The main sequence of flows that stacked to form the Longonot cone have a restricted 

range in petrography compared with the early mixed lava. In all samples the groundmass 

is either glass or microcrystalline with no physical evidence of post-eruption alteration. 

Phenocryst abundance is low, with the earliest flows containing ~ 10% phenocrysts 

decreasing to less than 1 % in the later eruptions. Sanidine accounts for >90% of all 

phenocrysts recorded, they show no evidence of compositional zoning, contain no 

inclusions and have no exsolution textures. The composition of sanidine changes 

progressively through the eruption sequence in that the earliest flow 26Lt2 contains 

sanidine of Ab61.7,An2_1,Or36.2 and this changes to Ab66.2,Ano.s,Or33_3 in the later stages of 

the cone building episode (3Lt2). Other phenocrysts phases are exceptionally rare 

occurring as small <1 mm anhedral crystals of sodic amphibole (riebeckite) and 

magnetite. Magnetite shows progressive compositional variation with TiO2 abundances 

increasing from 24 to 29 wt% through the sequence. Full details are given in Appendix 2. 
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In the higher levels of the main trachyte sequence two flows, 12cLt2 and 13Lt2, contain a 

large number of xenoliths. The flows are of normal trachyte type with typically low 

phenocryst content of sanidine in a microcrystalline groundmass. In sample 12cLt2 there 

are two populations of xenoliths. One population comprises syenite, which occurs as 

small <50 mm poorly rounded masses (sample 12dLt2) and contains large (> 10 mm) 

subhedral alkali feldspars that have undergone extensive exsolution. Interstitial spaces 

are occupied by an array of small anhedral mafic phases including magnetite, sodic 

amphibole and biotite mica. The second group of xenoliths is of mafic composition and 

occurs as either small <20 mm well rounded blebs or large (> 100 mm) poorly rounded 

masses. The mafic xenoliths comprise a glassy matrix surrounding large plagioclase 

phenocrysts. One large xenolith (12aLt2) is cross-cut by veins that vary in size from 0.5-5 

mm in diameter. Each vein comprises predominately calcite with small amounts of 

chlorite along the margins. The flow immediately above 12cLt2 contains a large number 

of small well rounded mafic xenoliths (10% of total volume), but no syenite nodules. 

Like the earlier mixed lavas, those associated with collapse of the summit of Longonot 

(Lmx2) have a higher phenocryst content than the trachyte lava and the assemblage is 

dominated by plagioclase (Ab1s-20,s,An1s-6-SJ.S,Oro.s) and alkali feldspar (Ab62-64,Ano.7-

3,Or34_37) although large alkali feldspar phenocrysts are scarcer than in the Lmx1 flow. 

Both feldspar phases display corrosion of the edges prior to crystallisation of a thin 

feldspar rim which is often less than 20 µm in width. The rim is best developed on the 

plagioclase crystals. Sodic amphibole (glaucophane and riebeckite), high-titanium 

magnetite and pyroxene (augite) also occur as small subhedral crystals. The ash horizon 

Lp8 that marks the end of the main trachyte lava sequence comprises mostly ash, small 

pumice ( <10 mm) and very fine broken shards of sanidine. 
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The final stages of activity at Longonot, Lt3
, comprise trachyte lava with a glassy 

groundmass. Phenocryst abundances are highly variable (0-15%) and once again they are 

dominated by sanidine (Ab62.1,An0.7,Or37.2). Eruption of the Lt3 lavas occurred as a series 

of parasitic cones ultimately breaching to release trachyte flows. Samples taken from the 

early parasitic cones ( 43-45Lt3) contain a large number of mafic xenoliths. These 

xenoliths consist of glomeroporphyritic masses of plagioclase (Ab51.2,An38.5,Or43), 

olivine and magnetite. The occurrence of these xenoliths declines rapidly as the flow 

develops so that in the samples erupted later in the flow (11Lt3 and 1Lt3) comprise only 

trachyte, petrographically indistinguishable from the main trachyte sequence. 

The ubiquitous nature of feldspar in the lavas of Longonot allows the temporal variation 

in feldspar compositions to be evaluated. Figures 2.8a &b (p.73) are ternary diagrams for 

the feldspars showing microprobe analyses of the phenocrysts. On the full diagram, 

Figure 2.8a, the majority of lavas have phenocrysts that lie within the sanidine field 

whilst the mixed lavas also contain a restricted range of plagioclase compositions. Also 

plotted are the compositions of rims from around plagioclase and sanidine phenocrysts 

from the mixed lavas and these analyses scatter between the two feldspar phenocryst 

compositions. Within the main trachyte sequence of the lava pile, expanded in Figure 

2.8b, there is a small but progressive change in sanidine compositions from the earliest 

to latest flows which may reflect the progressive fractionation of a trachyte magma 

crystallising increasingly sodic feldspar phenocrysts. 

The rims surrounding feldspar phenocrysts from the mixed lavas are believed to result 

from the mixing of the two magma compositions to produce a hybrid magma from which 

anorthoclase is the stable feldspar composition. During the mixing process feldspars 

initially become corroded as they are resorbed into the magma and before the rims begin 
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to crystallise. These rims can be used to constrain some of the conditions of mixing. The 

composition of many of the rims to the anorthoclase plots close to the margins of the 

field for high temperature feldspar compositions (Figure 2.8a) (Fuhrman and Lindsley, 

1988; Smith and Brown, 1988; Deer et al., 1990). The exact position of the solid solution 

curve is dependant on temperature of the magma from which the feldspar crystallises. In 

Figure 2.8a the position of the field is shown for three temperatures, each at 1 kbar 

pressure. As the temperature at which crystallisation is taking place decreases so the 

range of possible compositions becomes increasingly restricted. The unusually high 

orthoclase content of the anorthoclase rims shows that they must have crystallised at high 

temperatures. However, to preserve such compositions, the system must have been 

quenched rapidly to avoid re-equilibration during slow cooling. 

The temperature at which the alkali feldspar phenocrysts formed is restricted to a narrow 

range between the liquidus at -900 °C and exsolution into two feldspar compositions at 

<700 °C (Parsons and Brown, 1984; Smith and Brown, 1988) (Figure 2.7). The high 

temperatures from which the rim feldspars crystallised were therefore generated by the 

influx of a hotter magma which must have had an initial intrusion temperature > 1000 °C. 

The mixing process must have been short lived or the high temperature rim compositions 

would not be preserved. Mixing must, therefore, have taken place only shortly before 

eruption. It is possible that the mixing process initiated the eruption, a mechanism that 

has previously been proposed to explain several silicic and mixed composition eruptions 

(Sparks et al., 1977; Huppert et al., 1982; Turner et al., 1983). 
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Figure 2.8 The composition of feldspars at Longonot. 

For details refer to Appendix 2. 
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2.8 The Depth of the Longonot Magma Chamber 

The primary aim of this thesis is to determine the nature and time scale of processes 

within a sub-volcanic magma chamber. On the basis of the approach of Mahood (1984) 

for peralkaline volcanic centres, such as Longonot, there are two important lines of 

evidence outlined in this chapter for the existence of a shallow level magma reservoir 

beneath Longonot. 

1. Calderas 

The Longonot calderas are most easily explained by the collapse of the volcano into 

space left unsupported by the rapid removal of a large volume of magma from shallow 

depths, possibly as a consequence of major pyroclastic eruptions. If these eruptions were 

derived from greater depth then the collapse would have been accommodated along the 

regional normal faults that are a prominent feature of the Gregory Rift valley. 

2. Mineralogy 

The mineralogy of the Longonot eruptives is dominated by sanidine feldspar in 

petrographic equilibrium with the groundmass. Bailey (1974) showed that for peralkaline 

trachytes and pantellerites equilibrium could not be achieved at pressures > 1 kb without 

leading to the crystallisation of quartz. There is no evidence of quartz in the Longonot 

trachytes. 
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The presence of probably cognate xenoliths, such as sample 50synLp5
, further supports 

some f01m of shallow level reservoir (they also do not contain quartz) within which 

processes of differentiation are taking place. 

There is no geophysical data for the sub-volcanic structure of Longonot. However, 

gravity data for Suswa volcano, which is close to Longonot and very similar in 

composition, has revelaed reductions in seismic velocity that are interpreted as a magma 

'mush' zone starting at 3 km below the vent (Cantini et al., 1990) which suggests a 

similar structure beneath Longonot. There are many compositional and stratigraphic 

similarities between Longonot and Suswa (Skilling, 1993) which implies that a similar 

zone may exist beneath Longonot. 

2.9 Summary 

The history of Longonot, following the caldera collapse of Olongonot, was shown to 

comprise two periods, the caldera pyroclastic and lava pile stages. The trachyte, which 

forms the dominant magma composition during both periods, shows minimal 

petrographic variation. On the basis of petrographic observation the mixing of trachyte 

and hawaiite magma to form the two mixed lava sequences (Lmx 1 & Lmx2
) took place 

close to the time of eruption with sufficient time to grow intermediate composition rims 

that are only stable at high temperatures. The occurrence of syenite nodules in both the 

lava pile and caldera pyroclastic stages could possibly be attributed to the rip-up of 

cumulate phenocrysts from a magma chamber. The mafic xenoliths, that contain fine 

grain groundmass and are cross-cut by carbonate veins, are probably from much older 

volcanic activity (in the Naivasha area rift volcanics extend to a depth of~ 6 km). 
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Despite the uniformity of trachyte ernptives, variation in the composition of alkali 

feldspars from the lava pile succession indicates that the magma from which they 

crystallised was undergoing differentiation. In order to investigate further the nature of 

magmatic processes in the Longonot magma chamber it is necessary to determine major 

and trace element variations in the sequence of emptions, since these should provide a 

more sensitive indicator of magmatic processes. 
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CHAPTER3 

GEOCHEMICAL VARIATIONS AT LONGONOT 

3.1 Introduction 

Chapter 2 established the stratigraphy and petrography of Longonot volcano. From 14C 

dates for some of these emptions it is known that volcanism at Longonot took place over 

the last ~ 10 ka, which is within the 300 ka age limit during which the 238U -230Th 

disequilibrium technique is applicable to magmatic investigations, and partly within the 

last 8 ka, so that the 230Th -226Ra disequilibrium technique can also be used. 

In order for U-series disequilibrium information to be of value it is critical that the 

compositional variations brought about by magmatic processes be well understood. In 

this chapter the geochemical variations of the Longonot succession are investigated, 

using a variety of analytical techniques, to provide insight into origin of the Longonot 

magmas and the processes that operated in the sub-volcanic magma chamber. 

3.2 Methods 

Full details of analytical procedures and data quality assurance may be found in 

Appendix 1. Major and trace element abundances were determined using an X-ray 

fluorescence spectrometer (XRF) at the Open University. Following XRF analysis those 

elements which were found to be of exceptionally low abundance (Ba and Sr), or of 

particular relevance to fu1ther work (U, Th, Pb and REE) were analysed by ICP-MS at 
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the University of Plymouth. Fluorine abundances were determined for a selection of 

samples by ion selective electrode at Imperial College, London. Pb and Nd isotope ratios 

were determined by thermal ionisation mass spectrometry (TIMS) at the Open 

University. Due to the low abundance of Sr in the majority of samples (as low as 0.9 

ppm) it was decided not to undertake Sr isotope analysis as the isotopic ratio would be 

difficult to interpret in view of its susceptibility to contamination and alteration. Partition 

coefficients were determined between a glass from the Longonot lava pile and a 

coexisting sanidine crystal. Trace elements were determined by secondary ion mass 

spectrometry (SIMS) using the NERC ion-probe facility at Edinburgh University (by 

G.F.Zellmer) and by electron microprobe at the Open University. 

A full compilation of the results used in chapter 3 along with full sample locations and 

descriptions may be found in Appendix 2 which also includes new abundance and 

isotopic data for the volcanic centres of Elmenteita, Suswa and Olkaria. 
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3.3 Major Element Variations at Longonot 

3.3.1 Classification of the Longonot Succession 

Three diagrams (Figures 3.1-3.3) were used to classify the igneous rocks of Longonot 

and to distinguish them from the surrounding volcanic centres of the Lake Naivasha area. 

Figure 3.1 (p.81) is a version of the total alkali - silica diagram (TAS) proposed by 

LeMaitre (1989), and it is used to classify the Longonot samples. All samples from the 

caldera pyroclastic stage, including the syenite xenolith (50synLp5
) lie within the trachyte 

field. Most of the lava pile samples also form a compact cluster within the trachyte field 

but with some notable exceptions. The mixed lava flows (Lmx 1, Lmx2
) are benmoreite or 

mugearite in bulk composition and trend towards the hawaiite field, identified by Scott 

and Bailey (1984) as the second mixing magma composition. The mafic xenoliths from 

mid-way in the lava pile (12aLt2) plot away from the Longonot array in the phonotephrite 

field, although their composition is probably affected by the addition of alkalis from 

carbonate veining noted in Chapter 2.7. The syenite xenolith 12dLt2 has a SiO2 

abundance greater than either the trachyte in which it was empted, or any other 

subsequent eruption, but it still lies within the trachyte field. 

Whilst Longonot has a restricted range in composition there are significant differences 

between Longonot and the smrounding volcanoes. The Olkaria domes field has two 

distinct populations, one is rhyolitic and the other dominantly basaltic (MacDonald et al., 

1987; Davies and MacDonald, 1987; Black et al., 1997). Samples from Suswa (Skilling, 

1988; MacDonald et al., 1993) define a cluster that extends from the benmoreite to the 
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phonolite field although the majority of samples are trachytic. The restricted sample set 

from Elmenteita analysed as part of this study are all basaltic. 

A notable feature of many of the evolved volcanoes of the Gregory Rift is their 

peralkalinity, as discussed in chapter 2.4. This is expressed as the agpaitic index 

[molecular (Na20+K20)/A}i03] where a value greater than 1.0 indicates that a rock is 

peralkaline. Peralkaline magmas have an excess of Na and K ions with respect to Al, and 

so there are more alkali ions than can be accommodated by feldspar crystallisation alone. 

Under these conditions alkali amp hi boles and pyroxenes can form. 

The variation in peralkalinity at Longonot is summarised in Figure 3.2 (p.82). In this 

diagram the samples are separated along the descriminator axis (horizontal) according to 

the order of eruption. The stratigraphically oldest samples are plotted to the left of the 

diagram and the youngest plot to the right. The 14C dates from Clarke et al. (1990) are 

shown for reference only. All of the caldera pyroclastic samples (Lp1
-
6

) are peralkaline 

with a restricted range of agpaitic index values from 1.09 - 1.39 and no apparent 

systematic variation between successive emptions. The main lava pile trachytes (Lt2, Lp8
) 

are also peralkaline, but there is also a systematic increase in the agpaitic index values 

from 1.01 in the earliest flows to 1.45 towards the end of the emption sequence. The 

mixed lavas (Lmx1
, Lmx2

) have bulk compositions that are not peralkaline (0.65 - 0.95). 

The most recent trachyte lava flow (Lt3) is also peralkaline and within this flow the 

agpaitic index increases from 1. 1 in samples from the earliest stages ( 43Lt3), to 1.35 in 

samples collected from the end (lLt\ 
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Major element analyses by XRF spectrometry cannot descriminate between different 

oxidation states of iron (ferric and ferrous, expressed as FeO and Fe2O3). However, the 

CIPW normative mineralogy of Longonot samples have been calculated by assuming that 

the amounts of ferric and ferrous iron are equal (Appendix 2). This assumption is 

consistent with analyses of peralkaline trachyte for which the two oxidation states have 

been determined (MacDonald, 1974, 1987). The majority of caldera pyroclastics are 

quartz normative although the ignimbrites (Lp1
-
3
) and some of the earliest pumice beds 

(46Lp4, 47Lp5
, 48Lp5

, 50synLp5
) are weakly nepheline normative. All of the lava pile 

trachytes are also quartz normative while the mixed lavas are nepheline normative, 

although the heterogeneous nature of these flows make such a classification difficult to 

interpret. 

For quartz nonnative peralkaline trachytes a further classification can be made using the 

A}zO3 versus FeO(T) diagram of MacDonald (1974) (Figure 3.3 p.85). Longonot trachyte 

samples from both the caldera pyroclastic and lava pile stages straddle the division of 

pantelleritic and comenditic trachyte. Samples from the lava pile can been seen to define 

a clear linear array whilst the caldera pyroclastics generate a more diffuse field trending 

in the same direction. fu comparison with surrounding centres the Suswa trachytes can be 

seen to have very similar characteristics whilst the Olkaria rhyolites lie within the 

relatively iron poor domain justifying their nomenclature as comendites (MacDonald et 

al., 1987). 

fu subsequent diagrams FeO(T) is used as an index of differentiation as it has the greatest 

range of values of all the major elements in the Longonot trachytes. Other major 

elements, such as SiO2, that are more commonly used for this purpose show minimal 

variation. Figure 3.4 (p.86) demonstrates the variation in FeO(T) through the sequence of 
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eruptions at Longonot. The caldera pyroclastic stage (Lp1
-
6

) shows no correlation 

between FeO(T) and eruption sequence whilst the lava pile clearly shows a progressive 

increase in FeO(T) abundance during the main trachyte sequence (Lt2). The early mixed 

lavas (Lmx1
) are iron poor relative to the second mixed member (Lmx2

) and the post pit 

crater formation trachyte lava sequence (Lt3) has an FeO(T) abundance comparable to the 

end of the main trachyte sequence (Lt2). The xenolith sample (12a Lt2) has a much higher 

FeO(T) content than any other sample from Longonot. 

3.3.2 Systematic Variation in the Major Elements of the Caldera Pyroclastics Stage. 

Variation of the major elements of caldera pyroclastic samples are shown in Figure 3.5 

(p.87). For most major elements, such as SiO2 and MgO the correlation with FeO(T) is 

poor, only MnO appears to define a clear array. However, multiple sampling of 

individual beds of the caldera pyroclastic Lp5 succession has revealed significant 

systematic differences in the abundance of the major elements within individual beds 

(Scott, pers. comm.). A good example of this is the first Lp5 bed (Lp5 -1 ), shown in Figure 

3.6 (p.88) that displays an increase in AhO3, K2O, CaO and possibly SiO2 from the base 

to the top of the unit coupled with relative decreases in FeO(T) and Na2O. The change in 

abundance occurs as an abrupt junction at about 4 m from the base of the bed. The range 

of major element abundances within this single bed are also shown in Figure 3.5. The 

variation is smaller than the range of major element abundances between successive 

beds. 
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Figure 3.5 Major element variations in the caldera pyroclastic stage ( e ). 
The range of major elements within a single pyroclastic bed are shown for reference□ . 
See Figure 3.6 for details (data from Scott pers. comm.) 
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3.3.3 Systematic Variations in the Major Elements of the Lava Pile Stage. 

Systematic variations in major element abundances occur in the lava pile sequence on 

two separate scales, those that are between the trachytes and the mixed lavas and 

variation within the main trachyte sequence alone. Figure 3.7 (p.91-93) is a compilation 

of major element variation in the lava pile stage, shown as a function of FeO(T). Figure 

3.7a shows all lava pile analyses whilst Figure 3.7b is an expansion of the field occupied 

by the main lava pile trachytes (Lt2). For all of the major elements the main lava pile 

sequence of trachytes form a well defined trend whilst the mixed lavas and some samples 

from the Lt3 sequence plot away from this array. Consider, for example, SiO2 which has 

an extremely small range of abundances in the main trachyte sequence (61.1-62.2 wt%), 

producing a compact sub-horizontal FeO(T) - SiO2 array. The Lmx1 and Lmx2 mixed 

lavas have lower SiO2 than the trachytes and define two steep negative arrays that trend 

away from the main sequence of trachytes. The older mixed lava samples (Lmx1
) 

converge with the low FeO(T) abundance trachytes whilst the later (Lmx2
) mixed lavas 

converge with the upper limits of trachyte FeO(T). The post pit-crater formation trachytes 

(Lt3) appear to lie within the same array as the Lmx2 lavas suggesting that they may be 

compositionally related. Similar patterns can be seen for many of the other major 

elements. As FeO(T) increases the abundances of AhO3, TiO2, MgO, CaO, K2O and 

P2O5 decrease while MnO increases in abundance with FeO(T) to produce a tight 

positive sloped array. By contrast, the Na2O-FeO(T) array is poorly defined. The mafic 

xenolith sample ( 12aLt2) has elemental abundances that do not fit into any of the arrays 

observed so far with very notable abundance increases in FeO(T), TiO2, and P2O5 and 

depletion in SiO2• Also shown on Figure 3.7 are the major element fileds of the caldera 

pyroclastic samples, as identified in Figure 3.5. It is apparent that whilst very similar in 
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bulk composition (peralkaline trachyte) the caldera pyroclastics have lower FeO(T) 

abundances which offset the trend to the left of the lava pile. 

3.4 Trace Element Variation in the Longonot Succession 

3.4.1 Highly Variable Trace Element Abundances at Longonot 

Previous studies of the peralkaline rocks of the East African rift have identified 

considerable variations in the abundances of trace elements, allowing more detailed 

investigations of magmatic processes than can be achieved using the major elements 

alone (MacDonald, 1974; MacDonald et al., 1987, 1993; Leat, 1984; Scott and Bailey, 

1984; Clarke et al., 1990; Black, 1994; Black et al., 1997, 1998; Scott and Skilling, in 

press.). Despite the restricted major element range at Longonot, there is a very large 

range in trace element abundances for the lavas and pyroclastics erupted over the last 

10,000 years. Trace element abudances of the Longonot lavas and pyroclastics are listed 

in Appendix 2. Some of the more extreme differences occur in the lava pile where, for 

example, there is an almost 4000 ppm range in the abundance of Ba and over 300 ppm 

range in Sr between a mixed lava and many of the trachytes. This, in part, is a 

consequence of exceptionally low abundances of Ba and Sr, down to 4.7 ppm and 1.27 

ppm respectively, and frequently below the detection limits of XRF. As a consequence, 

these elements were re-analysed by ICP-MS. 
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Figure 3.7 Major element variations in the Lava pile succession. 
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Figure 3.7 Major element variation in the Lava pile succession (continued) 
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Figure 3.7 Major element variation in the Lava pile succession (continued) 

a) All data b) Expansion of trachyte field 
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Zr is frequently used as an index of differentiation in peralkaline rocks because the 

abundance of halogen volatiles and an excess of alkali ions inhibit the crystallisation of 

zircon so that Zr is highly incompatible (Dietrich 1968, Watson 1979; Leat, 1984; 

MacDonald, 1987; MacDonald et al., 1987; Black, 1994; Black et al., 1997). An 

additional advantage in using Zr in studies of peralkaline systems is that its abundance 

tends to be high and so it can be determined with a low analytical uncertainty. Figure 

3.8a (p.95) demonstrates the range in Zr abundances observed at Longonot. Within the 

trachytes alone, Zr ranges from 526 ppm to >2000 ppm and the mixed lavas extend this 

range further to abundances as low as 189 ppm. The progression in Zr values generates a 

similar trend to those observed for agpaitic index (Figure 3.2) and FeO(T) (Figure 3.4) in 

that there is no apparent systematic variation within the caldera pyroclastic stage, but in 

the main trachyte sequence of the lava pile stage there is a progressive increase in Zr 

from the oldest to youngest flows; This positive correlation between FeO(T) and Zr is 

shown in Figure 3.8b. In a similar way to FeO(T), increases in Zr abundance are 

accompanied by decreases in the abundance of, for example, A1iO3• 

Figure 3.9 (p.96) is a plot of Zr vs. Th for the main lava pile trachytes, Th abundance 

was determined by ICP-MS, with <2% 2cr error on repeat analyses of standards, giving a 

precision comparable to that of Zr analysed by XRF. The Zr vs. Th plot produces a near

perfect linear correlation (R2 = 0.998) which intercepts the Y-axis at zero (Y = 0.0211X) 

from which it can be concluded that Th is also highly incompatible in the Longonot 

succession. Th is used here as the principal discriminator to aid with comparison in 

chapter 4 in which the fractionation of Th from U or Ra becomes a critical consideration. 
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Figure 3.8 a) Zr variation through the eruption sequence at Longonot. 
b) Zr vs. Al2Q3 c) Zr vs. FeO(T) 
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Figure 3.9 Zr vs. Th for the main lava pile trachyte (Lf) 
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3.4.2 Systematic Variations in the Trace Elements of the Caldera Pyroclastic Stage. 

Figure 3.10 (p.98) is a summary diagram of some of the principal trace element 

variations in samples of the caldera pyroclastic stage. Good positive correlations exist 

between Th and U, Nb and to a lesser extent Y, which contrasts with the poor 

correlations with Ba and Sr. As for Zr, there is no systematic relationship of trace 

element abundances between successive pyroclastic beds. However, the abundances of 

trace elements show systematic variation within individual eruption units in a similar 

way to major elements in Figure 3.6. (Figure 3.11 p.99). As with the major elements, 

significant differences exist between the top and base of the bed separated by an abrupt 

change in trace element abundances at about 4m from the base. The lower section of the 

bed is more enriched in the incompatible elements, such as Zr and Th, which are ~50% 

more abundant than in the top of the pyroclastic bed. The junction betweeen unit Lp5 -1 

and the underlying and overlying beds is also marked by abrupt changes in trace element 

abundances. 
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Figure 3.10 Trace element variations in the caldera pyroclastic stage. 
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Figure 3.11 Trace element zonation in pumice beds of the Lp5 succession. 
Significant differences in trace elements occur between the top and base 
of the Lp5 bed using the analyses of Scott (pers . comm .) 
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3.4.3 Systematic Variations in the Trace Elements of the Lava Pile Stage 

Unlike the caldera pyroclastic stage, clear trends were established between samples of the 

lava pile stage in major element abundances. These trends become even more apparent 

with the addition of trace element data. The trace elements can be sub-divided according 

to their behaviour relative to Th. Figure 3.12 (p.102) is a compilation of Nb, Y, Rb and U 

data plotted relative to Th. Each element produces a linear array, incorporating both the 

trachytes and the mixed trachyte-hawaiite lavas. The only notable exception is the mafic 

xenolith sample 12aLt2 which conforms to the trends of Nb, Y and U but has an 

anomalously high Rb abundance. The Th vs. U plot produces a linear array the slope of 

which intercepts the origin but scatter in the data is well beyond the 2% 2cr errors in the 

analytical technique. 

In contrast to Figure 3.12, the abundance of Ba (Figure 3.13a p.103) decreases to 

exceptionally low values as Th increases, as does Sr (Figure 3.13b). On a standard Th vs. 

Ba diagram samples of the main lava pile trachyte succession (Lt2) define a curved array 

falling from moderately high values, 198 ppm, to values as low as 4.7 ppm as the 

abundance of Th increases. The majority of the decrease in Ba is accompanied by only a 

slight increase in Th, from 12-14 ppm. The early mixed lavas (Lmx1
) define a nearly 

vertical array whereas the second mixed lavas (Lmx2
) and trachytes from the post pit 

crater formation (Lt3) define a sloped linear array that extends from low Th, high Ba 

abundances to the highest Th trachyte samples of Lt2. This trend appears to converge 

with the earlier mixed lava (Lmx1
) at approximately 600 ppm Ba. The mafic xenolith, 

12aLt2 once again plots away from all other samples. When Ba and Th are plotted on a 

logarithmic scale it can be clearly seen that the main trachyte succession now defines two 

distinct parallel trends. 
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The majority of trachytes samples lie within a single airny but six samples (5Lt2, 25Lt2, 

25aLt2, 17Lt2, 24Lt2 and 21Lt2) contain less Ba with respect to Th and plot to the left of 

this main array. These two groupings are distinguished in subsequent figures. An 

equivalent diagram of Th vs. Sr cannot unequivocally distinguish the two sub-groups 

within the Lt2 trachyte. 

Later, in Chapter 4, the fractionation of Th and U will be used to place time constraints 

on the processes of differentiation. In Figure 3.12 the scatter on the Th vs.U is greater 

than can be accounted for by analytical uncertainty. In Figure 3.14a and 3.14b (p.104) the 

fluctuations in the Th/U ratio of the Longonot volcanic rocks are shown to be non

systematic, as they do not correlate with either stratigraphic position or an index of 

differentiation, such as Th abundance, although there is a slight tendency for the least 

differentiated lavas to have the highest Th/U ratios. In Figure 3 .14c fluctuations in Th/U 

are also shown not to correlate with other incompatible elements, such as Rb shown 

plotted as U/Th vs. Rb/Th. 
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Figure 3.12 Incompatible trace elements of the Longonot lava pile. Symbols as in Figure 3.8 
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Figure 3.13 Compatible elements in the Longonot lava pile. Blue crosses denote trachyte sub-group. 
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Figure 3.14 Variation in Th/U at Longonot. 

Symbols as in Figure 3.8, analyses by ICP-MS 
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3.5 Volatiles in the Longonot Magma. 

One of the most significant limitations of XRF spectrometry for trace element analysis is 

that it is incapable of readily determining the abundance of light volatile elements. In 

previous studies, peralkaline rocks of the Lake Naivasha area have been shown to have 

exceptionally high abundances of halogens (MacDonald, 1970; Bailey and MacDonald, 

1975; Leat, 1984) and later studies also revealed high levels of CO2 at Suswa volcano 

(MacDonald et al., 1993). The water content of peralkaline magmas from the East Africa 

Rift remains unresolved. Early studies indicated that the magmas were almost anhydrous 

(Bailey, 1974; Bailey and MacDonald, 1975) but a recent study of melt inclusions in 

phenocrysts from the Olkaria comendite domes revealed up to 4 wt% water (Wilding et 

al., 1993). 

The presence of high levels of Cl and F in a magma has important implications for melt 

rheology, inhibiting the formation of silicate bonds and thus affecting the physical 

behaviour of the magma and any subsequent eruptions (Dingwell et al., 1985, 1998). 

Halogens have also been implicated as the cause of melting in the lower crust to produce 

the 'evolved' rocks of the Gregory rift (Bailey and MacDonald, 1969, 1975) and they 

may also play an important role in the migration of elements both within the magma 

chamber (Leat, 1984; MacDonald, 1987, Black et al., 1998) and during crystallisation of 

peralkaline lava (Weaver et al., 1990). It was therefore essential that the abundance of 

volatiles in the Longonot succession be determined. 

For practical reasons this study was limited to F determinations in a restricted suite of 

samples from the lava pile stage. F, the most electronegative of the volatile elements, has 

the greatest effect on the formation of Si-O tetrahedral bonds and it is also one of the 
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easiest to analyse. Interpretation of the volatile content of peralkaline magmas is, 

however, hampered by degassing during eruption and crystallisation. Under ideal 

circumstances all analyses should be carried out on melt inclusions (as in Wilding et al., 

1993) or on perfectly unaltered glasses. Unfortunately, the Longonot lava pile has 

generated few glasses, no true crystalline-glass pairs and the melt inclusions in 

phenocrysts are small and exceptionally rare. The suite of samples used in this 

investigation reflects this lack of glasses by analysing a broad range of samples differing 

in stratigraphic location, composition and petrographic texture. The results, given in 

Appendix 2, show that there is considerable variation in in the F abundance of Longonot 

samples varying from 3130 to 770 ppm. 

Figure 3.15 (p.107) is a summary of F relationships within the Lava pile succession. In 

Figure 3.15a there is no clear systematic variation of F abundance to stratigraphic 

position and in Figure 3.15b there is no correlation between the abundances of Th and F, 

although it is possible that F-declines during fractional crystallisation of the trachyte. 

There is also no significant differences in the F abundances of the true glasses, glasses 

with rnicroliths or crystalline samples. The greatest F abundances recorded occur in the 

earliest stages of trachyte eruptions, and these contrast with much lower F abundances in 

the mixed lavas (Lmx1
, Lmx2

). There is no appreciable difference in the F abundance of 

the main lava pile trachyte, the sub-group identified in Figure 3.13 or the post pit-crater 

formation trachyte (Lt3). 
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3.6 Rare Earth Element (REE) Variations at Longonot 

A compilation of the REE abudances of Longonot samples is listed in Appendix 2, and 

Figure 3.16 (p.110) illustrates variations in the abundance of the REE for selected 

Longonot samples. All of the trachyte samples from the caldera pyroclastic and the lava 

pile stages show very similar patterns of LREE enrichment. In the main lava pile 

sequence there is a progressive increase in the abundances of all the REE from the first 

lava pile eruption (26Lt2) to the later eruptions, and a progressive decrease in the Tb/Yb 

ratio. Samples from the mixed magmas (Lrnx1 
/ Lrnx2

) have lower absolute abundances of 

the REE than the trachytes and chondrite normalised arrays are broadly parallel to those 

of the trachytes. 

All trachyte samples at Longonot have distinct negative Eu anomalies, whereas the first 

mixed magma (Lmx1
) has a positive anomaly. Samples from the second mixed magma 

(Lrnx2
) show a negative anomaly, but to a lesser extent than for the trachytes. Eu 

anomalies may be quantified by comparing the measured abundance to an expected 

abundance (Eu*) obtained by interpolating between the normalised values of Sm and 

Gd. Here this is calculated using the method of Taylor and McClennan (1985) where 

Eu/Eu*= EuN/[(SmN),(GdN)] 112 (N = chondrite no1malised). In Fig 3.17a the anomaly is 

shown as a function of stratigraphy, and in Fig 3.17b Eu/Eu* is plotted as a function of 

Th abundance for the lava pile samples, used previously as an index of differentiation. 

The range in Eu anomalies is readily apparent in Figure 3.17a (p.111) where the trachyte 

samples and the later mixed lavas have negative anomalies whereas the early Lrnx 1 

mixed lavas show a positive anomaly. Within the caldera pyroclastics succession there is 

108 



a progressive decrease in the extent of the anomaly, Eu/Eu* changing from 0.09 to 0.38. 

The trend may possibly be divided into two sections in that the first six samples show a 

rapid change in Eu/Eu* from 0.09 (53Lp1
) to 0.36 (48Lp5

) and the anomaly then 

increases again to 0.19 (49Lp5
) before slowly declining towards the top of the succession. 

The onset of the lava pile stage is marked by large Eu/Eu* positive anomalies up to 2.15 

in the first mixed lava (Lmx1
), followed by negative anomalies in the Lt2 trachyte. Within 

the Lt2 lava pile trachyte sequence Eu/Eu* is relatively constant and there is no 

significant difference between the main trachyte sequence and the sub-group trachyte 

identified previously. The only exceptions to this trend are the mafic xenolith sample 

12aLt2 and the syenite xenolith 12dLt2 which have less extreme negative Eu anomalies. 

The second mixed lavas (Lmx2
) and final trachyte (Lt3

) have variable negative anomalies 

which are often less extreme than for the main lava pile Lt2 trachyte. 

In Figure 3.17b, the caldera pyroclastic (Lp5
) and lava pile trachytes (Lt2, Lt2 sub-group, 

Lp8
) appear to define two separate fields of differing Eu/Eu*, despite very similar Th 

abundances. There is no clear correlation between Th abundance and Eu anomaly, 

although there may be a very slight decrease in Eu/Eu* at higher Th abundances within 

the Lt2 succession. The early mixed lava samples (Lmx1
) define a ~ear-vertical array that 

does not converge with the lava pile trachyte field whereas samples from the second 

mixed lavas (Lmx2
) and the post pit crater trachyte (Lt3) appear to fall within the same 

array as Lt2. 
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Figure 3.16 Selected rare earth element variation diagrams of Longonot. 
Values are normalised to chondrite (Boynton, 1984) 
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3. 7 Partition Coefficients Measured on a Longonot Sanidine 

In chapter 2 it was demonstrated that sanidine was the dominant crystallising phase in the 

Longonot trachytes. It is therefore important to assess the ability of sanidine to 

incorporate the trace elements into its matrix, in particular the U-series elements and Ba, 

used later as a proxy for Ra. Sample 22Lt2 was selected from the lava pile as it is one of 

the few Longonot samples to contain abundant euhedral sanidine phenocrysts in an 

unaltered glassy groundmass. A single thin section containing sanidine phenocrysts 

enclosed in an unaltered glass matrix were first analysed using the Open University 

elech·on microprobe facility for major elements, and then modified for analysis in the 

NERC SIMS facility at Edinburgh University for a selection of trace elements and REE 

(PJE acknowledges G.F.Zellmer for SIMS analyses). A series of analyses were made 

along the crystal-glass boundary, average results of this preliminary investigation are 

shown in Table 3.1 (p.113). 

The low abundance of Ca in both Longonot sanidine and glass ( <1.5 wt% CaO) means 

that, it behaves like a trace element (Blundy, pers. Comm.). It is evident that there are 

considerable differences in the ability of sanidine to partition elements. The greatest 

affinity for the sanidine crystal matrix. is seen in the divalent ions Ca, Sr and Ba along 

with Mg and the monovalent K. Of these elements only Sr and Ba have partition 

coefficients (Kd) that are > 1. By contrast U,Th and the REE have extremely low 

partition coefficients, and the abundance of these elements in sanidine is often 

indistinguishable from zero. Eu is an anomalous element for it is a REE but exists as 

both Eu2
+ and Eu3+ in many magmatic conditions, at Longonot it has a moderately strong 

affinity for the sanidine crystal lattice (Kd Eu sanidine-glass = 0.55). 
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Element 

K 

Mg 
Ca 
Sr 
Ba 

y 
La 
Ce 
Pr 

Sm 
Eu 
Gd 

Pb 
Th 
u 

Table 3.1 Experimentally determined partition 
coefficients of sanidine in Longonot sample 22Lt2 

Charge Ionic Average glass Average sanidine 
Radius* abundance abundance 

1+ 1.51 47900 34775 

2+ 0.89 1690 20.163 
2+ 1.12 11200 1656 
2+ 1.26 2.75 7.9 
2+ 1.42 7.27 179.33 

3+ 1.019 153 3.30E-05 
3+ 1.16 257 1.295 
3+ 1.143 472 1.051 
3+ 1.126 50.6 0.086 
3+ 1.079 32.8 0.018 

3+/2+ 1.066/1.25 4 2.21 
3+ 1.053 39.3 0.091 

4+/2+ 0.94/1.29 22.2 3.39 
4+ 1.05 27.5 0.048 

6+/4+ 0.86/1.0 6.3 0.012 
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Partition 
coefficient 

0.726 

0.012 
0.148 
2.873 

24.667 

0.000 
0.005 
0.002 
0.002 
0.001 
0.553 
0.002 

0.153 
0.002 
0.002 



The variation in the Kd values of the divalent ions can be related to the size of the ion 

relative to that of the optimum cation site in sanidine. This form of diagram was 

originally proposed around thirty years ago with reference to natural systems (Onuma et 

al., 1968; Jensen 1973), and has recently been revived as a means of evaluating partition 

coefficients for a variety of lithophile cations (Bluntly and Wood, 1994). The results of 

this study are shown in Figure 3.18 (p.115). The ionic radii are for ions in 8-fold co

ordination (in Henderson, 1990; after Shannon, 1976). The optimum cation site for 

sanidine was calculated as the mean cation-oxygen bond distance minus the ionic radius 

of oxygen as 0 2
-, as in Bluntly and Wood (1994). The ionic radius of radium (Ra2+) is 

shown for reference and will be of greater relevance in Chapter 4. Substituting ionic 

species of the same ionic charge should define a parabolic an-ay on a plot of log Kdsanidine

melt as a function of ionic radii where the closer an ion is in size to the substituting site, so 

the higher will be its partition coefficient for that mineral. Three of the divalent ions 

studied (Ba, Sr, Ca) align along a seemingly parabolic an-ay but Mg appears to have an 

anomalously high abundance. Eu does not fall along this array as it has an abundance in 

sanidine somewhat lower than expected for a divalent ion of that radius. This is linked to 

its occurence as both Eu2+ and Eu3+ ions. Since only the divalent ions can enter the 

sanidine lattice this reduces the apparent partition coefficient. This effect will be 

considered in more detail later. 

The range of partiton coefficents calculated are in relatively good agreement with 

previous studies. For example, Stix and Gorton (1990) calculated Kd values in sanidine 

from a rhyolite (Kd Ba sanidine-glass = 1-24, Kd Sr sanidine-glass = 2-7, Kd Ca sanidine-glass = 0.06 -

0.92, Kd Eu sanidine-glass = 1.6 - 9.6). However, the large range in published values for other 

volcanic centres is testament for the need to determine, wherever possible, paititon 

coefficents that are specific to a suite of volcanic rocks. 
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Figure 3.18 Variation in partition coefficient between sanidine and glass 
for Longonot sample 22Lt2 as a function of ionic radius of the substituting 
cation. 

Ionic Radii are given for 8-fold co-ordination after Shannon and Prewitt 
(1976). The optimum cation size was calculated as mean cation - oxygen 
distance -1.38A0

• Ionic radii for radium (Ra2+) also shown for reference (see 
chapter 4 ). The curve is shown for discussion only and it is not a calculated 
best-fit line. 
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3.8 Variation in Pb and Nd Isotope Ratio at Longonot and the 

Lake Naivasha Area 

3.8.1 Variations of Pb and Nd Isotope Ratios Within the Longonot Succession 

A full compilation of isotope ratios for Longonot, determined as part of this 

investigation, are given in Appendix 2. These results may be used in two ways, firstly to 

characterise processes associated within the Longonot magma chamber, and secondly to 

relate the origin of the Longonot magmas to the wide variety of other volcanics rocks 

erupted in the Naivasha area. 

Variations in Pb and Nd isotopes as a function of stratigraphic order are presented in 

Figure 3.19 (p.118). The absolute range of isotopic ratios is extremely restricted, but 

general patterns may still be observed. The general trend at Longonot is for the 

206Pbt204Pb ratio to decrease in the younger samples. A sample from the Olongonot 

succession displays the highest 206Pbt204Pb ratio (19.79) and this is only slightly higher 

than the ratio of the earliest sample of the caldera pyroclastics stage. Samples from the 

caldera pyroclastics then define an array of marginal decline in Pb isotope ratios, in that 

206Pbt2°4Pb declines from 19.79 in one of the earliest pyroclastics (46Lp4
) to 19.67 in the 

final Lp5 pumice bed (32Lp5
). The 143Nd/144Nd ratios of the caldera pyroclastics are more 

homogeneous that the Pb isotope ratios. No 143Nd/144Nd ratio has been obtained for the 

Olongonot sample, but the earliest caldera pyroclastic has a 143Nd/144Nd ratio of 0.51273. 

Subsequent pumice beds in the Lp5 
- Lp6 succession have 143Nd/144Nd ratio which vary 

within a narrow range of 0.51257 to 0.51264. Two samples from the top and bottom of 

the first pumice bed in the caldera pyroclastic succession were analysed for Pb and Nd 
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isotopes. Despite significant maJor and trace element differences between the two 

positions in the bed the samples are indistinguishable from one another with respect to 

Pb and Nd isotope ratios. Samples from the lava pile, including the mixed trachyte

hawaiite lavas, are remarkably homogeneous with respect to both Pb and Nd isotope 

ratios. The absolute range in 206Pbt2°4Pb ratio is only 0.13, barely beyond analytical e1Tor, 

and the range of 143Nd/144Nd ratios is only 0.000069. The two separate trachyte magmas 

that together form the main lava pile trachyte (Lt2), and were identified on the basis of 

the Th-Ba diagram (Figure 3.13) are indistinguishable from one another by these means. 

Despite good correlations between Th abundance and the trace elements, there is no 

systematic relationship between Th abundance and Pb isotope ratios (Figure 3 .20 p.119). 

3.8.2 The Relationship of Pb and Nd Isotope Ratio Variations at Longonot to Those in 

the Naivasha Area. 

In Figure 3.21 (p.120), plots of 206Pbt204Pb vs. 207Pbt2°4Pb (Figure 3.21a) and 208Pbt204Pb 

(Figure 3.21b) are presented for volcanic rocks of the Lake Naivasha area. In addition to 

new isotopic data for Longonot, reconnaissance studies were made of Suswa, Elmenteita 

and mafic rocks of Olkaria. These are compared to published analyses of the Olkaria area 

(Davies and MacDonald, 1987). New data are presented in Appendix 2 and the Northern 

Hemisphere Reference Line (NHRL) (Hrut et al., 1984) is shown in Figure 3.21 for 

reference. The NHRL is a datum based upon a compilation of MORB and OIB Pb 

isotope analyses from the northern hemisphere permitting comparison to the range of 

mantle derived Pb isotope ratios. 
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Figure 3.21 Pb isotope variation diagrams for the Quaternary volcanic rocks 
of the Naivasha area. Additional data from Davies and MacDonald, (1987). 

15.9 ------------------------

15.85 

15.8 
.c 
a.. 
~ 
~5.75 

~ 

15.7 

15.65 

15.6 
40 

39.8 

39.6 

39.4 

.c 
a.. 39.2 .... 

0 

~ .c 39 a.. 
co 
0 

"' 38.8 

38.6 

38.4 

38.2 

38 
18.2 18.4 18.6 18.8 19 19.2 19.4 19.6 19.8 

2osPb/204Pb 
20 20.2 20.4 

l±] 

[!] 

• 
□ 
IX! ... 
♦ 

Olongonot Lt1 

Caldera 
pyroclastics 

Lava pile 
Mixed lava Lmx1 

Trachyte Lt' 
Trachyte sub-group 
Mixed lava Lmx2 

Trachyte lt3 

120 

Suswa 

Elmenteita 

New Olkaria data (basalt-trachyte) 

Olkaria 
(Davies and MacDonald, 1987) 

basalt 

comendite 



Given the restricted geographical range of the study area (approx. 60 km x 40 km) there 

is considerable variation in the Pb isotope ratios. 206Pbt2°4Pb ranges from 18.34 to 20.2 

whilst 207Pb/2°4Pb ranges from 15.63 to 15.86 and 208Pb/2°4Pb from 38.2 to 40, but for 

each of the evolved composition Quaternary volcanic centres there is only a restricted 

range of isotope ratios. 

In Figure 3.21a, samples from Longonot define a tight cluster of values close to the 

NHRL with moderately high 206Pb/2°4Pb and 207Pb/2°4Pb ratios. Samples from the 

Longonot lava pile trachyte Lt2 define a steep linear array with limited 206Pb/2°4Pb 

variation, but with greater variation in the 207Pbt2°4Pb. The slope of this array is 

coincident with that previously identified by Davies and MacDonald (1987) for the 

Olkaria comendites and both trachyte groups of the Lt2 succession lie within this array. 

Mixed trachyte-hawaiite samples (Lrnx 1 & Lrnx2
) are slightly displaced to lower 

206Pb/2°4Pb values whilst samples of the post pit crater formation trachyte (Lt3) scatter 

between the main lava pile trachyte array and the field of the mixed lavas. Samples from 

the Longonot caldera pyroclastic stage have higher ratios that also define a linear array 

the slope of which is different from that of the lava pile trachytes. A single trachyte 

sample from the Olongonot succession, the earlier volcano on the Longonot site, has a 

very similar isotopic signature lying to the right of the Longonot array. 

The Olkaria comendites also define a tight linear airny which, as already noted, has 

similar 206Pb!2°4Pb values (19.76-19.85) to the Longonot main lava pile trachytes (Lt2) 

but much higher 207Pb/204Pb ratios (15.78-15.86). New comendite samples from Olkaria 

analysed during this study help to confirm the isotopic composition of the comendite 

field. 
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In contrast to the comendite samples, basalts and hawaiites from the Olkaria area have 

very different Pb isotope ratios from those from Longonot. In Davies and MacDonald 

(1987) the mafic samples of Olkaria were shown to define a linear array in which 

207Pb/204Pb ratio decreased with increasing 206Pbt2°4Pb. This array extends across the 

Longonot/Olkaria trachyte-comendite arrays mentioned previously although two smaller 

sub-groups do not lie along this array. However, new basalt and trachyte samples from 

Olkaria, analysed during this study, define a very different positive 206Pbt204Pb -

207Pbt2°4Pb array. Samples with the lower ratios are basalts and the higher ratios are 

trachytes. This new array intercepts the Olkaria comendite field which may indicate that 

the interpretation that the trend toward high 207Pbt2°4Pb low 206Pbt2°4Pb ratios due to 

contamination by an amphibolite facies crust end-member (Davies and MacDonald, 

1987) may be an over-simplification, and will be discussed later in the chapter. 

Samples from Suswa, the trachyte-phonolite volcano south of Longonot, have Pb isotope 

ratios that plot to the right of the Longonot array with higher 206Pbt2°4Pb ratios (20.1 -

20.2), but similar 207Pbt2°4Pb ratios (15.69 - 15.73). A restricted suite of samples from 

the Elmenteita basalt field, north of Lake Naivasha, plot at the high 207Pbt2°4Pb end of the 

Olkaria basalt trend identified by Davies and MacDonald (1987). 

In Figure 3.21b the volcanic rocks of the Naivasha area plot in a broad field that is 

crudely parallel to, and above, the NHRL. The evolved composition samples from 

Longonot, Suswa and Olkaira once again plot within na1rnw fields in which higher 

values of the Longonot trachyte field converge with the lower 208Pbt2°4Pb ratios of the 

Olkaria comendite field. In Figure 3.21 the Olkaria mafic magmas and the new data for 

basalts and trachytes from Olkaria appear to define two separate arrays but in Figure 
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3.21b they merge in to a single positively sloped array with a far greater range in ratios 

that for the evolved composition rocks. 

The diversity in Pb isotope ratios is reflected to a lesser extent in 143Nd/44Nd ratios. In 

Figure 3.22 (p.125) 143Nd/44Nd is represented as £Nd (with the present day 143Nd/144Nd 

ratio of CHUR = 0.512638) and it is plotted against 207Pbt2°4Pb, which is the Pb isotope 

ratio with the greatest variation at Longonot. The overall range in Nd isotope ratios is 

more restricted than for Pb isotopes but each of the Quaternary volcanic centres form 

discrete fields. Samples from both the Longonot lava pile and caldera pyroclastic stages 

have £Nd values close to zero (average = -0.41 +/- 0.56 lo) whilst Olkaria comendites 

have negative £Nd values (-1.0 to -4.1) along with the new Olkaria samples. Mafic 

samples from the Olkaria area cover a broad range of £Nd values from 1.7 to -2. 

Samples from Suswa have positive £Nd values similar to one of the Longonot caldera 

pyroclastics and the higher values for the Olkaria mafic samples. A single basaltic sample 

from Elmenteita has a negative £Nd value (-6.4). 

3.8.3 Pb - Nd Isotope Ratios of Kenyan Volcanics 

The variation in isotope ratios in the Naivasha area can be placed into a regional context 

using additional data for basalts from throughout the East African Rift system 

(MacDonald and Rogers, pers. comm.) and span the last 12 Ma of rift volcanism. These 

basalts can be subdivided on the basis of the basement geology through which they have 

erupted as identified by Smith and Mosely (1993). One group of basalts is from the 

cratonic block, which is clearly identifiable in Figure 2.3 located to the west of the 

Gregory Rift. The second group of basalts are located on the rifted margins of this craton 

and the third group is from the mobile belt, which marks the contact of Archaean and 
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Proterozoic basement formed during the pan-African orgeny. Figure 3.23a plots isotopic 

variation of 206Pb/204Pb vs. 207Pbt2°4Pb and Figure 3.23b shows the variation in £Nd 

values (p.126). 

In both diagrams the range of values is far greater than for the Naivasha area alone. In 

Figure 3.23a the basalts define a broad band with a positive correlation. The Longonot 

array falls, primarily, in the field of the remobilised cratonic margin basalts as do samples 

from Suswa and many of the Olkaria basalts. The mobile belt basalts are less radiogenic 

than samples from Naivasha, whilst basalts associated to the cratonic areas form a diffuse 

field that encompasses most of the Naivasha area and the other basalt catagories. 

Samples of Olkaria comendite have a higher 207Pbt2°4Pb ratio than the vast majority of 

Kenyan basalts. In Figure 3.23b the mobile belt samples are distinctly different in £Nd 

value from Naivasha or the remaining basalt catagories. The narrow range of Longonot 

values is encompassed within the field of the rifted cratonic margin basalts and the 

cratonic basalts as are samples from Suswa. The Olkaria comendites are distinct from all 

other fields. 

The combination of Pb and Nd isotope ratios shows that Longonot is isotopically distinct 

from the surrounding volcanic centres of the Naivasha area but within the Longonot 

succession the range of ratios are extremely restricted. Together, these data can be used 

to identify several sources of magma in the Naivasha area, each source being represented 

at a different volcanic centre, whilst the level of interaction between the volcanoes is 

small. This will be investigated in more detail in section 3.9. 
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Figure 3.22 201Pb/204Pb vs. ENd in the Naivasha area 
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3.9 Discussion and Modelling of Geochemical Variations in the Longonot 

Trachytes 

3.9.1 Objectives 

Longonot volcano predominantly comprises trachyte lavas and pyroclastics with minimal 

variation in major element abundances but a significant range in trace element 

abundances. Furthermore, the Longonot trachytes are isotopically distinct from the 

volcanic rocks of the surrounding area. Here, these variations are discussed and modelled 

in order to identify the key processes of formation and differentiation of the Longonot 

trachytes. Later the nature of the mixed magmas at Longonot and the origin of the 

trachytes are assessed. 

3.9.2 Element Mobility During Crystallisation and Devitrification of Peralkaline 

Magma 

Problems associated with the mobility of some elements during crystallisation and 

devitrification of peralkaline magmas requires consideration prior to any interpretation of 

the geochemical variations. In a study of Major Island, New Zealand, Weaver et al. 

(1990) found that the elements Na, Mg, F, Cl, Sr, Cs, Y and the REE were highly mobile 

during and after the crystallisation of peralkaline pantellerites and, with the exception of 

Y and the REE, they were also remobilised during the secondary hydration of volcanic 

glass. Trace element profiles revealed variable depletions in these elements between the 

crystalline core and glassy crust of individual pantellerite flows. A bivariate diagram of 

Zr vs. Y plot for volcanic rocks of Major Island formed a linear array for unaltered 
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glasses whilst crystalline samples plotted to randomly lower abundances of Y. The 

authors concluded that these elements (Na, Mg, F, Cl, Sr, Cs, Y, REE) should not be 

used in petrographic evaluations as they variably partition into volatile and aqueous 

complexes. In Figure 3.24 (p.129) the main lava pile trachyte sequence defines a linear 

array with a correlation coefficient of R2 = 0.95 which is much better than the correlation 

of glasses in the Major Island study. The Longonot sample suite includes crystalline 

samples, glasses, glasses with microliths and pumice (hydrated glass) and yet it shows 

none of the scatter observed at Major Island. Mixed lavas (Lmx1
, Lmx2

) and later, post 

pit crater formation, trachytes (Lt3
) also plot along a very similar trend. Pumice and 

glass from the caldera pyroclastic stage define a more diffuse array of Zr vs. Y than the 

lava pile. Nonetheless, the overall correlation between glasses and crystalline samples is 

a clear indicator that there has been no subsequent mobilisation of Y following eruption. 

Similar well defined arrays were demonstrated for the major elements (refer to Figure 3.7 

in which FeO(T) is used as opposed to Zr). It is concluded that ion mobility has not 

played a significant role in the trace element variations observed at Longonot. 

3.9.3 Discussion of Major Element Variations at Longonot 

One of the most significant features of the Longonot succession is the very restricted 

range of compositions that have erupted over its 10,000 year history (Figure 3.1). With 

the notable exception of the Lmx1 and Lmx2 mixed lavas, Longonot has only produced 

volcanic products of trachyte composition. 

Trachytes of the caldera pyroclastic stage and the lava pile both exhibit the same general 

major element characteristics, as demonstrated in Figures 3.5 and 3.7 where, for example, 

increases in FeO(T) are coupled with increases in the abundance of MnO and decreases 
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in Ah03 but with greater scatter in the caldera pyroclastic data than for the lava pile 

trachytes_. The caldera pyroclastic amples are, however, offset to slightly lower FeO(T) 

abundances. One of the primary difference in these two stages of volcanic activity is 

therefore not in the bulk composition of the rocks, but in the relationship of major 

element compositions to stratigraphy. The lava pile is characterised by progressive 

changes in major element composition between eruptions (Figure 3.4) whereas the 

caldera pyroclastics randomly vary in composition between beds, but within individual 

beds there is systematic compositional zonation (Figure 3.6). The similarity in 

composition between the caldera pyroclastics and the lava pile trachytes indicates that the 

processes of differentiation operating during these two episodes of magmatism are 

probably very similar, but the difference in eruption regime, from explosive pyroclastic 

deposits to effusive lava flows has resulted in different stratigraphic patterns. 

Given the diversity in composition within individual pumice beds of the caldera 

pyroclastic stage, the major elements alone are an insensitive tool with which to evaluate 

whether the differences result from several magma batches or a single differentiating 

magma, this is better studied using the trace elements and Pb-Nd isotope ratios. 

The lava pile exhibits two distinct magmatic processes. The small variations observed 

within the main trachyte sequence are interpreted as liquid lines of descent whilst the 

much larger linear trends of the two mixed magmas (Lmx 1 & Lmx2
) are interpreted as 

mixing, that defines straight lines on bivariate diagrams (Langmuir, 1978). This 

relationship is unsurprising given the heterogeneous nature of the flows and will be 

considered in more detail in section 3.10. 
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The progressive increase in FeO(T) within the main lava pile trachyte succession (Figure 

3 .4) may suggests that the fractionation trend in the main lava pile trachytes is time 

dependent, and therefore likely to result from fractionation of a single magma batch. In 

chapter 2 it was demonstrated how there is a progressive increase in the Na content of 

sanidine phenoc1ysts from the oldest to youngerst flows of the main lava pile trachyte 

(Figure 2.7). The proportional increases in the abundance of Cao, K2O and Na2O to 

FeO(T) (Figure 3.7) mirrors these mineralogical observations, as the FeO(T) abundance 

has been shown to correlate with stratigraphic order in the lava pile. 

3.9.4 Modelling of Major Element Variations in the Lava Pile Trachytes 

In the previous section, the narrow compostional range of the main lava pile trachytes 

was attributed to fractional crystallisation and this process has been modelled in two 

ways. Firstly the major element compositions are compared to the crystallising phases, as 

described in Chapter 2, using the bivariate diagrams of Figure 3.7 to identify the 

important phenocryst phases. Secondly, the forward modelling program MELTS 

(Ghiorso and Sack, 1995) has been used to constrain compositional and thermodynamic 

properties of the Longonot magma. This program calculates the variation in major 

element abundances, and a series of other physical parameters, such as liquidus 

temperature, density, percentage mass of solids etc., from a compilation of 

experimentally derived values for a range of magmatic compositions. MELTS was 

designed primarily as a tool for investigating mafic magmas but it can also be used to 

constrain the extent of fractionation and the conditions of crystallisation of the Longonot 

Lt2 trachyte. It is important when assessing MELTS fractionation trends to realise that the 

experimental database for evolved compositions is somewhat limited, especially for 

peralkaline rocks. As a consequence, the MELTS program cannot presently take into 
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account the effects of volatile species other than H20, such as the halogens or CO2, which 

can also have significant effects on the conditions of crystallisation and melt rheology 

(Dingwell and Mysen, 1985; Stolper et al., 1987; Dingwell, 1989; Lange, 1992; Dingwell 

et al., 1998). Despite these considerations MELTS is still a useful tool for modelling the 

evolution of trachyte. 

The compositions of mineral phases, described in Chapter 2 and presented in Appendix 

2, are used to identify the mineral assemblage crystallising in the Longonot trachytes. 

Whenever possible, mineral compositions were used from SEM probe analyses of the 

first lava pile trachyte eruption, 26Lt2. This sample can be considered the most primitive 

trachyte to erupt as it has the lowest abundances of FeO(T) (Figure 3.4) and incompatible 

trace elements, such as Th and Zr (Figures 3.8 - 3.10). Additional mineral data come 

from Fortey et al. (1986). The change towards more sodic sanidine compositions during 

the main lava pile trachyte succession (Figure 2.8), is relatively small, and has little effect 

on the outcome of a simple model of this type designed to constrain the main phenocryst 

types. 

In Figure 3.25 a range of major elements are plotted against FeO(T) for the main lava pile 

trachytes together with phenocryst phases. In Figure 3.25a (p.134) only sanidine and 

amphibole contain significant K20 and so this diagram can be used to constrain the 

relative proportions of these two minerals by using the lever rule (Cox et al., 1979; 

Rollinson, 1990). A best-fir straight line correlation was made between data points and 

the intercept with the tie-lines calculated from the two slopes. Results indicate that a 

mineral assemblage that comprises 89% sanidine must fractionate by 44% to derive the 

range in compositions in the trachytes. In Figure 3.25b the same logic is applied to the 

system FeO(T) vs. CaO to constrain the proportion of clinopyroxene in the crystallising 
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assemblage. Again, the composition of the crystallising assemblage is dominated by 

sanidine, 92%, with 8% clinopyroxene and the amount of extract removed to derive the 

range in compositions in the trachyte is 45%. The remaining phenocryst phases that have 

been analysed from the lava pile trachytes play a sub-ordinate role to these three 

minerals. The P20 5 abundance of the lava pile trachytes exhibits only a minor decline 

indicating that this element is 'buffered' by the crystallisation of apatite, however, apatite 

is rarely seen in the lavas and whilst it has a significant influence on the abundance of 

P2O5 the small amounts of apatite required to buffer P2O5 are too small to have 

influenced the abundance of CaO, the other major element in apatite. 

The relationships of sanidine to amphibole and sanidine to clinopyroxene, calculated 

above, can be used to determine the composition of the crystallising assemblage as 

comprising approximately 82% sanidine, 9% amphibole and 9% clinopyroxene. Figure 

3.26 (p.135) plots FeO(T) vs. A}zO3, using this assemblage. The extract composition 

plots close to the most primitive trachyte sample. A similar result is achieved in Figure 

3.27 (p. 135) which plots FeO(T) vs. Na2O. A mineral assemblage dominated by sanidine 

with minor mafic minerals is consistent with the petrographic observations of the 

phenocryst assemblage in Chapter 2 and Appendix 2. Mineral phases other than sanidine, 

clinopyroxene and amphibole that were observed in Chapter 2 must, therefore, play a 

relatively minor role in the differentiation of the Longonot trachytes. The closeness of the 

extract composition to the least fractionated liquid is consistent with limited major 

element variation and suggests a quasi-eutectic composition. 
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Figure 3.26 FeO(T) vs. Al2Q3 of lava pile trachytes and minerals 
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Determining the mineral assemblage through individual bivariate diagrams is the 

simplest model for major element abundance variations. A more complex approach is 

least squares modelling which considers all of the major elements simultaneously (Cox et 

al., 1979; Rollinson, 1990; Wilson, 1990). This is a statistical tool that attempts to find a 

crystallising assemblage, based on an input of mineral compositions, to get from one melt 

composition to another. Least squares does not take into consideration mineral phase 

equilibria. 

Least squares was calculated between the most primitive and evolved Longonot trachytes 

(26Lt2 
- 30Lp8

) using the SEM probe analyses presented in Appendix 2, amphibole 

compositions from Fortey et al. (1986) and apatite from Deer et al. (1990). Multiple 

iterations based upon the range in mineral compositions gave residuals (tR2
) >2 

indicating that the input mineral assemblage cannot sufficiently account for the change in 

composition. However, as for bivariate diagrams, the results indicated that the system is 

dominated by the fractional crystallisation of alkali feldspar (~ 75% ). The remainder of 

the assemblage comprising mostly clinopyroxene and amphibole with minor magnetite, 

olivine and apatite. The change in composition is modelled as resulting from ~ 70% 

fractional crystallisation. The large residuals left by least squares modelling probably 

result from the large range in mafic minerals that have been found in the Longonot 

trachytes and xenoliths leading to significant residuals for the elements concentrated in 

the mafic phases. Least squares cannot consider such a broad spectra of mineral phases as 

it is limited to one phase less than the number of input oxides. Despite the large residuals 

that make the least squares model statistically invalid the general conclusions reamin 

unchanged in that the system was dominated by the fractional crystallisation of alkali 

feldspar along with more minor mafic phases. 
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Many of the criticisms of bivariate diagrams and least squares modelling may potentially 

be overcome by the use of the MELTS model, as it is relatively sensitive to mineral 

phase equilibria and can model the changing composition of the alkali feldspar. The 

MELTS model results shown in Figures 3.28 - 3.30 were derived from a model using 

the least evolved trachyte 26Lt2• As well as the abundance of the major elements the 

MELTS program requires several other physical parameters as input from which to 

calculate fractionation trends. In the models presented here, pressure was restricted to 1 

kb which should reflect conditions in a sub-volcanic magma chamber <3 km beneath the 

surface and is consistent with the absence of modal quartz in the trachytes (Bailey, 1974). 

The water content of the Longonot lavas is unknown and so the evolution has been 

calculated for three models with 0, 1 and 2 weight percent H2O in the initial trachyte. 

MELTS was used to calculate the FeO:Fe2O3 ratio for the system and the composition 

was normalised to 100%. 

The MELTS program was used to find the liquidus for each of the models and this was 

done at an initially fixed fO2 at the FMQ buffer after which the program was allowed to 

adjust oxygen fugacity in accordance with the effects of the crystallising phases. The 

program then incrementally cooled the magma, calculating the composition of residual 

melt, the composition of the crystallising assemblage and other physical parameters up to 

50 -55% fractional crystallisation of the original magma. 

Figure 3.28 (p.139) plots the results of the three models (0, 1 and 2 wt% H20) as a 

function of FeO(T). Data for the main lava pile trachyte suite are shown for comparison. 

There is reasonable correlation between the model values for MnO, AhO3 and K2O and 

the Longonot data set only when the system has a low water content (~0% H20). Trends 

are less well replicated where the water content is higher (1-2% H2O). Significantly, only 
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when the magma is anhydrous, or close to anhydrous, does the FeO(T) abundance 

increase with fractionation. The presence of water surpresses the crystallisation of 

feldspar through the inhibitory effect of Off species on Si-O bonds (Hess, 1977). 

Consequently the system is far more influenced by the crystallisation of the non-silicates, 

in particular magnetite, leading to a greater loss of iron relative to the alkalis. Although 

the amount of crystallisation necessary to achieve the trends shown varies from 25% 

(MnO) to 40% (AhO3) the close correlation of these model trends to the Longonot data 

set, coupled with the progressive nature of FeO(T) increase shown earlier (Figure 3.4) 

supports a model that the main lava pile trachyte (Lt2) evolved from an almost anhydrous 

magma under closed system conditions. The mineral assemblage generated by MELTS 

for an anhydrous magma is dominated by alkali feldspar (-90%) with subordinate 

pyroxene and magnetite which, allowing for the inability of MELTS to calculate the 

stability fields of amphibole, is consistent with the petrographic descriptions in chapter 2 

and the variation of major elements presented earlier. 

The inferred anhydrous nature of the Longonot trachyte is in agreement with previous 

studies of the peralkaline rocks of East Africa that concluded that they were derived from 

'dry' halogen rich magmas (MacDonald, 1970; Bailey,1974, 1978; Bailey and 

MacDonald, 1975) but it contrasts with a recent study of the adjoining Olkaria comendite 

field in which high water contents of up to 4 wt% have been recorded in melt inclusions 

(Wilding et al., 1993). The difference between the Longonot trachytes and the Olkaria 

comendites most probably reflects differences in the source of magmas, the comendites 

are believed to derive from melts of basement rocks (Davies and MacDonald, 1987) 

whereas the Longonot trachytes will be shown, in section 3.11, to derive from partial 

melting of alkali basalt. 
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Figure 3.28 MEL TS modelling of major element variation 
at Longonot. 

Model based on the evolution of the least evolved 
Lava pile trachyte 26Lt2. Three model trends are shown 
corresponding to 0, 1 and 2 wt.% H20. Percentage 
crystallisation values required for Longonot trends 
are also shown for 0% H20. 
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Not all of the major elements are well modelled by the MELTS program. This may 

reflect the inability of MELTS to constrain amphibole compositions using a 

thermodynamic approach. In Figure 3.29 (p.142) under all conditions the CaO and MgO 

content of the magma increases whereas Longonot samples show a systematic decrease 

in these elements with increasing fractional crystallisation. The amphiboles crystallising 

in the Longonot trachyte contain Mg and the clinopyroxenes contain Ca (see Appendix 

2). Losses of Ca and Mg may be attributed to crystallisation of such phases, as was 

demonstrated for Cao in Figure 3.25b in which clinopyroxene controls the Cao budget. 

Under the inferrred anhydrous conditions from the MELTS modelling amphiboles would 

have to be of the fluoride (F) form, which is consistent with amphibole analyses from 

Longonot cumulate nodules (Fortey et al., 1986). The P20 5 abundance of the Longonot 

samples is relatively constant, falling from 0.1 wt% at lower FeO(T) abudances to ~0.05 

wt%, which contrasts with the MELTS model where under all conditions modelled the 

P20 5 abundance increases with fractionation. In chapter 2 syenite xenoliths from 

Longonot were shown to contain small ( < 20 µm) crystals of apatite and a host of other 

REE and U rich phosphatic phases. The small size of these crystals made precise 

identification impossible with the SEM system available although it did allow the 

significant elements to be identified (see chapter 2 for details). The P20 5 budget of the 

magma is probably buffered by the formation of these minerals resulting in the relatively 

constant value at Longonot. The saturation of P20 5 in intermediate composition magmas 

is well documented (Green and Watson, 1982) and shows that saturation is reached at 

relatively low abundances ( <0.2 wt%) that are in good agreement with the abundances 

recorded at Longonot. MELTS is capable of modelling the crystallisation of apatite under 

normal hydrous magmatic systems, but under the relatively anhydrous conditions 

modelled but with abundant halogens at Longonot, as shown in Figure 3.15, the apatite 

that crystallises may be of the fluor-apatite form for which there is little documented 
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experimental data. The FeO(T) - N a2O variation of Longonot trachytes define a broad 

scatter between the anhydrous and 1 % H20 model trends which may, inpart, relate to 

small changes in the volatile content of the magma during differentiation. 

The anhydrous model of crystallisation of the Longonot trachyte can also be used to 

constrain other physical and compositional parameters in the magma. In Figure 3.30 

(p.143) a variety of parameters are shown as a function of the total percentage 

crystallisation under anhydrous conditions. The progressive increase in FeO(T) 

abundance contrasts with the SiO2 content that barely changes until the system has 

crystallised by more than 40% (the maximum amount of crystallisation calculated by 

MELTS for Longonot trachytes). This in good agreement with the Longonot data set in 

which SiO2 varies by less than 1 % throughout the succession. 

The liquidus temperature for 26Lt2 is reached at 1094 °C and this temperature falls to 

1080 °C at 1 wt.% H2O and 1070 °C at 2 wt% H2O. Under anhydrous conditions large 

degrees of crystallisation require only a slight decrease in temperature, and 50% of the 

magma has crystallised after a temperature drop of only 20 °C. This is consistent with the 

pseudo-eutectic composition of the trachytes discussed previously. By contrast, the 

change in temperature required for the same amount of crystallisation in hydrous magmas 

(not plotted) is far greater, at 1 % H2O a temperature fall of 100 °C is required, at 2% H2O 

an even greater fall of 160 °C is needed for 50% crystallisation. 

Despite the changes in the composition and decreasing temperature, there is little change 

in the density of the magma until fractionation exceeds 40%. From this it is infen-ed that 

changes in the abundance of the heavier elements such as iron are compensated by 

increases of the lighter elements such as Na. This may have important implications for 
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Figure 3.29 MEL TS model trends that do not correlate well with Longonot data. 
1 

0.8 

'#. 3: 0.6 

0 
C) 
~ 0.4 

0.2 

2 

~ 1.5 
0 

3: 
0 1 rn 
(.) 

0.5 

0.25 ......,_----,ji----+---+--_...---+---1 

0 2 4 6 8 10 12 
FeO(T) wt.% 

□ Longonot data 
• Primitive trachyte 26Lf 

0.2 

'#, 0.15 
3: 
o"' 
a.."' 0.1 

0.05 

~ [0%] 

0-t----i---+---,.__---1----1-----1 

'#. 
3: 
0 

"' rn z 

9 

8 

7 

6 

5 

□ B 
~ 

4 ....... _ __. __ --&,... __ ,.___-+---1-----1 

0 2 4 6 

FeO(T) wt.% 

Model trends form the MEL TS program 
correspong to 0, 1 and 2 wt.% H20 

8 10 12 



Figure 3.30 MELTS modelling of variations in 
FeO(T), SiO2, density, temperature and viscosity. 

Based on the crystallisation of sample 26Lt2 at 0% H2O. 
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models of magma chamber convection or zonation which often rely on fractionation 

driven changes in density to segregate the magma (Sparks et al., 1984; Turner and 

Campbell, 1986). 

MELTS calculates that the composition of the crystallising minerals and predicts 

compositions of feldspar should range from Ab53_3,An5.4,Or41.3 to Ab55.5,An5.5,Or39. These 

values contrast with the range of feldspar compositions at Longonot (Ab61.7,An2.1,Or36.2 

to Ab65.4,An0.6,Or34) as shown in Figure 3.31 (p.145). Whilst there is good general 

agreement between the model and real data, the model is somewhat offset to more 

potassic compositions. This may reflect the incorporation of potassium into amphibole as 

discussed previously (Figure 3.25). 

3 .9 .5 Discussion of Trace Element Variations at Longonot 

In contrast to the restricted range of major element abundances, the Longonot trachytes 

display a broad range of trace element concentrations. Trachytes from the caldera 

pyroclastics and the lava pile both exhibit the same general trace element patterns such as 

positive linear correlations between Th and Y, Nb and U and low abundances of Ba and 

Sr, especially at high Th levels. From this it can be concluded that Th, Zr, Y, Nb and U 

are incompatible elements in the trachyte whereas Ba and Sr are compatible. As observed 

for the major elements, the difference between the caldera pyroclastic and the lava pile 

trachytes is not in the range of trace element abundances but in their relationship to 

stratigraphy. The lava pile is characterised by progressive changes in composition 

between eruptions (Figure 3.8) whereas the caldera pyroclastics randomly vary in 

composition between beds, but within individual beds there is systematic compositional 

zonation (Figure 3.11). The similarity in composition between the caldera pyroclastics 
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and the lava pile trachytes indicates that the processes of differentiation operating during 

these two episodes of magmatism were probably very similar. 

The zonation of trace elements within individual pumice beds of the caldera pyroclastics 

has been interpreted as resulting from a single magma splitting into two or more double

diffusive cells (Scott, pers. comm.), a mechanisms discussed in Chapter 1. The increased 

abundance of incompatible elements, such as Zr, in the lower levels of the bed have been 

interpreted as more evolved trachyte magma that ascended to the top of the magma 

chamber and was therefore the first part of the magma to erupt (Scott, pers. comm.). It is 

worth noting, however, that the MELTS modelling of Longonot trachytes disscussed 

previously showed that evolution of trachyte does not neccessarily lead to significant 

changes in physical parameters such as temperature and density, essential for the 

establishment of double-diffusive cells. 

The main lava pile trachyte comprises two magmas that have similar, but independent, 

fractional crystallisation trends (Figure 3.13). For the two types of trachyte to be 

identifiable in terms of trace element abundances they presumably could not have 

interacted significantly before eruption. The simplest scenario to explain such an 

observation is that Longonot did not have one but two trachyte batches that retained 

separate identities beneath the volcano. This could have been achieved if there were two 

magma chambers, or if physical differences in the magma (temperature, density etc.) kept 

the magmas separated within a single chamber. Both sequences of flows combine to form 

a single volcanic cone and so it seems likely that they shared the same near-surface 

conduit and vent. 
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The large variation in Ba abundance in the main trachyte (without the new sub-group of 

six samples) makes it possible to quantify the level of fractionation that this magma 

underwent whilst producing the lava pile flows (Figure 3.32 p.148). The model 

fractionation curve is governed by the ~ values ascribed to the crystallising phases. 

A bulk partition coefficient of D8
a mineral-glass = 8 is based on visual interpretation of best 

fit through the data array and a previous ion probe investigation of a single Longonot 

sanidine crystal (Scott, pers. comm.) where Kd83 
sanidine-glass = 8.84. Such values are also 

in close agreement with partiton coefficient data presented later, in Chapter 4, in which 

mineral-glass separates for a lava pile sample (28Lt2) gives Kd83 
sanidine-glass = 11.2 which 

at ~80% sanidine in the crystallising assemblage gives a bulk partition coefficient of D83 

= 8.9. A somewhat higher value of Kd83 
sanidine-glass = 17 was determined for an LT 

sanidine-glass pair (see Chapter 4) which will be considered in more detail later. Earlier 

in this chapter a value of Kd8
\anidine-gtass = 25 was determined. To derive a bulk partiton 

coefficent of 8 from sanidine with a mineral parititon coefficient of 25 would require the 

crystallising assemblage to comprise only 32% sanidine (assuming all other mineral are 

incompatible with respect to Ba) which. is inconsistent with major element modelling and 

petrographic observations, and implies that the measured partition coefficient may be 

larger than for bulk - rock compositions due to kinetic effects close to the phenocryst. 

Close to the mineral-magma interface the liquid that later crystallised to form the glass 

may have become depleted in compatible elements resulting in an anomalously high 

partition coefficient in the phenocryst. A more extensive analysis of the glass may have 

yielded a partition coefficient that is closer to that indicated by the fractional 

crystallisation model. 
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Figure 3.32 Fractional crystallisation of the lava pile trachytes. 

Fractionational crystallisation model% 
Ba ppm 0 10 20 30 40 50 

1000 I I I I 

200 
Cl 
.Q 

...... E 

.j:>. a. 
00 a. 

ro 
al 10 100 

2 
10 Th ppm log 30 

□ Main sequence 0 
10 15 20 25 

[R] Trachyte sub-group 
Th ppm 



A bulk partition coefficient of D Th mineral-glass = 0 is assumed, which is somewhat of an 

over simplification. However, given the large Kdsanidine-glass value for Ba and the almost 

perfectly incompatible behaviour of Th in sanidine (refer to table 3.1) and in mafic 

phases such as clinopyroxene (Rollinson, 1990), the small D values often given to Th in 

such modelling (typically D Th mineral--melt = 0.01) would have negligible effect on the 

calculated trend_. The modal proportions of crystallising phases is approximated by the 

major element modelling which suggest an assemblage of ~80% sanidine and 20% mafic 

phases such as clinopyroxene and amphibole. Results indicate that between the most 

'primitive' Longonot trachyte (26Lt2) and the samples with the highest Th content, 50% 

fractional crystallisation has taken place. The Th abundances of the Longonot trachytes 

increase through the eruption sequence as the Ba abundance falls. Such variation is 

consistent with the evolution of a magma batch under closed-system conditions. A 

problem with the model is that when D8a = 8, 50% fractional crystallisation accounts for 

the same amount of Th as in the most evolved sample but this should also reduce the Ba 

abundance from 198 ppm to 2.7 ppm, slightly lower than the lowest levels recorded by 2 

ppm. A second fractional crystallisation model using Sr abundances yields a very similar 

degree of fractionation when Dsr = 5 which is broadly consistent with Kd Sr sanidine-glass = 

2.9 and small partition coefficients of Sr into the other phenocryst phases such as Kd Sr 

clinopyroxene-glass = 0.5 and Kd Sr amphibole-glass = 0.02 (Rollinson, 1990 after Pearce and Norry, 

1979). 

On a log Th-Ba diagram (Figure 3.12b) the sub-group of trachytes erupted during the 

main lava pile stage form a parallel array to the majority of trachytes erupted over the 

same period indicating that they are also a fractional crystallisation trend in which the 

bulk partition coefficient is the same as for the main trachyte. 15% fractional 
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crystallisation is required to derive the most evolved trachyte of the sub-group (24Lt2) 

from the least evolved sample (5Lt2). 

3.9.6 Interpretation of Rare Earth Element Trends at Longonot 

The Longonot trachytes and mixed lavas produce relatively flat lying_ chondrite 

normalised REE atrays (Figure 3.16). The origin of the trachytes through partial melting 

or fractional crystallisation will be considered in more detail later, however, on the basis 

of these profiles, garnet can be precluded from any subsequent modelling as it 

significantly fractionates the light and heavy REE. 

One of the most important REE as an indicator of magma chamber processes and 

conditions at Longonot is Eu, which forms a distinct anomaly relative to the other REE. 

The Eu anomaly results from the Eu cation existing in two different valencies under 

normal magmatic conditions of temperature and fugacity. The Eu2+ ion is more 

compatible than the Eu3+ ion in many magmatic minerals, including feldspar (Rollinson, 

1990) leading to higher partition coefficients during fractional crystallisation compared 

with the other REE. It is possible to model the behaviour of Eu if it were purely in the 

Eu3+ state by comparison with the abundances of Sm and Gd. In Figure 3.33 (p.151) Sm 

and Gd are modelled relative to Th using the most primitive lava pile sample (26Lt2) as 

the starting point. It can be seen that the bulk partition coefficients Dsrn and Dact must be 

very close to 0, which is in good agreement with the ion probe results described 

previously. The calculated degree of fractionational crystallisation neccessary to include 

all of the main trachyte samples is just below 50% which is in good agreement with 

major and trace element models of crystallisation. 
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Figure 3.33 Fractional crystallisation 
modelling of REE in the main lava pile trachyte Lt2 
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The behaviour of Eu as a purely Eu2
+ ion can be inferred from the D value of Sr, which 

has an ionic radius virtually identical to that of Eu2
+. Previously, fractional crystallisation 

modelling of the main lava pile trachyte gave a best fit trend in which Dsr = 5. The effect 

of changing D values on the abundance of Eu is shown in Figure 3.34a (p.155) in which a 

series of fractional crystallisation trends of Eu relative to Th are plotted in which ~u is 

varied. Each trend is based on a simple Rayleigh fractional crystallisation model in which 

DTh is 0. The data for the main lava pile trachyte and the caldera pyroclastics are shown 

for comparison. Samples form the main lava pile trachyte lie within a narrow band of ~u 

values from 0.55 to 0.7 whereas the caldera pyroclastics form a more diffuse array with 

lower Eu abundance. 

Using the bulk D values of Eu (0.65) and its infered Das a Eu3+ ion of 0 it is possible to 

calculate the Eu2+/Eu3+ ratio of the magma that formed the main lava pile trachyte. 

D(bulk) = xDEu2+ + (l-x)DEu3+ [3.1] 

x = mole fraction of Eu2
+, so that 

x/(1-x) = Eu2+/Eu3+ [3.2] 

D(effective) = xDEu2++ (l-x)DEu3+ [3.3] 

but as DEu3+ = 0 

and DEu2+ = DSr2+ = 5 , 

then D(effective) = xDEu2
+ = 0.65 
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so that, mole fraction Eu2+ = 0.65/5 = 0.13 [3.4] 

and mole fraction Eu3+ = 1 - 0.13 = 0.87 [3.5] 

Magma Eu2+/Eu3+ = 0.13/0.87 = 0.15 [3.6] 

Thus despite the large negative anomaly the magma was not completely reducing. The 

Eu2+/Eu3+ ratio is primarily a function of the oxygen fugacity (fO2) of the magma but it 

can also be affected by temperature and the abundance of alkalis (Philpotts, 1970; Drake, 

1975). Attempts have been made in the past to calculate the oxygen fugacity of a magma 

from the Eu2+/Eu3+ ratio (Drake, 1975) but this requires an extensive empirical data set of 

experimental data for mineral-melt pairs which, unfortuntely, has not been calculated for 

sanidine. It is, however, possible to conclude that because of the restricted range in D 

values neccessary to encompass all of the main lava pile trachytes there cannot have been 

any significant changes in the redox state of the magma chamber during the 50% 

fractional crystallisation that the main lava pile trachyte experienced. This is consistent 

with a model of closed-system fractional crystallisation for the evolution of the lava pile 

trachytes. The predominance of Eu3+ in the main lava pile trachytes is consistent with 

oxidation of the magma by the abundant halogens such as F. The Eu/Eu* of caldera 

pyroclastic samples is lower than for lava pile trachytes (Figure 3 .17), indicating that the 

magma may have been more reducing during the caldera pyroclastic period, the greater 

range of values may result from a more variable redox state in the magma chamber. 

Alternatively the difference in Eu anomalies could reflect differences in the formation of 

the different trachytes magma batches. In Figure 3.34b (p.155) Eu/Eu* is shown as a 

function of Pb isotope ratios. The caldera pyroclastic and lava pile samples define two 

discrete clusters. If ,as shall be discussed later, the differencesin Pb isotopes reflect subtle 
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shifts in the source composition then the differnces in Eu anomly may reflect minor shifts 

in the processes that lead to trachyte formation. For example, during partial melting 

greater Eu anomlies can be created through the retention of residual plagioclase in the 

source region. 

It has previously been observed that, despite extensive fractional crystallisation, the P20 5 

abundance of the main lava pile trachytes remains relatively constant. This has been 

interpreted as the system being saturated in P20 5 leading to apatite crystallisation. P20 5 

saturation, whilst still at a low abundances has been experimentally determined for silicic 

melts in which apatite begins to crystallise at abundances as low as 0.1 wt% (Green and 

Watson, 1982). The role of apatite crystallisation can be evaluated using the REE, as 

apatite preferentially partitions the middle REE, such as Tb. Figure 3.35 (p.156) plots 

La/Yb vs. Tb/Yb for the main lava pile trachyte (Lt2). The main lava pile trachytes 

exhibit significant variation in Tb/Yb whilst the La/Yb ratio changes very little. A 

fractional crystallisation model is presented in which the modal mineral proportions are 

the same as those calculated for the major elements in Figure 3.32 but with the addition 

of small amounts of apatite, as indicated on the diagram. Due to the lack of published 

partition coefficients for peralkaline trachytes the values used are for dacitic magma 

(Rollinson, 1990). The Tb/Yb ratio decreases from the earliest, least differentiated, 

trachytes to the most evolved samples, which is consistent with apatite fractional 

crystallisation. Fractional crystallisation modelling that includes 0.1 % and 0.01 % apatite 

can both generate the observed range in Tb/Yb ratios although as the apatite content 

increases so the amount of fractional crystallisation required decreases. The model of 

0.01 % apatite is therefore a closer approximation to the real modal proportion as it 

requires 40% fractional crystallisation as opposed to 30% implied by 0.1 % apatite ( other 

traces indicate ~50% fractional crystallisation between the lava pile trachytes). 
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3.9.7 Th - U Fractionation in Longonot Trachytes 

In Chapter 4 the fractionation of Th and U will be used to constrain the timescales of 

magmatic processes. In Figure 3.14 it was demonstrated that the Th/U of Longonot 

trachytes is not constant but varies randomly in the caldera pyroclastics and lava pile. 

Furthermore there is no correlation of Th/U with Pb isotope ratios, as shown in Figure 

3.36 (p.158). Therefore, U-Th fractionation within the trachytes cannot have resulted 

from any progressive process of differentiation that affected the entire magma batch. 

In order to identify the nature of U-Th fractionation it is first necessary to identify which 

element, U or Th, is being lost or gained from the magma. Both U and Th define linear 

arrays when plotted relative to one another (Figure 3.12) but the variation is greater than 

analytical uncertainty. In Figure 3.37 (p.159) the abundance of U and Th are plotted 

relative to Zr. Both trends pass through the origin but the scatter on the Zr-U trend 

(MSWD 232) is far greater than for Zr-Th (MSWD 2.9). It therefore seems likely that U

Th fractionation is due to changes in the abundance of U, which may fractionate in the 

system either through the crystallisation of a U bearing phase, be lost or gained by fluid 

transfer, or gained through assimilation. Differentiation of the Longonot trachytes is 

dominated by the crystallisation of sanidine. Partition coefficients are low for both U and 

Th in sanidine, indistinguishable from analytical noise (Table 3.1). It is therefore 

considered unlikely that sanidine crystallisation has any significant effect on the Th/U 

ratio at Longonot. Other phenocryst phases such as pyroxene and amphibole also have 

average Kd u crystal-melt values that are very low, typically less than 0.05 (Rollinson 1990), 

and whilst little is known of partition coefficients in these minerals in peralkaline rocks it 

is unlikely that they greatly exceed these exceptionally low values. 
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Apatite occurs as a minor phases in the crystallsing assemblage and is known to 

fractionate Th and U (Bea et al., 1996). Published analyses of partiton coefficients of U 

and Th in apatite vary considerably from 1.8 to 43.7 for U and from 1.6 to 41 for Th 

(Luhr et al., 1984; Mahood and Stimac, 1990; Bea et al., 1996). These published 

analyses show that whilst the partition coefficients of Th and U in apatite are variable 

they do tend to be similar within a single c1ystal, for example,Kdapatite-meltu 43.7 and Kd 

apatite-meltTh 41.0 (Bea et al., 1996) compared to Kdapatite-meltu 2.6 and Kd apatite-meltTh 1.6 

(Mahood and Stimac, 1990). At Longonot Th is perfectly incompatible whilst U is not 

and this is not characteristic of apatite .. In Figure 3.38 (p.161) Th/U is plotted against 

TbNb which can be used as an index of apatite fractional crystallisation. The poor 

correlation supports the model that Th/U fractionation is not solely governed by the 

fractional crystallisation of apatite. 

The mobilisation of U by fluid interaction with the magma is considered unlikely as the 

Longonot trachyte underwent fractional crystallisation in a closed-system whereas fluid 

interaction would possibly lead to the exchange of other fluid mobile elements such as 

the alkalis. Furthermore, given the relatively high abundance of U in the Longonot 

trachytes the amount of water with which the trachyte would have to interact would be 

vary large in order to achieve an appreciable decrease in U. Assimilation of U from 

country rocks is also considered unlikely as trace elements indicate that the lava pile 

trachyte underwent fractional crystallised in closed-system. The random nature of Th/U 

fractionation also precludes a progressive contamination of the magma. Th/U 

fractionation may result from the crystallisation of the minor phases such as the U

phosphates observed in the syenite xenolith (50synLp5
) of the caldera pyroclastics, as 

discussed in Chapter 2, that represent the composition of the cumulate minerals. 
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3.9.8 Interpretation of Isotopic Variations at Longonot 

Given the small range in Pb isotope ratios it is important to distinguish 'true' 

geochemical variation from analytical unce1tainity resulting from mass fractionation. 

Unlike systems such as 87Sr/86Sr there is no non-radiogenic isotope of Pb to which mass 

fractionation corrections can be applied. Samples are corrected to their true value by 

repeat analysis of a Pb isotope standards (NBS 981). For full details refer to Appendix 1. 

Differences in the mass fractionation behaviour of the samples and the standard can 

potentially lead to greater uncertainty in the results than implied by the analytical 

uncertainty alone. The effects of mass fractionation can be modelled for the Longonot 

trachytes, as shown in Figure 3.39a (p.166). This trend is very similar to that of the main 

lava pile trahcytes. It is therefore possible that some of this variation could be attributed 

to mass fractionation. 

There are, however, indications that the LT2 array is, at least in part, a true geochemical 

range. Firstly, repeat analyses of the same samples from either end of the array are 

reproducible to an uncertainity that is less than the overall range of values (Table 3.2) 

Table 3.2 Reproducibility of Pb isotope ratios in Longonot samples 

Sample 206Pbf204Pb 201Pbf204Pb zosPb;2o4Pb 

20Lt2 19.68 +/- 2 15.73 +/-2 39.60 +/- 3 

20Lt2 19.68 +/- 2 15.75 +/- 3 39.61 +/- 3 

20Lt2 19.69 +/- 3 15.74 +/- 3 39.60 +/-4 

15Lt2 19.63 +/- 2 15.66 +/-2 39.39 +/-4 

15Lt2 19.63 +/- 2 15.65 +/-2 39.38 +/-4 
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Secondly, there is also variation in the 143Nd/144Nd values for the Longonot trachytes. Nd 

isotopes are less prone to mass fractionation than Pb. Furthermore, there is a possible 

positive correlation between the most radiogenic Pb and Nd isotope ratios (Figure 3.22). 

There is also an indication of a trend of more radiogenic Pb isotope ratios correlating 

with Eu anomalies (Figure 3.34). Finally, the trend of the Longonot trachytes is 

convergent with the trend of the Olkaria comendites (from Davies and MacDonald, 

1987). Given the close proximity of these two volcanic centres to one another magmatic 

interaction is a distinct possibility. 

Within the limits of conventional TIMS analysis of Pb isotopes it is impossible to 

unequivocably distinguish analytical uncertainty from geochemical variation in the 

Longonot trachytes. Here, it is assumed that all variation is real to indicate the maximum 

amount of interaction required to achieve the range in isotope ratios within the trachyte. 

All of the Longonot trachytes have very similar Pb and Nd isotope ratios which, like the 

ranges of major and trace elements, indicates that the petrogenetic evolution of all 

Longonot trachyte magmas was very similar. The small range of isotope ratios for lava 

pile trachytes (Figure 3.19) is broadly consistent with fractional crystallisation in a 

closed-system, whereas the greater range of isotope ratios in caldera pyroclastic samples 

indicates that during this period of activity there was a greater complexity in the source 

of the magmas. 

The range of Pb and Nd isotope ratios of the main lava pile trachyte do not correlate with 

either stratigraphy (Figure 3.19) or an index of differentiation such as Th (Figure 3.20). 

These differences cannot, therefore, be attributed to any progressive contamination 

during the period of fractional crystallisation. Neither do the two trachyte magmas of the 
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lava pile differ significantly in Pb-Nd isotope ratios. Such a non-systematic variation in 

isotope ratios could have resulted from a very slightly heterogeneous magma or through 

the contamination of individual flows after differentiation, possibly during eruption. The 

first process would require that the magma did not homogenise during the period of 

fractional crystallisation whilst the second process would require small amounts of 

contamination without leaving other indicators such as xenoliths. 

The array of the main lava pile trachyte Pb isotope ratios is colinear with the array of the 

Olkaria comendites (Davies and MacDonald, 1987) indicating these two magmas may 

have mixed. In order to evaluate the amount of mixing it is first necessary to identify 

'end-member' compositions. The Longonot trachyte sample with the lowest 207Pbt2°4Pb 

ratio is also the least evolved lava 26Lt2• The highest 207Pbt2°4Pb sample from Olkaria 

also has the most extreme Pb abundance (sample 583, 54 ppm Pb). The non-systematic 

changes in the Pb and Nd isotope ratios of the Longonot lava pile preclude mixing at the 

same time as fractionation and so the two processes can be modelled independently. The 

results of a simple binary mix are shown in Figure 3.39b (p.166) and, assuming that all 

variation was 'true' geochemical variation, show that even the most extreme samples in 

the Longonot rurny are contaminated by less than 10% comendite whilst the majority of 

samples fall well below the 5% mixing level. Fractionation of the Longonot trachyte 

would slightly increase the proportion of comendite necessary to generate the array but 

even in the most extreme cases this does not exceed 15%. The amount of contamination 

is confirmed by introducing the Nd isotopic signature (expressed as eNd) as in Figure 

3.39c. The two end point compositions remain the same but it is important to note that 

the most primitive Longonot sample does not have the highest eNd value. Using a higher 

eNd value would affect the overall slope of the mixing array but does not significantly 

alter the proportion of mixing members identified. The trend of mixing given by the eNd-
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207Pb/204Pb diagram (Figure 3.24) is less clear than for Figure 3.39b but once again the 

model indicates less than 10% comendite in all of the lava pile trachytes and often well 

below 5%. 

Pb and Nd isotope ratios show that the main lava pile trachyte may not have always been 

a closed-system, but that at a different time from the period of fractional crystallisation, 

up to 10% mixing with comendite may have taken place. Pb isotope ratios cannot 

distinguish mixing with comenditic magma from assimilation with the crustal rocks from 

which the comendites are derived. However, the absence of xenoliths in the trachyte 

suggests the former model to be more likely. The higher 207Pbt2°4Pb and negative c:Nd 

values of the Olkaria comendite have previously been inferred as evidence for melting of 

the crust to produce these high silica melts, and that the difference in the ratios indicated 

that the comendites comprised several magma batches. However, given the range of 

isotope ratios in the lava pile trachyte, which is thought to have evolved in an otherwise 

closed-system, brings into doubt such a detailed subdivision. 
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Figure 3.39 Mixing line between Longonot 
lava pile main trachyte and Olkaria comendite. 

a) Mass fractionation 

15.71 [ 

15.68 .• 

15.65------➔------
19.62 19.66 19.70 

2osPb/204Pb 

b) Pb-Pb mixing 

Mass fractionation 

R = Rm (1 + (F Am}} 

R = true isotope ratio 
Rm = measured isotope ratio 
F = fractionation factor 

per atomic mass unit 
Dm = mass difference 

between the two isotopes 

15.9 T"""-----------------~ 
D Longonot lava pile 

main trachyte Lf 

15.85 * Olkaria comendite 
after Davies & MacDonald 1987 

15.8 
[ill % comendite in trachyte 

\ 15.75 
a.. 
~ 

15.7 

15.65 

15.6 
19.5 19.55 19.6 19.65 19.7 19.75 19.8 19.85 19.9 

206Pbf04Pb 

3 
c) Pb-Nd mixing 

2 

1 

0 

-1 

-2 

"'O 
-3 

z 
-4 (/J 

-5 

** -6 

-7 
15.65 15.7 15.75 15.8 15.85 15.9 

201Pb/204Pb 

166 



3.9.9 The Influence of Fluorine on the Evolution of the Lava Pile 

The earliest flows in the main trachyte sequence of the lava pile probably had a low 

initial viscosity as they extend for up to 8 km from the vent. By contrast, the later flows 

of equivalent volume (Scott, pers. comm.) are more bulbous, often having flowed for less 

than a kilometre and were therefore probably more viscous. This change in viscosity is 

not coupled with any significant changes in the abundances of network forming elements, 

in particular silicon which has been shown to vary very little in the succession. Nor is it 

likely that the magma had experienced significant changes in temperature, as revealed by 

the MELTS modelling. The change to more viscous flows could therefore be related to 

the decline in F (and by inference the other halogens). Fas the Fanion within a magma 

acts as a network modifier inhibiting the formation of silcate bonds and lowering 

viscosity (Philpotts 1980; Dingwell and Mysen, 1985; Stolper et al., 1987; Dingwell, 

1989; Lange, 1992). 

3.9.10 Summary of Differentiation Processes in the Longonot Trachytes 

The primary mechanism of differentiation at Longonot is fractional crystallisation. Major 

and trace element modelling of the main lava pile trachyte indicate that 50% closed

system fractional crystallisation can account for the range of abundances recorded. The 

conelation of major and trace elements to stratigraphy suggests that this differentiation 

took place during the period of eruptions, each eruption sampling the next stage in 

differentiation. Petrographic observation and major element modelling has demonstrated 

that the crystallising assemblage is dominated by sanidine, around 80%, with sub

ordinate clinopyroxene and amphibole. Small amounts of apatite in the mineral 
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assemblage ( <0.1 % ) can account for the constant P20 5 and this is supported by changes 

in the Tb/Yb ratio between the least and most evolved samples. 

There are, however, several complications to this otherwise simple scenario. As 

mentioned previously there is evidence for two magmas coexisting during the period of 

lava pile eruptions which indicates that the sub-volcanic reservoir is more complex than a 

single convecting magma chamber. The sub-group of trachytes is very similar to the main 

sequence and probably underwent ~ 15% fractional crystallisation involving the same 

modal proportion of minerals with similar partition coefficients. This is further supported 

by heterogeneities in the Pb-Nd isotope ratios of the lava pile that could not be 

maintained in a perfectly mixed system. 

Given the similarity in major and trace element compostions of the lava pile and caldera 

pyroclastics it is reasonable to assume that differentiation of the caldera pyroclastic 

trachytes was also dominated by closed-systems fractional crystallisation but punctuated 

by periods of eruption and magma chamber recharge. 
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3.10 Determining the Origin of Longonot Trachytes 

3.10.1 The Origin of Evolved Kenyan Magmatism 

In Chapter 2 the composition of magmas that have erupted in the Gregory Rift since the 

Miocene were discussed. They range from relatively primitive alkali basalts through to 

trachytes, phonolites, pantellerites and comendites. Many volcanic centres are 

characterised by one dominant composition; for example, Longonot comprises almost 

exclusively trachyte whilst Olkaria has mostly erupted comendite. Two general models 

exist for the origin of the evolved magmas. They could either be derived by fractional 

crystallisation of a parental mafic magma or result from partial melting. Both models 

have been applied to different volcanic centres within the Gregory Rift, as outlined 

below. 

Despite the paucity of rocks with intermediate compositions in the Gregory Rift, 

evolution of silicic rocks as a result of fractional crystallisation of a parental alkali basalt 

has many advocates. A complete suite of samples spanning the composition from alkali 

basalt to trachyte have been sampled from the southern section of the Gregory Rift. 

Simple models indicate that fractional crystallisation from basalt to benmoreite required 

the crystallisation of plagioclase, clinopyroxene, olivine, apatite and titanomagnetite and 

the fractional crystallisation from benmoreite to trachyte required alkali feldspar 

crystallisation (Baker et al., 1977). The relative absence of intermediate compositions, 

the so-called 'Daly gap' is attributed to magmas reaching a viscosity maximum at 

benmoreite which, as a consequence, are preferentially retained within the crust. The 

parent alkali basalt must undergo 97% fractional crystallisation to derive the most 
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evolved 'plateau trachyte' composition. Evidence for intermediate compositions retained 

within the crust comes from anorthoclase-phyric benmoreite blebs entrained in trachyte 

pumices (Jones, 1979) from Kilombe volcano. Nodules of dolerite erupted within a 

basalt-trachyte suite of lavas from Silali volcano have also been cited as evidence for 

protracted fractional crystallisation of alkali basalt within the crust (MacDonald, 1987; 

MacDonald et al., 1995). At Silali volcano the relative absence of intermediate 

compositions are attributed to the benmoreite stage of crystallisation occurring over a 

narrow temperature range, spanned in a relatively sh01t period of time (MacDonald et al., 

1995). Proponents of fractional crystallisation have cited the fractional crystallisation that 

is clearly evident in trachyte lava sequences such as at Longonot (Scott, 1980 and this 

thesis), Menengai (Leat et al., 1984) and Emuruangogolak (MacDonald, 1987) as 

evidence of continued fractional crystallisation within the crust (Sceal and Weaver, 1971; 

Baker, 1977, 1987). 

There is, however, evidence from several locations within the Gregory Rift that evolved 

compositions can be derived by partial melting. The comendites of Olkaria and 

pantellerites of Eburru, have been modelled as the products of crustal anatexis, involving 

halogen fluxed melting (Bailey and MacDonald, 1970; Davies and MacDonald, 1987; 

MacDonald, 1987; MacDonald et al., 1987; Black, 1994; Black et al., 1997; Wilding et 

al., 1993). Differences in Pb and Nd isotope ratios of Olkaria comendites and basalts (see 

Figure 3.21) support the conclusion that Olkaria basalts and comendites are not 

co genetic. 

The most extensive study to evaluate partial melting and fractional crystallisation has 

been on the plateau-type flood phonolites erupted during the Miocene in the southern 

sector of the Gregory Rift (Hay and Wendlandt, 1995; Hay et al., 1995). A combination 
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of experimental petrology, major and trace element modelling and Pb-Nd isotope ratios 

led them to conclude that the phonolites could either be derived through 15% partial 

melting of mantle derived alkali basalt in the mid or lower crust (0. 7 GPa), retaining 

augite, andesine, titanomagnetite and olivine in the source, or through 85% fractional 

crystallisation of the same alkali basalt. Whilst both mechanisms are plausible, the 

extensive volume of phonolites erupted during the Miocene and the relative absence of 

contemporaneous basalts lead the authors to preclude an origin by fractional 

crystallisation. 

It is highly probably that the diversity in compositions of magmas in the Gregory Rift 

result from several different processes of melting and differentiation. This section uses 

geochemical data for Longonot volcano to determine the origin of the trachytes. 

3.10.2 Determining a Source Composition 

The absence of a coeval alkali basalt at Longonot introduces a problem in selecting a 

suitable starting composition from which to model fractional crystallisation and partial 

melting. Prior to modelling there are, however, several lines of evidence from which to 

make general assumptions about the parent magma or source. 

On a 206Pb!204Pb vs. 207Pb vs. 204Pb diagram (Figure 3.21) the Longonot array is anchored 

close to the NHRL which indicates a source similar to convecting mantle, a conclusion 

supported by £Nd values close to zero (Figure 3.22). The Pb-Nd isotope ratios of 

Longonot are significantly different to the isotope ratios of the Olkaria comendites which 

help to preclude any origin by partial melting of old crust such as the Pan-African 

basement. Together these characteristics indicate that partial melting or fractional 
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crystallisation of an alkali basalt as the most suitable starting composition to use in 

modelling. Longonot is located within the cratonic margin sector of the rift (Smith and 

Mosely, 1993) and so data from basalts collected from elsewhere in this sector were used 

to select a suitable starting composition. This is consistent with Figure 3.23 in which in 

was shown that the Longonot trachytes and rifted cratonic margin basalts have very 

similar Pb and Nd isotope ratios. 

Figure 3.40 (p.173) is a La/Yb vs. Tb/Yb diagram of all Longonot samples and a 

compilation of alkali basalt data from the rifted cr'!tonic margin (MacDonald and Rogers, 

pers. comm.). The rifted cratonic margin basalts plot in two fields, the majority of 

samples plot to higher La/Yb and Tb/Yb ratios than Longonot in a diffuse field whilst a 

smaller group plots at similar Tb/Yb and slightly lower La/Yb than Longonot. Melting 

and fractionation processes of an igneous protolith in the crust rarely lead to a reduction 

in La/Yb ratio (Rollinson, 1990). It is therefore unlikely that an alkali basalt with high 

La/Yb - Tb/Yb could melt or fractionate to yield the Longonot trachytes. An average 

value for the samples from the smaller field has therefore been calculated, and from 

which all other models trends are derived. These basalts range in age from 2 - 0.001 Ma 

and so could be linked to the Longonot trachytes either through partial melting or by 

fractional crystallisation. The large diffuse field of alkali basalts varies more considerably 

in age from recent to 12 Ma. Further support for using such a source composition comes 

from the mafic xenolith sample 12aLt2 which plots in a similar position, indicating the 

presence of such compositions in the Longonot area. 
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Figure 3.40 La/Yb vs. Tb/Yb for volcanic rocks of Longonot 
and alkali basalts of the East African Rift remobilised cratonic margin. 
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3 .10.3 An Origin of Longonot Trachytes by Fractional Crystallisation of Alkali Basalt? 

Fractional crystallisation modelling from alkali basalt to trachyte is based upon a single 

stage fractionation according to the equation: 

Cl/Co= F(D-I) [3.7] 

where, 

Cl = Concentration in liquid Co = Original concentration 

F = Fraction of melt D = Bulk distribution coefficient 

Fractional crystallisation mineral - liquid partition coefficents used are for basalt 

(Rollinson, 1990). A mineral assemblage was selected that should represent a basalt 

undergoing fractional crystallisation in the crust. In every model the amount of olivine 

was kept constant, at 20% whilst the proportions of clinopyroxene, plagioclase and 

apatite were varied. 

Results of fractional crystallisation models and the mineral assemblages modelled are 

shown on a La/Yb vs. Tb/Yb diagram in Figure 3.41 (p.176). In models 1 and 2 the 

proportion of clinopyroxene and plagioclase were varied. Both models can derive a 

composition almost equivalent to the least evolved lava pile trachytes through >90% 

fractional crystallisation, although in neither case does the Tb/Yb ratio increase 

sufficiently. The absolute amount of fractionation required is dependent on the 

proportion of clinopyroxene, an increase in 10% clinopyroxene decreasing the amount of 

fractionation required by ~ 10%. However, this is also coupled with a slight decrease in 

the Tb/Yb ratio. 
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The effects of apatite fractionation are shown in models 3 and 4. 1 % apatite in the 

crystallising assemblage drastically decreases the Tb/Yb ratio. The amount of apatite 

crystallising during the transition from alkali basalt to trachyte would have to be much 

smaller than 1 %, as indicated by model 4 (0.1 % apatite). At such levels of apatite the 

effect of Tb/Yb fractionation are considerably reduced producing a trend that will pass 

through the Longonot array, although somewhat lower than the initial ratio. In Figure 

3.41b the effects of fractional crystallisation are shown on a La vs. La/Yb diagram. On 

this diagram, model 2 passes through the primitive Longonot composition after 97% 

fractional c1ystallisation of alkali basalt which is relatively consistent with Figure 3.41a. 

It is therefore possible to model a fractional crystallisation trend that will derive the 

Longonot REE ratios from an alkali basalt but this is highly dependent on the phases 

modelled and the partition coefficents used. The best model presented is where the 

crystallising assemblage is is dominated by clinopyroxene (50% ). 

Problems with using published partition coefficents in modelling of this type are 

highlighted in Figure 3.42 (p.178) in which Zr/Nb is plotted against Zr abundance. There 

is considerable difference in the Zr/Nb ratio of the trachytes and the average alkali basalt 

which can only be generated by an increase in the bulk paitition coefficient of Nb by a 

factor of ten. However, despite adjusting D values to force a model line between the 

alkali basalt and trachyte the overall fractional crystallisation required is broadly 

consistent with Figures 3.40, around 97%. 
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Figure 3.41 Fractional crystallisation models to derive Longonot trachyte 
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Longonot trachytes and the average alkali basalt also have very different Th/U ratios, 

2.73 and 4.72 respectively. It is important to evaluate models of trachyte genesis for the 

Th/U ratio as this has direct implications to the origin of 238U - 230Th disequilibrium 

investigated in chapter 4. Both U and Th are highly incompatible in most mineral phases 

making such large differences in ratio difficult to achieve. Apatite is the only mineral 

phase likely to play a role in trachyte petrogenesis that can significantly fractionate U 

from Th. To increase the Th/U ratio during fractional crystallisation, U must be more 

compatible than Th in the crystallising assemblage. In Figure 3.43 (p.178) four model 

trends are presented La/Yb vs. Th/U. Three model trends are shown for 0.1 % apatite, in 

accordance with the low apatite abudance required by the REE ratios (Figure 3.40). 

Kdapatite-melt Th is kept constant and Kdapatite-melt u is increased by increments of 10. At 0.1 % 

apatite, fractional crystallisation cannot sufficiently increase the Th/U ratio. A fourth 

model trend shows how increasing the proportion of apatite in the mineral assemblage to 

0.5% can derive a model trend that reaches the most primitive trachyte Th/U ratio, but as 

shown in Figure 3.40 higher levels of apatite seriously affect the Tb/Yb ratio making 

such an assemblage unlikely. 
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Where it has been shown that Longonot trachyte trace element ratios can be derived from 

fractional crystallisation, the amount required is around 90-97%. This is in good 

agreement with models of evolution for the flood trachytes of the southern Gregory Rift, 

that have been modelled as the product of 97% fractional crystallisation of alkali basalt 

(Baker, 1977). In Hay et al., (1995) a similar model for the evolution of Kenyan flood 

phonolites was tested by considering the volumes of magma required. The Longonot 

trachytes have an erupted volume of ~30 km3 (Scott, 1980) and have undergone around 

50% fractional crystallisation (see section 3.9) which implies an approximate initial 

volume of around 60 krn3
• If the trachytes are derived by 90% fractional crystallisation of 

a parental alkali basalt then the basalt must have had an initial volume of ~600 krn3
• 

Longonot has erupted over 10 ka, therefore basalt production rate beneath Longonot 

would need to be in the order of 0.06 krn3 a-1
• This value is close to a value of 0.03 km3 a-

1 calculated by Latin et al., (1993) for the total volume of basalt production along the 

Gregory Rift. Longonot is, however, only one of 11 Quaternary volcanic centres plus 

many more minor basaltic cones most of which have been active over the last 10 

ka.Together, the total volume of magma required to derive all of these volcaniccentres 

would be >0.2 krn3 a-1
, in excess of estimates of magma production rates for Hawaii 

considered to be currently the most active volcanic area (Philpotts, 1990). Furthermore, 

geophysical imaging of the Naivasha area has not identified any large mafic reservoir 

beneath Longonot (KRISP, 1991; Green et al., 1991) It is therefore concluded that whilst 

it is possible to derive trachytes by fractional crystallisation of alkali basalts, 

discrepancies in trace element abundances and the volumetric arguments show that it is 

unlikely at Longonot. 
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3.10.4 Can Longonot Trachytes be Derived from Partial Melting of Alkali Basalt? 

An alternative mechanism for the genesis of the Longonot trachytes is by partial melting 

of an alkali basalt. There are several mechanisms of partial melting but the most likely, in 

this case, is non-modal equilibrium partial melting where the proportion of mineral 

phases that melt is disproportionate to their abundance in the source. The melt 

continually reacts and equilibrates with the crystalline residue until the moment of 

segregation (Wilson, 1990). The equation for non modal partial melting is 

where: 

Cl = 

Co = 

Do = 

p = 

Cl/Co= 1/(Do + F(l - P) [3.8] 

Concentration of an element in the melt 

Original concentration of an element in the source 

Bulk distribution coefficient of the original rock 

Bulk distribution coefficient of the phases entering the melt 

In the absence of distribution coefficient data for a peralkaline trachyte the values used in 

modelling are for a dacitic magma (Rollinson, 1990). 

A series of models are presented on a La/Yb vs. Tb/Yb diagram (Figure 3.44 p.183) in 

which an average basalt is melted under different conditions. In models 1 and 2 the 

mineral assemblage in the source remains the same but the proportion of minerals 

entering the melt is changed. Both models generate trends that pass through the field of 

Longonot data. The better fit, relative to the most primitive trachyte sample, is for model 

2, where the proportion of plagioclase entering the melt is greater. Unfortunately an 
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increase in plagioclase in the melt is also coupled with an increase in the amount of 

melting required, from 20-30% (model 1) to >50% (model 2). In model 3 the effect of 

retaining apatite in the source is investigated, even a small amount of apatite retention 

(0.5%) drastically lowers the Tb/Yb ratio of the melt and moves the array away from the 

Longonot trachyte field. 

In Figure 3.45 (p.184) the partial melting models that plot close to the Longonot array in 

Figure 3.44 (models 1 and 2) are shown on La vs. La/Yb and Zr vs. Zr/Nb diagrams. 

Neither model passes through the primitive end of the Longonot horizontal array. If the 

Longonot trachytes are derived from partial melting then the most primitive trachyte that 

has erupted does not represent the original composition of the melt. However, the La/Yb 

and Zr/Nb ratios of the main lava pile trachyte (Lt2) remain virtually constant during 

fractional crystallisation of the trachyte. Therefore, by extending the Longonot array to 

the intercept with the partial melting models indicates the amount of melting required to 

derive a suitable primitive composition. The results vary from 10-60% partial melting, 

similar to the results of the models in Figure 3.43. In models 1 and 2, the Zr abundance 

generated through initial partial melting alone are both approximately 280 ppm. 

Assuming that Zr is an incompatible element in peralkaline trachyte (Dietrich, 1968; 

Watson, 1979) the amount of fractionation required to generate the most primitive 

Longonot trachyte to erupt from the original melt is -20%. Such a model is consistent 

with the major element variation diagrams (Figure 3.7) in which the early mixed lavas 

(Lmx1
) mix from hawaiite towards are more primitve trachyte composition than has 

erupted. 

The effects of partial melting on the Th/U ratio are shown in Figure 3.46 (p.185). Three 

model trends are presented in which the assemblage of the source and the melt remains 
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constant (using model 2 with 0.5% apatite). The partition coefficients of apatite are 

varied as in Figure 3.42 to represent the range of published values. The models define a 

series of steeply curved an-ays that approach, but do not intercept, the primitive Longonot 

trachyte value. Th/U fractionation therefore results from minor residual apatite in the 

source. 

3.10.5 Summary on the Origin of Longonot Trachytes 

Two models for the petrogenesis of Longonot trachyte have been presented. Fractional 

crystallisation can derive a Longonot - type composition through >90% fractional 

crystallisation but does not adequately generate the required Zr/Nb and Th/U ratios. The 

rate of alkali basalt production required to generate the Longonot trachyte (~0.06 km3 a-1
) 

is in excess of the total basalt production rate in the entire Gregory Rift (0.03 km3 a-1
, 

Latin et al., 1993) making this mechanism unlikely for trachyte petrogenesis at Longonot. 

Paitial melting can also derive a composition similar to that of a Longonot trachyte. It has 

been demonstrated how the Zr/Nb, Th/U and La/Yb ratios can be fractionated by melting 

over a wide range of values for melt fraction, from 10-40%, especially when apatite is a 

residual phase. In order to derive the most primitive Longonot trachyte also requires 

around 20% fractional crystallisation after formation by partial melting. 

On the basis of this modelling it is concluded that the Longonot trachytes are the result of 

partial melting of an alkali basalt, rather than the product of fractional crystallisation 

although the most primitive sample probably does not reflect the original composition of 

melt, indicating that there is more extensive fractionational crystallisation of trachyte 

than is represented by the lava pile succession. 
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Figure 3.46 Partial melting model to derive Th/U ratio of Longonot trachyte 
from alkali basalt. 

Models based on model 2 parameters (Figure 3.45) with 
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3.11 The Relationship of the Caldera Pyroclastic and Lava Pile Trachytes 

The eruptions of trachyte during the caldera pyroclastic and the lava pile stages were 

clearly very different, one was dominantly explosive the other dominantly effusive, but 

the geochemical characteristics of the lavas and pumices have been shown to be similar. 

Within the narrow compositional range there are, however, a series of significant 

differences from which conclusions can be made as to the origin and nature of the two 

stages of volcanic activity at Longonot. 

The most obvious difference between the two stages is in the style of the eruptions. The 

small differences in bulk compostion cannot adequately explain such a difference 

indicating the importance of volatiles to the evolution of Longonot. From MELTS 

modelling it has been shown that the lava pile trachytes were virtually anhydrous (Figure 

3.28) and given the broad similarities on compostion this is also probably true for the 

caldera pyroclastics. The change from explosive eruptions may therefore have resulted 

from an increase in halogen abundance, decreasing the number of network forming silica 

bonds, in the lava pile stage. Alternatively the caldera pyroclastic trachytes could have 

undergone phreatomagmatic interactions with groundwater leading to explosive 

erputions without affecting the anhydrous nature of the magma although there is little 

evidence for such a processes. 

The mam difference in bulk compostion between the stages is that the caldera 

pyroclastics are offset, relative to the lava pile, to lower FeO(T) abundance (Figure 3.7) 

making them slightly more phonolitic (Figure 3.1). This is the first indiactor that the 

caldera pyroclastic and lava pile trachytes comprise distinct magma batches. 
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Likewise, trace element relationships are also broadly similar during both episodes of 

volcanism. Trace elements such as Zr, Th and U are incompatible, facilitated by the high 

halogen abundances. By contrast, Sr and Ba are compatible which is testament to the 

importance of alkali feldspar in the crystallising assemblage (modelled as ~80% of 

phenocrysts for the lava pile). 

The most signifiacnt difference between the cladera pyroclastic and lava pile trachytes is 

not in the abundance of most major and trace elements but in their relationship to 

stratigraphy. The lava pile is characterised by a progressive increase in incompatilble 

elements through successive eruptions. This sequence is interpretted as the closed-system 

fractional crystallisation (~50%) of a trachyte magma batch. Deviations from this pattern 

are attributed to a second, smaller, magma batch that coexisted during the lava pile stage 

and which was also undergoing differentiation and effusive eruptions. By contrast, each 

pumice bed of the caldera pyroclastics is compositionally distinct from previous 

eruptions and with clear compositonal zonation (Figure 3.6/3.11). The trace element 

variation within the caldera pyroclastic succession is far greater than for any individual 

pumice bed (Figure 3.5) and indicates that the caldera pyroclastic stage resulted from the 

eruption of multiple magma batches, each represented by a pumice bed. 

The rare earth element (REE) profiles for both eruptive stages are also very similar, but 

in Figure 3.40 the greater scatter in La/Yb Tb/Yb ratios for the caldera pyroclastics is, 

again, evidence for a more complex sequence of magma batches. 

Modelling of the lava pile succession indiactes an origin by partial melting of an alkali 

basalt source in a garnet free environment and the same origin for the caldera pyroclastics 

is probable. There is a suggestion that the source of the caldra pyroclastic trachytes is 
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subtely different as Pb- Nd isotope ratios of the caldera pyroclastics are offset to slightly 

more radiogenic ratios (Figure 3.21). A correlation between Pb isotope ratios and Eu 

anomlies (Figure 3.34) implies that the alkali basalt that partially melted to form the 

caldera pyroclastics underwent slightly less melting than those which formed the lava 

pile, leaving residual plagioclase in the source. An increased fraction of Eu retained by 

this plagioclase cpould have enhanced the effects of a negative Eu anomaly through 

differentiation. Such a model is also consistent with the generally higher La/Yb ratios in 

caldera pyroclastic trachytes. 

Combined major, trace and isotopic data indicate that the near-surface magma chamber 

of Longonot was a complex system. During the caldera pyrovlastic stage multiple magma 

batches differentiaited and became compositionally zoned whereas during the lava pile 

stage two magmas coexisted in independently closed-systems. The progressive increase 

in inompatible elements during the lava pile stage are modelled as ~50% fractional 

crystallisation and by inference from the caldera pyroclastics this may well have been 

achieved through compositonal zonation and the retention of increasingly evolved 

compositions at the chamber roof. Such a model will be supported using 238U - 230Th 

disequilibrium in Chapter 4. 

3.12 Discussion of Geochemical Variation in the Longonot Mixed Lavas 

The mixed lavas that erupted at the beginning and end of the lava pile succession add a 

further complication to the evolution of the Longonot magma chamber. Whilst it has not 

been possible to isolate the mafic composition, on the basis of the geochemical variation 

diagrams a series of statements can be made about the nature of mixing. 
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In Chapter 2 it was shown how mixing and eruption must have occurred over a short 

period of time, as anorthoclase rims that crystallised from the hybrid trachyte-hawaiite 

mix are not fully equilibrated with the lower temperature trachyte. Large sanidine 

xenocrysts and plagioclase in the lavas indicate that the mixing component did not 

comprise just magma but also entrained cumulate phases. 

Unlike the trachytes, the mixed lavas (Lmx1
, Lmx2

) are not peralkaline (agpaitic index 

<1, Figure 3.2) suggesting that the mafic magma, that mixed with the trachyte was 

alkaline rather than peralkaline. Major element bivariate diagrams (Figure 3.7) show that 

the two mixing arrays approach the high and low FeO(T) ends of the trachyte field. This 

shows that the trachytic component of the mixed magma was the same trachyte that 

formed the main lava pile sequence. However, the intercept composition along the 

trachyte array would be more primitive (lower FeO(T)) than any trachyte to have erupted 

which is also consistent with the paretial melting modelling discussed previously. The 

post pit crater trachytes (Lt3) align along the same array as the second mixed lava (Lmx2
) 

indicating that they too contain some of the mafic magma. It is unclear from the major 

element bivariate diagrams as to whether both mixing arrays converge towards a single 

composition, but it is possible to conclude that the mixing component contains less SiO2, 

MnO, K2O and Na2O and is more abundant in FeO(T), CaO, TiO2, and P2O5 consistent 

with the conclusion of Scott and Bailey (1984) that the mixing component contained 

hawaiite, as suggested by Figure 3.1 in which the mixed lavas trend towards the hawaiite 

field. 
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Trace element bivariate digrams show that both the Lmx1 and Lmx2 lavas converge 

towards a low Th (5 ppm), high Ba ( ~600 ppm) composition that is comparable to 

published arialyses of hawaiites from east Africa (Baker et al., 1977). The exceptionally 

high Ba abundance of the mixed lava sample 9Lmx1 cannot be attributed purely to 

mixing with hawaiite as it would require the hawaiite to contain ~6000 ppm Ba, an order 

of magnitude higher than for any published analysis. Instead, this is attributed to the 

entrainment of Ba rich alkali feldspar cumulates which is consistent with the petrography 

of the early mixed lavas outlined in Chapter 2. 

The positive Eu anomalies in the Lmx I mixed lavas provide further evidence for the 

entrainment of alkali feldspar cumulates. In section 3.9 it was demonstrated that the 

negative Eu anomlies of the trachytes are due to the partitioning of Eu2
+ into crystallising 

sanidine. This will form a cumulate more abundant in Eu than the other REE so that any 

subsequent entrainment of cumulates will greatly increase Eu relative to the other REE. 

The effect of mixing on the Eu ariomaly of the second mixed magmas is far less distinct 

and in Figure 3.17 they are hard to distinguish from the lava pile trachytes. This most 

probably results from a lower level of cumulate entrainment during the second mixing 

event and is consistent with fewer xenocrysts, as noted in Chapter 2. 

The lower F abundances in the mixed lava samples may possibly be attributed to two 

processes. The mafic magma may have a low volatile content, but assuming that the 

mixing trachyte had a similar F abundance to the most 'primitive' Lt2 sample (26Lt2
-

3130 ppm) the mixed sample 38 Lmx1 (770 ppm) would need to contain a virtually 

volatile free mafic magma. Alternatively, the mixing episode may have been associated 

with significant de-gassing of the trachyte magma. Moreover this may ultimately have 
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been an important factor in the initiation of the lava pile building episode at Longonot, 

with the shift from pyroclastic flows, with a potentially higher volatile content, to 

effusive eruptions. 

The source of the mafic magma remains uncertain. The mixed lavas, in general, have 

higher Tb/Yb ratios than the trachytes indicating a more significant role for residual 

garnet in the generation of the mafic end-member. 

Using Pb isotope ratios the mixed lavas (Lmx1
, Lmx2

) appear to define a broad mixing 

array form the lava pile trachytes to higher 207Pb/2°4Pb, possibly towards the Olkaria 

basalt field (Figure 3.21). Given that the suite of mixed lava samples reflects a range of 

compositions from almost pure trachyte to dominantly mafic material the difference in 

isotope ratios of the two magmas must be relatively small, although higher Pb and Nd 

abundancein trachyte would skew any mixing array towards more 'trachyte-like' ratios. 

In Figure 3.21 the close proximity of Longonot volcanic rocks to the NHRL suggests a 

source similar to convecting mantle. 

In conclusion, the mixed lavas are believed to comprise trachyte from the main lava pile 

trachyte (Lt2) that intermingled with a hawaiite. The hawaiite also included alkali 

feldspar phenocrysts derived from the walls of a trachyte magma chamber. The mafic 

component is similar to the trachyte in terms of REE profiles and Pb-Nd isotope ratios. 
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3.13 Summary 

A summary of the petrogenesis of the Longonot magmas is presented in Figure 3.47 

(p.195). 

1. Formation of trachyte 

The trachyte magma orignated from the partial melting of an alkali basalt within the 

crust. The melting assemblage comprised clinopyroxene and plagioclase with no residual 

garnet. The role of apatite remains uncertain as published partition coefficients cannot 

reconcile REE ratios and Th/U fractionation which suggests that other minor phases may 

play a role in the melting. The alkali basalt from which the trac;hyte is derived may have 

slight hetrogeneities in Pb-Nd isotope ratios. Partial melting most probabaly took place in 

anhydrous conditions, but with abundant halogens. Fractional crystallisation of similar 

alkali basalts may have generated the hawaiite magma that forms part of the mixed lava 

assemblage. Nearby, halogen fluxed partial melting of older crust derived the Olkaria 

comendites. 

2. Ascent 

The trachyte ascended through the crust as discrete magma batches that are similar in 

composition but upon closer inspection are compositionally distinct. During ascent the 

trachyte may have mixed with up to 10% comendite magma originating from beneath the 

adjacent Olkaria domes field, although the minor changes in Pb isotope ratio make such 

mixing almost impossible to distinguish from analytical uncertainty. Mixing of trachyte 
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and comendite may not have been complete, resulting in the magma of the main lava pile 

trachyte heterogeneous in respect to Pb - Nd isotope ratios. 

3. Storage and Differentiation 

The trachyte magmas reached neutral buoyancy in a near-surface magma reservoir that 

cannot have been deeper than -3 km in the crust as the Longonot trachytes do not contain 

quartz, which would crystallise at pressures >1 Kb (Bailey et al., 1974). The structure of 

the magma chamber may have beeen complex as at least two magma batches coexisted 

during the lava pile stage without interacting. The caldera pyroclastics comprise several 

batches of trachyte magma, differing very slightly in composition, successively 

differentiating and erupting from the magma chamber, whereas the lava pile comprises 

only two coexisting magmas. The trachytes underwent extensive closed-system fractional 

crystallisation (50% for the main lava . pile trachyte) dominated by the formation of 

sanidine phenocrysts with sub-ordinate clinopyroxene and amphibole. Discrepancies 

between the abundance of incompatible elements in the trachytes and the partial melting 

models may increase the amount of fractional crystallisation of trachytes by a further 

20%, although these primitive compositions did not erupt. Fractional crystallisation of an 

anhydrous trachyte rich in halogens led to an increase in Fe and incompatible trace 

elements such as Th, U and Zr but rapid depletion in trace elements such as Ba and Sr 

that are compatible in sanidine. There is evidence that the extensive fractional 

crystallisation lead to zonation of the magma chamber which may explain how the 

magma did not full homogenise with respsect to Pb isotope ratios. 
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The redox state during the closed-system fractional crystallisation of the trachytes was 

relatively constant whilst it is possible that conditions during the caldera pyroclastic stage 

were slightly more variable and more reducing. 

Magma mixing in the near-surface magma chamber took place on two occasions between 

trachyte magma and a hawaiite magma which had entrained mafic and silicic cumulate 

minerals. Mixing occured shortly before eruption, as there was no time for the 

mineralogy to re-equilibrate with the new hybrid magma composition. 

In Chapter 4, U-series disequilibrium will be used to give an insight into the time period 

over which these processes of differentiation occurred so that general conclusions can be 

drawn on the mechanisms operating in the Longonot magma chamber. 
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Figure 3.47 Summary of the processes of formation and 
differentiation of the Longonot magmas. 
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CHAPTER4 

238U - 230Tb - 226Ra DISEQUILIBRIA AT LONGONOT, 

THE TIMING OF MAGMATIC PROCESSES 

4.1 Introduction 

In Chapter 3 the evolution of Longonot volcano was shown to comprise a series of 

trachyte magmas originating from partial melting of alkali basalt in the crust. 

Differentiation of the trachytes in a near-surface magma chamber was mostly by closed

system fractional crystallisation. In Chapter 4 the 238U - 230Th - 226Ra disequilibrium 

techniques are used to place accurate constraints on the timescales of melting and 

differentiation. Given information on the time taken for fractionation to take place the 

mechanisms operating in the sub-volcanic magma chamber can then be evaluated. A full 

description of the 238U - 230Th - 226Ra technique can be found in Chapter 1, Dickin ( 199 5) 

and Ivanovich and Haimon (1982, 1992). 

4.2 Methods 

The activity ratios of 238U and its short lived daughter nuclides 234U, 230Th and 226Ra 

were determined along with 232Th by thermal ionisation mass spectrometry (TIMS) at the 

Open University using a Finnigan MAT 262 mass spectrometer equipped with an RPQ-Il 

deceleration lens. This system permits precision in the determination of 230Th and 226Ra 
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to within 1 % (2cr) so that subtle variations in isotope disequilibria can be distinguished. 

The full procedure for the chemical separation and analysis of U and Th isotope ratios is 

given in Appendix 1 and Turner et al. (1997). The procedure for 226Ra extraction and 

analysis is a modified version of that given by Chabeaux and Allegre (1994) and 

summarised in Appendix 1. 

The 230Th - 226Ra disequilibria dating technique also requires accurate determination of 

Ba abundances which are used as a proxy for a long-lived Ra isotope (Williams et al., 

1986). The Ba abundance of whole rock samples was determined by ICP-MS, as 

discussed in Chapter 3 and the procedural details are given in Appendix 1. The Ba 

abundances of sanidine mineral separates were determined by isotope dilution using a 

135Ba spike and analysed on the Finnigan MAT 261 mass spectrometer at the Open 

University. Full details are given in Appendix 1. A table of 238U - 230Th - 226Ra isotope 

activity ratios and relevant abundances for Longonot samples are presented in Appendix 

2. 

4.3 238U - 230Tb Disequilibria in the Longonot Eruptives 

4.3.1 238U - 230Th Variation Within the Longonot Succession 

Figure 4.1 (p.199) is a diagram of (238UP32Th) vs. (230Th/232Th) activity ratios for the 

Longonot whole-rock samples. This is the standard 'equiline diagram' in which the 

equiline denotes compositions in secular equilibrium, where (238U/232Th) = (230Th/232Th). 

All samples are shown with 2cr internal error bars, all of which are < 1 %. The 

reproducibility of samples and standards are detailed in Appendix 1, U activity ratios and 
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abundances are reproducible to within 1 % 2cr whereas e1Tors on Th activity ratios and 

abundances are <1.5% 2cr. The absolute range of activity ratios is small, and it is only 

through the high precision of TIMS that these differences can be distinguished. 

The Longonot samples define a limited field of isotope disequilibria within which there 

is some variation in both (230Th/232Th) and (238Ut(232Th) activity ratios, but all samples 

have excess 230Th. Activity ratios are shown without age correction as only a few 

samples have accurate 14C eruption ages. Also, with the exception of the Olongonot 

sample (Lt1 
), all of the samples were erupted within the last -10 ka so that differences in 

(230Th/232Th) activity ratio through subsequent isotopic decay are within the eITor of the 

analyses. The age of the Olongonot sample is unknown but it is thought to be one of the 

most recent lava flows at Olongonot, prior to caldera collapse and initiation of the 

Longonot succession (Scott, pers. comm.). 

Despite the similarity in the major and trace element compositions of the lava pile and 

caldera pyroclastic trachytes, identified in Chapter 3, these two stages of volcanic activity 

at Longonot define two fields in which the caldera pyroclastic samples have lower 

(230Th/232Th) activity ratios than the lava pile, but similar (238Ut232Th). The trachyte lava 

analysed from the pre-Longonot, Olongonot succession (Lt1
) has disequilibrium very 

similar to the lowest (230Th/232Th) sample in the field for the caldera pyroclastics. Within 

the caldera pyroclastics {238Ut232Th) varies from 0.647 to 0.740 and {230Th/232Th) ranges 

from 0.745 to 0.792, which partly extends the caldera pyroclastics field into that of the 

lava pile. On a diagram of this kind systematic differences within the caldera pyroclastics 

are hard to represent, however, the general trend is for the earlier beds of the caldera 

pyroclastics to plot closer to the Olongonot value whilst the younger beds plot closer to 

the lava pile field, this pattern will be considered in more detail later. 
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Figure 4.1 238U - 230Th disequilibrium at Longonot 
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A large number of samples have been analysed from the lava pile stage (n = 22). These 

samples were selected to represent the diversity of compositions, stratigraphic position 

and degree of fractionation identified in Chapters 2 and 3. All of the lava pile samples 

define an approximately horizontal linear array of variable (238U/232Th) activity (0.601 -

0.715) but limited (230Th/232Th). Nearly all of the samples analysed have (230Th/232Th) 

values that are within error of one another with an average value of 0.796 and a 2cr 

standard deviation of only 0.012. The variation in (238U/232Th) activity ratios is, by 

contrast, well beyond the range of analytical error. On the equiline diagram, there are no 

obvious systematic differences between the early mixed magma (Lmx1
), main trachyte 

(Lt2 & Lp8
), trachyte sub-group (also part of Lt2), second mixed magma (Lmx2

) or the 

most recent trachyte flows (Lt3) • 

In Figures 4.2-4.6 the variation in U-series isotopes in the Longonot samples are 

presented as a function of the parameters used in Chapter 3 to identify magmatic 

processes. Figure 4.2 (p.202) shows (238U/232Th) as a function of Th abundance, which 

was used as an index of differentiation. In Figure 4.3 and Figure 4.4 (p.203) the variation 

in (238U/232Th) and (230Th/232Th) are shown as a function of emption order and in Figures 

4.5 and 4.6 (p.204) variations in {238U/232Th) and (230Th/232Th) are plotted against 

207Pb/2°4Pb isotope ratios, which were used to identify subtle differences between the 

lava pile and caldera pyroclastic stages and to identify isotopic heterogeneity within the 

main lava pile trachyte. 

Variations in (238U/232Th) for samples from both the caldera pyroclastics stage and the 

lava pile do not correlate well with any of these parameters. Increases in Th abundance 

are not coupled with changes in the activity ratio nor is there a systematic change as a 

function of stratigraphic position. The caldera pyroclastics are distinct from the majority 
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of the lava pile samples with respect to Pb isotope ratios but this does not appear to 

correlate with (238U/232Th). Different samples from single eruptions of the caldera 

pyroclastics have greater ranges in (238UJ232Th) than can be accounted for by analytical 

unce1tainty, and this will be considered in more detail later in the chapter. 

Figure 4.4 highlights that the sample from Olongonot (Lt1) has a Th isotope activity ratio 

similar to samples from the early caldera pyroclastics which have the lowest 

(230Th/232Th) activities recorded from the Longonot succession. Samples collected from 

the end of the caldera pyroclastics stage have slightly higher (230Th/232Th) activity ratios 

than their predecessors and are similar in activity to the samples from the lava pile stage. 

Together the difference between the early and the late caldera pyroclastics forms a crude 

trend of increasing {230Th/232Th) activity with decreasing age, although the absolute range 

of values is very restricted. Multiple samples taken from single eruptions within the 

caldera pyroclastic stage have virtually indistinguishable (230Th/232Th) ratios (within 2cr 

error), in contrast to their variable (238Ut232Th) ratios, the implications of which will be 

considered later. There is no systematic variation of (230Th/232Th) either within single 

members such as the main trachyte (Lt2) or between compositions, such as the trachytes 

and the mixed magmas. 

In Figure 4.6 there is no systematic difference in the (230Th/232Th) of any of the eruptive 

units of the lava pile stage when plotted as a function of 207Pb/2°4Pb, with most analyses 

forming a tight cluster. Within the caldera pyroclastics there is a tendency for the samples 

with the lowest (230Th/232Th) activities to plot to slightly higher 207Pb/2°4Pb ratios. 
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Figure 4.5 Variation in {238U/232Th) as a function of 201Pb/204Pb 
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The extent of the isotope disequilibrium at Longonot can be expressed as a function of 

{230Th!238U) activity, in which a value of 1 denotes a sample that is in equilibrium. 

Values greater than 1 reflect (230Th) excess, as is the case for all known Longonot 

samples. In Figure 4.7 (p.206) the (230Th/238U) ratios are shown as a function of eruption 

order at Longonot, the e1rnr bars for each sample are similar to the size of the symbols on 

the diagram. The Olongonot sample (Lt1
) lies close to the equiline with a value of 1.085, 

which is similar to the values from the caldera pyroclastics. The caldera pyroclastics 

exhibit no systematic variation in (230Th/238U) which ranges from 1.039 to 1.168. 

Multiple samples taken from single eruptive units show variations in disequilibrium that 

is in excess of analytical eITor. There is a marked increase in the extent of disequilibrium 

in the lava pile stage which is far beyond the range of analytical error. As in the case of 

the caldera pyroclastics there are no systematic trends in (230Th/238U) activity but several 

important patterns are apparent. The early Lmx1 mixed lava flows exhibit some of the 

highest (230Th/238U) which then decline to lower values in the Lt2 trachytes and second 

mixed lava (Lmx2
). The greatest variation occurs within multiple samples from the final 

trachyte (Lt3) in which (230Th/238U) varies from 1.113 to 1.335. There is no difference in 

disequilibrium between the main trachyte of the lava pile (Lt2) and the sub-group of 

trachytes identified in chapter 3 that were erupted at the same time. Overall there is a 

general trend towards increasing 230Th - 238U disequilibrium through the eruption 

sequence at Longonot. 

In Figure 4.8 (p.207) {230Th/238U) is plotted against Th abundance, used as an index of 

differentiation. The degree of 238U - 230Th disequilibria does not coITelate with the degree 

of differentiation in the Longonot succession. 
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Figure 4. 7 (230Th/238U} variation as a function of eruption order at Longonot 
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Figure 4.8 Th vs. {230Th/238U) for Longonot volcanic rocks. 
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4.3.2 Variation in U-Series Disequilibria Within Individual Pumice Beds 

It has been observed that multiple samples taken from individual pumice beds of the 

caldera pyroclastics stage exhibit variations in (230Th/238U) disequilibrium due to 

variations in (238U)/(232Th) but not in (230Th)/(232Th). One pumice bed was examined for 

(230Th/238U) as a function of stratigraphic position within the bed. Samples 47Lp5
, a 

pumice separate from 47Lp5
, L525 and L521 come from unit Lp5-l, the first of the major 

airfall pumice beds. (L525 and L521 come from the collection of Stuart Scott.) Pumice, 

glass and syenite were also analysed from the third Lp5 bed, Lp5 -3, (50Lp5
, 50obLp5 and 

50synLp5
) in order to investigate whether these differences were brought about by 

changes in the nature of the erupted material. Figure 4.9a (p.211) shows the results from 

both of these beds on a conventional equiline diagram, where constant (230Th)/(232Th) 

activity ratios but variable (238U)!(232Th) leads to two sub-horizontal anays. fu chapter 3 

the first Lp5 caldera pyroclastics unit (Lp5 -1) was shown to be zoned with respect to both 

major and trace elements, but with constant Pb and Nd isotope ratios, the base of the bed 

had higher values of incompatible trace elements such as Zr and this was interpreted as a 

more differentiated zone of magma in the uppermost level of the magma chamber. Using 

a combination of data from this study and from Scott (pers. comm.) the four samples 

analysed from Lp5 -1 represent the top and bottom of the bed (whilst avoiding any 

palaeosols) and the position identified previously as the 'step' point in element 

abundances. Figure 4.9b shows the variation in U-series isotopes within this bed together 

with a sample from the underlying Lp 4 bed, and the trace of Zr abundances through the 

succession to define the zonation identified in Chapter 3. The junction between the Lp4 

and Lp5 -1 bed is marked by an increase in (238U/232Th) and a decrease in (230Th/238U). 

The top of the Lp5 -1 bed differs from the base in that it has lower (238U/232Th) and higher 

(230Th!238U). The 'step' point is characterised by activity ratios that are intermediate 
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between the top and base of the bed so that the stepped profile of the trace elements also 

appears to be accompanied by changes in U-series isotopes. 

In Chapter 2 the third pumice bed of the caldera pyroclastics (50Lp5
) was characterised 

by large syenite nodules and glass fragments. Samples of the syenite, glass and host 

pumice were analysed for 238U-230Th isotopes. As in bed Lp5 -1 these samples define a 

linear array on an equiline diagram (Figure 4.9a). The glass sample exhibits the greatest 

disequilibrium with (230Th/238U) = 1.168, and the pumice and syenite samples are 

indistinguishable from one another (1.073 and 1.082 respectively). 

4.3.3 238U - 230Th Disequilibria of the Naivasha Area 

A previous detailed investigation of 238U -230Th isotopes in comendites from the Olkaria 

domes field (Black, 1994; Black et al., 1997) permits a comparison to be made between 

Longonot and this adjoining volcanic centre. Longonot and Olkaria are less than 20 km 

apart and they have evolved during approximately the same period yet are very different 

in composition with Longonot comprised of trachyte whereas Olkaria is dominantly of 

comendite composition (Chapter 3.2). 

Figure 4.10 (p.212) is an equiline diagram of (238U/232Th) vs. (230Th/232Th) for the 

Longonot and Olkaria volcanic rocks. The age of the Olkaria comendites has been 

estimated to range from ~22 ka to recent (Clarke et al., 1990) so that, as for Longonot, 

radioactive decay since eruption should be relatively minor. Longonot and Olkaria both 

exhibit similar (230Th/232Th) (average values 0.785 and 0.766 respectively) but they have 

considerably different average (238Ut232Th) (0.678 and 0.799). As discussed previously, 

samples from Longonot define two small discrete fields in which all samples lie to the 
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left of the equiline with an excess of 230Th. By contrast, the Olkaria analyses exhibit a 

more diffuse suite of values in which the majority of samples exhibit 238U excess and lie 

to the right of the equiline, although a significant proportion (~ 20%) lie to the left of the 

equiline with 230Th excess. Black et al. (1997) divided the diffuse Olkaria field into 

seven overlapping domains corresponding to the different domes of the Olkaria field and 

several of these fields straddle the equiline. Only one of the Olkaria domes, Olengurnoni, 

lies entirely in the field of 230Th excess. There is little difference in the major and trace 

element abundances or Pb-Nd isotope ratios of the Olengurnoni dome and the other 

comendite domes of Olkaria. However, slightly lower F content in the Olengurnoni 

samples have been linked to stability of zircon in the melt residue (Black et al., 1997) 

which could also lead to preferential retention of U which has a higher partiton 

coefficient in zircon than Th (Bea, 1996). 

In Figure 4.11 (p.213) (230Th/238U) of Longonot and Olkaria volcanic rocks are presented 

as a function of Th abundances. The Longonot and Olkaria volcanic rocks plot in distinct 

fields. The Longonot samples have lower Th abundances and have 230Th excess whereas 

the Olkaria comendites often have much higher Th abundances and excess 238U. 
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Figure 4.1 0 238U -23°Th disequilibrium at Longonot and Olkaria 
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Figure 4.11 Th vs. {230Th/238U) for volcanic 
rocks from Longonot and Olkaria. 
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4.4 Interpretation and Modelling of 238U - 230Tb Disequilibria 

4.4.1 Secondary Processes 

Before embarking on magmatic models of 238U - 230Th disequilibria it is essential to 

ensure that the observed variations are the result of magmatic processes and not the 

products of post-eruptive alteration of the samples. There are several lines of evidence 

that the variations recorded at Longonot are a function of magmatic processes. Firstly all 

the samples analysed have a (234U/238U) activity ratios of 1 (to within 2cr error). When the 

(234U/238U) activity ratio of volcanic rocks does not equal 1 the 238U - 230Th equations 

defined in chapter 1 are invalid (Condomines et al., 1988), as it is assumed that there is a 

direct relationship between the activity of 238U and 230Th (see Chapter 1.5). Deviation in 

the (234U/238U) activity ratio from unity typically reflects U leaching after crystallisation 

which preferentially extracts the 234U from damaged mineral lattices created by the decay 

of 238U (lvanovich and Harmon, 1992). 

In chapter 3 the effects of ion mobility during crystallisation and hydration of peralkaline 

rocks were discussed. As there is no evidence that elements such as Y have been lost or 

redistributed by floor-hydroxyl volatiles it is inferred that U has also not been mobilised. 

This is supported by the 238U - 230Th disequilibria where deviations in (238Ut232Th) ratio 

do not correspond to changes in the crystallinity of the sample. For example, there is no 

systematic difference in (238Ut232Th) between glassy and crystalline samples of the lava 

pile, nor is disequilibrium more pronounced in the hydrated pumice samples from the 

caldera pyroclastic stage than in glasses from the same beds; in fact some of the greatest 

230Th excesses have been found in almost flawless glass samples. 
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In chapter 3 an excellent correlation was found between U and non-fluid mobile elements 

such as Th which also indicates that there has been limited post-eruption mobilisation of 

U. The scatter about this trend is, however, greater than for trace elements such as Zr and 

Nb vs. Th. The implications of these differences will be considered in more detail below. 

4.4.2 The Timing of U-Th Fractionation in the Trachytes 

The timing of U-Th fractionation is revealed by the difference in {230Th/231'h) activity 

from the initial ratio. The conventional way in which this is done is through a series of 

whole-rock or mineral separate samples plotted on an equiline diagram, the age being 

calculated from the slope of the samples, as discussed in Chapter 1.5 (Figure 1.8). 

Previously, in Chapter 3, it was observed that there is greater scatter in the Th/U ratios of 

the main lava pile trachytes than can be explained by analytical error alone. This 

variation accounts for the range of (238U/232Th) activities shown in Figure 4.1 so that the 

trachytes define a sub-horizontal array. The slope of this array was determined using the 

Isoplot/Exe program of Ludwig (1998) which calculates the slope, and error of the slope, 

for a suite of samples. Figure 4.12 (p.217) shows the slope for the 10 whole-rock samples 

of the main lava pile trachyte sequence (Lt2), not including the mixed lavas (Lmx 1, 

Lmx2
), the Lt2 sub-group or post pit crater trachyte (Lt\ A model 3 regression (assuming 

that excess scatter is the product of uniform scatter in the Y co-ordinate) gives a slope of 

0.04 +/- 0.17 and an MSWD of 7.8. This slope equates to an age of 4439 yrs BP and 

intercepts the equiline at 0.802. The small angle of slope mean that the e1rnrs on this 

slope are large, extending from present day to 25600 yrs BP. This age is within error of 

the known eruption ages of the main lava pile trachyte succession that erupted from 

<5650 yrs to 3280 yrs BP (Clarke et al., 1990). Incorporating all of the samples from the 

215 



lava pile succession (n = 22), yields a similar slope of -0.031 +/- 0.093 and an MSWD of 

5.0. A negative slope can only be achieved on an equiline diagram through mixing, so 

that the calculated age is from the present (slope = 0) to 6960 yrs BP which is also within 

the known eruption ages of the samples. These results indicate that the U-Th 

fractionation responsible for the linear array of the lava pile samples took place on a 

timescale similar to the known eruption dates. In Chapter 3 it was discussed how Th/U 

fractionation was most probably due to minor phases forming during fractional 

crystallisation of the trachyte in the near-surface magma chamber. Therefore, this 

indicates that the time spent in the magma chamber was short, comparable to the 

timescale of differentiation and eruption. 

It has been shown that the lava pile samples are indistinguishable with respect to 

(230Th/232Th), but that the earlier caldera pyroclastics have somewhat lower activity 

ratios. Given the considerable similarity in the elemental and Pb-Nd isotopic signatures 

of these beds to the later lava flows it is impo11ant to establish whether this difference is 

not simply due to differences in their eruption ages. In figure 4.13 (p.218) a series of time 

lines constructed from the intial (230Th/231'h) of the main lava pile trachyte (0.802) to 

show how the slope varies through time one half life of 230Th. The time necessary to 

extend the lava pile array into the values of the caldera pyroclastics is up to 70 ka, far in 

excess of the 14C eruption age of the oldest LP5 pumice bed, dated at 9150 yrs. BP 

(Clarke et al., 1990). 

Where multiple samples from single beds of the caldera pyroclastics have been analysed 

(Figure 4.9) these sample also define linear arrays. The smaller number of analyses and 

restricted (238U/232Th) means that the precise slope ls poorly constrained but they appear 

to be sub-horizontal. If these samples had fractionated from an initial (230Th/231'h) ratio 
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Figure 4.12 Determining intial {23°Th/232Th} 
ratio for the main lava pile trachyte. 
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of 0.802 they would define a positive array on the equiline diagram rather than the sub

horizontal array seen. From this we can infer that the initial U/Th ratio of the Longonot 

source varied slightly throughout its eruption history with a general trend towards higher 

values. The weak correlation between Th and Pb isotopes (2°7Pb/2°4Pb) in Figure 4.6 may 

imply that this is connected to subtle shifts in composition of the source. An alternative 

explanation is that, if the initial (230Th/231'h) was the same for all the trachytes then the 

caldera pyroclastics would have to have resided in the crust for up to 70 ka longer than 

the lava pile trachyte prior to differentiation. 

The short inferred time periods of fractionation at Longonot contrast with the ages from 

mineral isochrons for the Olkaria domes (Black 1994, Black et al., 1997) that range from 

9800 - 50,500 yrs. Such large differences in these geographically close volcanoes must 

relate to difference in their compositions. The Olkaria comendites contain more silica 

than the Longonot trachytes, which may affect magma rheology and eruption style. 

4.4.3 238U - 230Th Disequilibria of the Mixed Lavas 

In Chapter 3 it was shown that the mixed lavas comprise the main lava pile trachyte 

mixed with hawaiite and cumulate minerals. The 238U - 230Th disequilibria of the mixed 

lavas are indistinguishable from the trachytes, despite an extensive mafic component 

(based upon petrographic observations, the most mafic of the mixed lavas analysed for 

U-series disequilibrium contains ~20% of mafic magma). The abundances of U and Th 

are, however, much higher in the Longonot trachytes than for typical East African 

hawaiites. For example, the most primitive Longonot lava pile trachyte contains 12.45 

ppm Th and the most evolved contains 23.6 ppm Th, whereas a hawaiite has <4 ppm Th 

(Baker et al., 1977). The difference in the Th abundances means that in the early mixed 
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lava (Lmx1
) the contribution of Th from the mafic magma is< 7% falling to< 4% in the 

second mixed magma (Lmx2
). 

Published U-series isotopes in mafic volcanic rocks from the East African Rift are all in 

230Th excess (Black et al., 1998) and (230Th/232Th) may be as high as 1.2 (compared to 

0.8 in Longonot trachytes). Without knowing the exact (238U/232Th) and (230Th/232Th) of 

the mafic magma involved at Longonot it is impossible to quantify precisely the effect of 

the mixing on disequilibria. However, since the mixed lavas are not distinguishable from 

the trachytes on an equiline diagram, we may infer that there was insufficient difference 

between (230Th/232Th) in the trachytes and the hawaiite. This is illustrated in Figure 4.14 

(p.223) in which the effect of varying the (230Th/232Th) in the hawaiite end member are 

shown assuming that it contains 4 ppm Th and the trachyte contains 12.45 ppm Th 

( equivalent to the least evolved trachyte to erupt). The range of (230Th/232Th) in the 

trachyte lavas are shown for comparison. As the (230Th/232Th) of the hawaiite increases 

so the degree of mixing required to distinguish a mixed lava from the scatter in activity 

of the trachytes decreases. We conclude that the reason that the mixed lavas do not 

contain more distinctive U-Th isotopes is that the Th budget is dominated by the trachyte 

end member. 

4.4.4 The Timescale of Extraction and Ascent 

In Chapter 3 it was demonstrated how the Longonot trachytes were derived from the 

partial melting of alkali basalt. There are several types of alkali basalt to have erupted 

along the Gregory rift, divided on their relationship to basement morphology (rifted 

cratonic margin, mobile belt or cratonic). It was demonstrated that on the basis of Pb- Nd 

isotope ratios that the most likely source for the Longonot trachytes was from the rifted 
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cratonic margin group (Figure 3.23). Rare earth element ratios were used to identify a 

small sub-group from these basalts that have La/Yb Tb/Yb ratios that are sufficently 

small to make them possible source compositions for the trachyte (Figure 3.40). Full 

details of the major and trace element composition of these basalts are in Appendix 2 

(from Rogers and MacDonald, pers. comm.). These basalts come from throughout the 

length of the Gregory rift but includes one sample, EL3, from the Elmentieta basalt field 

located ~50 km north of Longonot, and is evidence that such compositions could 

possibly underlie the Lake Naivasha area. 

The Th/U ratio of the Longonot trachytes, with an average of 4. 72, is considerably 

different to that of the rifted cratonic margin basalts, that vary from 3 .3 - 2.2. This 

difference can be used to constrain the time period since initial fractionation of the alkali 

basalt during partial melting. 

In Figure 4.15 (p.224) the Longonot trachyte array is plotted on a conventional isochron 

diagram (as in Figure 4.1) along with the initial range of (238U/232Th) for the rifted 

cratonic margin basalts, assuming that at the time of melting the alkali basalts were in 

238U - 230Th secular equilibrium. This assumption is consistent with basalt ages that are 

mostly> 1 Ma for the samples from which this model is derived. In this way the initial 

(230Th/232Th) of the basalts is modelled. 

Partial melting will have fractionated the U/Th ratio of the alkali basalt. The time since 

fractionation is calculated by the difference in the initial (230Th/232Th) of the alkali basalt 

and that of the Longonot trachytes. In Figure 4.15 three calculated ages are shown. The 

221 



range reflects the uncertainties in the input parameters. Firstly, due to recent Th/U 

fractionation, the original (238U/232Th) of the trachyte magmas is poorly known and so 

three ages based on the highest, lowest and average activity ratios are shown. Secondly, 

there is considerable variation in the Th/U of the alkali basalts and so again the highest, 

lowest and average values are used. Calculated ages range from 60 - 220 ka depending 

upon the input parameters. This model indicates that the time period since initial 

fractionation is relatively long (up to three times the t112 of 230Th) relative to the short 

residence time of the trachyte in the near-surface magma chamber. The implications of 

these long time differences will be considered in more detail in Chapter 5. 

Basalts erupted in the Olkaria domes filed are very different to those of the rifted cratonic 

margin sub-group. The range of (238U/232Th) are also shown on Figure 4.15. Despite their 

close proximity to Longonot, it is unlikley that these basalts represent the starting 

composition from which the trachytes were derived. Most Olkaria basalts plot to 

significntly lower (238U/232Th) ratios than the trachyte and have significantly different Pb

Nd isotpe ratios (Figure 3.21). IT, however, those basalts of similar U/Th ratio to the 

trachytes represent the source composition then the time period from initial fractionation 

would be significantly reduced. 
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4.5 230Tb - 226Ra Disequilibria 

4.5.1 Whole Rock Variation in 230Th-226Ra Disequilibria 

In Chapter 1 the use of 230Th-226Ra was discussed as a tool for investigating magmatic 

processes. The time taken to re-attain secular equilibrium is only ~8000 years and so it 

can only be used to investigate geologically recent fractionation events. Unlike U and Th, 

Ra is an alkali earth element with chemical affinities similar to Ba. In the absence of a 

long lived Ra isotope the equivalent of the equiline diagram is constructed with (230Th) 

and (226Ra) normalised to Ba, assuming no Ra-Ba fractionation (Williams, 1988). 

Figure 4.16 (p.227) is a standard (230Th)/[Ba] vs. (226Ra)/[Ba] pseudo-equiline diagram 

for samples from the Longonot succession. Samples are shown with 2cr en-or bars but in 

many cases these are smaller than the symbol size. The (226Ra) is calculated as bequerels 

per mole which is the SI unit for radioactive decay. The abundance of Ba is also 

converted into grammes in accordance with SI units. In order to make the numbers easier 

to quote the values are then multiplied (x lxl020
). Results are given in Appendix 2. Lava 

pile and caldera pyroclastic stage samples define an array in which the present day 

(226Ra)/[Ba] and (230Th)/[Ba] differ by over an order of magnitude. The majority of 

samples exhibit 230Th excess but a few samples, at the lower end of the array, plot in 

226Ra excess. The clearest trend is for the trachyte samples from the main lava pile (Lt2). 

With the exception of two samples that plot to the far left of the diagram all of the 

analyses define an approximately linear array that is distinct from the equiline. A single 

sample from the caldera pyroclastics (32Lp5
) plots close to the equiline as do two 

samples from the lava pile sub-group. In the expansion field of the lower portion of the 
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diagram it can be seen that two of the lava pile trachyte samples plot very close to the 

equiline as does a sample from the first mixed magma unit (6Lmx1
). Samples from the 

final trachyte Lt3 exhibit small activity ratios but distinctly in the field of 230Th excess. 

The differences in 230Th - 226Ra disequilibrium can be expressed as (226RaP30Th) in 

which values > 1 denote 226Ra excess. In Figure 4.17 (p.228) this parameter is shown as a 

function of stratigraphic order. Here, the samples are shown without age correction as 

few samples have been sufficiently accurately dated. The caldera pyroclastic stage 

sample lies close to the equiline, in 230Th excess. The onset of the lava pile is marked by 

samples of mixed lava and trachyte that are in 226Ra excess followed by a large number 

of samples with 230Th excess. The overall trend is for increasing 230Th excess as the 

samples become younger, but some samples do not conform to this pattern. There is no 

appreciable difference in the results for the mixed lavas or any of the trachyte groups. 

In chapter 3 it was shown how the main lava pile trachyte underwent ~50% closed

system fractional crystallisation, between the least and most evolved samples. In Figure 

4.18 (p.229) (226RaP30Th) of the main lava pile trachyte is shown to correlate well with 

fractionation, expressed as the Th/Ba ratio. There is a sloped array from 226Ra excess to 

230Th excess as Th/Ba increases indicating >45% fractional crystallisation of the 

Longonot main lava pile trachyte. Note that the Lt3 rocks have even lower (226RaJ230Th), 

they are not plotted as they are younger ( ~ 1 ka) and also compositionally different. 
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4.5.2 226Ra in Mineral Separates 

The evolution of the Longonot succession was shown in chapter 3 to be dominated by the 

crystallisation of sanidine. Despite the extensive fractional crystallisation that the 

magmas have undergone the lavas have low phenocryst contents, typically <3%. Ba is 

compatible in the sanidine crystal lattice (Mahood and Hildreth, 1983; Nash and Crecraft, 

1985) from which it is inferred that Ra partitions in a similar, if not identical, way. 

Despite the low phenocryst content small samples of sanidine mineral separate yield 

measurable 226Ra. 

Two samples were selected from the lava pile succession. Sample 28Lt2 comes from the 

main lava pile trachyte sequence (Lt2). This sample has a relatively high content of 

phenocrysts (7%) in an unaltered glass matrix. Sample L33, taken from the collections of 

Stuart Scott (Scott, pers. comm.), comes from the final trachyte sequence (Lt3); it is also 

an unaltered glass, containing approximately 5 % sanidine phenocrysts. 

Sanidine was separated by hand from a fine (250 µm) crushate of the whole rock. Despite 

the low phenocryst abundance the contrast in colour and lustre of the mineral and glass 

permitted accurate selection of the sanidine. Each dissolution comprised ~ 100 sanidine 

mineral shards. Prior to dissolution each fragment of sanidine was individually inspected 

for residual glass before ultrasound washing in TD H20 to remove any dust particles and 

visually inspected to >99% purity. It is assumed that the (230Tb) activity is zero, as ion 

probe analyses of Longonot sanidine reveals Kdsanidine-giassTh <0.001 of which less than 1 

atom in every 200,000 would be 230Th. A combination of the small sample size ( <100 

mg) and large Kdsanidine-glassBa results in a (230Th)/[Ba] ratio that is indistinguishable from 
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zero. Using this assumption two point isochrons have previously been successfully 

produced for anmthoclase mineral separates from Mt. Erebus (Reagan et al., 1992). 

Figure 4.19a and 4.19b (p.232) show the result of mineral-glass pairs for samples 28Lt2 

and L33. In both plots the glass analyses lie in the field of 230Th excess and the mineral 

separates exhibit 226Ra excess. Sample 28Lt2 yield a fractionation age of 7158 yrs BP. It 

is inappropriate to quote normal e1rnrs on a two-point isochron, but they can be estimated 

based on the error in (226Ra)/[Ba] which gives errors of+ 702 - 536 yrs. Sample L33 gives 

a younger fractionation age of 3664 yrs+ 125 - 119 yrs BP. From 14C dates (Clarke et al., 

1990) is is known that sample 28Lt2 erupted between 3280 and 5650 yrs BP, most 

probably closer to the younger age, whereas L33 is though to be around 1000 yrs old. 

The analysis of co-existing sanidine and glass also allows an independent calculation of 

partition coefficients. Sample 28Lt2 yields Kd8 \anidine-glass = 11.2 whilst for sample L33 

Kdsanidine-glass Ba = 17. Assuming that the mineral assemblage of the lava pile trachyte 

comprises ~80% sanidine with Kd8 \anidine-glass = 11.2 yields a bulk partition coefficient of 

D8a = 9 which is broadly consistent with the trace element modelling presented in 

Chapter 3 where DBa = 8. 
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Figure 4.19 Sanidine-glass pair 
mineral isochrons from Longonot 

Units are in bq mor1 for 230Th and 226Ra activity 
and g g·1 for Ba abundance, and multiplied by 1020 
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4.6 Interpretation and Modelling of 226Ra Disequilibria 

4.6.1 The Origin of 230Th-226Ra Disequilibria 

Most of the Longonot samples analysed exhibit 230Th-226Ra disequilibria. This fact 

constrains the time of Th-Ra fractionation in the lava pile and the late stages of the 

caldera pyroclastics to have been within the last ~8 ka. This is similar to the results from 

238U - 230Th disequilibria that showed that U-Th fractionation took place within the last 

10 ka, and thay are also comparable with the known eruption ages from 14C (Clarke et 

al., 1990). Unlike the U-Th fractionation at Longonot the samples straddle the 226Ra -

230Th equiline diagram (Figure 4.16). Some early lava pile samples exhibit marginal 

226Ra excess whilst later samples have 230Th excess as does the one sample analysed 

from the caldera pyroclastic stage. This difference is related to eruption order with 226Ra 

excess being restricted to the early eruptions of the main lava pile trachyte. It has been 

shown that the development of the main lava pile trachyte was characterised by extensive 

closed-system fractional crystallisation, and there is also a good correlation between the 

degree of fractionation (Figure 4.17) to the degree and type of 230Th - 226Ra 

disequilibrium. As the system fractionates so it evolves further into 230Th excess. In 

chapter 3 it was demonstrated that the main trachyte (Lt2
) magma entered the magma 

chamber with high Ba abundance (>500 ppm) and that the Ba abundance declined rapidly 

through closed-system fractional crystallisation. Likewise the trachyte magma entered the 

sub-volcanic magma chamber in 226Ra excess but through 226Ra compatibility in sanidine 

and 230Th incompatibility, the magma crossed the 230Th -226Ra equiline and continued to 

evolve towards greater 230Th excess. From this it is inferred that the primitive trachytes 

may have originated from melts with 226Ra excess. 
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A 226Ra excess in the primitive trachyte indicates Th-Ra fractionation within the last ~8 

ka but in section 4.4.4 it was argued that the timescale of segregation and ascent ranged 

from 60 - 220 ka. If the 226Ra - 230Th disequilibria of the primitive trachyte were the 

product of fractionation during melting then by the time it had entered the near-surface 

magma chamber it should have returned to secular equilibrium. Such discepancies in the 

timescales indicated by 226Ra - 230Th and 230Th - 238U disequilibria have been reported 

elsewhere for a variety of magmatic compositions and tectonic settings (Gill and 

Williams, 1990; Chabaux and Allegre', 1994; Turner and Hawkesworth, 1997; Black et 

al., 1998). It is possible that the timescales of 226Ra and 230Th in melting are decoupled, 

excess 226Ra may come from melt-country rock interaction or even possibly through 

more rapid transfer of Ra via volatile transport and emichment, but as yet it is unclear as 

to which mechanisms is applicable. Alternatively the minor 226Ra excesses could be 

derived from the entrainment of 226Ra emiched sanidine phenocrysts. 

4.6.2 226Ra-Ba Fractionation 

Implicit in the 230Th-226Ra disequilibria technique is the assumption that Ra and Ba have 

similar partition coefficients and that they do not fractionate from one another. The 

problems associated with this assumption were discussed in Volpe and Hammond (1991) 

in which it was shown that if Ra and Ba fractionate significantly then the Ba normalised 

equiline diagram is no longer valid. In Chapter 3 the role of ionic radii in determining the 

partition coefficient values in sanidine was discussed. As an ion approaches the optimum 

cation site in a host mineral so the partition value increases (Onuma 1968; Jensen 1973; 

Blundy and Wood, 1994). The ionic radius of the Ba2
+ cation in 8-fold co-ordination 

(1.42 A0
) is smaller than the cation radius of Ra2

+ (1.48), and both radii are smaller than 

the optimum cation site, as illustrated in Figure 3.18. From this trend it was inferred that 
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Kd Ra sanidine-glass >KdBa sanidine-glass• The effects of varying the partition coefficients for Ra 

and Ba are illustrated in Figure 4.20 (p.236) assuming that the fractionation takes place 

overa a very short time period compared to the half life of 226Ra .. Each fractionation array 

is calculated assuming that D8a =8 and DTh = 0 (based on fractionation modelling of the 

Longonot lava pile trachyte in Chapter 3). As the difference in the resepctive D values 

increases so the deviation from a horizontal array increases. 

Ba and Ra are similarly incompatible in most common magmatic compositions so that 

the difference in D values of Ra and Ba produce fractionation curves that are 

indistinguishable from a horizontal array. In the case of a trachyte magma where there is 

crystallisation of sanidine the compatibility of both Ra and Ba mean that significant Ra

Ba fractionation can take place which further complicates the interpretation of the 226Ra -

230Th disequilibrium. 

4.6.3 The Timing of Fractional Crystallisation Inferred from 226Ra Disequilibria 

The simplest interpretation of the 226Ra data is that Ra - Th fractionation results in a 

horizontal array on an equiline diagram. Samples from the main lava pile trachyte (Lt2) 

that lie in 230Th excess define a distinct linear array. The difference in Th/Ba between 

these points represents only 10% fractional crystallisation. In a simple model where 

DRa=Dsa a model 3 regression (Ludwig, 1998) of this array yields a fractionation age of 

4274 + 1389 - 862 yrs BP (Figure 4.21 p.237). The error between these points would 

define the maximum time of fractionation from the most primitive to the most evolved 

trachyte. In this model 10% fractional crystallisation is constrained by the errors on the 

slope ( + 1389 - 862 yrs) to give a fractionation time of <2000 yrs. Samples from the Lt2 
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sub-group plot too close together to define a meaningful error-chron although their close 

proximity to the equiline may indicate an old fractionation age. 

Despite the good visual correlation between the data points, and the relatively low 

MSWD, there are significant problems with such a simple interpretation. Firstly the early 

Longonot lava pile trachyte samples which have 226Ra excess do not fall on this array, but 

instead plot at much lower activity ratios. Most of the Longonot samples are older than 

1600 yrs, the half life of 226Ra, and some of the samples may have passed through over 

three half lives of 226Ra since eruption. As samples return to a state of secular 

equilibrium following 226Ra - 230Th fractionation, so half of the activity difference 

between the initial activity and secular equilibrium passes after the first half life, half of 

the remaining difference is accounted for during the second half life. The net effect of 

this logarithmic relationship is that the rate of movement of data points on an equiline 

diagram decreases significantly as the points approach secular equilibrium. Initially large 

differences in the activity of different samples will decay until statistically significant 

regressions can be drawn through samples that are, in reality, significantly different in 

age. The slope of the line through 230Th excess samples passes through the equiline at 

~0.8. If the simple model were correct this would represent the intial ratio ofparental 

magma. However, such an interpretation is not consistent with the mineral-glass pair 

isochron for the main lava pile trachyte sample 28Lt2 that yields an appreciably older age 

of 7158 +702 - 536 yrs BP and crosses the equiline at a far lower value. 

The mineral -glass isochrons illustrated in Figure 4.19 yield ages that are older than the 

14C eruption ages. The relative difference in ages betwen the two samples is, however, 

broadly consistent with the difference in eruption ages, around 2000 years. The isochron 

ages assume no Ra-Ba fractionation and this may be a significant factor in the age 
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discrepancies although if the Ra-Ba fractionation during both episodes was the same the 

relative age differences should be correct. The mineral isochrons are therefore consistent 

with a model in which evolution of the Longnot magma chamber took place on a 

timescale comparable to its eruption history. 

It is evident that the simple ages calculated for the Longonot trachytes using 226Ra - 230Th 

disequilibrium may be incorrect as they do not take into account the effects of Ra-Ba 

fractionation. If, however, the fractionation can be assessed it is still possible to calculate 

the time since fractionation for each of the Longonot samples. A more complex model is 

shown in Figure 4.22 (p.241) in which Ra-Ba fractionation is taken into account. In this 

model Ra-Ba fractionation was instantaneous and the age of each sample was calculated 

as the time neccessary for a data point to have moved from the initial fractionation curve 

to its present position on the equiline diagram. In this way a maximum age was 

determined for each sample. Fractionation over a finite period of time would reduce the 

angle of slope for the fractionation curve and so yield younger ages. 

The initial activity is based upon the most primitive trachyte sample (26Lt2) age 

corrected to 5500 yrs BP which is estimated from the known 14C eruption age of the 

preceeding mixed lava (Lmx1
). Kd Ba sanidine-melt was taken to be 8, as determined by the 

model fractionation curve of the trachyte in chapter 3 and the Kd Ra sanidine-melt was 

modelled as 12, although minor increases of this value do not greatly affect the outcome 

of the model. The fractionation curve rapidly approaches zero (226Ra)/[Ba]as Ra is 

partitioned more strongly into sanidine than Ba. The 'age' of each sample from the 

Longonot array can then be calculated from the difference between the activity of the 

sample at present and the initial activity from the fractionation curve. Samples for the 

lava pile sub-group, post pit crater trachyte and caldera pyroclastic have also been 
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calculated in this way. There is no guarantee that the lava pile sub-group originated from 

a trachyte with the same initial activity ratio, but under most conditions the system is 

relatively insensitve to differences in initial (226Ra)/[Ba] as the fractionation curve rapidly 

approaches zero; Thus, the ages are relatively robust. The ages generated for most of the 

main lava pile trachyte samples are slightly older than the estimated eruption period of 

<5650-3280 yrs BP, and older than the age calculated from the simple model of no Ra

Ba fractionation (4274 yrs BP). Some of the calculated ages are also greater than the 

8000 year maximum of the normal 226Ra - 230Th disequilibria technique, as these samples 

lie close to the equiline where the errors on given ages are large. In Figure 4.23 (p.242) 

the calculated 'ages' are shown as a function of (230Th)/[Ba] which is used as an index of 

fractionation for samples of the main lava pile trachyte. With the exception of sample 

28Lt2 all of the analyses have calculated ages that fall within a restricted period of <2000 

yrs, a timescale comparable to the error on the linear model array although the absolute 

model ages differ by around l ka. These ages may be considered maximum fractionation 

ages for these samples. 

As in the case of the mineral -glass pair isochrons discussed previously there is a good 

correlation between the relative ages of fractionation in samples of the different eruption 

units studied. The caldera pyroclastic stage sample yields an older age than the main lava 

pile trachyte, which is older that the post pit crater formation trachyte. The lava pile sub

group of trachytes gives ages that are similar to the sample from the caldera pyroclastic 

stage, around 10 ka. The trachyte sub-group has, throughout this and previous chapters, 

been very hard to distinguish from the main trachyte. The final eruptions of the caldera 

pyroclastic stage are very similar in composition, Pb-Nd isotope ratios and (230Th/232Th) 

to the lava pile. It is possible that, as shown by 226Ra - 230Th disequilibrium, that the lava 
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Figure 4.22 Model ages calculated from instantaneous Ra-Ba fractionation for Longonot samples 
Ages in yrs BP. 
Symbols as in figure 4.15 
Inset shows a possible link between lava pile sub-group and late caldera pyroclastics 
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Figure 4.23 The relationship of model ages for 
Longonot samples to the degree of fractionation 
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pile sub-group of trachyte represents a remnant of undifferentiated magma from the 

caldera pyroclstic stage that continued to empt as effusive flows during the formation of 

the lava pile. Such a hypothesis is further supported by the similarity of the final caldera 

pyroclastic sample to the log normalised Th-Ba diagram of the lava pile sub-group 

(Figure 4.22 insert) 

4. 7 Summary of Chapter 4 

The application of 238U - 230Th - 226Ra disequilibrium data has been used to constrain the 

timing of melting and differentiation of the Longonot trachytes. 

The trachytes originate from a region of melting, possibly in basaltic lower crust, in 

which Du > DTh. The U-Th fractionation is a two - stage process. The first stage is 

fractionation of U from Th through partial melting to generate 230Th excess followed by 

segregation and ascent which takes from 60 - 220 ka. There was then a second Th/U 

fractionation as a consequence of minor phase crystallisation, possibly of REE rich 

phosphates such as apatite that partition U but not Th. The effect of this second 

fractionation was variable within an otherwise closed-system and may be linked to 

heterogeneities established through zonation in the magma chamber. The second 

fractionation generates a sub-horizontal linear array on a 238U - 230Th equiline diagram 

constraining the timing to within the last 10 ka. 

The timescales of fractional crystallisation in a near-surface magma reservoir is therefore, 

much shorter than the toal time taken for partial melting storage and ascent into the upper 
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reservoir. The rate detemining step is therefore processes taking place in the lower crust 

than those operating in the near-surface magma chamber. 

Results from the caldera pyroclastic stage show that the range of (230Th/232Th) activity 

ratios at Longonot are not solely the product of radioactive decay in the magma chamber. 

Differences in (230Th/232Th) may either derive from changes in the composition of the 

source and melt or variable timescales of ascent. Differences in (238UJ232Th) activity 

within single beds of the caldera pyroclastic stage support a model of U-Th fractionation 

due to zonation in a magma chamber. 

226Ra excess in the primitive trachyte indicates Ra-Th fractionation within the last -8ka 

which is considerably shorter than the 60 - 220 ka timescales of ascent indicated by 230Th 

and suggests that the two systems are possibly decoupled. Alternatively early trachytes 

may be enriched in 226Ra by entraining sanidine cumulates. 

The effects of Ra - Ba fractionation in the near-surface magma chamber highlight the 

need for caution when dealing with systems in which Ba and Ra are compatible but with 

slightly different pa1titon coefficients into major mineral phases. However, even under 

these circumstances 226Ra - 230Th disequilibrium can be used to limit the timescale of 

differentiation of the main lava pile trachyte to within the time of eruptions at Longonot, 

and to define probable age differences between samples. 

In Chapter 5 the timescales of melting and differentiation outlined above are compared to 

previous studies and used to make general conclusions about the processes that lead to 

the trachyte eruptions at Longonot. 
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CHAPTERS 

DISCUSSION 

5.1 Introduction 

A principal aim of this thesis was to determine the timescales and pre-eruptive history of 

geologically recent eruptions at Longonot volcano. The new compositional and isotopic 

data represent one of the most complete investigations into the timescales of intra

continental volcanism yet undertaken. Here, these observations are used to make some 

general conclusions about the timing and processes of magrnatism at Longonot and the 

implications to our understanding of continental volcanism. A summary isochron 

diagram of relevant timescales and processes is presented in Figure 5.1 (p.246). 

5.2 Timescales of Trachyte Formation by Partial Melting 

5.2.1 U-series Disequilibria as a Test of Partial Melting Processes 

Longonot trachytes were derived from the partial melting of alkali basalt source rocks 

within the crust which were, in turn, derived from the asthenospheric upper mantle. The 

alkali basalts probably represented underplating associated with the rifting of East Africa 

and whilst their absolute age is unknown it is reasonable to assume that they were >300 

ka old at the time of melting and as such were in 238U - 230Th and 230Th - 226Ra secular 

equilibrium. Differences in the U/Th of Longonot trachytes and alkali basalts constrain 
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Figure 5.1 A compilation of timescales derived 
by Li-series disequilibira for Longonot volcano 
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the combined timescale of trachyte segregation and ascent to 60 - 220 ka. Given the 

relatively small volume for each of the Longonot trachyte episodes ( ~ 30 km3
) the period 

of ascent from the source must have been very rapid to have avoided solidification before 

reaching the near-surface magma chamber and therefore the 60 - 220 ka time period 

presumably reflects largely the time since intial trachyte melt segregation from the 

source. 

The segregation of the Longonot trachyte may have resulted from a passive, gravity 

controlled compaction of the matrix (McKenzie, 1985) or may have been initiated by 

deviatoric stress (Sawyer, 1994; Rutter and Neumann, 1995; Bagdassarov et al., 1996) 

which for Longonot would most probably result from rift extension. In Chapter 1 

mathematical and empirical estimates of the timescales of these processes were 

presented. Using parameters derived in this thesis these models can be assessed with 

respect to the timescales indicated by CT-series disequilibria. 

5 .2.2 Models of the Timescale of Melt Extraction 

The basic equations governing melt segregation by gravitational compaction were 

presented in Chapter 1 (Figure 1.2) from McKenzie (1985). From trace element 

modelling it is known that the trachytes represent > 10% partial melting of alkali basalt 

(Chapter 3.11). The density and viscosity of this primary melt can be estimated from 

MELTS modelling (Chapter 3.9) as 2.47 x 103 kg m-3 and 5.03 log10poise (1 x 104 Pas) 

respectively. It is known, however, that the trachytes contained abundant halogens and 

these would lower viscosity. Thus a second calculation has been made in which the 

viscosity has been reduced by half an order of magnitude, in accordance with recent 
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experimental results that show this to be the most extreme reduction in viscosity likely to 

occur (Dingwell et al., 1998). 

There are, however, several other important parameters that are poorly constrained, 

mostly with regard to the physical properties of the source area. The density of the 

residual phases (the matrix) is estimated to be 3.0 x 103 kg m-3 as it will be dominated by 

the mafic minerals olivine and clinopyroxene. In the absence of any direct observations a 

matrix viscosity of 1 x 1018 Pa s and a matrix grain radius of 1 mm are used, as in 

McKenzie (1985). 

The remaining parameter that has to be estimated is the height of the melting column. 

From geophysical evidence it is known that the region of melting is largely contained to 

within the boundaries of the rift flanks (KRISP, 1987, 1991; Green et al., 1991) which in 

the Naivasha area is ~ 15 km east of the Longonot cone. Suswa, a volcano of similar age 

and composition to Longonot (MacDonald, 1987) is located 30 km south of Longonot 

giving a maximum southerly extent of the melting region also of 15 km. The area of 

melting that feeds Longonot is therefore probably restricted to a maximum of 225 km2
• 

Subsequent calculations are based upon an initial melt volume of 32 km3 equivalent to 

the main lava pile stage (Lt2). Assuming that the melt fraction is equivalent to the initial 

porosity (<I>) and that the region melting has an uppermost surface area of 225 km2 the 

height of the melt column, h, can be estimated as 

h = (32/<l>)/225 [5.1] 

Graphs illustrating relationships between the height of the melt column (h), compaction 

length (Oc), separation velocity (COo) and compaction time ('t0 ) for the Longonot trachytes. 
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These are plotted relative to the initial porosity (<!>) which at the high melt fractions 

involved in the formation of trachytes may be considered equal to the melt fraction 

(Figure 5.2 p.250-251). Increases in porosity result in a reduction in the required height 

of the melt column and increases in the compaction length and separation velocity. 

Consequently as porosity increases so the compaction time is reduced. The two model 

trends of anhydrous trachyte and trachyte with additional volatiles parallel one another. It 

is evident that, given the level of uncertainity in many other parameters used in the 

calculation, the unce1tainty in the viscosity of the melt has little effect on the overall 

timescale of extraction. 

In Figure 5.3 (p.252) the values of compaction length, separation velocity and separation 

rate are combined to estimate the overall extraction time for any given initial melt 

fraction with similar physical characteristics to the Longonot trachyte. Due to the many 

assumptions involved in the generation of these trends, as outlined above and in Chapter 

1.2, these results can only be used as an approximation of the timescales involved. It is, 

however, evident that with high melt fractions, such as at Longonot, gravitational 

compaction is a viable means of extracting a trachyte melt over timescales that are short 

( <10 ka) compared with that implied by U-series disequilibria (60 - 220 ka). 
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Figure 5.2 continued. Gravitational compaction 
modelling for the segregation of Longonot trachyte 
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Alternatively, melt extraction may be initiated by tectonic strain (Sawyer, 1994; Rutter 

and Neumann, 1995; Bagdassarov et al., 1996) which in the case of Longonot would 

relate to rift extension. Estimates of segregation time based on non-equilibrated 87Sr/86Sr 

isotopes in Himalayan granites (compressive regime) yield timescales of> 200 ka but 

from non-equilibrated trace element abundances timescales of <60 ka and possibly as 

short as 1 ka (Harris et al., 1995 and in prep, Watt et al., 1996; Ayres, 1997). Thus 

despite the increased viscosity of granitic melts, typically 5 x 104 Pas (McKenzie, 1985) 

extraction time is less than implied by U-series disequilibria for Longonot trachytes. 

We conclude that extraction of trachyte melt from the alkali basalt probably takes < 10 ka 

leaving a further 50 - 210 ka of residence in the lower crust to be accounted for. This, 

however, leaves a dilema in that the melt must undergo minimal amounts of fractional 

crystallisation (at most ~20%) over a protracted period of time. This may possibly be 

achieved through heat from further underplating amintaining the melt in a liquid state. A 

similar mechanism has been proposede for the longevity of rhyolitic melts higher in the 

crust at Long Valley in California (Sparks et al., 1990) 

5.2.3 Melt Extraction at Longonot 

In Chapter 3, Longonot was shown to comprise several magma batches that are 

compositionally and isotopically distinct, each having erupted over the last 10 ka, a 

timescale that is much shorter than that of the time since the trachyte melt became 

segregated from its source. Each of these magma batches has a different {230Th/232Th) 

indicating that they were separate bodies of melt in the lower crust. Assuming that all of 

the trachytes were derived from similar source rocks, this variation may reflect 

differences in the timescale of melt extraction. 
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The additional time that trachyte melts spent in the lower cmst may be reconciled if the 

trachytes melts segregate from their source, either by gravitational compaction or under 

stress, but then remain ponded in the lower cmst, relatively isolated from the residual 

phases, for significant periods of time. Ascent into near-surface magma chambers may 

then require the opening of ascent routes to the surface, such as fault planes. Such a 

mechanisms could be linked to the punctuated fault movements that occur along the rift 

(Baker, 1977). 

Such a mechanism could also explain two hitherto unexplained phenomena of rift 

volcanism. Firstly, volcanic activity in the Kenyan segment of the East African rift is 

relatively minor at present whereas ~ 10,000 years ago voluminous pyroclastic and 

effusive emptions were taking place at most of the central volcanoes of the Quaternary 

volcanic province (Scott, 1980; Leat, 1984; Black et al., 1998). If the ascent to near

surface magma chambers is controlled by fault movements and the time period of 

differentiation is short, as shall be discussed later, then the controlling factor on the 

frequency of emptions is not melting or differentiation but instead it is tectonic. 

Secondly, in Chapter 4 it was observed that the first magma batches to have empted in 

the Longonot succession generally have the lowest (230Th/232Th) and may therefore 

represent significantly older magma batches. Assuming all trachytes were derived from 

the same source, this could be explained as a two-stage ascent rate. In the first stage 

isolated magma batches ascend slowly through the lower crust through diapiric upwelling 

and fracture propagation followed by a second rapid ascent due to fault movements. The 

oldest magma batches may have ascended to higher levels in the crust prior to rapid 

ascent into the near-surface magma chamber and would therefore be the first to 

differentiate and empt. 
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The remaining anomaly in this model is that despite melt extraction times of 60 - 220 ka 

the Longonot trachytes retain an initial 226Ra excess. This can be reconciled if there is 

continued, minor, melt interaction with residual phases or the walls of a lower crust 

magma chamber up to the point of ascent. Such interaction is facilitated by the small 

partition coefficient of 226Ra in most commonly occurring alkali basalt phases. 

Alternatively Ra may be added by a volatile phase, a process invoked for decoupling of 

U-series isotopes in the Vesuvius magma chamber (Black et al., 1998). However, there is 

no evidence of open-system behaviour at Longonot and so any volatile addition would 

have to have taken place prior to entry into the near-surface magma chamber and ceased 

at that point. 

5.3 Timescales of Trachyte Differentiation 

5.3.1 The Rate of Differentiation 

A combination of major and trace element data and isotope ratios have shown that the 

volcanic eruptions of Longonot comprise trachytes that evolved in a near-surface magma 

chamber ( <1 kb). A complex magma chamber structure is indicated by the co-existence 

of magma batches, slight Pb-Nd isotopic heterogeneity during the lava pile eruptive 

stage, and compositional zonation of individual caldera pyroclastic beds. Differentiation 

of the lava pile trachytes was dominated by closed-system fractional crystallisation 

(~50%). 

Within the limitations of the data presented, 238U-230Th and 230Th-226Ra disequilibrium in 

the lava pile trachytes indicate similar timescales of magmatic differentiation. U-Th 
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fractionation by variable accessory phase crystallisation gives a (230Th/238U) whole-rock 

disequilibria age equivalent to ~4 ka BP(+ present day - 25600 yrs) (Figure 4.12), whilst 

individual whole-rock (226Ra/230Th) analyses (Figure 4.22) and an error-chron (Figure 

4.21) indicate Th-Ra fractionation ages of ~6 - 4 ka BP. A sanidine mineral separate from 

the main lava pile trachyte yields a two-point mineral-whole rock age of 3664 (+125 -

119) yrs BP. Therefore, in contrast to the decoupling of 238U-230Th and 230Th-226Ra 

systematics during melt extraction both parent-daughter relationships indicate similar 

timescales of magma chamber differentiation. Together the data supp01t a model in 

which the main lava pile trachyte underwent 50% fractional crystallisation in <10 ka, and 

possibly much shorter. Assuming that the main lava pile trachyte had an initial magma 

volume of 32 km3
, this rate is equivalent to a minimum crystallisation rate of 0.005% a-1 

or 0.0016 km3 a-1 of cumulates. 

5.3.2 Residence Time 

The age of phenocrysts and the 238U-230Th-226Ra whole rock error-chrons from the main 

lava pile trachyte give fractionation ages that, within the uncertainties of the technique, 

are comparable to the 14C eruption ages (5650 - 3280 yrs BP). Furthermore, the entry of 

the main lava pile trachyte into the near-surface reservoir is constrained to be about the 

time of the first eruption as this magma body was preceded by other large magma 

batches. From this it can be inferred that entry into the near-surface magma chamber, 

differentiation and eruption were almost synchronous with no significant repose time. 

Volcanic activity at Longonot during the lava pile stage was, therefore, sampling the 

evolution of the upper levels of a single magma batch that differentiated during or shortly 

before the eruptive episode. 

256 



From the two 230Th-226Ra isochrons of sanidine mineral separates the mean residence 

time of the phenocrysts can also be assessed. Sample L33 forms part of the most recent 

activity at Longonot and erupted ~ 1 ka BP (Scott, pers. comm.) but it has a sanidine -

whole rock age of 3664 + 125 - 119 yrs BP. Likewise, sample 28Lt2 erupted close to the 

termination of the main lava pile sequence (3280 yrs BP) but gives an isochron age of 

7158 + 702 - 536 yrs BP (the large e1rnrs resulting from its close proximity to secular 

equilibrium). Both analyses give crystal ages that are a maximum 2-3 ka older than the 

eruption ages and further support a model in which differentiation in the near-surface 

magma chamber is a relatively rapid process. 

Following differentiation the timescale of eruption from the magma chamber is probably 

very short. This is indicated by the non-equilibration of anorthoclase rims on feldspar 

phenocrysts of the mixed lavas (Lmx1
, Lmx2

) since they would only be preserved when 

quenched from high temperatures. 

5.4 Magma Chamber Processes 

5.4.1 Assessing Magma Chamber Models for Longonot 

In Chapter 1.4 a series of published models were presented that have been used to 

explain the physical processes by which differentiation could be achieved within a 

magma chamber. These models range from simple gravity driven phenocryst settling to 

complex fluid-dynamic interactions. On the basis of the timescales and compositional 

variations presented here, some general conclusions can be made about the processes 
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operating in the Longonot magma chamber by comparing the U-series timescales to 

predictions from those models which have independent estimates of rate. 

The volume of the magma chamber is taken to be ~32 km3 (equivalent to the 16 km3 

main lava pile trachyte that underwent 50% fractional crystallisation). The dimensions of 

the magma chamber are estimated to be 4 km diameter and 2.5 km depth. These values 

are consistent with the diameter of the Longonot pit crater caldera (2 km) and the 

Olongonot caldera (10 km) and they give an aspect ratio (diameter/height) of 1.6. These 

parameters are also consistent with the mineralogy of the Longonot trachytes in which 

modal quartz is absent constraining chamber pressure to <1 kb (Bailey 1974),. since that 

could not be maintained by a narrower chamber that extended to greater depths in the 

crust. Such a geometry is also similar to the dimensions of exposed syenite intrusions, 

such as Klokken in Greenland (Mason et al., 1985). 

5.4.2 Stokes Settling of Phenocrysts 

Fractional crystallisation by Stokes settling can be estimated from the viscosity and 

density of the magma, as determined by MELTS (Chapter 3.9). Here, Stokes settling 

velocities are calculated for sanidine which is the most common phenocryst phase. 

Sanidine also has the smallest density contrast within the host magma of any of the 

Longonot phenocrysts and is therefore the limiting factor in the rate of differentiation by 

crystal settling. 

The equation governing Stokes settling is: 

Vt= dz/dt = 2g~pr2/9rt [5.2] 
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where, 

Vt - terminal velocity 

dz/dt - constant velocity (z measured downward) 

~p - density contrast 

sanidine 

melt 

r- radius of spherical particle 

acceleration due to gravity 

viscosity (anhydrous MELTS) 

80kgm3 

2590 kg m3 (Deer et al., 1990) 

2510 kg m3 (MELTS) 

0.0015 m 

(typical sanidine 3mm diameter) 

9.81 m s-1 

5.03 log10 poise= 10715 Pas 

Settling velocity= 3.67 x 10-8 m s-1 

= 1.15 ID yr-I 

The rate of crystal settling is very slow. For comparison olivine phenocrysts in the 

Palisades sill are estimated to have had a settling velocity of 150m yr-
1 (Philpotts, 1990). 

Assuming that there was no convective uplift, crystals impeding one another or mineral 

resorption, each Longonot sanidine crystal forming on the chamber roof would take >2 

ka to reach the chamber floor. 

Stokes settling is governed by the viscosity of the melt and this will decrease with the 

addition of halogens. Halogen addition is thought to reduce the viscosity by up to half 

and order of magnitude (Dingwell and Mysen, 1985; Dingwell et al., 1998) but this 

would only decrease the settling time to ~ 1000 yrs. 

259 



Fractional crystallisation by Stokes settling in the Longonot magma chamber would 

result in the first crystals to have formed at the onset of differentiation at ~5650 yrs BP to 

have only just reached the chamber floor at the time when emptions ceased at 3280 yrs 

BP. We conclude that the processes of fractional crystallisation by Stokes settling of 

phenocrysts from the chamber roof to form floor cumulates is an unlikely mechanism of 

differentiation at Longonot. 

5.4.3 Solidification Front Propagation 

The Hawaiian lava lakes have been cited as behaving like magma chambers (Cashman 

and Marsh, 1988; Cashman, 1990) once an insulating lid of solidified rock has formed. 

The subsequent downward propagation of the roof has been recorded at a rate of 6.7 x 10-

8 m s-1 (2.1 m yr-1
) (Hardee, 1980). Assuming that the depth of the Longonot magma 

chamber is 2.5 km this process would lead to 50% solidification in under 600 years, far 

too rapid for the evolution of the Longonot magma chamber. Consequently those models 

derived from observation of the lava lakes, such as solidification front propagation 

(Marsh, 1985, 1989, 1996) cannot be considered applicable to the Longonot magma 

chamber. Models of simple roof crystallisation are also inconsistent with the low 

phenocryst content of the lava pile trachytes or compositional zonation in the caldera 

pyroclastics. 
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5.4.4 Sidewall Crystallisation 

Crystallisation along the walls of a magma chamber is thought to result in a boundary 

layer flow of low density, differentiated magma that buoyantly ascends to the top of the 

chamber. Increasingly evolved compositions accumulate against the chamber roof and 

this is thought to be one of the main causes of magma chamber zonation (Philpotts, 1990; 

Tait and Jaupart, 1990; de Silva and Wolff, 1995). 

There is evidence for sidewall crystallisation processes operating at Longonot. Firstly, it 

is a possible mechanism to explain the zonation of caldera pyroclastic beds. The first 

pumices to erupt, corresponding to the top of the chamber, being the most 

compositionally evolved. The relative paucity of phenocrysts in a lava modelled as 

undergoing rapid crystallisation indicates that crystallisation is not taking place within 

the main body of magma and is consistent with the occasional eruption of friable, poorly 

consolidated syenite autoliths that are interpreted as sidewall cumulates. 

The similarity in composition of the lava pile and caldera pyroclastics most probably 

represents the sampling of very similar magma batches that underwent similar 

differentiation processes but were sampled in two ways. The caldera pyroclastics drained 

the upper levels of the zoned magma chamber during single explosive eruptions whereas 

the lava pile lavas progressively sampled the top of a differentiating magma chamber in 

which zonation led to the eruption of increasingly evolved compositions. If this is true, 

the rapid timescale of differentiation determined for the lava pile trachytes is also 

applicable to the caldera pyroclastics. Given that the caldera pyroclastics comprise at 

least 13 pumice beds erupted from 9150 - 5650 yrs BP and that several are known to be 
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zoned, it is concluded that the time for zonation was extremely rapid, possibly much less 

than 1 ka. 

Where sidewall crystallisation is the main process of differentiation the rate that an 

evolved cap forms is largely controlled by the aspect ratio of the chamber (de Silva and 

Wolff, 1995). Numerical modelling has shown that the rate that an evolved cap of 

magma derived from sidewall crystallisation is faster when the chamber has a small 

aspect ratio (column like) as opposed to a low aspect ratio (coin shaped). For magma 

chambers such as at Longonot (aspect ratio ~ 1.6) compositional zonation by fractional 

crystallisation will develop in 103 
- 104 years (de Silva and Wolff, 1995). These models 

are based on rhyolite magma chambers with a higher viscosity (105 Pa s) than the 

Longonot magma (104 Pas) so that the lower time estimate is probably more applicable. 

5.5 Speculation on a Two-Step Timescale of Felsic Magma Differentiation 

The residence time and differentiation of trachyte in the near-surface Longonot magma 

chamber ( < 10 ka) and rate of zonation ( <1 ka) are up to an order of magnitude shorter 

than the timescale of felsic melt extraction (60 - 220 ka). 

Several other studies have identified comparable two-step processes for felsic magma 

evolution. The early processes of melting and/or fractional crystallisation, to derive a 

felsic melt, are slow and take place in the lower crust, whereas differentiation with 

associated phenomena such as zonation is generally over an order of magnitude faster 

and takes place in near-surface reservoirs. For example, the Laacher See phonolite 

formed over 100 ka in a deep reservoir by fractional crystallisation yet had only a 20 ka 
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residence in the near-surface magma chamber (Bourdon et al., 1994). Similarly, 

phonolites from Mt. Erebus formed by fractional crystallisation of basanite developed in 

150 ka but resided for only 3 ka in the upper chamber (Reagan et al., 1992) and the Fogo 

A trachyte of Sao Miguel in the Azores had a formation time by fractional crystallisation 

of 90 ka yet became compositionally zoned through differentiation in the upper reservoir 

in only 4.6 ka (Widom et al., 1992). 

The common factor in all of these studies is that the tectonic regime in which the 

magmas are forming is non-compressive. This may imply that magma build up and 

release due to fault movements is an important mechanisms of felsic magma petrogenesis 

in both continental and ocean basin environments where deviatoric stresses do not lead to 

a more rapid expulsion of melt. 

5.6 General Conclusions 

On the basis of this thesis a series of general statements can be made about the nature of 

magmatic processes at Longonot and their wider applicability to our understanding of 

magma chamber processes and felsic volcanism 

1. Trachytes at Longonot were formed by the partial melting of alkali basalt source 

rocks, possibly related to mafic underplating during rift extension. Melting is in a garnet 

free environment and where Dmatrix-meltu > Dmatrix-mel\h resulting in primary 230Th 

excesses. 
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2. The melts segregated from the residual source matrix in possibly< 10 ka but then 

ponded in the lower crust for protracted and variable lengths of time (60-220 ka) during 

which the magma was in closed-system for 238U-230Th, although open-system 230Th -

226Ra exchange may have continued. 

3. Ascent into the upper crust and near-surface magma chambers was sporadic and 

may have related to periodic fault movements. Such a mechanisms may be applicable to 

other regions of felsic magmatism. 

4. Differentiation in the near-surface magma chamber was primarily by closed

system fractional crystallisation in which the dominant crystallising phase was sanidine 

(80% ). Minor variations in the crystallisation of accessory phases led to a second, 

variable, U-Th fractionation. 

5. Fractional crystallisation was rapid (<10 ka) and it was related to the formation of 

zonation within the chamber, which may have developed in much less than 1 ka. 

6. The combination of fractional crystallisation and compositional zonation resulted 

in the geochemical characteristics of Longonot, namely abundant incompatible trace 

elements, extreme depletion of trace elements that are compatible in sanidine, 

compositionally zoned pumice beds and a strong correlation of fractional crystallisation 

with stratigraphic position, as successive eruptions tapped the evolving top of the magma 

chamber. 

7. There was no significant time difference between entry into the near-surface 

magma chamber, differentiation and eruption because the ages of U-series fractionation 
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by differentiation and the 14C ereuption ages cannot be distinguished from one another. 

Therefore the stratigraphic ages at Longonot are an accurate indication of the rate of 

differentiation in the magma chamber. 

5.7 Summary and Future Work 

The processes of magma formation and differentiation are complex and understanding 

them remain a primary goal of igneous petrology. A growing number of detailed 

investigations, such as presented here for Longonot, are revealing the complexity for 

individual volcanoes with different magmatic products. Timescales from U-series 

disequilibria are providing a new method by which these processes can be assessed, but 

the number of detailed studies remains relatively small, largely due to the complexity of 

the procedure required to obtain the data. 

At Longonot further information on the processes of differentiation, and especially melt 

formation may come from 231 Pa analysis the half life of which, 34 ka, lies between 230Th 

and 226Ra and as such it may be used more accurately to constrain the differences in 

extraction time of the different magma batches. This may be also further facilitated by 

further analyses of alkali basalts from the Naivasha area. 

The global database of volcanoes that have been analysed in detail for U-Th-Ra 

disequilibria is still relatively small. As a consequence, general conclusions that relate 

compositional and tectonic differences to physical processes remain largely speculative. 

Emphasis should be placed on compiling complete databases that incorporate standard 

geochemical and isotopic data with high precision U-series analyses, and geophysical 
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imaging of the geometry of the entire volcanic strncture, from source to magma chamber 

so that future models can include more accurate estimates of, for example, chamber 

geometry and thermal budget. However, in order for such growing databases to be fully 

utilised there is also a need for greater collaboration between analytical geochemistry and 

theoretical modelling. 
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APPENDIX 

Al ANALYTICAL TECHNIQUES 

Al.1 Sample Powdering 

For the majority of analytical techniques employed in this investigation each sample 

needed to be in powdered form. This ensured total homogenisation of the rock and 

facilitated subsequent weighing and dissolution. Each specimen was cleaned using a wire 

bmsh and any weathered rims removed using a hydraulic splitter. The sample was then 

divided and a portion retained for thin sections, hand specimens and archiving. The 

remaining sample was cmshed into <10 mm fragments using a jaw cmsher and powdered 

using agate ball mills Approximately 50 g of cmshate was milled for 20 minutes, or until 

the sample was completely powdered. Each sample was placed in a clean glass jar and 

labelled accordingly. Between the preparation of samples the hydraulic splitter and jaw 

cmsher were thoroughly cleaned. Prior to each powdering, the agate mill and balls were 

cleaned with water, dried and precontaminated with approxiamtely 10g of the sample. 

For pumice samples the jaw cmshing stage was unnecessary and individual samples were 

placed directly into the ball - mills. 
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Al.2 Procedure for Major and Trace Element Abundance Determination by 

X-ray fluorescence (XRF) 

Al.2.1 Technical and fustrnmental Specifications 

Major and Trace element abundances were determined by X-ray Fluorescence 

spectroscopy at the Open University using an ARL 8420+ dual goniometer wavelength 

dispersive XRF spectrometer equipped with a 3 kW rhodium anode end-window X-ray 

tube. The instrnment contains fully collimated flow proportional and scintillation 

counters and five diffracting crystals, AX06 (multilayer), PET (penta-erythrytol), Gel 11, 

LiF200 and LiF220. Elemental intensities were corrected for background and known 

peak overlap interferences. Medium term intensity drift was accounted for using a drift 

normalisation monitor. The Traill Lachance empirical procedure was used for major 

element matrix corrections. Trace element matrix corrections involved rationing with the 

Compton scattered tube lines and for elements Z<27 (and Ba) a Lucas-Tooth correction 

that involved iron and Compton scatter peak intensities. Major element data quality was 

assessed by analysing two monitor samples (containing high and low abundances of each 

major element). A range of natural rock compositions (four) were used to monitor trace 

element data quality. The detection limits and tunning conditions of major and trace 

elements are given in Table A. 1. 1 (p.289) 
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Table A1. Running conditions and detection limits of major and trace elements 

Element Crystal Typical Typical detection Principal 
Concentration range limits (element µg g-1) Interferences* 

in rocks ( oxide % ) 
Na AX06 0.02- 7 ox% 400 ZnLa(Mg,Ka) 
Mg AX06 0.05-45 ox% 300 AIKa 
Al PET 0.3-20 ox% 500 
Si PET 35 - 80 ox% 500 
p Ge111 0.01 - 1 ox% 100 
K LiF200 0.01 - 15 ox% 100 

Ca LiF200 0.1 - 25 ox% 100 
Ti LiF200 0.01 - 3 ox% 50 Bala 
Mn LiF200 0.01 - 0.25 ox% 50 (CrKb) 
Fe LiF200 0.5 -15 ox% 50 

Element Crystal Typical Typical detection Principal 
Concentration range limits (element µg g-1) Interferences* 

in rocks (ua g-1
) Typical / Current 

Cr LiF200 3 - 3000 3.5 / 4 VKb1,3 
Ni LiF200 2 - 3000 1.5 / 3 Y2Ka,Rb2Kb 
Cu LiF200 0.5 - 150 1.2 / 2 TaLa2 
Zn LiF200 10 - 200 1.2 / 2 U2Lb1 
Rb LiF200 0.1 -1000 1.6 / 2 ULa2 
y LiF200 1 - 100 1.2 / 2 RbKb1,3 
Zr LiF220 1 - 1000 1.3 / 2 SrKb1 ,3ThLb2,4 
Nb LiF220 1 -100 1.4 / 2 YKb1,3ULb2 
s Ge 10 - 1000 

Ga LiF200 0.5 - 40 1.5 / 2 TaLb4 

*Many other interferences are possible when abnormally high levels (>1000 ppm) 
of trace elements are present. 
Other trace elements routinely analysed at the Open University are below 
quoted detection limits in the majority of Longonot samples. 
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Al.2.2 Major Element Determination Using Fused Glass Discs and Loss on Ignition. 

For each sample a 3 g aliquot of powdered sample was dried overnight in an oven at 

110°C +/- 5°C in a clean porcelain crucible. 3.5350g +/- 0.0001g of oven dried 

spectroflux lO0B flux (80% LiBO2, 20% LhB4O7) was weighed into a clean Pt crucible 

(crucibles also contain 5% Au). 0.7000g +/- 0.0001g of dried sample was added to the 

flux and intimately mixed using a plastic stirring rod. The samples were then fused at 

1100°C in an electric muffle furnace for 15 minutes. Every 5 minutes the samples were 

swirled to remove any gas bubbles and then poured into a 36 mm heated brass mould and 

pressed into shape. Cooled samples were then labelled. 

The loss of volatile species was accounted for by determining a 'loss on ignition' value 

for each sample. 1-2 g of dried sample was accurately weighed into a clean, pre-ignited 

(15 minutes at 1000°C), alumina crucible and ignited at 1000°C for 1 hour in an electric 

muffle furnace. Each sample was then allowed to cool before re-weighing. Loss on 

ignition was calculated as the difference between the initial and final mass of the sample. 

Due to the high alkali content of Longonot samples, which forms a natural flux, many of 

the early samples fused to glass at 1000°C. To avoid damage to the alumina crucibles 

later samples were fused at 800°C. 

Al.2.3 Trace Element Determination as Pressed Pellets. 

9-l0g of powdered sample was weighed into a clean 2.25" resealable plastic bag and 0.7-

0.9 ml of PVP binder added. the sample and binder was then intimately mixed before 

transference into a pressed pellet mould. The sample and binder was then compressed at 
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7-9 tons per sq. inch, removed from the mould and dried at 110°C overnight prior to 

labelling and analysis. 

Al.3 Electron Microprobe analysis of phenocrysts 

The composition of phenocryst phases was determined using a Cameca SXlO0 Electron 

Microprobe at the Open University. Sample thin sections were prepared to 30 µm 

thickness and coated in a conductive graphite layer to prevent charge build up under the 

electron beam. The Cameca SXlO0 is a fully computerised system, which enables 

spectrometer angles and corrections to be performed automatically. A beam current of 20 

nA was used to analyse phenocrysts and was defocused by ~20 µm for groundmass assay, 

to avoid glass decomposition and Na loss. Primary standards used in calibration were 

feldspar (Si, K, Al), bustamite (Mn, Ca), haematite (Fe), forsterite (Mg), rutile (Ti) and 

jadeite (Na). The calibration was checked against a secondary standard, KKA (kaersutitic 

amphibole). Reproducibility of KKA major elements is better than 2% (2cr). 

Where interstitial minerals in cumulate samples were smaller than the beam size the 

composition was approximated using an IMIX X-ray spectrometer, which is also part of 

the SXlO0 configuration. This system determined the principal component elements in a 

mineral but not their absolute abudances. 
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Al.4 Fluorine determination by Ion Selective Electrode (ISE) 

The abundance of Fluorine in a selection of Longonot samples was determined by Ion 

Selective Electrode at Imperial College, London using an Orion 94-09 fluoride specific 

electrode. 

0.2500 +/- 0.0001g of dried (110 °C) sample was weighed into a clean porcelain crucible 

and mixed intimately with 0.7500 +/- 0.0003g spectroflux 100B (80% LiBO2, 20% 

LhB4O7) using a plastic stirring rod. The entire mixture was then transferred to a pre

ignited graphite crucible and fused at 1000 °C for 20 minutes in an electric muffle 

furnace. The molten glass bead was then poured into a 400 ml beaker containing 25 ml 

2M HNO3 and 150 ml of distilled water. The solution was stirred for 30 minutes using a 

magnetic stirrer to ensure total dissolution of the bead before tranfer to a clean 250 ml 

volumetric flask. The plastic beaker was washed with distilled water and the washings 

added to the volumetric flask. The solution was then diluted to volume and shaken well 

before being filtered through a Whatman 12.5 cm No 41 filter paper and transferred to a 

plastic bottle and sealed; this produced a 1000 ppm solution of the sample. 

Fluorine abundance in the samples was calculated from an electrode slope produced from 

two solutions of known fluorine abundance (10-3M & 10-4M). Into a beaker 20 ml of the 

10-3M solution was added to 20 ml of a complexing buffer solution. The ion selective 

electrode was placed in the mixture and constantly stirred, using a magnetic stirrer, and 

after 5-10 minutes a steady reading was obtained and recorded. Into a second beaker 20 

ml of 10-4M solution and 20 ml of complexing buffer solution was added and a reading 

taken as before. The difference between the two electrode potentials gives the electrode 
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slope. The fluoride concentration was measured by the method of standard additions. 20 

mis of sample solution (1000 ppm) was added to 20 mis of complexing buffer solution 

and well mixed with a magnetic stirrer until the fluoride selective electrode placed in the 

solution produced a steady reading (~5-10 mins). After the reading had stabilised 4 mis 

of the 10-3 M fluoride solution was added to the beaker and stirred until a new steady 

value is obtained. Using tabulated results for different electrode slopes the change in 

electrode potential gives the concentration of fluoride ions in solution, given by the 

equation 

%F = CJ2.6318 

where Co is the original fluoride concentration in the solution (given in 10-4 M). 

Multiplication by 10,000 then gave the concentration in the original sample in ppm. 

Accuracy was determined by the analysis of fluoride standards NIM-G (SARM-1) and 

SY-2 which have agreed values of 4200 and 5030 ppm respectively (Potts et al., 1992). 

Average values during the analytical period give average values of 4000 and 5000 ppm. 

Precision was evaluated by repeat analyses of several Longonot samples which were 

reproducible to within 3% (2cr).The large systematic error and poor reproducibility of this 

technique is apparent in these values but the range in Longonot samples is sufficiently 

large to accommodate this problem. 
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Al.5 ICP-MS Analysis of U, Th, Pb, Ba, Sr & REE 

ICP-MS analyses were carried out on a Fisons Plasma-Quad ICP-MS facility at the 

University of Plymouth, following dissolution of samples at the Open University. 

Approximately 50 mg of rock powder was accurately weighed to 5 decimal places and 

dissolved using a standard HF-HC1-HNO3 procedure in Savillex™ sealed teflon beakers, 

ensuring that there was no loss of material during the dissolution procedure. Immediately 

prior to analysis the concentrated solution was converted to a dilute 1:5000 solution 

using 0.25M HNO3. 

A matrix specific calibration procedure was employed that used the method of standard 

additions. A representative sample (20Lt2) was spiked with a series of known 

concentrations of U, Th, Pb, Ba, Sr and REE that increased the abundance of these 

elements by factors of 1, 2 and 3. The increase in counts produced by these known 

increases in concentration formed an abundance vs. ICP-MS counts slope from which all 

others results were calibrated. 

Samples were injected into the plasma using a self aspirating Meinhaldt nebulizer. 

Machine drift during the duration of the analyses was monitored and corrected for using a 

10 ppb indium spike and wherever possible more than one isotopic mass was analysed 

for a given element. The time difference between calibration and sample running was 

minimised by mass jumping. Samples were analysed in batches of fourteen comprising 

four calibration standards and ten samples of unknown concentration. The data were 

corrected for drift after analysis using the indium spike and the counts converted to 
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abundances using the matrix specific calibration method outlined above. Where 

interferences exist for analysed isotopes a correction factor was then applied based on the 

agreed abundance values of the certified reference materials. Where more than one 

isotopic mass was analysed the given value is a mean average. 

Precision was monitored by repeat analyses of a single sample (20LT2
) and by multiple 

dissolutions of a separate sample (15Lt2). Accuracy was determined by repeat analyses of 

four certified reference materials of varying element abundances (GA, G2, FK-N, GS-N). 

Variation (2cr) for the elements U, Th, Pb and Ba are <1 %, for the REE they are <2% and 

for Sr 3%. Blank contribution was determined from total procedural blank solutions, the 

contribution of procedural blank for all elements is <0.05% (Table Al.2 p.296). 

Al.6 Secondary Ion Mass Spectrometry (SIMS) Determination of Partition 

Coefficients 

The partition coefficient between Longonot sanidine and coexisting glass matrix were 

determined by Secondary Electron Mass Spectromet1y using the NERC Cameca IMS-4F 

facility at Edinburgh University by G.F.Zellmer. 

A single sample (22Lt2) was prepared as a thin section (30 µm). This section was first 

analysed by electron microprobe for major element abudances in the sanidine phenocryst 

and glass groundmass before cleaning to remove the conductive carbon coat and re

cutting into a 1 inch disc. The sample disc was then coated in gold to prevent charge 

build up within the sample during analysis. 
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Table A 1.2 ICP-MS Standard data 

Element GA (n = 8) 2cr% GACRM G2 (n = 8) 

Ba 840 0.9 840 1875 
Sr 311 2.9 310 475 
Pb 29 0.8 30 25 
u 4.8 0.9 5 2.1 

Th 16.9 0.9 17 25.0 
La 39.2 1.6 40 88 
Ce 77.2 1.0 76 158 
Pr 7.1 1.5 7.3 16.8 
Nd 26.6 0.9 27 54.1 
Sm 4.9 1.5 5 6.7 
Eu 1.1 1.5 1.08 1.1 
Gd 3.7 1.5 3.8 4.4 
Tb 0.5 1.9 0.6 0.5 
Dy 3.3 1.8 3.3 2.3 
Ho 0.7 1.9 0.7 0.5 
Er 1.8 1.9 1.9 0.9 

Tm 0.3 2.0 0.3 0.2 
Yb 1.9 2.1 2 0.7 
Lu 0.3 2.1 0.3 0.1 

* Multiple analyses of the same sample (8) 
# Multiple dissolutions of the same sample (4) 
Standard values from Potts et al., (1992) 

2cr% G2CRM FK-N (n = 8) 

1.0 1880 198 
2.8 478 43 
1.0 31 243 
0.9 2.04 0.1 
0.8 24.6 0.3 
1.1 89 0.9 
1.3 160 1.0 
1.2 18 0.07 
1 55 0.2 

1.5 7.2 0.05 
1.6 1.4 0.4 
1.8 4.3 0.05 
1.8 0.48 0.01 
2.1 2.4 0.05 
1.9 0.4 0.02 
1.4 0.92 0.04 
1.7 0.18 0.03 
1.7 0.8 0.04 
2.2 0.11 0.01 

2cr% FK-N CRM GS-N (n = 8) 2cr % GS-N CRM 20Lt' (n = 8)* 2cr% 15Lt' (n = 4)# 2cr% 

1.2 200 1395 0.7 1400 7.3 0.9 7.1 0.9 
3.1 39 560 2.9 570 2.8 2.5 2.5 2.5 
1.3 240 51 0.7 53 22.5 0.8 23.7 0.9 
1.0 0.13 7 0.7 8 5.1 0.9 5.3 1.0 
1.0 0.33 42 0.9 42 22.3 1.0 23.4 1.0 
2.3 0.9 77 1.5 75 162.3 1.1 171.3 1.5 
2.1 1.0 145 1.6 135 300.1 1.4 323.1 1.4 
2.2 15 1.4 14.5 32.6 1.8 35.2 1.4 
2.1 0.3 51 1.4 49 121.3 1.9 129.6 1.2 
2.1 0.06 7.8 1.5 7.5 22.5 1.9 24.0 1.9 
1.7 0.42 1.9 1.7 1.7 2.7 2.0 2.9 1.5 
1.9 0.05 7.4 1.6 5.2 22.9 1.5 23.7 1.1 
2.0 0.01 0.7 2.1 0.6 3.7 1.6 3.4 1.6 
2.1 0.06 3.5 2.1 3.1 22.3 1.7 23.2 1.2 
2.6 0.02 0.6 2.2 0.6 4.0 1.6 4.4 1.7 
2.2 0.04 1.7 1.7 1.5 12.0 1.4 13.1 1.7 
2.5 0.2 1.9 0.22 2.0 1.4 2.0 2.1 
2.3 0.04 1.5 1.9 1.4 11.7 1.5 12.5 1.5 
2.5 0.01 0.2 1.9 0.22 1.8 2.2 1.9 2.2 



In the secondary ion mass spectrometer the primary beam comes from a duoplasmatron 

source that produces 0- ions that are focused and accelerated to ~+4.5 kV at a 20 µm 

sample target. A 20 nA primary beam impacts sample ejecting cations that are extracted 

by an electrostatic immersion lens at ground potential. The secondary ion beam is then 

focused by electrostatic transfer lens onto the entrance slit of the spectrometer. 

Standard interference corrections were applied (FeSi and element oxides) and the data 

was normalised to the SiO2 content of sample 22Lt2 (62.01 wt%) as determined by bulk 

rock X-ray fluorescence. Error is estimated to be 4% for masses analysed> 70 amu and 

2% for masses <70 amu (Zellmer, pers. comm.) 

Al.7 Thermal Ionisation Mass Spectrometry (TIMS) 

Al.7.1 General Laboratory Procedure 

All thermal ionisation mass spectrometry (TIMS) was carried out at the Open University. 

Dissolutions were carried out on powdered rock samples, unless otherwise stated, as 

outlined in Appendix Al .1. All reagents, unless otherwise stated, were purified by either 

TD (teflon distillation) or QD (quartz distillation). Water used in column and beaker 

cleaning procedures was purified by reverse osmosis (RO) to 18.2 mO resistance. The 

reagents used in Pb separation were further purified by a second teflon distillation. 

Procedures were carried out in clean laboratory conditions; evaporations were carried out 

under evaporating hoods with a supply of clean filtered compressed air. All dissolutions 

were carried out in Savillex ™ sealed beakers. Beakers were cleaned by alternately 

soaking and heating with QD 6M HCl, concentrated HNO3, QD 6M HCl and finally RO 
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H20. Samples were loaded on to Re or Ta filaments that had been outgassed at >4 amps 

for 10-15 minutes. 

Al.7.2 Pb Isotope Ratio Determination 

The separation procedure for Pb is essentially the same as that outlined in McDermott 

and Hawkesworth (1991) as summarised in Figure A.l. 1 (p.300) Pb isotope ratios were 

analysed using a Finnigan MAT 261 mass spectrometer operating a dynamic temperature 

controlled run (1175°C). Pb isotope ratios were corrected for fractionation using the NBS 

981 standard (2°6Pb/2°4Pb : 16.9373, 207Pb/2°4Pb: 15.4925 , 208Pb/2°4Pb: 36.7054, Todt et 

al., 1984). Reproducibility of the NBS 981 lead isotope standard was used as a measure 

of accuracy. Over the duration of the experimentation absolute 2cr errors were 206Pb/2°4Pb 

+/- 0.01 , 207Pb/204Pb +/- 0.01, 208Pb/204Pb +/- 0.04 (n=45). 

Laboratory contamination of samples was determined by total procedure blanks (TPB) 

using a 207Pb spike. Over the duration of the analyses the average TPB of Pb for PJE was 

< 1 ng which accounts for less than 0.1 % of the typical Pb entering the mass 

spectrometer. Separated lead was loaded on to single Re filaments with a silica gel 

solution that slows the rate of Pb ionisation. 

Al.7.3 Nd Isotope Ratio Determination 

The ratio 143Nd/144Nd was determined using a Finnigan MAT 262 mass spectrometer 

operating in multi-collector mode. The dissolution and separation of Nd follows standard 

procedures as outlined in Figure A.1.2 (p.301). In many instances, the high abundance of 

Nd (100 ppm) in Longonot samples meant that a single dissolution of< 100 mg rock 
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powder would yield far more Nd than required for a single analysis by the mass 

spectrometer. fu these cases only a fraction of the final Nd collection was loaded on to 

the filament, to ensure that a more typical evaporation-ionisation protocol could be 

followed. This pe1mitted multiple analyses of single samples to be made and an average 

value taken. The data quality of the 143Nd/144Nd measurements was monitored using an 

internal standard called J+M with a laboratory average of 0.511764 +/- 0.000020 (2cr). 

Total procedural blank values for Nd are < 0.5 ng which, in conjunction with the large 

Nd abundance of the samples, accounted for a negligible ~0.01 % of Nd entering the mass 

spectrometer. Nd samples were loaded on to Ta double filaments using 0.lM HN03 and 

positioned in the mass spectrometer alongside a Re ionisation filament. 

Al.7.4 TIMS Analysis of 238U - 234U- 232Th -230Th. 

The determination of 238U - 234U- 232Th -230Th was carried out using a Finnigan MAT 

262 mass spectrometer, equipped with an RPQ II (retardation potential quadrupole) 

deceleration lens. The decelaration lens permitted an abundance sensitivity of < 10 ppb 

of the small 230Th and 234U peaks which are otherwise obscured by the much larger 232Th 

and 238U peaks (van Calsteren and Schweiters, 1995). A simplified operational layout of 

the Finnigan MAT 262 mass spectrometer and RPQ-II system is given in Figure A.1.3 

(p.302) The incoming beam, in the diagram this is U, is separated into the component 

masses by the magnet. The large 235U and 238U beams are collected in the normal way 

with an array of faraday cups. The small 234U beam is axial and is deflected through the 

RPQ -II system where it is transformed from a rectangular cross section into a circular 
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Figure A 1.1 Pb Isotope determination by TIMS 

DISSOLUTION 
Clean beakers 

. 1 T Weigh < 00 mg powdered sample 

Wet with 2xTD HNQ3 

Dissolve in TD HF 

T 
Evaporate to dryness 

Add ~2 ml 2x TD1 SM HNO3 

T 
Evaporate to dryness 

Add ~ 2ml 2x TD 6M HCI 
ensure sample totally dissolves 

T 
Evaporate to dryness 

Add ~ 1 ml TD HBr 

COLUMN PROCEDURE 
calibrated in CV- column volumes 

T 
Position frits in 1 ml pipette tips 

Clean pipettes in QD 6M HCI and RO H2O 

T 
Add 5 drops of anionic resin (~ 100 µI) 

Wash resin 
1CV 2xTD HNQ3 

1CV 2xTD H2O 
1CV 2xTD HNQ3 

1CV 2xTD H2O 

T 
Load sample avoiding any residue 

Wash sample 0.SCV TD 1 M HBr 
Add 1CV TD 1M HBr 
Elute Pb 2CV TD HCI 

Add ~50 ml 2xTD HNO3 to remove bromine 

evaporate_to dryness 

LOADING 
Load on to single Re filament with silica gel 

Finnigan MAT 261 mass spectrometer 
(1175°C) dynamic temperature controlled run 
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Figure A 1.2 Nd isotope determination by TIMS 

DISSOLUTION 
Clean beakers 

. T 
Weigh <100 mg powdered sample (~500 ng Nd) 

Wet with QD HNO3 

Dissolve in TD HF 
Evaporate to dryness 

T 
Add 2-3 ml QD HNQ3 

Evaporate to dryness 

Add 2-3 ml QD HCI 
Heat to ensure total dissolution 

Evaporate to dryness 

T 
Dissolve in 1 ml 2.5M HCI 

COLUMNPROCEDURE1 

Precondition cationic columns with 10 ml 2.5M HCI 

Load sample in 1 ml 2.5M QD HCI 

T 
Rinse 2x 1 ml QD HCI 

Elute 50 ml QD 2.5M HCI 
Elute 18 ml QD 3M HNO3 

Collect 18 ml QD 3M HNO3 

Evaporavo dryness 

COLUMN PROCEDURE 2 

Precondition teflon column 5 ml QD 0.25M HCI 

Load sample 0.5 ml QD 0.25M HCI 

T 
Elute 13 ml QD 0.25M HCI 

Collect 10 ml QD 0.25M HCI 
Evaporate to dryness 

LOADING 
T 

Evaporation Ta double filament 
Ionisation Re double filament 

Multi-collector mode Finnigan MAT 262 mass spectrometer 
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Figure A1 .3. Schematic diagram of a multicollector mass spectrometer equipped with a RPQ-II 
for improved abundance sensitivity (after van Calsteren and Schweiters 1995). 

MULTI-COLLECTOR ~ 

I 
. .. , 

~ .. . -~ 1 

229 230 231 232 

230Th beam with RPQ-SEM 

MCSEM 

229 230 231 

23°Th beam with normal 
SEM system showing 
232Th interference 'tail' 
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cross section by the static quadrupole lens. The circular beam then passes through the 

funnel and tunnel lenses that only permit ions of the correct thermal ionisation energy 

distribution to pass to a SEM (secondary electron multiplier). The presence of both a 

f araday and a SEM permits the yield of the RPQ system to be determined. This 

technique permits precision to within 1 % 2cr. The abundance of the isotopes is 

determined by isotope dilution using a mixed spike of 236U and 229Th. A full description 

of the mass spectrometry procedure for U-Th analysis is found in Turner et al. ( 1997) and 

is also outlined in Figure A.14a-c (p.305-307). The 230Th contribution from the spike in 

negligible in subsequent (230Th/232Th) determinations. 

The U fraction of the separation procedure is loaded on to a Re single filament using a 

colloidal graphite solution which helped to inhibit the fo1mation of U-oxides in the mass 

spectrometer, U was analysed using a dynamic collection procedure. The Th fraction was 

loaded on to a Re double filament using a loading solution that comprises H3PO4 and 

HN03• The sample was placed in the mass spectrometer with a second Re filament to 

aid ionisation. Th was analysed in multicollector mode using both faraday cups and the 

RPQII-SEM system. 

The abundance [] and activity ratios () of the U-series radionuclides were determined 

from the activity of the isotope diluted samples according to the equations below. It is 

assumed that the dissolution procedure homogenises the sample and mixed spike. 

[232Th] = 

(in moles) 

r229Th]spike x Th spike mass x [232Th/229Th]meas. 

sample mass 
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= 

"-232Th = 4.9475 X 10-ll 

"-230Th = 9.1952 X 10-6 

"'23su = 1.5513 X 10-IO 

"'234u = 2.8350 X 10-6 

(Goldstein et al., 1987) 

X 

X 

X 
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Figure A 1.4a Dissolution procedure for 238U -234U - 232Th - 230Th - 226Ra analysis 

DISSOLUTION 
Cleayeakers 

Accurately weigh (5 significant figures) sufficient sample 
to get ~500 ng Th to the mass,ectrometer (approx. 50 -100 mg) 

Add accurately weighed mixed 236U/220Th spike 
and/or 228Ra spike 
and/or 1358a spike 

T 
Wet with TD HNO3 

Dissolve in TD HF 
Evaporate to dryness 

T 
Add TD 6M HCI 

Heat to ensure complete dissolution 
Evaporate and repeat TD 6M HCI dissolution 

T 
Add saturated boric acid to remove residual fluorides 

Evaporate to dryness 
T 

Dissolve in 14M TD HNO3 

Dissolve in 7M TD HNO3 

T 
Dissolution volume determines column porcedure 

T 

~ 

l) 
I 
~ 
('I) 
L.. 
m 
m 
C: 
<( 

.9 
t::: 
Q) 
> 
C: 
0 
l) 

4 ml Anionic column 2ml Anionic column Radium cationic column 
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Figure A 1 .4b 2ml Anionic column procedure for U-Th separation 

2 ml COLUMN PROCEDURE 

T 
Wash bioradTM 10 ml polypropylene column 

Add 2ml Anionic resin 
Wash with QD 6M HCI 

Wash with RO H2O 

T 
Precondition with 6 ml TD 7M HNO3 

Load sa,e ( < 4 ml) 

Wash 2 x 1 ml TD 7M HNO3 

Elute 12 ml TD 7M HNO3 

Elute 1.5 ml TD 6M HCI 

T 
Collect Th 3.5 ml TD 6M HCI 

Elute 1.5 ml TD 1 M HBr 

T 
Collect U 3.5 ml TD 1 M HBr 

Evaporate U - Th fractions to dryness 

Load U on Re single filament with graphite 

T 
Load Th on Re double filament 

with Th loading solution (10% HPO4) 
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Figure A 1 .4c Anionic column procedure for U-Th separation 

4 ml COLUMN PROCEDURE 

T 
Clean glass column in QD 6M HCI 

Add 4 ml Anionic resin 
Wash with QD 6M HCI 

Wash with RO H2O 

T 
Precondition with 12 ml TD 7M HNO3 

Load sample 
(volume is dependent on sample size) 

T 
Wash 2 x 1 ml TD 7M HNO3 

Elute TD 7M HNO3 

(volume is dependent on sample size) 

T 
Elute 4 ml TD 6M HCI 

Collect Th 4ml TD 6M HCI 

Elute 3 ml TD 1 M HBr 

T 
Collect 5 ml TD 1 M HBr 

Evaporate U - Th fractions to dryness 

T 
Load U on Re single filament with graphite 

Load Th on Re double filament 
with Th loading solution (10% H3PO4) 

307 



Al.7.5 226Ra determination 

The abundance of 226Ra in Longonot samples was determined by TIMS using a Finnigan 

MAT 262 mass spectrometer equipped with an RPQ Il deceleration lens, which helped to 

separate the small Ra peaks from analytical interferences. The abundance of 226Ra was 

calculated using a 228Ra spike prepared at the Open University from a 232Th solution 

(NIST 3159). The dissolution procedure is the same as for U and Th but then loaded on 

to the first of a series of cationic columns as a 3M HCl solution. Ra purification was 

performed using Sr-spec resin of the ElChrom company which is a solution of bis+ 

butyl-cis-Dicyclohexano-18-crown-6 in 1 octanol which is adsorbed onto an inert 

substrate. This purification technique is a modified version of that by Chabeaux et al., 

(1994) and results in a Ba/Ra ratio loaded onto the filament of <1000. This three column 

procedure adopted in this study is a modified version of that given Chabeaux et al., 

(1994) as outlined in Figure Al.5 (p.3 11). 

The Ra fractions were loaded on to Re single filaments using a Ra loading solution that 

contains TaCl which acts as an activator in the mass spectrometer. The blank 

contribution of the dissolution procedure is below the detection limit of the mass 

spectrometer, currently <10 cps. 
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Figure A 1.5 Column procedure for Ra separation 

COLUMN 1: 2 ml CATIONIC RESIN 
T 

Clean 10 ml polypropylene biorad column in QD 6M HCI 
Clean with RO H2O 

Add 2 ml Cationic resin 
Precondition 3 x 2 ml Analar 3M HCI 

T 
Load sample 3 ml Analar 3M HCI 

Wash 2 x 1 ml Analar 3M HCI 
Elute 8 ml Analar 3M HCI 

Elute 2 x 1 ml RO H2O 
Collect Ra 2 x 1 ml TD 3.75M HNO3 

+ 10 ml TD 3.75M HNO3 

T 
Evaporate to dryness 

Convert to QD 6M HCI 
Convert to Analar 3M HCI 

T 
COLUMN 2: 0.6 ml CATIONIC RESIN 

Clean 10 ml Biorad polypropylene column as before 
Precondition 3 x 0.6 ml Analar 3M HCI 

T 
Load sample 0.2 ml Analar 3M HCI 

Wash 4 x 0.6 ml Analar 3M HCI 
Elute 8 ml Analar 3M HCI 

Collect Ra 3 x 0.6 ml RO H2O 
+ 2 x 0.2 ml TD 3.75M HNO3 

+ 4 ml TD 3.75M HNQ3 

T 
Evaporate to dryness 

Convert to TD 14M HNO3 

Convert to f 3M HNQ3 

COLUMN 3: 150 µI Sr-SPEC RESIN 

Clean columns in QD 6M HCI 
Clean columns in RO H2O 

Wash resin 300 µI TD 0.5M HNO3 

Precondition 4 x 150 µI TD 3M HNO3 

T 
Load sample 50 µI TD 3M HNO3 

Elute 3 x 50 µI TD 3M HNO3 

Collect Ra 2 x 125 µI TD 3M HNO3 

T 
Evaporate to dryness 

Load on to Re single filament with Ra loading solution 
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The abundance of 226Ra (in fmol) in the samples was determined from the measured 

228Ra/226Ra ratio accounting for the decay of 228Ra in the spike: 

228 a/226 ] [ R Ra original = 

[22sRa/226Ra] e<"'t> measured 

where t is the time since the initial spike ratio was determined 

After age correction 

[226Ra]sample in fmol analysed = 

[226R ] . f -1 a sample In gg = 

([226Ra]sample x 226.0254)/ wt. of sample 

[A6] 

[A7] 

[A8] 

Analysis by mass spectrometry gives 226Ra abundance in atoms. The majority of 226Ra 

measurements are, however, by alpha-counting which directly measures decay rate by 

alpha emissions. To aid in future comparison, the Longonot data is converted in to 

bequerels (decays per second per mole) and normalised to Ba abundance in grammes (g 

t\ This, unfortunately, results in a very small number which has therefore been 

multiplied by 1020 on any diagrams. 
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Al.7.6 Data quality assurance of 238U -234U -232Th -230Th -226Ra 

Total procedure blanks (TPB) were routinely carried out to monitor the contamination of 

samples during the dissolution process. A known quantity of spike was accurately 

weighed and passed through every stage of the dissolution and column procedure as if it 

were a sample. The abudance of U and Th was determined by TIMS operating a dynamic 

analysis by the RPQII-SEM system. Average TPB values for PJE over the period of the 

experiments are <100 pg U and < 50 pg Th which account for a negligible ~0.05% of U 

and 0.01 % of Th entering the mass spectrometer. 

Accuracy of U and Th isotope ratios was determined through multiple analyses of the 

rock standards A-THO (a rhyolitic obsidian from Iceland) which has been routinely 

measured for U-Th isotopes (Williams et al., 1992). Average laboratory values for the 

Open University are (238Ut232Th) = 0.919, (230Th/231'h) = 1.018, U = 2.22 ppm and Th= 

7 .34 ppm which are in close agreement with other laboratories. 

Precision of U and Th isotope ratios was monitored through routine analysis of two 

solutions. U456 is a diluted solution of the SRM Ul 12a (natural U). Over the duration of 

experiments U456 was analysed as part of most machine run batches. At the time of 

submission the average value was 234U/236U = 0.0975 +/- 0.0003 giving a 2cr deviation of 

0.62%. Precision of Th ratio measurement was monitored through the analysis of the 

Open University Th'U'standard which is designed to be a proxy for a typical subduction 

zone sample (van Calsteren and Schweiters, 1995). At the time of submission the 

laboratory average value was 230Th/232Th = 6.124 +/- 0.009 giving a 2cr deviation of 

1.45%, the reproducibility of Th'U'standard is better for individual users, for example, 
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over the sixth month period during which the bulk of Th analyses were conducted for this 

thesis the 2s error on Th'U' measurements by PJE was 0.7% (n = 15) (Figure Al.6 

p.313). 

Multiple analyses of Longonot samples were carried out as a further test of precision. 

The greatest number of analyses comes from sample 32Lp5 (n = 6) from which precision 

can be best assessed. Over the duration of experiments all abudances and activity ratios 

were reproducible to within 1.5% 2cr. 

There is, at present, no agreed standard for 226Ra detemination. Precision and accuracy 

can, however, be assessed by comparison to values published for a sample from Mt. 

Lassen. Average analyses values for PJE (n=6) are 1065 +/- 9 fg g-1 which is in good 

agreement with published values of 1063+/- 10 and 1068 +/- 11 fg g-1 (Volpe et al., 

1991). Precision can further be assessed through duplicate analyses of several Longonot 

samples that are all reproduced to within 1 % 2cr error. A compilation of U-Th-Ra 

analyses for data quality assurance is given in Table Al.3 (p.313). 

Al.7.7 Ba abundance determination by TIMS 

The abundance of Ba in sanidine mineral separates and in sample L33 was determined by 

TIMS at the Open University using a Finnigan MAT 261 mass spectrometer. A 135Ba 

spike was accurately weighed in to the sample at the same time as 228Ra spiking and 

dissolution carried out as in Fig A.4. A 450 µl Ba fraction is collected from the Sr-spec 

columns after Ra collection and evaporated to dryness. Approximately 10% of the 

fraction was loaded on to a single Re filament using Ra loading solution. Barium was 

analysed by a dynamic routine measuring the 135Ba/138Ba ratio. 
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Figure A 1.6 Repeat analyses of Th'U' standard 

6.40000 --------------------------

6.30000 

6.20000 

6.10000 
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5.90000 
♦ Laboratory values 
■ PJE values 
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5.80000 ...._ _______________________ _ 
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1996 
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Sept 
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1998 

Table A 1.2 U-Th-Ra repeat analyses of rock standards 

Repeat analyses of Longonot sample 32Lp5 

u Th 
5.68 24.59 
5.68 24.55 
5.61 24.52 
5.62 24.61 
5.70 24.54 
5.61 24.57 

average 5.65 24.56 

2a error(¾) 1.4 0.3 

(234u,23'U) +/- (2>su,mTh) +/- (
23°Th/232Th) +/- (23°Thl23'U) 

1.002 0.004 0.701 0.003 0.781 0.007 1.113 
1.000 0.005 0.702 0.002 0.790 0.008 1.126 
1.010 0.004 0.701 0.002 0.790 0.008 1.127 
1.014 0.005 0.693 0.003 0.794 0.01 1.146 
1.010 0.006 0.705 0.006 0.789 0.005 1.119 
1.004 0.006 0.693 0.003 0.781 0.005 1.128 

1.007 0.699 0.788 1.127 

1.1 1.4 1.4 2.0 

Repeat analyses of Mt. Lassen 
previously analysed in Volpe et al., 1991 
(1063 +/- 1 O and 1068 +/- 11 fg g-1

) 

22sRa fg 9.1 

1035 +/- 11 
1050 +/- 10 
1071 +/- 8 
1058 +/- 9 
1080 +/- 7 
1075 +/- 7 
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+/-
0.011 
0.011 
0.008 
0.015 
0.008 
0.008 

23°Th fmol g-• 
445.1 
449.3 
449.3 
453.1 
449.0 
445.5 

448.5 

1.3 
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Table A2. l l Major and trace element abundances of alkali basalts used in trachyte 

source and extraction timescale calculations 
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Table A2.13 226Ra isotope ratios of Longonot samples 
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Table A2.1 Locations and mineralogy of Longonot samples collected in 1996. 

Sample Grid Reference 1 Lithology Groundmass Phenocryst Phenocryst 
abundance assemblage 

53Lp1 
lgnimbrite with obsidian fiamme ash - -

39Lp1 BK035035 Cinder in ignimbrite glass aphyric -
52Lp3 BJ135135 Cinder in ignimbrite glass aphyric -
46Lp4 BJ9209 pumice + obsidian + xenoliths hydrated glass aphyric -
L521* BJ9209 pumice + obsidian + xenoliths hydrated glass aphyric -
L525* BJ9209 pumice + obsidian + xenoliths hydrated glass aphyric -
47Lp5 BJ9209 pumice + obsidian + xenoliths hydrated glass aphyric -
48Lp5 BJ9209 pumice hydrated glass aphyric -
49Lp5 BJ9209 pumice hydrated glass aphyric -
50Lp5 BJ9209 cinder block glass aphyric -

50(ob)Lp5 BJ9209 obsidian glass . 5% -
50(syn)Lp5 BJ9209 syenite nodule ho.locrystalline 70% S,OI,Py,A,M 

51Lp5 BJ9209 pumice + obsidian + xenoliths hydrated glass aphyric -
40Lp5 BK033008 pumice + obsidian + xenoliths hydrated glass aphyric -
41Lp5 BK033008 pumice + obsidian +· xenoliths hydrated glass aphyric -
42Lp5 BK033008 pumice + obsidian + xenoliths hydrated glass aphyric -
35Lp5 BJ115963 pumice + obsidian + xenoliths hydrated glass aphyric• . . -
36Lp5 BJ115963 pumice + obsidian + xenoliths hydrated glass aphyric -
37Lp5 BJ115963 pumice + obsidian + xenoliths hydrated glass aphyric -
32Lp5 BJ115963 pumice + obsidian + xenoliths hydrated glass aphyric -
33Lp6 BJ115963 pumice + obsidian + xenoliths hydrated glass aphyric -

1: Using Kenyan 1 :50,000 topographic maps 
S = sanidine, Pl = plagioclse, 01 = olivine, Py = pyroxene, A = sodic amphibole, M = magnetite 
* S.C.Scott collection 

Additional 
information 

20% fiamme, 30% rock clasts, 50% ash 

10% Trachyte & 10% Syenite xenoliths 

up to 25 cm diameter 
up to 25 cm diameter 
euhedral sanidine + interstitial mafics 

<2% xenoliths 



Table A2.1 Locations and mineralogy of Longonot samples collected in 1996 (continued). 

Sample Grid 
l Lithology Ground mass Phenocryst Phenocryst Additional information 

Reference abundance assemblage 

9Lmx1 BK099093 mixed lava microcrystall ine 50% S,Pl,OI,Py,A,M 
8Lmx1 BK100082 mixed lava glass 20% S,Pl,OI,Py,A,M 
38Lmx1 BK100075 mixed lava glass 15% S,Pl,OI,Py,A,M 
6Lmx1 BK1208 mixed lava microcrystalli ne 10% S,Pl,OI,Py,A,M 
26Lt2 BJ230920 trachyte flow m icrocrystalli ne 8% s 
27Lf BJ219914 trachyte flow m icrocrystalli ne 8% s 
10Lf BJ137947 trachyte flow microcrystalline 8% s 
5Lt2 BK165048 trachyte flow m icrocrystalli ne 8% s 
18Lf BK206014 trachyte flow microcrystalline 8% s 
25aLt2 BJ223886 trachyte flow microcrystalline <5% . s 
25Lt2 BJ223886 trachyte flow cinder glass <5% s 
17Lt2 BK205013 trachyte flow m icrocrystalli ne <5% s 
24Lt2 BJ203997 trachyte flow glass <5% s 
23Lf BJ201994 trachyte flow microcrystalline 8% s 
23bLt2 BJ201994 trachyte flow m icrocrystalli ne 8% s 
22Lf BJ197994 trachyte flow microcrystallirie 5% s 
16Lf BK202008 trachyte flow microcrystalline <5% s 
20Lt2 BK197002 obsidian glass Aphyric s 

1
: Using Kenyan 1 :50,000 topographic maps 

S = sanidine, Pl = plagioclse, 01 = olivine, Py = pyroxene, A = sodic amphibole, M = magnetite 
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Table A2.1 Locations and mineralogy of Longonot samples collected in 1996 (continued). 

Sample Grid Reference 1 Lithology Groundmass 

15Lf BK195005 trachyte flow microcrystalline 
21Lt2 BJ190993 trachyte flow glass 
7Lt2 BK135030 trachyte flow microcrystalline 
3Lt2 BK174019 trachyte flow m icrocrystalli ne 
12alt2 BK183013 mafic bleb in trachyte glass 
12clt2 BK183013 trachyte flow microcrystalli ne 
12dlt' BK183013 syenite nodule in 12clt2 holocrystalline 
13Lt' BK181009 trachyte flow + 30%mafic blebs microcrystalline and glass 
14Lt2 BK180008 trachyte flow microcrystalline 
28Lt2 BJ175995 obsidian glass 
29Lt2 BJ175995 cinder cinder 
30Lp8 BJ175995 pumice+ ash cinder 
2Lp8 BK165029 pumice+ ash hydrated glass 

31blmx2 BJ175995 mixed lava glass 
31Lmx2 BK165005 mixed lava microcrystalline 
43Lt3 BK165005 trachyte flow + mafic· blebs cinder 
44Lt3 BK164011 trachyte flow + mafic blebs cinder 
45Lt3 BK161013 trachyte fiow + mafic blebs glass 
L33* BK161013 trachyte flow microcrystalline 

11 Lt3 BJ139944 trachyte flow m icrocrystalli ne 
1 Lt3 BK150030 trachyte flow microcrystalline 

1: Using Kenyan 1 :50,000 topographic maps 

Phenocryst Phenocryst Additional information 
abundance assemblage 

Aphyric s 
Aphyric s 

<5% s 
<5% s 
30% Pl,OI,M 
,5% s 
70% S,M,A.Py 

<5% * s * mafic blebs- 30% phenocryst 
Aphyric s 

7% s 
5% s 

Aphyric s 
Aphyric s 

30% S,Pl,OI,Py,A,M 
30% S,Pl ,OI,Py,A,M 
5%# S,Pl,OI,Py,A,M # mafic blebs 70% phenocryst, 
5%# - S,Pl,OI,Py,A,M 
5°/o# S,Pl,OI,Py,A,M 
5% s 

<5% s 
<5% s 
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Table A2.2 Electron microprobe analyses of Longonot feldspars 

SAMPLE Si02 Al203 CaO FeO 

CALDERA PYROCLASTICS 

50SYNLP5 

Original crystal 67.25 18.92 0.11 0.26 
exsolved 'dark' 68.85 19.14 0.01 0.28 
exsolved 'light' 66.39 18.45 0.02 0.28 

LAVA PILE 

38LMX1 

Sanidine 65.87 19.85 1.22 0.29 

Plagioclase 47.76 32.68 16.88 0.48 
Plagioclase 47.71 . 32.6.5 16.94 0.56 
Plagioclase 48.21 32.31 16.47 0.58 
Plagioclase 47.77 32.56 16.70 0.55 

Rim on plagioclse 47.45 32.98 17.20 0.51 
Rim on plagioclse 49.73 31 .32 15.39 0.64 
Rim on plagioclse 48.00 32.42 16.74 0.57 

26Lt2 
Sanidine phenocryst 66.10 19.30 0.52 0.27 
Sanidine phenocryst 66.35 18.60 0.25 0.90 
Sanidine phenocryst 65.93 19.16 0.42 0.35 
Sanidine phenocryst 66.42 19.19 0.41 0.24 

Na20 K20 Total Ab (Na) An (Ca) Or (K) 

7.56 5.99 100.24 65.3 34.1 0.5 
11.23 0.61 100.28 96.5 3.5 0.1 
4.77 9.96 100.00 42.1 57.8 0.1 

7.08 5.78 100.09 60.6 5.8 33.6 

2.10 0.09 99.99 18.1 81.4 0.5 
2.09 0.09 100.03 18.3 81.2 0.5 
2._32 0.10 99.98 21.2 77.6 1.2 
2.16 0.09 99.83 20.3 77.7 2.1 

1.95 0.07 100.16 30.7 57.4 11 .9 
2.90 0.45 100.43 36.5 44.8 18.7 
2.20 0.09 100.02 35.8 47.8 16.4 

7.13 6.39 99.91 61 .4 2.5 36.2 
7.19 6.52 99.87 61.9 1.2 36.9 
7.11 6.46 99.60 61.4 2.0 36.7 
7.05 6.49 99.98 61.1 1.9 37.0 



Table A2.2 Electron microprobe analyses of Longonot feldspars 

SAMPLE SiO2 Al2O3 cao FeO Na2O K2O Total Ab (Na) An (Ca) Or (K) 

26Lt2 
Sanidine phenocryst 66.54 18.80 0.36 0.59 7.13 6.47 100.02 60.6 1.8 37.6 

Sanidine microphenocryst 66.35 19.31 0.46 0.25 7.15 6.40 100.10 61.6 2.2 36.2 
Sanidine microphenocryst 66.32 19.40 0.53 0.23 7.17 6.27 100.11 61.9 2.5 35.6 
Sanidine microphenocryst 66.36 19.29 0.52 0.25 7.22 6.35 100.20 61.8 2.5 35.8 
Sanidine microphenocryst 66.63 19.39 0.51 0.24 7.19 6.32 100.48 61.9 2.4 35.8 
Sanidine microphenocryst 66.17 18.45 0.42 1.55 7.14 6.31 100.17 62.0 2.0 36.0 

27Lt2 
\;.) ,_. 

'° 
Sanidine phenocryst 65.71 19.23 0.46 0.26 7.21 6.41 99.48 61.7 2.2 36.1 
Sanidine phenocryst 66.34 18.90 0.24 0.57 7.43 6.15 99.64 64.0 1.1 34.9 
Sanidine phenocryst 65.89 19.23 0.42 0.36 7.27 6.22 99.58 62.7 2.0 35.3 
Sanidine phenocryst 65.37 19.34 0.50 0.22 7.11 6.41 99.16 61.3 2.4 36.3 

SAMPLE SiO2 A'2O3 CaO FeO Na2O K2O Total Ab (Na) An {Ca) Or {K) 

,. ·- .. ... 
10LT2 

Sanidine phenocryst 67.29 19.28 0.42 0.23 7.25 6.34 100.79 62.2 2.0 35.8 
Sanidine phenocryst 67.05 19.17 0.40 0.29 7.32 6.26 100.49 62.8 1.9 35.3 
Sanidine phenocryst 67.07 19.18 0.42 0.25 7.30 6.31 100.53 62.5 2.0 35.6 
Sanidine phenocryst 66.74 19.06 0.32 0.27 7.23 6.65 100.27 61.4 1.5 37.1 
Sanidine phenocryst 66.69 18.97 0.28 0.28 7.18 6.55 99.95 61.7 1.4 37.0 
Sanidine phenocryst 65.65 17.96 0.45 2.49 7.52 5.89 99.95 64.6 2.2 33.3 
Sanidine phenocryst 66.42 18.38 0.52 1.28 7.27 6.29 100.15 62.2 2.4 35.4 
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Table A2.2 Electron microprobe-analyses of Longonot feldspars 

SAMPLE SiO2 Al2O3 cao FeO 

23LT2 

Sanidine phenocryst 67.21 18.84 0.09 0.41 

22LT2 

Glomeroporphyritic 66.86 18.90 0.11 0.34 
sanidine 66.61 18.82 0.11 0.34 

microphenocrysts 67.37 18.86 0.11 0.35 
67.17 19.01 0.11 0.35 
67.12 18.93 0.11 0.34 
66.35 19.37 0.52 0.22 

Sanidine phenocryst 67.18 18.93 0.10 0.36 

16LT2 

Sanidine phenocryst 66.57 18.99 0.15 0.32 
Sanidine phenocryst · 66.74 18.93 0.11 0.36 
Sanidine phenocryst 6p.74 1&.99 0.12 .. 0.37 -

.. . 

3LT2 

Sanidine phenocryst 66.87 18.76 0.10 0.57 

31bLMX2 

Sanidine phenocryst 66.11 18.90 0.65 0.69 
Sanidine phenocryst 65.90 18.83 0.62 0.81 
Sanidine phenocryst 65.38 19.98 1.25 0.29 
Sanidine phenocryst 65.85 19.45 0.71 0.27 

Na2O K2O Total Ab (Na) An (Ca) Or (K) 

7.61 6.13 100.28 65.1 0.4 34.5 

7.73 6.17 100.10 65.3 0.5 34.3 
7.58 6.21 99.67 64.6 0.5 34.9 
7.70 6.11 100.49 65.3 0.5 34.2 
7.65 6.09 100.38 65.3 0.5 34.2 
7.57 6.13 100.21 64.9 0.5 34.6 
7.03 6.70 100.20 60.0 2.4 37.6 
7.69 6.06 100.32 65.5 0.4 34.0 

7.56 6.18 99.76 64.6 0.7 34.7 
7.63 6 .08 99.86 65.2 0.5 34.2 
7.70 e.01 99.93 65.7 0.6 33.7 
. . 

' - -

7.75 5.93 99.99 66.2 0.5 · 33.3 

7.24 5.97 99.56 62.8 3.1 34.1 
7.29 6.04 99.48 62.8 2.9 34.3 
7.36 5.21 99.47 64.2 6.0 29.8 
7.34 5.91 99.52 63.2 3.4 33.4 



w 
N ...... 

Table A2.2 Electron microprobe analyses of Longonot feldspars 

SAMPLE Si02 A'203 Cao FeO 

31bLMX2 

Sanidine phenocryst 65.82 19.38 0.68 0.31 
Plagioclase phenocryst 47.18 32.74 16.74 0.52 
Plagioclase phenocryst 48.12 32.29 16.21 0.61 

Rim on sanidine 52.28 28.63 12.51 1.12 

44LT3 

Rim on sanidine 57.67 25.63 8.07 0.47 
Sanidine phenocryst 66.26 18.91 0.16 0.37 

Na20 K20 Total Ab (Na) An (Ca) Or (K) 

7.37 5.90 99.47 63.4 3.2 33.4 
2.04 0.08 99.30 18.0 81.5 0.5 
2.37 0.09 99.68 20.8 78.7 0.5 
4.35 0.41 99.30 37.8 60.0 2.3 

6.62 0.76 99.22 57.2 38.5 4.3 
7.22 6.57 99.49 62.1 0.8 37.2 



vJ 
N 
N 

Table A2.3 Electron microprobe analyses of Longonot cli nopyroxene 

Sample Si02 Ti02 Al203 MgO Cao MnO FeO 

38Lmx1 50.61 0.74 0.84 9.96 19.99 0.95 16.71 
38Lmx1 50.45 0.68 0.87 10.03 20.30 0.89 16.07 
38Lmx1 50.40 0.68 0.89 9.85 20.34 0.89 16.10 
38Lmx1 50.86 0.68 0.87 9.86 20.36 0.93 16.61 
38Lmx1 50.70 0.70 0.89 9.77 20.37 0.89 16.12 
38Lmx1 51.02 0.72 0.95 9.97 20.39 0.92 16.41 
38Lmx1 50.69 0.66 0.83 10.15 20.47 0.87 16.06 
38Lmx1 50.67 0.67 0.86 9.96 20.50 0.83 15.83 

26Lt2 50.46 0.61 0.62 7.74 20.47 1.02 18.90 
26Lt2 51.00 0.53 0.68 8.44 20.66 0.99 18.07 
26Lt2 50.75 0.55 0.61 8.32 . 20.57 0.96 18.09 

27Lt2 49.75 0.60 0.64 · 7.89 19.99 1.01 18.80 
27Lt2 49.40 0.60 0.65 7.93 20.05 1.05 18.83 
27Lt2 49.65 0.53 0.61 7:83 20, 1 E3 o_.~7 18.47 
27Lt2 49.84 0.61 0.65 7.76 20.20 1.01 . 18.77 
27Lt2 50.04 0.58 0.64 8.16 20.29 0.96 18.08 
27Lt2 49.90 0.56 0.63 8.20 20.41 1.00 18.08 
27Lt2 50.10 0.55 0.62 8.20 20.52 0.97 18.20 
27Lt2 49.85 0.58 0.64 8.43 20.46 0.97 18.04 

: 

23Lt2 48.30 0.53 0.39 2.84 19.08 1.22 25.76 
23Lt2 48.59 0.53 0.43 2.83 19-41 1.19 25.55 
23Lt' 48.89 0.54 0.38 2.87 19.44 1.23 25.69 
23Lt' 48.32 0.48 0.36 2.89 19.31 1.24 25.86 
23Lt2 48.64 ·o.55 0.41 2.95 19.26 1.21 26.07 
23Lt2 49.35 0.57 0.37 2.87 19.60 1.20 25.83 

Na20 Total 

0.53 100.33 
0.53 99.82 
0.55 99.72 
0.52 100.68 
0.54 99.98 
0.55 100.92 
0.54 100.27 
0.53 99.85 

0.66 100.48 
0.61 100.97 
0.63 100.46 

0.64 99.32 
0.64 99.15 
0.60 98.82 
0.66 99.50 
0.66 99.42 
0.60 99.37 
0.62 99.77 
0.63 99.58 

1.16 99.28 
1.11 99.64 
1.07 100.11 
1.08 99.52 
1.16 100.24 
1.09 100.88 



Table A2.3 Electron microprobe analyses of Longonot clinopyroxene (continued) 

Sample SiO2 TiO2 Al2O3 MgO CaO MnO FeO Na2O Total 

23Lt2 48.84 0.56 0.37 2.86 19.41 1.23 25.99 1.13 100.39 
23Lt' 49.11 0.48 0.29 2.84 19.58 1.23 26.03 1.04 100.60 
23Lt2 48.93 0.53 0.34 2.78 19.47 1.22 25.93 1.12 100.30 
23Lt2 49.30 0.44 0.32 2.98 19.78 1.18 25.71 1.08 100.77 
23Lt' 49.23 0.49 0.28 2.88 19.72 1.30 25.99 0.86 100.75 
23Lt' 49.37 0.48 0.26 2.95 19.83 1.30 25.91 0.84 100.94 
23Lt' 49.14 0.52 0.35 2.86 19.52 1.23 25.79 1.12 100.54 
23Lt' 48.87 0.74 0.47 2.88 19.11 1.28 25.83 1.15 100.31 
23Lt' 48.30 0.69 0.48 2.93 19.23 1.20 25.80 1.27 99.90 
23Lt2 48.83 0.57 0.39 2.72 19.97 1.24 26.34 1.24 101.28 

22Lt2 49.27 0.50 0.41 3.03 19.38 1.17 25.27 1.16 100.20 
22Lt' 48.58 0.53 0.37 2.99 19.56 1.19 25.09 1.10 99.40 
22Lt' 48.79 0.54 0.39 3.03 19.42 1.16 25.13 · 1.09 99.53 .. 
22Lt' 48.97 0.54 0.34 3.03 19.49 1.17 25.15 1.03 99.71 

31blmx2 49.80 OA6 0.38 4.81 20.24 1.14 . 22.95 0.89 100.67 
31blmx2 49.27 0.74 0.79 7.85 19.47 1.06 19.57 0.71 99.46 
31blmx2 49.75 0.82 1.05 7.98 19.57 1.08 19.16 0.77 100.19 
31blmx2 49.77 0.73 0.84 7.98 19.56 1.09 19.53 0.73 100.24 
31blmx2 49.73 0.68 0.88 7-94 19.53 1.06 19.37 0.77 99.97 
31blmx2 48.84 0.69 0.61 5.69 19.40 1.11 22.32 0.85 99.50 
31blmx2 49.87 0.59 0.56 5.90 19.63 1.14 21.89 0.82 100.40 
31blmx2 49.21 0.54 0.45 4.71 19.48 1.17 23.26 1.03 99.85 



Table A2.3 Electron microprob_~ analyses of Longonot clinopyroxene (continued) 

Sample Si02 Ti02 Al203 MgO Cao MnO FeO Na20 Total 
44Lt'i 50.00 1.19 2.53 13.60 20.22 0.42 11.17 0.51 99.63 
44Lt3 50.25 1.17 2.58 13.65 20.41 0.39 10.88 0.50 99.84 
44Lt3 50.38 1.10 2.17 13.55 20.60 0.38 10.73 0.47 99.39 
44Lt3 50.08 1.19 2.50 13.60 20.30 0.39 10.89 0.49 99.43 
44Lt3 50.15 1.04 2.12 13.63 20.57 0.40 10.86 0.47 99.25 
44Lt3 49.82 1.17 2.49 13.29 20.41 0.39 11.11 0.50 99.18 
44Lt3 50.00 1.12 2.41 13.65 20.43 0.40 10.85 0.48 99.34 
44Lt3 50.16 1.06 2.19 13.60 20.59 0.41 10.81 0.50 99.32 
44Lt3 50.97 0.83 1.55 13.55 20.54 0.50 11.16 0.61 99.71 
44Lt3 50.22 1.09 2.28 13.37 20.60 0.43 11.17 0.51 99.67 
44Lt3 50.02 1.10 2.28 13.42 20.70 0.41 10.96 0.47 99.37 
44Lt3 50.95 0.68 0.98 11.41 20.55 0.75 13.95 0.60 99.86 
44Lt3 50.93 0.77 1.44 13.27 20.34 0.55 11.67 0.59 99.56 
44Lt3 49.57 0.49 0.45 5.40 20.04 1.08 22.09 0.89 100.01 
44Lt3 49.57 0.47 . 0.41 5.05 20.15 1.09 22.69 0.93 100.35 -
44Lt3 49.29 0.48 0.42 4.98 20.09 1.12 22.90 0.90 100.17 
44Lt3 49.04 0.53 0.42 4.67 19.49 1.22 23.59 1.00 99.96 
44Lt3 49.47 0.49 · · ·· o·.43 5.07 20.04 --- 1-:13 22.74 0.91 100.28 



w 
N 
V, 

Table A2.4 Electron microprobe analyses of Longonot olivine 

Sample SiO2 TiO2 Al2O3 MgO Cao 

31 blmx2 Mafic 38.89 0.04 0.04 41.48 0.23 
31 blmx2 Mafic 39.10 0.01 0.04 41.36 0.22 
31 blmx2 Mafic 38.79 0.02 0.03 41.31 0.21 
31 blmx2 Mafic 38.82 0.03 0.01 41.24 0.21 
31blmx2 Mafic 38.94 0.02 0.03 41.14 0.22 
31 blmx2 Mafic 38.95 0.02 0.02 41.36 0.24 
31 blmx2 Mafic 38.84 0.02 0.03 41.34 0.22 
31 bLmx2 Mafic 38.75 0.03 0.03 40.64 0.24 
31blmx2 Mafic 36.56 0.03 0.01 33.96 0.26 
31 blmx2 Mafic 37.09 0.04 0.01 35.77 0.27 
31 blmx2 Mafic 37.11 0.03 0.02 36.31 0.26 

31 blmx2 trachyte 32.45 0.08 0.03 11.98 0.44 
31 blmx2 trachyte 30.76 0.05 0.00 8.42 0;57 

26Lt2 30.89 . 0.06 .. 
0.00 8.41 0.58 

26Lt2 30.82 - 0.05 0.00 8.55 0.57 

22Lf 30.66 0.01 0.00 2.55 0.65 
22Lt2 30.64 0.04 0.00 2.50 0.66 

MnO FeO Na2O Total Fo Fa 

0.27 19.87 0.11 100.93 0.32 0.68 
0.26 20.01 0.09 101.09 0.33 0.67 
0.29 19.96 0.09 100.70 0.33 0.67 
0.27 19.92 0.08 100.58 0.33 0.67 
0.24 20.01 0.09 100.69 0.33 0.67 
0.27 20.04 0.10 101.00 0.33 0.67 
0.27 20.01 0.09 100.82 0.33 0.67 
0.28 20.76 0.08 100.81 0.34 0.66 
0.54 29.10 0.04 100.50 0.46 0.54 
0.42 26.59 0.06 100.25 0.43 0.57 
0.37 25.94 0.04 100.08 0.42 0.58 

. , 

2.75 51.70 0.02 99.45 0.81 0.19 
3.05 56.49 0.03 99.37 0.87 0.13 

3.01 62.90 0.00 105.85 0.87 0.13 
3.04 62.80 0.02 105.85 0.87 0.13 

3.70 0.02 37.59 0.96 0.04 
3.70 0.01 37.55 0.96 0.04 



Table A2.5 Microprobe analyses of Longonot magnetite 

Sample Fe2O3% FeO% TiOz°/o Sample Fe2O//o FeO% TiO2% 

38Lmx1 21.06 56.41 22.53 31blmx2 20.59 56.48 22.93 
38Lmx1 21.86 56.57 21.57 31blmx2 20.94 56.06 23.00 
38Lmx1 21.87 56.07 22.06 31blmx2 17.31 58.05 24.64 
38Lmx1 21.19 55.95 22.86 31blmx2 16.30 57.72 25.98 

31blmx2 16.21 57.44 26.35 
26Lt2 10.40 62.29 27.31 31blmx2 18.48 57.74 23.78 
26Lt2 13.10 61.69 25.21 
26Lf 13.54 61 .67 24.79 44Lt3 15.31 57.86 26.83 

44Lt3 12.56 61.68 25.76 
27Lf 13.62 61.68 24.70 44Lt3 15.45 60.68 23.87 
27Lf 13.70 61.57 24.73 44Lt3 11.62 62.01 26.37 
27Lt2 15.36 60.84 23.80 44Lt3 13.48 61.40 25.12 
27Lf 15.47 . 60.77 23.76 44Lt3 13.11 61.53 25.36 
27Lt2 11.04 62.17 26.79 44Lt3 13.48 59.44 27.08 

44Lt3 14.28 58.48 27.24 
10Lt2 12.59 61.90 25.51 . 44Lt' 15.29 57.75 26.96 
10Lt2 15.44 61.05 23.51 44Lt3 14.64 59.09 26.27 

44Lt3 17.16 27.22 55.62 
23Lt2 11.91 62.08 26.01 44Lt3 14.02 61.18 24.80 

44Lt3 14.41 61.01 24.58 
22Lt2 14.37 59.85 25.78 · 44Lt3 12.36 61.08 26.56 
22Lt2 14.50 59.83 25.67 44Lt3 12.75 60.96 26.29 
22Lf 9.20 62.16 28.64 ·44Lt3 12.63 61.12 26.25 
22Lt2 9,30 61.98 28.72 44Lt3 14.75 60.49 24.76 
22Lt2 14.67 59.93 25.40 44Lt3 18.30 58.18 23.52 



Table A2.6 Major, Trace and REE data for Longonot samples 

ELEMENT 
SiO2 

TiO2 

Al2O3 

Fe2O3(T)* 

FeO(T)* 
MnO 
MgO 
Cao 

Na2O 

K2O 

P2O5 
LOI 

TOTAL* 
Zr 
Nb 
y 
Rb 
Cr 
Ni 
Cu 
Zn 
Ga 
s 
Ba 
Sr 
Pb 
u 
Th -
F 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 

Tm 
Yb 
Lu 

TECHNIQUE 53LPT 39LPJ 

XRFGD 59.00 58.63 

XRFGD 0.461 0.525 

XRFGD 14.51 14.83 

XRFGD 7.65 8.53 

XRFGD 6.89 7.68 
XRFGD 0.22 0.31 
XRFGD 0.41 0.39 
XRFGD 1.10 1.03 
XRFGD 5.81 8.52 

XRFGD 5.80 4.79 
XRFGD 0.072 0.087 

5.00 1.91 
100.03 99.55 

XRFPP 951 901 
XRFPP 208.2 199.4 
XRFPP 150 98.8 
XRFPP 296 165 
XRFPP 4 7 
XRFPP 2 2 
XRFPP 7 7 
XRFPP 223 278 
XRFPP 32 36 
XRFPP 179 701 
ICP-MS 61.8 12.7 
ICP-MS 27.0 3.9 

. ICP-MS 18.1 ·20.8 
ICP-MS 4.3 . 4 .1 
ICP-MS 21.8. 19.3 

ISE 
.ICP-MS 164.5 120.1 
ICP-MS. 235.3 229.0 
ICP-MS 28.4 22.6 
ICP-MS 104.8 83.6 
ICP-MS 30.0 14.9 

.ICP-MS 0.7 1.4 
ICP-MS 19.3 14.7 
ICP-MS 2.5 1.6 
ICP-MS 19.0 15.1 
ICP-MS 2.8 0.9 
ICP-MS 8.8 5.2 
ICP-MS 1.4 1.2 
ICP-MS 8.8 6.0 
ICP-MS 1.2 1.3 

XRF GD = XRF Glass Disc 
XRF PP = XRF Pressed pellet 
ISE = Ion selective electrode 

52LPJ 46LP4 

59.88 57.17 
0.564 0.336 
15.09 14.92 
8.36 7.48 
7.53 6.74 
0.29 0.27 
0.42 0.21. 
1.16 1.19 
8.13 8.66 
4.77 4.55 
0.095 0.047 
1.33 4.06 

100.09 98.89 
861 2064 
196 425.8 
97.4 193 
158 280 
7 6 
3 3 
8 11 

255 334 
37 44 

209 706 
47.1 6.2 
14.3 3.2 
18.9 41.0 
4.8 11.4 

20.4 49.9 

270.9 264:3 
495.8 483.9 
49.5 48.3 
170.3 166.2 
30.5 29.9 
1.9 1.8 

30.5 29.7 
3.7 3.7 

32.2 31.4 
4.0 3.9 
17.0 16.6 
1.9 1.9 

17.9 17.4 
1.8 1.8 

ICP-MS = Induction coupled plasma mass spectrometry 
*Total is calculated using FeP3(t) 
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47LP~ 48LP0 

60.2 59.93 
0.490 0.399 
15.28 14.00 
7.05 8.43 
6.35 7.59 
0.25 0.29 
0.33 0.15 
1.11 0.91 
7.18 8.26 
4.92 4.64 
0.061 0.048 
3.36 2.20 

100.23 99.26 
1090 1660 
225.5 340.5 
113 176 
173 244 

5 6 
1 1 
7 7 

235 346 
35 41 
150 196 
39.2 14.3 
9.4 3.4 

27.1 32.4 
5.3 7.6 

24.9 35.5 

148.5 86.1 
279.2 192.1 
28.6 16.8 
102.9 60.1 
18.6 10.8 
1.4 1.3 

17.8 10.2 
2.4 1.9 
18.3 9.0 
3.6 1.6 
8.2 4.2 
1.4 0.7 
8.7 4.7 
1.3 0.8 



Table A2.6 Major, Trace and REE data for Longonot samples (continued) 

ELEMENT 49LP5 50LP 0 50(OB)LP 0 50(SYN)LP5 51LP5 40LP 0 41LP 0 

Si02 63.29 61.6 61.97 61.05 60.76 60.82 60.61 

Ti02 0.484 0.458 0.457 0.489 0.502 0.433 0.453 

Al203 16.75 13.76 13.82 15.32 13.87 13.13 13.28 

Fe203(T)* 5.53 8.57 8.63 7.46 8.12 8.62 8.31 
FeO(T)* 4.98 7.72 7.77 6.72 7.32 7.77 7.49 

MnO 0.18 0.29 0.29 0.26 0.28 0.29 0.29 
MgO 0.22 0.15 0.13 0.27 0.20 0.14 0.19 
Cao 0.83 1.02 1.05 1.18 1.11 0.96 1.01 
Na20 6.89 7.54 7.97 7.40 6.76 7.16 7.09 

K20 5.54 4.71 4.69 5.01 4.74 4.61 4.65 

P20s 0.042 0.052 . 0.052 0.074 0.071 0.052 0.056 

LOI 0.27' 1.29 0.13 0.67 3.40 3.30 3.50 
TOTAL 100.03 99.44 99.19 99.18 99.81 99.52 99.44 

Zr 526 1051 1148 1167 771 953 875 
Nb 113.7 236 239.2 202 152.9 195 179.5 
y 42.4·' 133 134 114 98.5 114 104 
Rb 145 188 187 194 134 167 156 
Cr 6 ' 6 6 10 4 6 5 
Ni 2 3 3 3 2 2 1 
Cu 4 6 9 6 5 8 5 
Zn 82 296 301 189 225 265 244 
Ga 34 37 37 35 32 34 33 
s 61 1-78 167 67 181 179 222 
Ba 39.4 10.0 32.7 8.6 40.2 5.2 15.2 
Sr 10.2 2.7 4.3 2.1 4.5 3.4 5.1 
Pb · 11.5 .. 23.8 16.1 24.3 16.5 22.0 -19.0 
u 2.4 5.2 4.8 5.3 3.2 4.4 3.9 
Th 11.1 . 24.3 22.8 25.4 16.5 20.2 18.4 
F 
La 285.7 173.9 202.2 188.4 145.3 175.5 162.3 
Ce 514.0 318.8 . 375.0 346.4 257.9 324.8 299.0 
Pr 55.9 35.5 .. 41.9 37.5 30.4 36.0 32.9 

Nd 194.6 127.0 149.0 131.5 110.8 128.3 118.6 
Sm 35.6 24.4 28.1 24.5 21.5 24.6 22.5 
Eu 2.2 1.8 2.0 1.9 2.0 2.1 2.0 
Gd 34.4 23.8 26.2 22.9 20.4 23.3 21.7 
Tb 4.9 3.7 4.0 3.8 3.3 3.6 3.4 
Dy 35.0 23.8 26.3 21.8 19.5 23.0 21.2 
Ho 6.6 4.4 4.9 3.8 3.5 4.2 3.8 
Er 19.4 12.8 14.1 10.4 10.1 12.0 10.9 

Tm 3.1 2.0 2.2 1.5 1.6 1.9 1.7 
Yb 18.0 12.2 13.2 8.7 9.2 11.2 10.4 
Lu 2.7 1.9 2.0 1.4 1.4 1.7 1.6 
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Table A2.6 Major, Trace and REE data for Longonot samples (continued) 

ELEMENT 42LP5 35LP0 36LP0 37LP0 32LP0 33LP0 9LMX1 8LMX1 

SiO2 60.92 62.26 61.64 61 .34 61.52 61.35 54.48 60.14 

TiO2 0.477 0.492 0.469 0.558 0.45 0.506 1.386 1.042 

Al2O3 13.65 14.19 13.83 14.12 13.16 14.31 17.41 16.47 

Fe2O3(T)* 7.92 8.13 8.25 8.25 8.84 7.62 8.30 7.50 
FeO(T)* 7.14 7.32 7.43 7.43 7.96 6.86 7.48 6.76 

MnO 0.27 0.28 0.28 0.27 0.30 0.26 0.18 0.20 
MgO 0.19 0.22 0.20 0.40 0.17 0.23 3.22 0.97 
Cao 1.02 0.99 0.94 1.34 1.04 1.12 5.79 2.56 
Na2O 7.21 6.95 7.21 7.08 7.73 7.18 4.72 5.67 

K2O 4.67 4.80 4.79 4.70 4.62 4.95 3.11 4.96 

P2Os 0.054 0.057 0.056 0.078 0.053 0.065 0.371 0.189 

LOI 3.64 1.66 2.20 1.65 1.78 2.32 0.27 0.19 
TOTAL 100.02 100.03 99:86 99.79 99.66 99.92 99.23 99.89 

Zr 824 834 887 821 1093 653 189 258 
. Nb 171 172 184.'4 169.4 227.6 136 39.5 55.6 

y 96.6 ' 96.6 103 97 131 76.8 29.1 33.4 
Rb 142 147 157 145 187 126 34.2 50.6 
Cr 5 8 5 . 6 6 3 18 8 
Ni 2 1 2 2 2 1 20 3 
Cu 7 7 6 7 8 6 13 9 
Zn 225 229 238 225 282 193 95 118 

.Ga 33 34 34 32 35 31 17 23 
s 206 161 151 143 166 168 874 41 
Ba 65.6 6.9 . 12.4 200.9 8.2 5.4 3923.7 541 .1 
Sr 4.8 1.7 3.5 28.5 3.2 1.9 325.2 62.2 
Pb . 18.1 17.1 20.6 20.2 25.6 15.2 7.0 5.5 
· u 4.1 4.0 4.1 4.5 5.6 3.3 1.1 1,2 

Th 17.7 17.8 18.5 19.6 24.4 14.0 5.7 5.6 
F 

La 123.7 , 122.1 . 146.5 143.6 173.0 99.2 41.8 40.9 
Ce 239.3 231.0 274.2 268.7 310.0 189.0 87.5 85.2 

. Pr 24.6 21.3 28.8 28.6 34.2 19.7 9.6 8.3 
Nd 90.0 81.4 106.5 105.7 125.2 73.9 39.2 34.8 
Sm 17.0 16.6 19.3 19.4 22.9 13.5 8.4 6.6 
Eu 1.8 1.8 2.1 2.5 2.3 1.7 5.9 3.1 
Gd 16.8 16.6 19.8 19.6 23.5 13.5 8.3 6.0 
Tb 2.3 2.2 2.5 2.4 2.9 1.6 0.9 0.9 
Dy 16.1 15.8 19.0 18.7 22.7 12.7 4.7 4.8 
Ho 3.3 3.2 3.8 3.8 4.6 2.6 1.1 1.1 
Er 9.8 9.7 11.5 11.2 13.5 7.6 3.0 2.9 

Tm 1.5 1.5 1.8 1.7 2.1 1.2 0.5 0.4 
Yb 9.3 9.3 10.8 10.6 13.0 7.5 2.6 2.7 
Lu 1.5 1.4 1.7 1.6 2.0 1.2 0.4 0.4 
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Table A2.6 Major, Trace and REE data for Longonot samples (continued) 

ELEMENT 38LMX1 6LMX1 26LT 2 27LT 2 10LT 2 SLT 2 18LTL 25ALTL 

SiO2 60.32 60.81 61.96 61 .99 61 .96 61.89 61.4 62.23 

TiO2 1.016 0.94 0.665 0.667 0.641 0.624 0.596 0.589 

Al2O3 16.00 15.93 15.00 14.95 14.89 14.36 13.86 13.90 

Fe2Oa(T)* 7.51 7.22 7.82 7.85 7.92 8.28 8.53 8.65 
FeO(T)* 6.77 6.50 7.05 7.07 7.14 7.46 7.68 7.79 

MnO 0.22 0.23 0.28 0.27 0.27 0.28 0.29 0.29 
MgO 1.01 0.80 0.60 0.44 0.40 0.41 0.27 0.24 
Cao 2.50 2.07 1.50 1.43 1.37 1.44 1.24 1.15 
Na2O 6.08 5.80 6.20 6.34 6.57 6.53 6.72 7.03 
K2O 4.96 5.21 . 5.12 5.17 5.22 5.05 4.90 4.84 

P2Os 0.243 0.232 0.114 0.098 0.075 0.077 0.058 0.062 
LOI , 0.12 0.30 0.41 0.17 0.20 0.54 0.30 0.19 

TOTAL 99.98 ·. 99.54 · 99.67 99.38 99.51 99.48 98.16 99.17 
Zr 262 270 . 576 580 643 707 832 857 
Nb 55.8 57.6 120 119 132 146 172 176 
y 38.9 38.4 .. 69.6 68.9 75.9 80.5 97.5 97.1 
Rb 59.2 61.5 109 110 116 122 136 141 
Cr 11 5 11 4 6 4 10 5 
Ni 3 1 0 2 3 2 4 0 
Cu 9 6 6 6 5 6 6 7 
Zn 119 120 182 172 188 202 236 238 
Ga 22 24 . 31 30 32 32 34 36 
s 171 386 217 55 135 114 99 137 
Ba 459.4 502.4 198.0 194.2 121.4 28.8 28.7 9.6 
Sr · 45.5 . · 23.2 15.0 7.6 5.3 5.5 3.4 0.8 
Pb 6 .3 5.8 12.0 12.5 15.6 14.6 18.7 21.2 
u 1.0 1.1 2.2 2.1 3.2 2.8 3.3 3.9 
Th 5.7 5.5 12.5 12.6 13.5 15.0 17.4 18.1 
F 770 3130 2270 1620 1420 
La 42.3 45.7 83.6 81.7 104.7 95.6 139.0 123.9 
Ce 83.4 94.8 156.9 157.5 197.8 182.4 257.4 231.4 
Pr 9.8 9.4 18.0 17.1 22.2 19.8 29.2 25.6 
Nd 36.4 38.3 64.1 65.5 80.4 75.4 102.1 94.2 
Sm 8.4 7.5 13.2 13.5 14.3 15.3 18.8 18.4 
Eu 2.6 3.1 2.2 2.2 2.4 2.1 2.6 2.3 
Gd 7.4 6.8 12.7 12.3 14.6 16.7 18.6 17.8 
Tb 1.3 1.4 2.0 2.2 2.8 3.0 3.3 3.2 
Dy 5.7 5.6 11.2 11.4 15.3 13.7 20.9 17.6 
Ho 1.1 1.2 2.2 2.2 2.6 2.7 4.0 3.1 
Er 3.0 3.3 6.1 6.7 7.7 8.1 12.4 9.2 

Tm 0.5 0.5 1.0 1.0 1.2 1.2 1.8 1.6 
Yb 2.8 3.0 5.9 6.1 7.4 7.4 11.0 8.8 
Lu 0.4 0.5 0.9 0.9 1.1 1.2 1.5 1.3 
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Table A2.6 Major, Trace and REE data for Longonot samples (continued) 

ELEMENT 25LT~ 17LT~ 24LT~ 23Lr 23BLT~ 22LT~ 16Lr 20Lr 15LT~ 
Si02 61.97 62.02 61.81 61.76 62.14 62.01 61 .95 61.49 62.18 
Ti02 0.597 0.585 0.581 0.564 0.571 0.564 0.557 0.551 0.568 
Al203 13.89 13.78 13.58 12.97 13.12 13.15 12.83 12.89 12.91 

Fe203(T}* 8.58 8.71 8.77 9.52 9.52 9.60 9.54 9.48 10.05 
FeO(T)* 7.73 7.85 7.90 8.58 8.58 8.65 8.59 8.54 9.05 

MnO 0.29 0.29 0.30 0.32 0.32 0.33 0.32 0.32 0.34 
MgO 0.24 0.28 0.26 0.22 0.25 0.21 0.21 0.21 0.19 
Cao 1.13 1.36 1.15 1.12 1.15 1.12 1.11 1.04 1.26 
Na20 . 7.23 6.78 7.41 6.79 6.76 6.64 7.38 7.31 6.65 
K20 4.84 4.88 ' 4.78 4.72 4.81 4.84 4.74 4.79 4.72 
P20s 0.082 0.049 ' 0.07 0.057 0.053 0.046 0.063 0.061 0.038 
LOI ·o.65 0.70 · 0.27 0.63 0.59 0.57 0.49 0.74 0.91 

TOTAL 99.5 99.43 98.98 98.67 99.29 99.08 99.19 . 98.88 99.82 
Zr 859 901 908 1034 1022 1034 1044 1043 1124 
Nb . 176 184 187 212 210 211 212 214 230 
y 99.9 104 107 131 119 120 120 121 130 
Rb 147 155 159 181 167 178 178 175 150 
Cr 6 3 7 5 7 8 6 6 4 
Ni 2 1 0 3 4 1 2 2 1 
Cu 7 7 5 7 7 9 8 8 10 
Zn 240 250 259 298 285 287 282 286 307 
Ga 34 36 34 35 37 39 37 36 37 
s 190 131 184 135 165 140 190 243 140 

Ba 10.4 6.9 9.0 7.9 8.8 7.3 7.3 7.1 .. 
Sr 2.4 4.6 2.1 3.2 2.3 2.3 2.8 2.5 
Pb 17.6 19.2 19.4 19.8 22.0 23.1 22.5 23.7 
u 4.1 . 4.2 4.5 4.8 4.5 5.3 5.1 5.3 
Th 18.0 19.0 19.2 21 .9 21.8 21.9 22.3 23.4 
F 990 1340 1340 2360 1340 
La 102.3 129.3 130.2 160.3 154.6 160.7 162.3 171.3 
Ce 195.4. 245.4 241.5 279.5 286.3 296.2 300.1 323.1 
Pr 21.0 27.0 . · . 27.5 32.4 32.6 32.6 32.6 35.2 
Nd 77.1 98.4 98.8 119.0 115.8 120.5 121.3 129.6 
Sm 15.5 19.6 19.6 23.4 22.8 22.4 22.5 24.0 
Eu 1.9 2.3 2.3 2.7 2.6 2.7 2.7 2.9 
Gd 17.5 18.6 19.0 17.4 22.5 23.0 22.9 23.7 
Tb 3.3 3.5 3.5 3.3 3.8 3.7 3.7 3.4 
Dy 13.2 18.4 18.4 21 .3 21 .7 22.6 22.3 23.2 
Ho 2.3 3.4 3.4 4.1 4.0 4.0 4.0 4.4 
Er 6.8 9.9 9.8 12.4 11.7 11 .7 12.0 13.1 

Tm 1.2 1.7 1.6 1.8 1.8 1.8 2.0 2.0 
Yb 8.1 9.5 9.2 11.0 11.1 11.4 11.7 12.5 
Lu 0.9 1.4 1.4 1.7 1.7 1.7 1.8 1.9 
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Table A2.6 Major, Trace and REE data for Longonot samples (continued) 

ELEMENT 21LT--z 7Lr 3LT..: 12ALr 12CLT..: 12D Le 13LT..: 14LTL 28LTL 

Si02 61.75 62.14 61.98 49.44 61.13 65.16 61.68 61.88 62.13 

Ti02 0.582 0.592 0.558 2.829 0.601 0.865 0.629 0.570 0.566 

A'203 13.78 13.73 12.67 16.17 12.85 15.59 12.96 12.74 13.32 

Fe203(T)* 8.56 8.93 9.93 13.73 9.75 4.71 9.9 9.97 9.04 

FeO(T)* 7.71 8.05 8.95 12.37 8.78 4.24 8.92 8.98 8.14 

MnO 0.29 0.31 0.34 0.19 0.33 0.19 0.33 0.34 0.30 

MgO 0.25 0.23 0.22 3.76 0.24 0.53 0.28 0.19 0.20 

cao 1.13 1.14 1.08 3.79 1.17 1.72 1.26 1.09 1.04 

Na20 7.63 6.48 7.33 5.42 7.43 5.09 6.84 7.11 8.06 . 

K20 4.81 4.79 4.64 3.34 4.69 5.54 4.65 4.75 4.69 

P205 0.071 0.056 0.057 0.584 0.086 0.16 0.084 0.05 0.059 

LOI 0.00 0.98 0.72 0.63 0.80 0.39 0.34 0.49 0.01 

TOTAL 98.85 99.38 99.52 99.88' 99.08 98.39 98.95 99.18 99.42 

Zr 857 920 1128 154 ' 1033 1032 1049 1126 1003 
Nb 178 190 ·231 25.7 212 225 214 231 205 
y 101 129 131 36.2 120 86.6 124 130 · 115 

-Rb 145 151 187 276 174 188 182 163 164 
Cr 5 5 5 53 7 5 6 7 5 
Ni 2 2 2 44 0 5 3 0 3 
Cu 6 7 8 49 9 5 8 8 7 
Zn 244 293 309 96 288 123 293 312 274 
Ga 34 37 38 19 36 31 37 37 37 
s 182 117 285 282 310 87 161 130 210 
Ba 9.9 12.4 5.1 271.~ 80.7 71.2 5.0 12.4 
Sr 1.3 4.3 0.9 404.8 10.1 13.0 1.1 1.1 
Pb 19.1 20.0 22.7 8.1 19.1 20.6 24.5 21.6 
u 4.0 4.2 4.8 1.6 5.1 5.3 5.0 4.8 

Th 18.1 '19.6 23.9 3.6 · 22.2 22.2 23.9 21.3 
F 1950 
La 142.8 184.8 165.9 23.8 156.8 142.7 149.2 167.7 154.5 

· Ce 267.6 309.9 306.8 63.9 296.1 262.1 280.7 310.9 260.3 
Pr 28.6 35.2 35.1 6.4 32.4 26.8 30.9 35.5 28.4 
Nd 106.8 128.7 122.9 26.7 119.4 88.6 113.1 98.1 104.0 
Sm 20.0 20.8 24.1 7.4 23.3 16.0 21.9 24.7 21.6 
Eu 2.6 3.1 2.8 2.2 2.7 2.4 2.6 2.7 2.4 
Gd 19.7 21.4 24.3 6.9 22.6 13.8 21.4 24.1 22.5 
Tb 2.5 3.3 3.7 1.1 3.8 1.5 3.8 4.0 3.8 
Dy 18.8 22.8 22.7 5.8 22.1 8.8 21.1 23.1 22.1 
Ho 3.7 4.5 4.4 1.2 4.0 1.9 3.9 4.2 4.0 
Er 10.7 13.1 12.6 3.3 11.7 5.3 11.2 12.6 11.9 

Tm 1.6 2.0 2.0 0.6 2.0 0.7 2.0 2.0 2.0 
Yb 10.1 11.9 11.9 2.9 11.3 4.8 10.8 12.1 11.2 
Lu 1.5 1.8 1.8 0.4 1.7 0.6 1.6 2.0 1.7 
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Table A2.6 Major, Trace and REE data for Longonot samples (continued) 

ELEMENT 29Lr 30LPH 2LPH 31BLMX~ 31LMX7 

SiO2 61.7 62.07 61.43 56.04 56.58 
TiO2 0.563 0.561 0.563 1.668 1.623 
Al2O3 12.75 12.84 12.63 14.70 14.58 

Fe2O3(T)* 9.86 9.92 9.91 10.95 10.89 
FeO(T)* 8.88 8.94 8.93 9.86 9.81 

MnO 0.33 0.33 0.34 0.25 0.26 
MgO 0.21 0.19 0.19 2.71 2.63 
cao 1.06 1.00 1.03 4.75 4.61 
Na2O 8.12 7.06 7.91 5.23 5.40 
K2O 4.56 4.56 4.54 3.37 3.41 
P2Os 0.061 0.062 0.059 0.373 0.378 
LOI 0.10 0.67 0.44 0.29 -0.07 

TOTAL 99.32 99.26 99.04 100.33 100.29 
Zr 1113 1115 1117 532 544 
Nb 229 229.3 230.1 101 104 
y 131 129 129 65.9 66.8 
Rb 181 180 181 82.1 96.2 
Cr 13 10 5 17 14 
Ni 0 3 3 14 14 
Cu 8 9 8 21 20 
Zn 307 300 311 171 184 
Ga 37 37 37 27 27 
s 255 187 233 176 284 
Ba 5.8 4.9 4.7 448.9 440.4 
Sr 1.4 1.2 1.3 262.2 . 244.7 
Pb 20.9 22.3 23.2 12.3 13.3 
u 4.9 4.9 5.3 2.2 2.7 

Th 23.5 23.6 23.6 10.7 11.4 
F 1300 
La 173.3 159.2 163.3 82.0 85.2 
Ce 320.9 301.0 307.7 158.9 164.2 
Pr 36.4 32.8 33.6 18.3 19.0 
Nd 127.2 119.5 122.7 67.5 70.1 
Sm 25.0 22.5 23.3 14.0 14.4 
Eu 2.9 2.7 2.7 2.6 2.6 
Gd 25.3 22.9 23.2 13.3 13.6 
Tb 3.8 3.8 3.8 2.6 2.7 
Dy 22.1 22.4 23.0 12.5 12.9 
Ho 4.5 4.1 4.2 2.1 2.2 
Er 13.0 12.0 12.1 6.0 6.3 

Tm 2.3 2.1 2.2 0.9 0.9 
Yb 12.4 11.5 11.8 5.6 5.9 
Lu 1.9 1.7 1.8 0.9 0.9 
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Table A2.6 Major, Trace and REE data for Longonot samples (continued) 

ELEMENT 43LT 3 44LT 3 45LT 3 11LT 3 1LT 3 

SiO2 60.54 58.4 61.41 61.4 61.52 

TiO2 0.743 1.185 0.629 0.626 0.632 

Al2O3 13.61 14.10 12.91 12.90 13.02 

Fe2O3(T)* 10.28 10.24 10.2 10.2 10.11 

FeO(T)* 9.26 9.23 9.19 9.19 9.11 
MnO 0.34 0.29 0.36 0.35 0.35 
MgO 0.89 1.63 0.30 0.33 0.30 
Cao 1.83 3.15 1.25 1.23 1.26 
Na2O 6.04 5.98 7.51 7.12 7.21 

K2O 4.45 4 .00 4.73 4.73 4.78 

P2Os 0.106 0.245 0.091 0.099 0.079 

LOI 0.77 0.53 0.03 0.46 0.55 
TOTAL 99.6 99.75 99.42 99.44 99.81 
. · Zr 931 697 1035 1032 1000 

Nb 189.7 138 211.5 211.2 204.7 
y 110 81.1 121 120 117 
Rb 143 118 166 166 165 
Cr 8 10 10 6 6 
Ni 6 13 1 3 2 
Cu 10 12 9 9 9 
Zn 270 207 287 285 279 
Ga 35 31 36 37 37 

s 170 237 240 207 196 
, Ba 111.2 311.5 23.9 24.6 27.7 

Sr 39.4 155.8 3.8 4.5 3.4 
Pb 19.0 14.7 22.2 26.2 20.9 
u 4.1 3.0 4.9 4.6 4.2 
Th 19.2 14.7 22.0 21.9 21.5 
F 1300 2150 

La 134.0 100.7 140.3 148.9 146.5 
Ce 247.9 191 .1 267.4 274.3 272.8 
Pr 28.4 21.9 29.2 31 .7 31 .1 
Nd 102.3 79.0 108.3 112.2 111 .8 
Sm 20.2 16.1 21.6 22.4 21.8 
Eu 2.5 2.5 2.5 2.7 2.6 
Gd 19.5 15.7 16.1 21.5 21.4 
Tb 3.5 3.3 4.2 4.1 3.7 
Dy 18.8 19.4 19.8 24.8 20.7 
Ho 3.4 2.6 3.8 3.9 3.7 
Er 9.9 7.5 11.9 11.2 10.9 

Tm 1.6 1.3 1.8 2.0 1.7 
Yb 9.4 7.1 10.7 10.6 10.6 
Lu 1.4 1.1 1.6 1.6 1.6 
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Table A2.7 CIPW norm calculations of Longonot volcanic rocks. Assumes FeO:Fe 2O3 = 1 

Mineral 53LP1 39LPcs 52LPcs 46LP4 47LP:, 

Quartz SiO2 0.86 0.00 0.00 0.00 0.00 
Orthoclase (K,Na)AISi3Oa 36.22 29.12 28.67 28.47 30.13 

Albite (K,Na)AISi3Oa 44.74 40.92 43.72 41 .30 50.25 
Anorthoclase (Na,K)AISi2Oa 0.00 0.00 0.00 0.00 0.00 

Nepheline (Na,K)(Al,Si)2O4 0.00 5.48 4.44 7.11 1.52 
Acmite NaFe(SiO2h 6.34 12.69 12.30 11.46 8.71 

Nametasilica Na2SiO3 0.00 2.03 0.94 2.36 0.00 
Diopside Ca(Mg,Fe)Si2O3 4.56 4.08 4.55 5.21 4.61 

Hypersthene (Mg,Fe)SiO3 3.50 0.00 0.00 0.00 0.00 
Olivine (Mg,Fe)2SiO4 0.00 4.45 4.06 3.30 2.74 

Magnetite Fe(ll)Fe(ll1)2O4 2.68 0.00 0.00 0.00 0.93 
Ilmenite FeTiO3 0.92 1.03 1.09 0.68 0.96 
Apatite Cas(PO4)3F 0.18 0.21 0.23 0.12 0.15 

Mineral 40LP" 41LP:, - 42LP:, 35LP" · 36LP" 
_ ..... -

Quartz SiO2 3.18 2.75 2.19 2.23 2.02 
Orthoclase (K,Na)AISi3Oa 28.45 28.77 28.75 28.96 29.11 

Albite (K,Na)AISi3Oa 43.72 44.41 46.06 47.23 45.73 
Anorthoclase (Na,K)AISi2Oa 0.00 0.00 0.00 0.00 0.00 

Nepheline (Na,K)(Al,Si)2O4 0.00 0.00 0.00 0.00 0.00 

Acmite NaFe(SiO2h 13.02 12.59 11.94 11.27 12.27 
Nametasilica Na2SiO3 1.11 0.95 0.92 0.00 0.71 

Diopside Ca(Mg,Fe)Si2O3 4.08 4.29 4.32 4.08 3.89 

Hypersthene (Mg,Fe)SiO3 5.46 5.20 4.75 4 .77 5.22 

Olivine (Mg,Fe)zSiO4 0.00 0.00 0.00 0.00 0.00 

Magnetite Fe(ll)Fe(lll)zO4 0.00 0.00 0.00 0.37 0.00 
Ilmenite FeTiO3 0.86 0.90 0.94 0.95 0.92 

... 
Apatite Ca5(PO4)3F 0.13 0.14 0.13 0.14 0.14 

48LP" 49LP" 50LP" 50(OB)LP" 50(SYN)LP" 51LP" 

0.00 0.51 1.56 1.27 0.00 2.00 
28.38 32.93 28.49 28.10 30.17 29.18 
47.59 55.62 45.60 45.60 48.03 46.83 
0.00 0.00 0.00 0.00 0.00 0.00 
0.11 0.00 0.00 0.00 2.08 0.00 
12.62 2.41 12.69 12.66 10.50 11.23 
3.84 0.00 1.23 1.95 0.00 0.00 
3.84 3.35 4.27 4.37 4.80 4 .63 

0.00 1.34 5.15 5.04 0.00 4 .47 

4.19 0.00 0.00 0.00 3.05 0.00 
0.00 2.82 0.00 0.00 0.25 0.50 
0.78 0.92 0.89 0.88 0.95 0.99 
0.12 0.10 0.13 0.12 0.18 0.18 

· 37LP:, 32LP" · 33LPb 

- - -·· 
Q.43 2.84 0.61 
28.42 28.02 30.10 
47.55 43.08 47.37 
0.00 0.00 0.00 
0.00 0.00 0.00 
12.11 13.12 11.34 
0.00 2.13 0.52 
5.48 4.36 4.64 
4.69 5.44 4.28 
0.00 0.00 0.00 
0.05 0.00 0.00 
1.08 0.88 0.99 
0.19 0.13 0.16 
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Table A2..7 CIPW norm calculations of Longonot volcanic rocks (continued). Assumes FeO:Fe 2O3 = 1 

Mineral 9LMX1 SLMX' 38LMX1 6LMX1 26LT" 27LT 2 

Quartz SiO2 0.27 2.42 0.92 2.79 3.22 2.73 
Orthoclase (K,Na)AISi3Oa 18.65 29.51 29.46 31 .14 30.60 30.92 

Albite (K,Na)AISi3Oa 40.52 48.29 51 .70 49.63 49.21 48.69 
Anorthoclase (Na,K)AISi2Oa 17.39 4.88 1.73 2.07 0.00 0.00 

Nepheline (Na,K)(Al,Si)zO4 0.00 0.00 0.00 0.00 0.00 0.00 
Acmite NaFe(SiO2h 0.00 0.00 0.00 0.00 3.39 4.62 

Nametasilica Na2SiO3 0.00 0.00 0.00 0.00 0.00 0.00 
Diopside Ca(Mg,Fe )Si2O3 7.37 5.46 7.48 5.60 5.77 5.63 

Hypersthene (Mg,Fe)SiO3 6.14 1.53 0.71 1.13 2.22 2.29 
Olivine (Mg,Fe)2SiO4 0.00 0.00 0.00 0.00 0.00 0.00 

Magnetite Fe(ll)Fe(lll)2O4 6.11 5.48 5.48 5.29 4.05 3.30 
Ilmenite FeTiO3 2.67 1.99 1.94 1.80 1.28 1.28 
Apatite Cas(PO4)3F 0.89 0.45 0.58 0.56 0.27 0.23 

Mineral 17LT" 24LT" ·· 23LT." 23BLT" ·· 22LTL 16LT" 

Quartz SiO2 2.25 2.00 3.77 3.57 3.60 3.78 
Orthoclase (K, Na )AISi3Oa 29.34 28.75 28.59 28.94 29.18 28.52 

Albite (K,Na)AISi3Oa 44.47 44.00 41.44 41.44 41.51 40.32 
Anorthoclase (Na,K)AISi2Oa 0.00 0.00 0.00 0.00 0.00 0.00 

Nepheline (Na,K)(Al,Si)zO4 0.00 0.00 0.00 0.00 0.00 0.00 

Acmite NaFe(SiO2h 12.23 12.92 14.14 14.04 13.91 14.06 
Nametasilica Na2SiO3 0.00 1.19 0.32 0.20 0.00 1.70 

Diopside Ca(Mg, Fe )Si2O3 5.74 4.69 4.68 4.80 4.73 4.58 
Hypersthene (Mg,Fe)SiO3 4.42 5.16 5.83 5.77 5.73 5.83 

Olivine (Mg,Fe)2SiO4 0.00 0.00 0.00 0.00 0.00 0.00 
Magnetite Fe(ll)Fe(ll1)2O4 0.30 0.00 0.00 0.00 0.14 0.00 
Ilmenite FeTiO3 1.13 1.12 1.10 1.10 1.09 1.08 
Apatite Cas(PO4)3F 0.12 0.17 0.14 0.13 0.11 0.15 

10LT2 5LT" 18LT" 25ALT" 25LT" 

1.51 2.33 2.03 1.94 1.64 
31.19 30.29 29.72 29.03 29.06 
48.05 46.43 45.17 45.21 45.21 
0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 
7.17 8.49 11 .61 12.71 12.63 
0.00 0.00 0.00 0.17 0.61 
5.53 5.86 5.20 4.73 4.53 
2.93 3.37 4.43 4 .94 4.98 
0.00 0.00 0.00 0.00 0.00 
2.22 1.84 0.53 0.00 0.00 
1.23 1.20 1.16 1.13 1.1 5 
0.18 0.19 0.14 0.15 0.20 

20LT" 15LT" 21LTL ?LT" 3LT" 

3.31 4.01 1.35 4.47 4.02 
28.98 28.35 28.88 28.90 27.89 
40.58 40.78 44.81 44.87 40.01 
0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 

14.06 14.44 12.59 9.77 14.64 

1.58 0.00 1.51 0.00 1.50 
4.30 5.39 4.59 4.75 4.47 
5.97 5.67 4.98 4.24 6.25 
0.00 0.00 0.00 0.00 0.00 
0.00 0.17 0.00 1.72 0.00 
1.07 1.10 1.12 1.15 1.08 
0.15 0.09 0.1 7 0.14 0.14 



l,.) 
l,.) 
-.J 

Table A2.7 CIPW norm calculations of Longonot volcanic rocks (continued). Assumes FeO:Fe 2O3 = 1 

Mineral 12ALr 12CLT 2 12D Le 13LT2 14LT 2 28LT 2 

Quartz SiO2 0.00 2.63 10.90 3.17 3.86 2.43 
Orthoclase (K,Na)AISbOs 20.03 28.35 32.97 28.01 28.59 28.01 

Albite (K, Na )AISi3Os 37.87 40.89 43.36 41.55 39.81 42.85 
Anorthoclase (Na,K)AISi2Os 10.08 0.00 3.36 0.00 0.00 0.00 

Nepheline (Na,K)(Al,Si)2O4 4.69 0.00 0.00 0.00 0.00 0.00 

Acmite NaFe(SiO2h 0.00 14.43 0.00 14.61 14.70 13.23 

Nametasilica Na2SiO3 0.00 1.63 0.00 0.19 1.11 2.57 

Diopside Ca(Mg,Fe)Si2O3 4.05 4.72 3.41 5.11 4.57 4.26 

Hypersthene (Mg,Fe)SiO3 0.00 5.98 0.54 5.94 6.14 5.43 

Olivine (Mg,Fe)2SiO4 6.36 0.00 0.00 0.00 0.00 0.00 

Magnetite Fe(ll)Fe(ll1)2O4 10.11 0.00 3.44 0.00 0.00 0.00 

Ilmenite FeTiO3 5.45 1.17 1.65 1.22 1.10 1.09 

Apatite Cas(PO4)3F 1.40 0.21 0.38 . 0.20 0.12 0.14 

Mineral 43LT" 44LT" · 45LT" -· 11LTs · 1LTs · 
-· ~ ,.,. 

Quartz SiO2 4.32 1.62 1.99 2.40 2.11 

Orthoclase (K, Na )AISi3Os 26.75 23.95 28.27 28.39 28.60 

Albite (K,Na)AISi3Os 46.01 50.91 40.53 40.64 40.87 

Anorthoclase (Na,K)AISi2Os 0.00 0.00 0.00 0.00 0.00 

Nepheline (Na,K)(Al,Si)2O4 0.00 0.00 0.00 0.00 0.00 

Acmite NaFe(SiO2h 5.26 0.30 14.94 15.00 14.83 

Nametasilica Na2SiO3 0.00 0.00 1.58 0.81 0.95 

Diopside Ca(Mg,Fe )Si2O3 7.26 11.63 4.99 4.86 5.10 

Hypersthene (Mg,Fe)SiO3 3.78 1.35 6.28 6.46 6.14 

Olivine (Mg,Fe)zSiO4 0.00 0.00 0.00 0.00 0.00 

Magnetite Fe(ll)Fe(111)2O4 4.95 7.38 0.00 0.00 0.00 

Ilmenite FeTiO3 1.43 2.28 1.21 1.21 1.21 

Apatite Cas(PO4)3F 0.26 0.59 0.22 0.24 0.19 

29LT 2 30LP8 2LP8 31BLMX2 31LMX2 

2.88 4.08 3.20 1.66 1.57 

27.30 . 27.47 27.35 20.02 20.19 

40.71 41.44 40.45 44.47 45.77 

0.00 0.00 0.00 6.72 5.49 

0.00 0.00 0.00 0.00 0.00 

14.46 14.65 14.63 0.00 0.00 

2.90 0.65 2.59 0.00 0.00 

4.34 4.10 4.25 11.63 11.99 

6.18 6.36 6.28 3.46 3.11 

0.00 0.00 0.00 0.00 0.00 

0.00 0.00 0.00 7.98 7.92 

1.08 1.09 1.09 3.18 3.09 

0.15 0.15 0.14 0.89 0.90 



Table A2.8 Pb and Nd istope ratios of Longonot volcanic rocks 
Pb errors are 10-2, Nd errors are 10-6 

SAMPLE '"
0 Pb/"'"qPb +/- '"'Pbru~Pb +/- '"

0 Pb/"'"qPb 

Caldera 
Pyroclastics 

L452 19.79 4 15.70 4 39.64 

53LP1 19.76 7 15.72 7 39.61 

46LP4 19.79 4 15.74 3 39.71 

47LP5 19.73 4 15.71 3 39.56 
L521 19.77 8 15.73 9 39.63 

48LP5 19.73 5 15.71 5 39.56 

50(OB)LP5 19.69 3 15.71 3 39.51 

42LP5 19.68 10 15.72 8 39.54 

32LP5 19.67 2 15.70 2 39.51 

33LP6 

Lava Pile 
9LMX1 19.62 4 15.72 4 39.53 

38LMX1 19.63 6 15.69 5 · 39.44 

6LMX1 19.62 3 15.67 3 . 39.38 

26LT2 19.64 5 15.67 3 39.40 

27LT2 19.66 3 15.68 2 39.44 

10LT2 

5LT 2 19.64 6 15.67 7 39.40 

25ALT2 

25LT2 19.64 4 15.68 4 39.45 

17LT2 19.69 4 15.71 4 39.54 
24LT2 19.67 8 15.71 9 39.54 

23LT2 19.63 6 15.66 4 39.40 

22LT2 19.63 4 15.66 3 39.37 

16LT2 19.63 4 15.66 3 39.39 

20LT2 19.68 2 15.73 19 39.60 

15LT2 19.63 2 15.66 2 39.39 

21LT2 19.64 9 15.68 8 39.39 

7LT2 19.66 4 15.70 3 39.50 

3LT2 19.63 2 15.67 1 39.40 

12ALT2 19.70 6 15.71 5 39.47 

12CLT2 \ 

12Dlt2 
13LT2 19.66 5 15.68 5 39.43 

14LT2 

28LT2 19.63 10 15.66 8 39.39 

29LT2 

30LP8 19.64 3 15.67 2 39.43 

31BLMX2 19.60 6 15.73 6 39.47 

43LT 3 19.66 2 15.69 2 39.47 

44LT 3 19.57 8 15.69 7 39.36 

45LT 3 19.64 10 15.68 12 39.42 

11LT 3 19.66 7 15.69 6 39.47 

1LT3 19.67 2 15.69 2 39.45 
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+/- 143Nd/1qqNd +/-

11 
20 0.512726 4 
10 
10 0.512604 6 
30 0.512632 5 
31 0.512572 3 
8 

21 0.512571 4 
5 0.512635 5 

0.512619 6 

11 
16 0.512637' 6 
10 0.512638 6 
9 0.512588 6 
8 0.512585 6 

0.512610 6 
23 0.512626 5 

0.512597 5 
15 
14 0.512593 5 
31 0.512629 5 
13 
10 0.512631 5 
10 0.512649 6 
57 0.512607 5 
7 0.512597 6 
20 0.512627 5 
12 
4 0.512622 6 
13 0.512636 11 

0.512610 6 
0.512644 5 

16 0.512611 6 
0.512614 6 

20 0.512635 6 
0.512622 5 

6 0.512597 6 
20 0.512580 6 
5 0.512648 7 
17 0.512603 5 
42 
24 
5 0.512627 6 



Table A2.9 Major and trace element anlyses of Elmenteita basalts 

SAMPLE Technique EL 1 EL2 EL4 

Grid Reference 

SiO2 XRFGD 48.97 48.78 48.68 
TiO2 XRFGD 2.60 2.57 2.26 

Al2O3 XRFGD 14.61 14.63 15.09 

Fe2O3 XRFGD 14.24 14.21 13.21 
FeO (t) XRFGD 12.83 12.80 11.90 
MnO XRFGD 0.21 0.21 0.21 
MgO XRFGD 5.61 5.68 5.93 
Cao XRFGD 9.68 9.72 10.24 
Na2O XRFGD 3.18 3.18 3.10 
K2O XRFGD 1.20 1.11 1.00 
P2O5 XRFGD 0.60 0.62 0.57 
LOI -0.36 -0.48 -0.15 

TOTAL 100.54 100.22 100.15 

Zr XRF PP 175 165 145 
Nb XRFPP 33 31 32 
y XRFPP 35 34 34 

Ba XRFPP 578 578 518 
Sr XRFPP 505 498 509 
Rb XRFPP 24 21 19 
u XRFPP 0 1 0 

Th XRFPP 5 5 4 
Pb XRFPP 6 4 5 
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Table A2.10 Pb and Nd isotope ratios for volcanic rocks of the Lake Naivasha area 

SAMPLE .<uoPb/"u-+pb +/- .<u, p b/"u .. p b +/- ..:uoPb/"u"Pb +/- '""Nd/'""Nd +/-

Suswa 
IS85/137 20.11 6 15.73 6 39.87 21 0.512741 6 
IS85/150 20.14 6 15.69 5 39.77 13 0.512741 7 
IS86/342 20.20 5 15.70 4 39.86 11 0.512728 6 
IS86/384 20.19 2 15.71 2 39.87 5 0.512734 8 

w Elmenteita ..i:,.. 
0 EL1 19.23 4 15.80 4 39.26 14 0.512308 3 

EL2 19.27 38 15.85 31 39.42 75 
EL3 19.45 2 15.77 2 39.52 6 
EL4 19.23 8 15.76 7 39.20 20 

Olkaria 
SMN166 19.67 . 5 15.78 4 · 39.59 12 0.512466 6 
SMN164 18.43 5 15.65 4 38.28 12 
SMN195 18.34 4 15.64 5 38.21 16 0.512479 8 
SMN199 18.90 3 15.71 2 38.78 7 0.512506 5 
SMN153 19.42 18 15.75 18 39.32 58 0.512423 4 



Table A2.11 Major, trace and REE vdata for rifted cratonic margin 
basalts used in melting/fractional crystallisation modelling (Chapter 3) 
and melt extraction timescales (Chapter 4 ). 

Data from Rogers and MacDonald (pers. comm.) 

Sample 976-6 KLR32 KLR36 KLR67 W173 EL3 
Age Ma 2 1.54 1.54 1.54 2.3 0.001 

SiO2 47.63 47.1 47.13 47.38 47.36 48.27 

Al2O3 14.89 15.32 15.19 14.59 14.83 15.71 

Fe2O3 12.33 12.77 12.4 13.61 12.48 12.08 
MgO 6.89 7.12 6.6 6.04 6.71 7.03 
Cao 12.01 12.4 12.38 10.94 11.31 10.44 

Na2O 2.73 2.73 2.83 2.82 2.53 2.85 

K2O 0.655 0.627 0.684 1.038 0.749 0.887 

TiO2 1.878 2.13 1.857 2.568 1.888 1.761 
MnO 0.194 0.196 0.197 0.204 0.189 0.183 

P2O5 0.292 0.39 0.281 0.463 0.258 0.321 
Total 99.51 100.79 99.54 99.66 98.3 99.53 
LOI 0.09 -0:27 0.48 -0.17 1.25 -0.06 
Nb 25.4 23.3 25.6 43.3 25.5 48.7 
Zr 110.9 108.8 112.3 162.7 115.7 184 
y 29.3 28.4 27.8 36.2 28.8 35.9 
Sr 460.4 . ' 460.9 448.7 454.4 1408.6 478.3 
Rb 12.9 12.1 13.9 20.9 15.3 23.1 
Pb 2.4 2.7 1.9 3.8 4.3 
Nd ·' 25.6 27.6 24.6 36.4 21.5 34.5 
Zn 78.1 84.9 82.8 97.9 78.3 105.9 
Cu 127.7 . 128.4 131 163.6 124.4 60.6 
Ni 68.9 71.6 78.1 62.5 64.7 51.2 
Cr 86.4 126.3 83.5 72.6 88.9 101.4 
V 260 292.5 263.2 292.3 250.9 262.4 
Ba 402.6 423.9 375.1 518.4 1145.4 390.1 
Sc 32.8 33 38.6 29.3 32.1 38 
La 22.4 21.7 22.3 33 22.7 35 
Ce 43.6 43.4 44.4 68.1 46.4 70.2 
Nd 24.5 24.6 22.8 33.9 24.3 34.3 
Sm 5.17 5.31 5 7.15 5.17 6.6 

. Eu . 1.82 1.93 1.76 2.41 1.86 2.03 
Tb 0.9 0.87 0.86 1.12 0.93 1.04 
Yb 2.51 2.39 2.4 3.17 2.47 3.46 
Lu 0.37 0.34 0.35 0.46 0.37 0.5 
Th 2.31 2.01 2.35 3.66 2.48 4.42 
u 0.8 0.8 0.9 1.1 1.1 1.6 

Ta 1.45 1.36 1.46 2.51 1.52 2.63 
Hf 2.85 2.91 2.86 4.12 2.9 4.32 

La/Yb 8.92 9.08 9.29 10.41 9.19 10.12 
Tb/Yb 0.36 0.36 0.36 0.35 0.38 0.30 
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Table A2.12 238U - 23°Th - 232Th isotope ratios of Longonot 

Sample U (I.D) Th (I.D) 234U/23su +/- 23sU/232Th +/- 230ThJ232Th +/- 230Th/23su +/-
ppm ppm 

Caldera 
pyroclastics 

L452 5.12 22.52 1.008 0.007 0.690 0.003 0.748 0.007 1.085 0.011 
52LP3 5.00 20.50 1.011 0.010 0.740 0.004 0.768 0.008 1.039 0.011 
46LP4 11.34 50.10 1.008 0.006 0.687 0.003 0.770 0.006 1.122 0.009 
47LP5 5.56 24.73 1.019 0.011 0.682 0.006 0.781 0.008 1.145 0.012 

47LP5 (pum) 6.04 26.61 1.002 0.010 0.686 0.004 0.778 0.007 1.134 0.011 
L525 10.44 45.62 1.011 0.007 0.694 0.003 0.760 0.010 1.095 0.014 
L521 10.42 44.65 1.013 0.008 0.708 0.004 0.770 0.008 1.087 0.011 

50LP5 5.61 24.32 1.008 0.004 0.699 0.003 0.750 0.007 1.073 0.01 
50(0B)LP5 4.86 22.78 1.003 0.005 0.647 0.003 0.755 0.006 1.168 0.01 
50(SYN)LP5 5.74 25.32 1.007 0.004 0.688 0.006 0.745 0.007 1.082 0.016 

37LP5 4 .50 19.54 1.001 0.005 0.699 0.003 0.792 0.007 1.133 0.01 
32LP5 5.68 24.59 1.002 0.004 0.701 0.003 0.781 0.007 1.113 0.011 

32LP5 (obs) 5.68 24.55 1.000 0.005 0.702 0.002 0.790 0.008 1.126 0.011 
33LP6 3.36 13.95 1.000 0.004 0.730 0.004 

. . 
0.770 0.005 1.055 0.007 



Table A2.12 238U - 230Th - 232Th isotope ratios of Longonot ( continued). 

Sample U (1.D) Th (I.D) "-'"U/"-'0 U +/- "-'
0 Ur""Th +/- .. .,uThr""Th +/- L->UTh/""ou +/-

Lava pile 
8LMX1 1.14 5.32 1.008 0.007 0.649 0.003 0.791 0.008 1.220 0.012 
6LMX1 1.11 5.39 1.008 0.004 0.627 0.002 0.800 0.008 1.277 0.012 
26LT2 2.63 12.39 1.013 0.004 0.644 0.004 0.787 0.007 1.222 0.011 
10LT2 3.17 13.55 1.013 0.008 0.709 0.005 0.790 0.006 1.114 0.010 
5LT2* 2.97 13.44 1.004 0.005 0.671 0.003 0.788 0.007 1.175 0.010 

25ALT2* 3.93 17.96 1.010 0.005 0.664 0.001 0.808 0.007 1.217 0.011 
17LT2* 3.55 15.73 1.002 0.009 0.685 0.003 0.787 0.008 1.149 0.013 
24LT2* 4.05 17.74 1.001 0.009 0.693 0.003 0.791 0.007 1.142 0.010 
23LT2 4.70 21.55 1.006 0.004 0.662 0.003 0.802 0.007 1.211 0.010 
22LT2 4.63 21.89 0.996 0.004 0.642 0.002 0.794 0.006 1.236 0.010 
20LT2 5.15 22.37 1.004 0.004 0.698 0.002 0.803 0.008 1.150 0.011 
15LT2 5.61 23.79 1.009 0.004 0.715 0.002 0.807 0.007 1.129 0.010 
21LT2* 4.28 18.23 1.006 0.003 0.713 0.002 0.796 0.007 1.116 0.011 
3LT2 4.87 22.04 1.012 0.005 0.670 0.003 0.792 0.007 1.182 0.011 
14LT2 4.98 24.63 1.009 0.007 0.613 0.004 0.795 0.007 1.236 0.012 
28LT2 4.70 21.55 1.006 0.004 0.662 0.003 0.795 0.007 1.154 0.010 
30LP8 4.90 23.34 1.010 0.009 0.637 0.004 0.807 0.003 1.267 0.009 

31BLMX2 2.30 10.95 1.009 0.004 0.638 0.003 0.792 0.008 1.242 0.013 
43LT3 4.31 19.92 1.014 0.008 0.657 0.003 0.798 0.008 1.216 0.012 
45LT3 5.36 23.18 1.010 0.009 0.702 0.004 0.790 0.006 1.125 0.010 
1LT3 4.24 21.43 1.005 0.004 0.601 0.004 0.802 0.008 1.335 0.013 
L33 4.64 19.77 1.007 0.006 0.712 0.003 0.793 0.008 1.113 0.011 

Samples marked with a * denote the Lt2 subgroup 



Table A2.13 226Ra isotope ratios of Longonot samples 

Sample ""uTh fmol g·1 ""'"Ra fg g·1 +/- ("""Ra)/(''.,uTh) +/- % (""UTh )/[Ba] +/- % ("""Ra)/[Ba] +/- % 
Caldera 

pyroclastics 
32LP5 445.1 2103 11 0.988 1.29 1.58E-20 1.35 1.56E-20 1.36 

Lava pile 
6LMX1 99.9 496 3 1.057 4.20 5.80E-23 1.39 6.13E-23 4.21 
26LT2 226.1 1095 9 1.003 4.70 3.33E-22 1.31 3.34E-22 4.73 
10LT2 248.1 1213 9 1.028 2.15 5.96E-22 1.32 6.13E-22 2.21 
5LT2* 245.4 1307 13 1.132 1.30 2.49E-21 1.33 2.81E-21 1.38 

25ALT2* 336.4 1582 17 0.980 1.41 1.03E-20 1.35 1.01E-20 1.47 
23LT2 400.6 1710 26 0.890 1.74 1.48E-20 1.31 1.32E-20 1.82 
22LT2 402.9 1792 15 0.927 1.19 1.34E-20 1.32 1.24E-20 1.29 
20LT2 416.5 1659 17 0.830 1.40 1.66E-20 1.37 1.38E-20 1.44 
15LT2 445.3 1861 13 0.871 1.17 1.83E-20 1.36 1.59E-20 1.23 
21LT2* 336.3 1593 15 0.987 1.33 9.90E-21 1.38 9.77E-21 1.37 
3LT2 404.8 1735 6 0.893 1.03 2.31 E-20 1.39 2.07E-20 1.07 
28LT2 382.1 1778 8 0.987 1.09 8.97E-21 1.35 8.86E-21 1.17 
30LP8 446.9 ·· 1902" 14 

. 
Q.907 1.02 2.68E-20 1.23 2.37E-20 1.24 

1LT3 398.6 1433 
. 

21 0.749 1.79 4.20E-21 1.41 3.15E-21 1.80 
L33 363.3 1455 15 0.835 1.43 4.14E-21 1.41 3.46E-21 1.43 

Mineral 
separates 

28Lt2 sanidine 494.675 7.25 2.15E-22 1.47 
L33 sanidine 1168.58 8.8 1.63E-22 0.81 

Samples marked with a * denote the Lt2 subgroup 
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