RARE EARTH ELEMENT (REE) MOBILITY IN
ALKALINE IGNEOUS ROCKS AND THE
POTENTIAL IMPACT ON THE FORMATION OF
ION ADSORPTION TYPE REE ORES OF THE
AMBOHIMIRAHAVAVY ALKALINE COMPLEX

EVA MARQUIS

A thesis submitted in partial fulfilment of the
requirements of the University of Brighton
for the degree of Doctor of Philosophy

September 2019

Abstract

Abstract

Ion Adsorption Deposits (IAD) are a major source of Heavy Rare Earth Elements (Gd – Lu; HREE) to
global markets. Most currently known IAD are hosted in thick regolith profiles, developed in
temperate to tropical climates from metaluminous to peraluminous granites that have experienced
varying degrees of metasomatic alteration. However, typically these granites are not strongly Rare
Earth Element (REE)-enriched. In contrast, alkaline to peralkaline syenitic to granitic complexes are
known to contain elevated concentrations of REE – leading to the hypothesis that if IAD can form
on relatively REE poor protoliths, then regolith profiles developed upon REE-enriched alkaline to
peralkaline rocks should contain IAD more strongly enriched in REE. The alkaline to peralkaline
Ambohimirahavavy Complex is covered by regolith profiles developed in a tropical climate. The
petrogenesis and controls on REE mineralisation of the Ambohimirahavavy Complex’s southeastern Ampasibitika intrusion have been investigated here.
The Ampasibitika Intrusion is a heterogeneous sub-volcanic intrusion, where silica-undersaturated
to –oversaturated intrusive rocks are exposed alongside volcanic units. Petrographic features,
mineral chemistry and whole rock major and trace element geochemistry indicate the Ampasibitika
Intrusion evolved via fractional crystallisation and differentiation of a weakly peralkaline melt,
sourced from low degree partial melting of a metasomatised mantle source, in a shallow crustal
magma chamber to emplacement of heterogeneous crustal mushes and melts to higher crustal
levels during caldera forming events. The coalescence of highly evolved residual/immiscible melts
in the magma chamber roof zone and assimilation of crustal material and/or previously crystallised
syenites formed silica-oversaturated trachytic to peralkaline granitic melts, which were emplaced
as a concentric dyke swarm. Varying degrees of fractional crystallisation and melt differentiation,
and possible salt-silicate melt immiscibility, resulted in variable REE-enrichment. REE
concentrations generally increase with progressive melt evolution and volatile-enrichment. The
emplacement of crystal mushes and melts to higher crustal levels was associated with melt/fluid
immiscibility/exsolution, causing late magmatic to hydrothermal alteration. Mineral stable isotope
signatures indicate most alteration fluids were of magmatic origin.
Potential source minerals of REE for the Ampasibitika IAD include REE-fluorcarbonate, britholite,
allanite, titanite, which are generally late magmatic to hydrothermal mineral phases, and early
magmatic calcic-amphibole and -clinopyroxene. However, late magmatic to hydrothermal
alteration may also produce REE-poor phases (e.g. sodic-amphibole/clinopyroxene) or REEenriched minerals resistant to dissolution during weathering (e.g. zircon). Thus, the alteration style
controls the development of REE source minerals of varying benefit to IAD formation.
Within the Ampasibitika IAD, REE are principally adsorbed to kaolinite and/or halloysite; thus, the
formation conditions of kaolinite derived from a range of regolith profiles and depths were
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investigated using stable isotope methods. The results suggest that, although some kaolinite
present is of hypogene origin, these potential REE-host minerals are principally of supergene origin,
and therefore the products of intense chemical weathering.
Overall, REE mobility during late magmatic to hydrothermal alteration has variably influenced the
availability of REE for subsequent IAD. Thus, although magmatic processes may produce extreme
REE-enrichment in alkaline to peralkaline intrusions, it is generally the late magmatic to
hydrothermal evolution that affects the development of IAD REE-source minerals of the
Ampasibitika Intrusion.
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1. Introduction
1.1. Rare Earth Elements: Security of Supply, Responsible Sourcing and the SoSRARE Project
Modern technologies, from smartphones and laptops to electric cars and renewable energy
infrastructure, contain a greater diversity of elements than ever before. Rare earth elements (REE)
are a suite of 15 elements that include the lanthanides (La to Lu) plus yttrium (Fig. 1.1.), which due
to their magnetic, luminescence and redox properties are essential in many technologies
(Chakhmouradian and Wall, 2012; Wall, 2014; Verplanck and Hitzman, 2016). For example, NdFeB
permanent magnets contain Nd as an essential component and Dy, Pr and Tb as stabilising phases;
these magnets are used in a wide range of applications from wind turbines in energy production to
speakers in smart phones. Although these elements are essential, the amounts needed are orders
of magnitude smaller compared with other metals, such as copper and iron (tens to thousands
versus millions of tonnes). Thus, only a few mines are necessary to supply demand, resulting in a
lack of supply chain diversity and increasing the supply risk of these elements (e.g. Wall et al., 2017;
Jowitt, 2018).

Figure 1.1 Periodic table of elements with the REE (lanthanides and Y), where they fit in the periodic table are highlighted
in orange. [Source: IUPAC - Copyright © 2018 IUPAC, the International Union of Pure and Applied Chemistry.]
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Materials that are of economic importance and for which the potential supply risk is high are
described as ‘critical’ (European Commission, 2014, 2017; British Geological Survey, 2015).
Criticality of materials is assessed from a combination of economic importance, availability of
substitutes and supply risk of the raw material (European Commission, 2014; British Geological
Survey, 2015; Graedel et al., 2015). The REE are the poster child for security of supply of critical
materials. In 2010 and 2011, proposed reductions in export quotas of the REE by China resulted in
dramatic price rises for these elements (Wall, 2014). More recently, the supply situation has eased
and prices have reduced, however much of the REE supply chain is still dominated by China (Wall,
2014; Wall et al., 2017).
The REE are typically divided into two groups (Fig. 1.1), the light REE (LREE) incorporating those with
‘lighter’ atomic masses from lanthanum (La) to samarium (Sm), and the heavy REE (HREE) that
incorporates europium (Eu) to lutetium (Lu). Yttrium is typically grouped with the HREE as it has
similar properties. Treating these elements as a single group oversimplifies supply issues
surrounding these elements, as in most natural systems the light REE with even atomic numbers
(La, Ce and Nd) dominate over the HREE. As a result, most REE deposits are strongly enriched in
LREE resulting in a ‘balance problem’, as the natural abundance of REE does not match market
demand (Binnemans and Jones, 2015). At present, the most critical REE for current and future
demand are Nd, Pr and Dy, a result of their use in high field strength magnets and batteries for
renewable energy technologies as well as electric and hybrid electric vehicles (Goodenough et al.,
2018). Further challenges associated with mining REE includes the characteristic of REE-ore
minerals to host a mixture rather than individual REE, thus additional processing steps are required
to separate them into individual REE oxides required by the market (Xie et al., 2014; Machacek and
Fold, 2014; Wall et al., 2017). A method of managing this discrepancy is by diversifying REE
resources being exploited and by targeting deposits with REE proportions that most closely match
forecast demand (Binnemans and Jones, 2015; Goodenough, et al., 2018).
Carbonatite-hosted REE deposits, such as Bayan Obo and Maoniuping in China, are the main source
of REE to global markets (Wall, 2014; Smith et al., 2016; Wall et al., 2017). However, these deposits
are characterised by strong LREE enrichment, and only supply relatively small amounts of the HREE
(Goodenough et al., 2018). Much of the world’s HREE supply is produced from small mines working
ion adsorption type deposits across the Nanling Range in Southern China (Sanematsu and
Watanabe, 2016; Wall et al., 2017). Pollution and land degradation associated with the mining and
processing of REE in these regions is a significant issue (Yang et al., 2013; Wall et al., 2017). As a
result, the Chinese government is aiming to improve the environmental performance of REE mining
across China (Wall et al., 2017). As the REE and many other critical metals are used in technologies
2
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aimed at reducing carbon dioxide emissions and improving the Earth’s environment, it seems
sensible to ensure that the production and supply of raw materials for these technologies is carried
out in an environmentally and socially sustainable manner (Wall et al., 2017).
A concerted effort by governments and industry to combat the potential risk to supply for the REE
has resulted in multiple research programmes focussed on the science behind securing the supply
of critical materials. An example is the SoSMinErals, which encompasses four projects investigating
a variety of ‘e-tech elements’ with the aim to enhance the global security of supply of the REE, Co,
Se and Te (for more information see: https://www.bgs.ac.uk/sosminerals/home.html). Of these
four projects, the SoSRARE project is investigating processes that concentrate REE in natural
systems and mechanisms for the efficient and environmentally friendly extraction and recovery of
these elements (https://www.bgs.ac.uk/sosRare/about.html). The project is split into two strands
focused on conventional and unconventional REE deposits (Fig. 1.2). My work is part of work
package 2 ‘formation of ion adsorption deposits’ and aims to understand how REE are mobilised
and concentrated in this natural system.

Figure 1.2 Diagram showing structure and work package leaders of the SoSRARE project (Source: SoSRARE, 2016:
https://www.bgs.ac.uk/sosRare /about.html).
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1.2. Ion Adsorption REE Deposits: Why?
Most REE deposits have issues associated with the extraction and beneficiation of REE, for example,
hard-rock carbonatite and alkaline rock deposits require high-energy physical processing (crushing
and grinding) and placer mineral sands deposits have high radioactivity (Wall et al., 2017). Ion
adsorption deposits are supergene, regolith-hosted ores, which contain over 50 % of their REE
budget as ions adsorbed to clay minerals (Sanematsu and Watanabe, 2016). This feature enables
the REE to be extracted using weak electrolyte solutions, such as ammonium sulphate and sodium
or magnesium chloride (Moldoveanu and Papangelakis, 2012). This low energy processing, in
addition to low radioactive mineral content that affects other REE deposit types, makes ion
adsorption clays economically desirable (Wall et al., 2017). Although ion adsorption clays are the
principal source of HREE, only a few deposits in China are HREE-enriched. The majority of other
known deposits in both China and globally do not show the same HREE enrichment (Moldoveanu
and Papangelakis, 2016). Several occurrences however have REE distributions that closely match
forecast market-demand for REE over the next 10 years (Goodenough et al., 2018).
Exploration of ion adsorption deposits began in China in the 1960s, with major deposits such as the
HREE-rich Zudong and LREE-rich Heling found in 1969 and 1971 respectively (Ding, 2012; Sanematsu
and Watanabe, 2016). These deposits were considered to be state secrets (Ding, 2012), thus
information on the characteristics and genesis of these deposits has historically been limited.
Recently, reviews by Sanematsu and Watanabe (2016) and Li et al. (2017) have collated a wealth of
information on ion adsorption deposits in China and globally. From these reviews, the following
features were deemed necessary for the formation of ion adsorption deposits (Sanematsu and
Watanabe, 2016; Li et al., 2017):
1. Parental granitic rocks that contain REE-bearing minerals that are susceptible to dissolution
during chemical weathering processes.
2. Temperate to tropical climates, with moderate to high precipitation and temperatures, that
favour chemical weathering.
3. Low to moderate denudation rates that enable the preservation of thick regolith profiles.
However, this assessment is almost completely based on IADs located in China, as limited work has
been done on the origin of these deposits elsewhere in the world. The SoSRARE project has thus
chosen to investigate a natural laboratory outside of China to study variability in IAD formation.
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1.3. Selection of a Natural Laboratory: The Ambohimirahavavy Alkaline Complex
Although, the majority of known ion adsorption deposits are located in southern China, there are
other occurrences across the globe. Such occurrences include the Serra Verde Rare Earth Project in
Goiás State of Brazil, the Tantalus Rare Earths AG prospect in northwest Madagascar, as well as
occurrences in the USA, Myanmar, Thailand, Vietnam, Laos, Philippines and Malawi (Sanematsu
and Watanabe, 2016). The majority of these are associated with granitic parent rocks. At the time
of writing, the Tantalus Rare Earths AG prospect is a unique example of an alkaline to peralkaline
complex overlain by regolith containing ion adsorbed REE. The Ambohimirahavavy Alkaline
Complex, a Cenozoic intrusive to extrusive suite of alkaline to peralkaline silica-undersaturated to
silica-oversaturated rocks, underlies this prospect.
Previous studies of the Ambohimirahavavy Alkaline Complex have predominantly focused on a
HFSE and REE mineralisation associated with a set of peralkaline granitic dykes of the Ampasibitika
Intrusion (Ganzeev and Grechishchev, 2003; Estrade et al., 2014a, 2014b, 2015, 2018). These dykes
were initially explored as a potential hard rock REE resource, as they contain up to 2.24 wt. % TREO
(Gilbertson, 2013). This prospect has a number of features that resulted in its selection as a natural
laboratory for SoSRARE:
1. Tropical climate (Peel et al., 2007; Davies, 2008, 2009; Beck et al., 2018).
2. Thick regolith profiles (Gilbertson, 2013; Desharnais et al., 2014).
3. Alkaline to peralkaline complex with known REE mineralised rocks (Ganzeev and
Grechishev, 2003; Estrade et al., 2014a, 2014a, 2015, 2018; Gilbertson, 2013; Desharnais
et al., 2014).
4. Relative ease of access.
1.4. Hypotheses and Aims of Study
The initial premise of this study was that if ion adsorption REE ores can form from granitic parental
rocks, which are not hard rock sources of REE, then weathering profiles that have developed upon
alkaline to peralkaline rocks, which are known hard-rock REE resources, could potentially host
strongly REE-enriched ion adsorption ores. Early leaching experiments undertaken at the University
of Brighton quickly dispelled this idea and revealed that, although ion exchangeable REE are
present, concentrations are extremely variable both within and between regolith profiles (Estrade
et al., 2019). However, although the heterogeneous nature of the Ambohimirahavavy Alkaline
Complex makes it challenging as a mining prospect, this variability enables a wide range of potential
protoliths to be studied. By understanding how and where the REE are concentrated in these rocks
it is then possible to investigate which magmatic and hydrothermal processes aid and which hinder
5
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the development of ion adsorption ores at Ambohimirahavavy. This work aims to determine the
magmatic and hydrothermal processes that have mobilised REE and precipitated REE in selected
units of the Ambohimirahavavy Complex. The main hypotheses to be tested as part of this study
were:
1. Hydrothermal alteration of primary magmatic REE-minerals results in the development of
secondary phases that easily dissolve and release REE during weathering processes.
2. Clay minerals that host adsorbed REE are formed by weathering of a variety of different
igneous rocks in temperate to tropical climates.
In order to test these hypotheses a set of rock and regolith samples were selected from a range of
core and field samples, which were then analysed using a range of petrographic and geochemical
techniques (Ch. 4). The objectives defined to test each hypothesis are outlined in Fig. 1.3. By linking,
the petrogenetic history determined for these rocks and key REE-host minerals with the work
described by Estrade et al. (2019), a model for REE mobilisation pathways from mantle to regolith
is discussed.

Figure 1. 3. Overview of research question, hypotheses, aims and objectives of this study.
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2.1. Geochemical Properties of the REE
The lanthanides and Y are trivalent (3+ valence) in most environments, with the exception of Eu
and Ce that can also exist in 2+ and 4+ states, respectively. The result of these high valences
combined with moderate ionic radii with a six- to eight-fold coordination system (Shannon, 1976)
is that these elements have high ionic potentials (or field strengths) and are thus classified as high
field strength elements (HFSE; Fig. 2.1).
The differences in charge and size of the HFSE, compared to major rock forming minerals (e.g. Si,
Al, Fe, Mg, Na, K, Ca etc.), typically causes these elements to behave incompatibly in magmatic
systems, i.e. they do not easily substitute into common silicate minerals and have a greater affinity
for the melt fraction (e.g. Linnen et al., 2014). Thus, the incompatible behaviour of the HFSE results
in these elements being concentrated in melts produced by small degrees of partial melting of the
source material and in highly evolved melts that have undergone extensive fractional
crystallisation. Although the REE are generally incompatible, small differences in their ionic charge
to ionic radii ratios result in their variable partitioning into mineral phases (Fig. 2.2).

Figure 2. 1. Diagram showing ionic charge versus
ionic radius of trace elements (Adapted after:
Rollinson, 1993).
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The behaviour of REE in melts, fluids and minerals is highly dependent on the partitioning of REE
between these media. Partitioning is determined by partition coefficients (D), represented as:
𝛼𝛼−𝛽𝛽

𝐷𝐷𝑖𝑖

𝛽𝛽

= 𝐶𝐶𝑖𝑖𝛼𝛼 /𝐶𝐶𝑖𝑖

In which i refers to an element, and α and β represent the α- and β-phases respectively. Controls
on partition coefficients are pressure, temperature, oxygen fugacity of melts and fluids, and
chemical compositions, and are estimated via experimental, theoretical and analytical means.
Incompatible elements have partition coefficients of less than 1 (Fig. 2.2; Winter, 2010; White,
2013).
Compared with other HFSE (e.g. Zr, Ta, Nb, U, Th), the decrease in ionic radii of the REE with
increasing atomic number is greater than expected. This phenomenon, termed ‘lanthanide
contraction’ (Goldschmidt et al., 1925), is related to the filling of the ‘f’ electron shell that is the
characteristic electron configuration of the REE. Imperfect shielding of other electrons by those in
the ‘f’ electron shell results in the nucleus exerting a greater pull on the outer electrons than it
would otherwise. This decrease in ionic radii with increasing atomic number results in systematic
differences in their behaviour in natural systems (Linnen et al., 2014). As a result, the Light REE
(LREE: La-Eu) typically behave more incompatibly than the Heavy REE (HREE: Gd-Lu, Y), and
therefore the former are more concentrated in the Earth’s crust. These differences primarily affect
the partitioning and complexation behaviour of REE in magmatic and hydrothermal systems.
In the solar system, elements with even atomic numbers are more abundant than those with odd
atomic numbers: this phenomenon, described by both Oddo (1914) and Harkins (1917), is referred
to as the Oddo-Harkins effect. This phenomenon is true for all elements including the REE, resulting
Figure 2.2. Diagram showing idealised mineral-melt
partition coefficients for the REE in different minerals
for basaltic melts [after White (2013) using data from
the GERM partition coefficients database
(http://earthref.org/GERM/); some values were
interpolated and others adjusted for consistency].
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Figure 2.3. Recommended estimates of trace-element composition of the upper continental crust, values from Rudnick
and Gao (2003). The Rare Earth Elements (red), Platinum Group Elements (blue) and Gold (yellow) are highlighted.

in the “saw-toothed” abundance pattern of the lanthanides (Fig. 2.3). For this reason, data on REE
abundance are normalised to a reference material, commonly the concentration in chondritic
meteorites (considered samples of the bulk non-volatile solar system; e.g. McDonough and Sun,
1995). As a result of both lanthanide contraction and the Oddo-Harkins effect, the abundance of
REE in the Earth’s crust is highly variable (Fig. 2.3).
Traditionally, the HFSE have been termed immobile, as they are relatively insoluble in aqueous
solutions. However, the REE are able to form stable aqueous ion complexes with hard ligands (e.g.
F-, Cl-, SO42-) in fluids at temperatures > 250°C (Salvi and Williams-Jones, 1990; Wood, 1990b; Potter
et al., 2004; Gysi and Williams-Jones, 2013; Migdisov et al., 2016) and potentially with chelating
and organic ligands (e.g. oxalate, humic acid) at surface conditions in weathering horizons (Wood,
1990a, 1993; Cetiner and Xiong, 2008). The formation of such complex ions means that
hydrothermal and weathering processes can also mobilise REE.
2.1.1. Abundance of the REE in the Earth’s Crust
The term ‘rare earth elements’ is a misnomer, as these elements are not rare at all in the Earth’s
crust (Fig 2.3; Williams-Jones et al., 2012). For example, Ce and Y are far more common than all the
precious metals, Sn, Hg and Mo, being the 25th and 30th most abundant elements by mass (Rudnick
and Gao, 2003). However, not all rare earth elements are so abundant, especially when recalculated
to atomic concentrations. Terbium and thulium are two to five times less abundant in the earth’s
crust than Mo. In fact, on the scale of the Solar System, lanthanides with odd atomic numbers are
less abundant than 94% of the remaining elements, a result of the Oddo-Harkins effect (Anders and
Grevesse, 1989).
9
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2.2.3. Anomalous Behaviour of Ce and Eu
The ability of Eu and Ce to occur in oxidation states other than REE3+ under geological conditions
enables these elements to be used as oxybarometers and process tracers (Adachi and Imanaka,
1998; Burnham and Berry, 2012, 2014). Compared to their trivalent counterparts, Eu2+ and Ce4+ ions
are larger and smaller, respectively, than predicted by the lanthanide contraction trend and
therefore partition differently (Rollinson, 1993). Thus, the behaviour of these elements in geological
systems depends on the oxygen fugacity (ƒO₂) and mineral phases crystallising (Laveuf and Cornu,
2009; Linnen et al., 2014; Burnham et al., 2015). The anomalous behaviour of these two elements
can be quantified by determining the difference between the normalised concentration of these in
the system and the interpolated concentration determined by the concentrations of the adjacent
REE (Taylor and McLennan, 1985; Rollinson, 1993):
Eu-anomaly: Eu/Eu* = Eu/[(Sm + Gd)/2]
Ce-anomaly: Ce/Ce* = Ce/ [(La + Pr)/2]
The oxidation states of Ce and Eu are functions of the ƒO₂, temperature, composition, and, to a
lesser extent, pressure of the fluid or magma (Sverjensky, 1994; Wood, 1990b; Burnham and Berry,
2014; Burnham et al., 2015). The proportion of Ce occurring as Ce4+ is low at terrestrial ƒO₂ apart
from in hydrothermal, diagenetic and pedogenetic environments (Laveuf and Cornu, 2009). Cerium
anomalies formed during pedogenesis result from the formation of insoluble CeO (cerianite) or the
precipitation of Ce (as Ce4+) onto Mn-oxides. Europium can occur in significant proportions as Eu2+
in natural silicate melts (Drake, 1975; Burnham et al., 2015). In felsic magmas in particular, feldspars
primarily control Eu anomalies, as Eu2+ is compatible in plagioclase and potassic feldspar, whereas
the trivalent REE are incompatible (Rollinson, 1993). Thus, negative Eu anomalies arise in melts,
which have undergone crystal fractionation of feldspar or are derived from partial melting of a
source containing residual feldspar. Partitioning of Eu between feldspar and melt is dependent on
ƒO₂, as the partition coefficient of Eu2+ is an order of magnitude greater than that of Eu3+, whereas
for pyroxene the opposite is true and Eu2+ is less compatible than the REE3+ (Burnham et al., 2015).
Thus, positive and negative Eu anomalies provide information on crystal fractionation (e.g. Hoskin
et al., 2000) and can potentially be used to estimate the ƒO₂ conditions during crystallisation
(Burnham et al., 2015).
Recent experimental work by Burnham et al. (2015) and Burnham and Berry (2014, 2012) has
highlighted the potential uses of analysing Ce4+/Ce3+ and Eu2+/Eu3+ proportions in mineral phases,
such as zircon, for understanding magma conditions during crystallisation. Strong depletions of Ce
in REE phosphates and carbonates from HREE-mineralised post-collisional, hydrothermally altered
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granites have been used to infer high oxidation conditions during the formation of these minerals
(Xu et al., 2017).
2.2.4. REE Mineralogy
As the REE have similar ionic radii and oxidation states, they easily substitute for one another in
crystal lattices of various minerals and thus, occur in low concentrations throughout the Earth’s
crust (Castor and Hedrick, 2006). Small differences in the physical and chemical properties of the
REE enable some segregation, resulting in minerals enriched in either LREE or HREE.
Rare earth elements do not occur as native metals, and are typically hosted in silicate, carbonate,
phosphate, oxide, fluorcarbonate, and fluoride mineral forms (Table 2.1). In many cases the REE
are minor components, substituting into the crystal lattice for elements of similar size and charge.
In addition, over 200 minerals contain REE as an essential or significant component (Hoshino et al.,
2016). Although the number of minerals containing significant REE is high (c. 12% of all known
mineral species) at present only a small fraction are amenable to the economic extraction of REE
(Linnen et al., 2014), although research is ongoing to develop processing routes for the more
challenging REE minerals (Davris et al., 2017a, 2017b). Key minerals for LREE (La-Eu) production are
bastnäsite-(Ce), which supplies 70-80% of global production, and monazite-(Ce). The HREE are
principally sourced from xenotime-(Y) and ion adsorption clays (Jordens et al., 2013).

11

2. The Rare Earth Elements

Table 2.1. Selected REE-bearing minerals, their idealised chemical formulas, typical geological setting and notable occurrences (after Hoshino et al., 2016 and
supplemented with data from www.mindat.org).
Mineral Formula

Geological Setting

Notable Example(s)

SILICATE
Allanite (REE-rich Epidote)
(Ca, REE)Al₂Fe²⁺(Si₂O₇)(SiO₄)O(OH)
Britholite (Apatite supergroup)
(REE,Ca)₅[(Si,P)O₄]₃(OH,F,Cl)
Steenstrupine
Na₁₄LREE₆Mn²⁺₂Fe³⁺₂Zr(PO4)₇Si₁₂O₃₆(OH)₂.3H₂O
Gadolinite
Fe(2+)Be₂REE₂(SiO₄) ₂O₂
Zircon
(Zr, HREE)SiO₄
Eudialyte
Na₁₅Ca₆Fe₃Zr₃Si(Si₂₅O₇₃)(O,OH,H₂O)₃ (Cl,OH)
Cerianite
CeO₂
Loparite
(LREE,Na,Ca) ₂ (Ti,Nb) ₂O₆
Pyrochlore Group
(Na, Ca, REE) ₂Nb₂O₆F
Euxenite Group
(HREE,Ca)(Nb,Ta,Ti) ₂O₆
Fergusonite
HREENbO₄
Samarskite Group
(HREE,Fe,U,Th,Ca)(Nb,Ta,Ti)O₄
Aeschynite
(REE,Ca,Fe,Th)(Ti,Nb)₂(O,OH)₆
Table 2.1. Cont.

Hydrothermal vein REE deposits.

Hoidas Lake (Canada)

Peralkaline feldspathoid rocks.

Kipawa (Canada)

Peralkaline feldspathoid rocks.

Kvanefjeld (Ilímaussaq, Greenland)

Placers and peralkaline syenitic rocks (both altered and
unaltered).

Strange Lake (Canada), Ytterby (Sweden), Barringer
Hill (USA)
Nechalacho (Canada), Eneabba (Australia), Poços de
Caldas (Brazil)

Peralkaline feldspathoid rocks.

Kipawa (Canada), Kringlerne (Ilímaussaq, Greenland)

Granitic pegmatites.

OXIDE
Carbonatite and peralkaline feldspathoid rocks, also in
laterites and ion adsorption deposit regolith profiles.

Nechalacho (Canada), Huashan Deposit (China)

Peralkaline feldspathoid rocks

Lovozero (Russia)

Various occurrences – peralkaline feldspathoid, granitoid and
carbonatite rocks.

Strange Lake (Canada), Zudong Intrusion (IAD
protolith, China)

Granite pegmatites.

Třebíč Pluton (Czech Republic)

Carbonatites plus associated fenites and phoscorites,
peralkaline granites and associated pegmatites, laterites.
Metasomatic carbonates and peralkaline feldspathoid rocks,
and granitic pegmatites.
Metasomatic carbonates and peralkaline feldspathoid rocks.
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Strange Lake (Canada), Pitinga (Brazil)
Bayan Obo (China), Nechalacho (Canada), Barringer
Hill (USA)
Bayan Obo (China), Khibina (Russia)
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Mineral Formula

Geological Setting

Notable Example(s)

PHOSPHATE
Apatite Group
(Ca, REE)₅(PO4)₃ (F,OH)

Alkaline, peralkaline and carbonatite igneous complexes.

Monazite
(LREE, Th)PO₄

Carbonatites and associated metasomatic rocks, laterites and
placers.

Xenotime
(HREE)PO₄

Carbonatites and associated metasomatic rocks, laterites and
placers.
CARBONATE, FLUORCARBONATE & FLUORIDE

Bastnäsite
LREE(CO₃)F
Parisite
CaLREE₂(CO₃)₃F₂
Synchysite
Ca(LREE,HREE)(CO₃)₂F
Burbankite
(Na, Ca)₃(Sr, Ba, Ce)₃(CO₃)₅
Ancylite
LREESr(CO₃)₂(OH)·H₂O

Khibina (Russia)
Mountain Pass (USA), Bayan Obo (China), Eneabba
(Australia), Mount Weld (Australia), Steenkampskraal
(South Africa), Kangankunde (Malawi)
Lofdal (Namibia), Ak-Tyuz (Kazakhstan), Pitinga
(Brazil), Mount Weld (Australia)

Carbonatites and associated metasomatic rocks, plus
hydrothermal REE deposits.
Associated with carbonatites and altered peralkaline syenitic
and granitic rocks.

Mountain Pass (USA), Bayan Obo (China), Weishan
(China), Maoiuping (China), Nechalacho (Canada)
Mountain Pass (USA), Bayan Obo (China), Weishan
(China), Snowbird (USA).
Lugin Gol (Mongolia), Nechalacho (Canada), Ak-Tyuz
(Kazakhstan)

Associated with carbonatites.

Poços de Caldas (Brasil)

Associated with peralkaline feldspathoid rocks.

Khibina (Russia), Ilímaussaq (Greenland)

Carbonatites and altered peralkaline feldspathoid rocks.
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2.2. Criticality and Supply of the REE
Rare earth elements are crucial components of many modern electronic applications, clean energy
technologies and defence systems (Weng et al., 2015; Table 2.2). Increasing demand and the
dominance of China as a producer, refiner and user of these elements has resulted in international
concern for the security of supply of these elements (Wall, 2014; Weng et al., 2015; Hou et al.,
2018). Thus, these elements have consistently been listed as critical raw materials 1 and strategic
resources by many organisations worldwide (Fig. 2.4.; European Commission, 2010, 2014, 2017; US
Department of Defense, 2013; UK House of Commons, 2011). There are numerous factors affecting
the global REE trade including the distribution of reserves, supply and demand structure, national
policy and geopolitics (c.f. Hou et al., 2018).

Figure 2.4. Criticality assessment of raw materials by the European Union in 2017 with those considered critical plotting
in the red box; source European Commission (2017).

Critical raw materials – Materials with high supply-risk and high economic importance (Fig. 2.4; European
Commission, 2010, 2014, 2017).

1
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Table 2.2. Uses of REE in industrial and non-industrial applications. [Information from: British
Geological Survey (2011a), Weng et al. (2015) and Goodenough et al. (2018).
Used in both the catalyst’s substrate and the oxidising catalyst system, the
Autocatalysts
REE are essential for both the chemical reactions and efficient running of the
catalytic converter at high temperatures.
La and Ce are used to stabilise the structure and chemistry of high surface area
Fluid Cracking Catalysts
zeolites used as molecular filters used in the refining of crude oil.
Sm-Co and Nd-Fe-B magnets are high strength permanent magnets. Nd-Fe-B
magnets are used in a wide range of applications, including motors in electric
and hybrid electric vehicles, miniaturised applications (e.g. earphone
Permanent Magnets
speakers) and ‘green’ technologies (e.g. wind turbines). Additionally, Dy and
Pr are added to magnets to prevent losses in magnetism at elevated
temperatures.
REE are used as minor alloying metals to control inclusions in steel and cast
iron to decrease the risk of cracking. In addition, the incorporation of REE to
Alloys
superalloys enhances the alloy’s oxidation resistance, enabling use in high
temperature oxidising environments such as in electric generators and gas
turbines.
Nickel metal hydride rechargeable batteries incorporate REE, in particular La,
Batteries
these batteries power many electronic products, including hybrid cars.

Phosphors

Glass

Polishing

Ceramics

Nuclear Energy
Paints and Pigments

REE used in phosphors are required for the colours produced on visual display
devices (e.g. computer and television screens) that utilise cathode ray tube,
liquid crystal display or plasma display panel technologies. Other important
uses of REE phosphors are in energy efficient lighting such as LEDs, fibre optics
for data transmission, and lasers in medical and dental applications.
Rare earth elements are used as both colourants and decolourisers in the glass
industry. The ability of REE to absorb ultraviolet light has resulted in the use
of Ce and to a lesser extent Nd and Pr in UV resistant glass (e.g. sunglasses).
Many optical lenses use REE such as Pr as anti-reflection coatings and in tinted
glass filters.
Ce concentrates and oxides are used in substantial quantities to polish glass,
with most glass products such as television faceplates and mirrors being
finished using a Ce polishing agent.
Rare earth oxides (especially Y oxide and Ce oxide) are important in improving
the toughness and strength of structural ceramics. Rare earth oxides are used
to alter properties in ceramic capacitors, and the addition of La, Pr, Ce and Nd
stabilises the dielectric constant increasing the capacitor’s lifespan. A further
use of REE in ceramics is as colourants.
REE have the ability to adsorb neutrons and remain stable at high
temperatures and are used in a wide range of application in nuclear energy.
REE are used to increase durability and resistance to fading of paints. Y is used
in corrosion resistant coatings and lead-free primers.

Medical Applications

Gd is used as a medical tracer for imaging of tumours. REE permanent
magnets are used in Magnetic Resonance Imaging (MRI) equipment.

Agriculture

Rare earth phosphate fertiliser has been reported to decrease plant disease
rates and improve crop yields and quality (Xingsheng et al., 2006).
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Rare earth element deposits are typically low grade and low tonnage when compared to other
resources. There is only a single REE deposit that can be classified as a ‘giant’ deposit and that is
the Bayan Obo carbonatite-associated deposit in China (> 1.7x107 tonnes REE₂O₃), with only a
handful of deposits classed as large with > 1.7x106 tonnes (Smith et al., 2015). As a result, many REE
operations are small-scale and rarely attract large mining companies, with global production split
between a few key deposits. The production of REE has increased consistently since the 1950s, but
the main producers have changed dramatically (Wall, 2014). Mineral sands in Western Australia
and India were the source of early production in the 1950s. The Mountain Pass carbonatite deposit
in the USA dominated production in the 1960s to 1970s. In the 1980s, the Bayan Obo carbonatite
deposit of China overtook other REE producers. Since the 1980s, the Bayan Obo deposit has been
joined by other Chinese producers, resulting in China being the dominant producer, supplying
80.7 % 2 of the world’s REE in 2017 (Fig. 2.5; Wall, 2014; Weng et al., 2015; U.S. Geological Survey,
2018). The fragility of the REE market was exposed in 2010, when Chinese restrictions on rare earth
oxides (REO 3) exports resulted in drastic increase in REO prices (Humphries, 2013; Weng et al.,
2015). Although REO prices have since declined, the price spike highlighted the risk of REE supply
being dependant on a dominant supplier or country (Weng et al., 2015). Since 2010, China have
maintained their position as the principal REE producer as well as having the greatest share (36.7 %)
of REE reserves globally (Fig. 2.5; Wall, 2014; Weng et al., 2015; Hou et al., 2018; U.S. Geological
Survey, 2018). Brazil is the next largest host of REE reserves, with 18.3%, however production from
Brazil accounted for only 1.5% of global production in 2017 (U.S. Geological Survey, 2018).
There are three principal methods by which challenges to mineral commodity supply can be
addressed: substitution, technospheric mining and sustainable primary mining. For many
applications, substitution of the REE is difficult to impossible or if substitutes are available, the
performance is inferior to the REE (Haxel et al., 2002). Additionally, many known substitutes are
usually just as expensive as the REE (Wall, 2014). However, in certain applications a reduction in
REE use is manageable, such as in catalysts used to crack petroleum (Wall, 2014), and Dy reduction
in NdFeB magnets (Cui et al., 2018; Li et al., 2018). Technospheric mining includes direct recycling,
urban mining and landfill mining. Recycling of REE in the technosphere can aid in mitigating the
supply risk of the REE (Binnemans et al., 2013), and innovative recycling technologies can help

2

This percentage does not include undocumented production (U.S. Geological Survey, 2018).

REO terminology is predominantly used by industry to quote quantities and prices of REE in oxide wt. %,
whereas in in non-industrial publications REE concentrations are typically reported as REE in element ppm.
3
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reduce the environmental impact of REE production. However, the growing demand for REE means
that recycling can only complement primary mining supply methods; in markets where the
consumption of the resource grows by more than 1% per annum, recycling cannot sustain the
demand (Grosse, 2010). Therefore, sustainable primary mining has a key role in the future
production of REE for the global market.
Demand for REE has been growing consistently, increasing by 47600 tonnes (t) REO from 2000 to
2016 (Roskill, 2016; Goodenough et al., 2018). The emergence of new technologies and changing
end-uses of REE has driven changes in REE demand. Current forecasts suggest that growth in the
electric (EV) and hybrid electric (HEV) vehicle markets will be a key influencer on REE demand over
the next decade (Goodenough et al., 2018). As neodymium-iron-born magnets are key components
in EV and HEV, there would be enhanced demand for Nd, Pr and Dy relative to the other REE.

Figure 2.1 Global rare earth production between 1992 and 2014, showing the proportion supplied from major REE
producing countries. Operation periods of some important deposits also shown, and the contribution of ion adsorption
REE deposits to global production (Hoshino et al., 2016). Production data from: World Mineral Statistics contributed by
permission of the British Geological Survey (British Geological Survey, 1995, 2001, 2006, 2011b, 2015; Brown et al., 2018).
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A key difficulty with producing the more critical Nd, Pr and Dy is that alongside the extraction of
these elements less valuable REE are also produced. This results in a balance problem, with an
oversupply of LREE and relative shortage of HREE + Nd (Binnemans and Jones, 2015). Selective
recycling of REE has been proposed as a means to partially solve this balance problem (Binnemans
et al., 2013), but another solution is to target HREE and Nd rich primary deposits or those that
match the forecast demand for REE. However, although La and Ce are oversupplied, these elements
are still critical for future generations, as they are used in many widespread and developing
technologies (Goodenough et al., 2018).
Goodenough et al. (2018) compared demand forecasts of individual REE over the next decade with
REE distribution in different REE deposit types to assess which deposit types are optimum in terms
of balancing the natural concentrations of individual REE with the predicted demand. This
assessment indicates that LREE-enriched ion adsorption deposits (not HREE-enriched varieties) and
red muds are the closest to optimum in terms of individual REE concentrations.
Comprehensive reviews by Sanematsu and Watanabe (2016) and Li et al. (2017) helped tackle some
of the difficulties of obtaining information on ion adsorption REE deposits. However, there is still a
need to develop a better understanding of REE concentration in these deposits, especially for
deposits outside of China, which will aid in improving exploration models of this deposit type, and
the sustainable and environmentally friendly extraction of the REE (Wall et al., 2017).
2.3. Classification of REE Deposits
Rare earth element deposits are commonly classified into the following deposit types (Table 2.3;
Fig 2.6; Kanazawa and Kamitani, 2006; Long et al., 2010; Linnen et al., 2014; Weng et al., 2015;
Hoshino et al., 2016; Goodenough et al., 2018; Jowitt, 2018):
Primary: High-temperature (Magmatic/Hydrothermal) - carbonatite associated, alkaline to
peralkaline igneous rock associated, Iron-REE, and hydrothermal veins.
Secondary: Low-temperature (Weathering/Sedimentary) - placer, lateritic carbonatite, ion
adsorption, and bauxite red muds.
The majority of these deposits are related to alkaline igneous activity and are associated with
carbonatites or alkaline to peralkaline igneous rocks (Smith et al., 2016). Carbonatites are defined
as igneous rocks containing over 50% carbonate minerals (Verplanck et al., 2016). The term
‘alkaline’ is used to describe rocks that are enriched in Na₂O and K₂O (alkalis) relative to SiO₂ (silica)
and Al₂O₃ (alumina), and the term ‘peralkaline’ describes rocks in which molar Na₂O and K₂O
content exceeds that of Al₂O₃ (Le Maitre et al., 2002; Frost and Frost, 2008; Marks et al., 2011).
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Total resources of these deposits relate to the scale of the primary igneous source; but the grade
of each deposit is a function of the tectonic setting and melt source, the degree of partial melting
and fractional crystallisation experienced by the melt, hydrothermal activity and alteration, and in
some cases surface weathering causing supergene enrichment (Wall and Mariano, 1996; Kogarko,
1990; Kogarko et al., 2002; Salvi and Williams-Jones, 2006; Sheard et al., 2012; McCreath et al.,
2011; Goodenough et al., 2016; Smith et al., 2016).
As REE typically behave incompatibly in magmatic systems they are typically concentrated in highly
evolved igneous rocks, such as carbonatites or alkaline granites, rhyolites and syenites, derived
from enriched mantle sources (Verplanck et al., 2016; Dostal, 2016). Enrichment of the LREE is well
documented in carbonatites (Verplanck et al., 2016), with La and Ce concentrations typically >1000
ppm, but with low HREE concentrations, such as Yb being as low as < 1 ppm (Linnen et al., 2014;
Barker, 1996). However, some alkaline granites show are enriched in REE, containing La from
several hundred to 1000 ppm and Yb ranging typically from 15 to 100 ppm (Linnen and Cuney,
2005).
Rare earth elements are typically extracted as by- and co-products of other commodities. China’s
flagship resource is the Bayan Obo bastnäsite deposit that contains reported reserves of > 48 Mt at
6% REO (Kanazawa and Kamitani, 2006), where the REE are a by-product of iron ore mining. At
Lovozero and Khibina in Russia, REE have previously been extracted as a by-product of loparite and
apatite processing for niobium and phosphate (for fertiliser) respectively (Wall, 2014; Wall et al.,
2017). Two REE deposit types dominate global production: these are carbonatite-associated
deposits, such as the Bayan Obo deposit, that are the world’s most prolific source of REE; and the
supergene ion adsorption deposits, which supply the majority of HREE (Kynicky et al., 2012; Wall,
2014).

19

2. The Rare Earth Elements

Table 2.3. Summary of Major REE deposit types.
Deposit Type

Description

REE Mineralogy

Genetic Model

Production

Examples of Major
Deposits

Ref.

Alkaline to peralkaline associated
Deposits associated with igneous rocks
deposits can be comprised of a
containing abundant alkali minerals,
Magmatic and/or
variety of REE-ore minerals, principal
Alkaline to peralkaline some of which exhibit extreme HFSE
hydrothermal.
REE phases include : Loparite,
rock associated
enrichment. Generally low grade (< 2 wt.
eudialyte, zircon, xenotime-(Y),
% REE₂O₃) although some are relatively
Some volcanic deposits.
fergusonite-Y), allanite, and
HREE enriched.
bastnäsite
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Mountain Pass (USA)
Bayan Obo (China)
Maoniuping (China)
Araxa (Brazil)

Lovozero (Russia)
Khibina (Russia)
Dubbo (Australia)
REE by-product of
Norra Kärr (Sweden)
niobium, zirconium and Ilímaussaq (Greenland)
phosphate production. Kipawa (Canada)
Strange Lake (Canada)
Nechalacho (Canada)
Dubbo (Australia)

Kogarko et al., 2002; Sørensen et al.,
Wall et al., 2008; Xie et al., 2009; Williams2011; Spandler and Morris, 2016; Dostal,
Jones et al., 2012; Smith et al., 2015.
2016, 2017; Goodenough et al., 2016.

HIGH TEMPERATURE DEPOSITS
Carbonatites typically contain a wide
variety of REE-bearing minerals.
Common REE phases include
Deposits associated with carbonatites
bastnäsite, monazite, synchysite,
Magmatic-hydrothermal.
(igneous rocks containing 50 wt. %
paricite, ancylite, and apatite.
Economic levels achieved
modal carbonate), typically associated
by hydrothermal and/or
REE main or by-product
Carbonatite-Associated with alkaline igneous provinces and
Depending on the main ore mineral, weathering processes (see of iron, phosphate and
zones of major faulting or rift provinces. the REE recovery varies for example: lateritic carbonatite).
niobium production.
Bastnäsite ores are high grade (> 4
.
wt. % REE₂O₃) and LREE enriched,
whereas apatite ores are slightly
more HREE-rich and low grade (<1.5
wt. % REE₂O₃).
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Genetic Model

Iron-REE
Iron Oxide-Copper
Gold (IOCG) and Iron
Oxide-Apatite (IOA)

Iron oxide-copper-gold (IOCG) or iron
IOCG: Bastnäsite, monazite,
oxide-apatite (IOA) deposits that are
florencite, xenotime, britholite.
diverse in form. Origin remains a matter
of debated.
IOA: Apatite

Hydrothermal vein
Not associated with
alkaline rocks

Hydrothermal phosphate, quartz and
fluorite veins and pegmatites of diverse
origin, which are not obviously related to Apatite, monazite-(Ce)
alkaline-igneous rocks. Such veins can
carry a variety of metals.

Production

REE by-product of iron
Magmatic or hydrothermal and phosphate
production.

Hydrothermal

REE by-product of
phosphate.

Examples of Major
Deposits

Olympic Dam (USA)
Kiruna (Sweden)

Steenkampskraal (South
Africa)
Hoidas Lake (Canada)
Nolans Bore and Browns
Range (Australia)

LOW TEMPERATURE DEPOSITS

Lateritic Carbonatite

Placer
Paleoplacer

Near surface weathered deposits
developed during the intense chemical
weathering of REE-enriched igneous
rocks (alkaline silicate or carbonatite).

Accumulations of resistant heavy
minerals that are redeposited and
concentrated during sedimentation
processes in river, estuarine or shallow
marine environments by coastal and
fluvial processes.

Weathering of REEResidual xenotime and monazite plus
enriched alkaline silicate or
secondary phosphate (apatite,
carbonatite rocks.
rhabdophane) and other REE
minerals.
Secondary REE-minerals
(e.g. phosphate and clay
Weathered ores are typically
mineral adsorbed) can
mineralogically complex and enriched
develop during subsolidus
in refractory REE-minerals.
alteration of carbonatites.

Monazite-(Ce), Xenotime-(Y)

Paleoplacers are consolidated ancient
placers.
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Physical weathering,
erosion, and transport
followed by deposition
during sedimentation
processes.

Mt Weld (Australia)

REE by-product of
titanium oxides

Eneabba (Australia)
Manavalakuruchi (India),
Chavara (India), Orissa
(India)
Elliot Lake (Canada)

Ref.
Oreskes and Einaudi, 1990;
Frietsch and Perdahl, 1995;
Wu, 2008; Wall, 2014

REE Mineralogy

Harmer and Nex, 2016;
Holtstam et al., 2014;
Huston et al., 2016

Description

Jaireth et al., 2014; Lottermoser,
1990

Deposit Type

Wall, 2014; Jaireth et al., 2014;
Sengupta and Van Gosen, 2016

Table 2.3. cont.
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Table 2.3. cont.
Description

REE Mineralogy

Genetic Model

Ion adsorption

Near surface weathered deposits
developed during the intense chemical
weathering of predominantly granitoid
rocks (biotite and muscovite granites).

Kaolinite, halloysite (REE adsorbed to Weathering of REEclay minerals)
enriched granitoids.

Bauxite Red Muds

Near surface weathered deposits
developed during the intense chemical
weathering of ultramafic rock. Bauxites
are mined for aluminium and the waste
material produced (red mud) is
moderately REE enriched (1000 ppm).

Red mud waste material.

Weathering of ultramafic
rocks.
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Production

Examples of Major
Deposits

REE are main product.

Examples in China

REE would be a byTurkey, Greece, many
product of large-scale
other countries
aluminium production.

Ref.
Wang et al., 2010; Boni et al., Bao and Zhao, 2008;
2013; Deady et al., 2016;
Sanematsu and
Goodenough et al., 2016
Watanabe, 2016

Deposit Type
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Figure 2.6. Global distribution of rare earth
element deposits. Image adapted after Elliot et al.
(2018) and update by Deady (2019, pers. comms.).
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Carbonatite deposits, although good sources of Nd and Pr, are typically poor sources of the HREE.
Deposits in which eudialyte group minerals, xenotime and to a lesser extent monazite are the main
ore minerals have higher concentrations of the more critical HREE (Chakhmouradian and Wall,
2012). Xenotime and monazite ores occur in both primary (high-temperature) REE deposits, as well
as in secondary placer deposits and lateritised carbonatites (e.g. Mt Weld - Verplanck et al., 2016).
However, enrichment of U and Th in addition to the desirable HREE in these ore minerals raises the
issue of radioactive waste (Chakhmouradian and Wall, 2012). Eudialyte group minerals are usually
lower grade than those containing monazite and xenotime, however they also carry lower
concentrations of U and Th, minimising issues associated with radioactive waste. Eudialyte
commonly occurs in peralkaline rocks of alkaline igneous complexes, which form low grade but
large tonnage deposits (Goodenough et al., 2018). However, beneficiation of eudialyte group
minerals is currently not possible on a commercial scale (Goodenough et al., 2018). Ion adsorption
deposits, unlike other REE deposits, are an especially desirable deposit type, as they are relatively
easy to beneficiate, low in U and Th, and some exhibit relative HREE enrichment. These weatheredrock deposits are the principal source of heavy REE and Y to the global market.
My work focusses on the unusual situation of an ion adsorption deposit developed above an
alkaline to peralkaline igneous complex, and thus in the following sections these two types of REE
deposit are discussed further.
2.4. Behaviour of REE in Alkaline Igneous Rock Associated REE Deposits
There are a wide variety of alkaline igneous rocks from alkali basalts, to minor intrusions such as
lamprophyres and large nepheline syenite complexes (Table 2.4). The term alkaline indicates
elevated alkali (Na2O + K2O) content in igneous rocks (Winter, 2010). However, alkaline igneous
rocks are classified as those containing modal feldspathoids and/or alkali-pyroxene or alkaliamphibole (Winter, 2010; Le Maitre et al., 2002). Alkaline rocks can be subdivided into peralkaline
(molar: [Na2O + K2O] > Al2O3) and metaluminous (molar: [Na2O + K2O] < Al2O3 < [CaO + Na2O + K2O])
compositions. Very rare peraluminous (molar: Al2O3 > [CaO + Na2O + K2O]) nepheline syenites do
exist (Frost and Frost, 2008; Marks et al., 2011). The alkaline igneous rocks encompass both
extrusive and intrusive silica-undersaturated (phonolitic to foiditic/foid-syenite to foidolitic), silicasaturated (trachytic/syenitic) and silica-oversaturated (rhyolitic/granitic) rocks (e.g. Le Maitre et al.,
2002; Frost and Frost, 2008, 2010; Marks and Markl, 2017).
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Table 2.4. Nomenclature of selected alkaline igneous rocks not defined on QAPF diagram for plutonic
rocks after Le Maitre et al. (2002) and Winter (2010).
Name

Description

Basanite

Olivine basalt containing feldspathoids, usually nepheline but leucite is also common.
Plutonic rock comprised of greater than 70% nepheline (no feldspar) plus some
aegirine-augite (leucocratic variety of foidolite).

Urtite
Ijolite
Phonolite

Lamprophyre
Carbonatite
Nordmarkite
Pulaskite
Foyaite
Kakortokite
Khibinite
Lujavrite
Naujaite
Rischorrite
Shonkinite

Plutonic rock comprised of pyroxene and 30-70% nepheline (variety of foidolite).
Alkaline volcanic rock comprised of alkali feldspar + foids. If nepheline is the only foid
the term phonolite may be used alone, however if another foid is more abundant, for
example leucite, the major foid must be used as a prefix, i.e. leucite-phonolite.
Diverse group of hypabyssal rocks, which are relatively rich in alkalis, volatiles and Ba
relative to other rocks of similar compositions. Normally occur as shallow dykes, sills,
stocks or plugs.
Igneous rocks that contain > 50 % primary carbonate minerals. Carbonate minerals
include calcite, ankerite, and/or dolomite; other common minerals present include
clinopyroxene, alkali-amphibole, apatite, biotite and/or magnetite.
Quartz-bearing alkali feldspar syenite comprised principally of microperthite plus minor
biotite, alkali pyroxene or amphibole.
Nepheline-bearing alkali feldspar syenite. Contains alkali feldspar and varying quantities
of sodic amphibole and pyroxenes, fayalite, biotite and minor nepheline.
Hypersolvus nepheline syenite - sometimes used as group name for nepheline syenites.
Local name for agpaitic nepheline syenite with pronounced cumulate textures and
cyclic units comprised of discrete alkali feldspar-, eudialyte- and arfvedsonite-rich
layers.
Eudialyte-bearing nepheline syenite with aegirine, alkali amphibole and numerous
accessory minerals, especially Ti- and Zr-bearing minerals.
Melanocratic agpaitic nepheline syenite. Rich in eudialyte, aegirine and arfvedsonite
with perthitic alkali feldspars or discrete microcline and albite. Typically exhibits a
characteristic igneous lamination.
Local name for agpaitic nepheline-sodalite syenite with characteristic poikilitic texture
with smaller sodalite crystals enveloped in larger alkali feldspar, aegirine, arfvedsonite,
and eudialyte. Sodalite content may exceed 50%.
Biotite-bearing nepheline syenite. Poikilitic microcline perthite enclosed nepheline
crystals; other abundant phases include aegirine-augite, apatite and opaque.
Melanocratic foid syenite: coarse-grained rock characterised by abundant augite, some
olivine, biotite or hornblende, alkali feldspar and foids (typically nepheline).

Alkaline rocks may also be described as agpaitic or miaskitic. Multiple classification schemes (e.g.
Ussing, 1912; Sørensen, 1992; Le Maitre et al., 2002; Frost and Frost, 2008) have led to confusion
surrounding the term agpaitic, although this term broadly refers to peralkaline rocks containing
‘complex’ (e.g. eudialyte - Na₁₅Ca₆Fe₃Zr₃Si[Si₂₅O₇₃][O,OH,H₂O]₃[Cl,OH]) rather than common or
‘simple’ HFSE-minerals (e.g. zircon – ZrSiO₄; Table 2.5). This work uses the classification scheme
proposed by Marks and Markl (2017), which uses descriptive terms to classify HFSE-enriched
alkaline igneous rocks by their primary magmatic HFSE minerals irrespective of the whole-rock
composition (Table 2.5). This scheme includes quartz-bearing rocks and takes into account the stage
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at which the agpaitic assemblages are developed (i.e. early magmatic, late magmatic and
hydrothermal). It is important to note that these classifications relate to the primary magmatic
HFSE host minerals, as during closed system evolution and subsequent metasomatism both agpaitic
and miaskitic HFSE mineral assemblages may develop (e.g. Salvi et al., 2000; Marks et al., 2003;
Mitchell and Liferovich, 2006; Schilling et al., 2009; Andersen et al., 2010). Agpaitic rocks are rare
relative to miaskitic peralkaline rocks, and are usually restricted to a single or a few occurrences
within alkaline igneous provinces. Details on the magmatic and hydrothermal evolution of alkaline
rocks are given later in this chapter.
Alkaline igneous rocks are commonly enriched in halogens (F, Cl, I, and Br), LILE, HFSE, REE, U, Th
and other uncommon elements such as Be, Zn, Sn, and Ga (Marks et al., 2011). As a result, these
rocks can host economically important ores of REE, HFSE, U, Th, and Be. Mineralisation and the
development of rare-metal bearing minerals in alkaline rocks is strongly controlled by the evolution
of the magma. Hydrothermal/metasomatic alteration and overprinting of primary rare-metal
mineral assemblages is also a common feature in these mineralised systems, commonly linked to
late-stage magmatic fluids (e.g. Salvi and Williams-Jones, 2006; Chakhmouradian and Zaitsev, 2012;
Sheard et al., 2012; Walters et al., 2013; Honour et al., 2018).

Table 2.5. Marks and Markl (2017) classification scheme for agpaitic and miaskitic alkaline rocks. Note:
these definitions only apply for mineral assemblages of magmatic origin.
Diagnostic minerals (excluding post-magmatic and
Group
Definition
secondary minerals)
HFSE hosted primarily in simple
Miaskitic
Zircon/baddeleyite, perovskite/titanite.
HFSE minerals.
HFSE minerals present are
Transitional
Minerals being typical for miaskitic and agpaitic
characteristic of both miaskitic
Agpaitic
rocks.
and agpaitic rocks.
Eudialyte-, rinkite-, and wöhlerite-mineral groups.
HFSE hosted in complex HFSEAenigmatite, astrophyllite, dalyite, elpidite,
Agpaitic
Ca-Na minerals.
catapleiite, hilairite, lamprophyllite, lorenzite,
lovozerite, parakeldyshite, vlasovite, wadeite.
Rock contains appreciable
Steenstrupine-(Ce)/voronkovite, naujakasite,
Hyperagpaitic quantities of water-soluble
lovozerite/ zirsinalite, lomonosovite,
minerals that host HFSE.
natrophosphate, vitusite, natrosilite, ussingite etc.
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2.4.1 Alkaline Igneous Rock Associated REE Occurrences
Alkaline associated REE deposits are subdivided into the following occurrences (Dostal, 2016, 2017;
Marks and Markl, 2017; see Appendix I for details of each deposit):
1. Layered nepheline syenite complexes - REE-minerals typically exhibit cumulate textures
and occur in layers that can contain > 10 vol. % ore minerals. Examples: Thor Lake
(Northwest Territories, Canada), Ilímaussaq (Greenland), Khibina and Lovozero (Russia),
Pilansberg Complex (South Africa) and Norra Kärr (Sweden).
2. Peralkaline granitic intrusions – Disseminated REE-minerals are typically hosted in
pegmatites, felsic dykes and granitic intrusions. Examples: Strange Lake (Quebec-Labrador,
Canada), Khaldzan-Buregtey (Mongolia), and Tamazeght (Morocco).
3. Alkaline to Peralkaline felsic volcanics – fine-grained, disseminated REE-minerals occur
within felsic volcanic and volcaniclastic rocks. Examples: Brockman REE Deposit (Western
Australia), Dubbo Zirconia (New South Wales, Australia) and Round Top Mountain (Texas,
USA).
4. Alkaline – carbonatite complexes - REE mineralisation generally hosted by dykes and
sheeted intrusions, and hydrothermal alteration is extensive. Commonly in post-collisional
settings. Examples: Maoniuping and Dalucao Deposits (Mianning–Dechang Belt, SW China;
Hou et al. 2009).
In layered nepheline syenite complexes and peralkaline granitic intrusions, agpaitic units within the
larger composite agpaitic-miaskitic complexes generally host the REE deposits (Dostal, 2016, 2017;
Marks and Markl, 2017). These complexes may or may not be associated with carbonatite
magmatism (Dostal, 2016, 2017; Marks and Markl, 2017). In many cases, the development of REE
mineralisation is a multistage process.
2.4.2. Geodynamic Setting
Alkaline/peralkaline rocks occur in a wide range of tectonic environments. However, these rocks
can be classified into three groups based on tectonic setting (e.g. Fitton and Upton, 1987):
1. Continental rift-related magmatism [e.g. East African Rift, Gardar Rift (Upton et al., 2003;
Marks et al., 2003; Upton, 2013), Oslo Rift (Neumann et al., 1992, 2004)]
2. Oceanic and continental intraplate magmatism [e.g. Oceanic - Ascension Island (e.g. Daly,
1925; Harris, 1983), Grand Canaria (e.g. Araña et al., 1973), Kerguelen (e.g. Nougier, 1970);
Continental – Damaraland province (Harris, 1995; Trumbull et al., 2000), Serra do Mar
province (Thompson et al., 1998); Oceanic-Continental: Cameroon Hotline (Déruelle et al.,
2007)].
3. Post-collisional magmatism [e.g. Sardinia-Corsica batholith (Bonin, 2004); Trans Pecos
(Barker, 1987; O’Neill et al., 2014, 2017)].
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The majority of alkaline/peralkaline rocks with associated REE-mineralisation occur within
extensional, continental, intra-plate rift settings, which have been affected by active
asthenospheric upwelling or passive extensional tectonics (Fig. 2.7; Chakhmouradian and Zaitsev,
2012; Wall, 2014; Goodenough et al., 2016). Many of these rifts have developed in regions of
previous collisional belts, some developing shortly after collision events have ceased (i.e. postcollisional) although much alkaline magmatism develops hundreds of millions of years after collision
(Goodenough et al., 2016). The alkaline-carbonatite province associated with the northern East
African Rift system is an example of alkaline magmatism associated with active asthenospheric
upwelling related to mantle plume activity (e.g. Ernst and Bell, 2010). In other regions passive
extensional tectonics, and reactivation along craton margins, has resulted in alkaline magmatism
(e.g. Gardar Rift Alkaline Province: Upton et al., 2003).
2.4.3. Magmatic Source
Alkaline magmatism is associated with small degrees of partial melting of enriched mantle sources
(e.g. Eby, 1987; Kramm and Kogarko, 1994; Sørensen, 1997; Dunworth and Bell, 2001; Markl et al.,
2010). Pre-enrichment of the mantle source is considered to be a key factor in producing alkaline
melts that evolve to produce REE-enriched alkaline to peralkaline rocks; as low degree partial
melting and protracted differentiation cannot fully account for the extreme HFSE-, REE- and
halogen-enrichment associated with these rocks (e.g. Kramm and Kogarko, 1994; Markl et al.,
2010). Potential enriched sources of alkaline magmatism include metasomatised lithospheric
mantle, mantle plumes or interaction of these two sources (Downes et al., 2005; Ernst and Bell,
2010; Goodenough et al., 2016; Marks and Markl, 2017).

Figure 2.7. Schematic diagram illustrating the main continental tectonic environments in which alkaline/peralkaline
igneous rocks and carbonatites occur. From Goodenough et al. (2016).
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2.4.3.1. Metasomatised Subcontinental Lithospheric Mantle Source
Partial melting of a metasomatically enriched mantle source is an efficient mechanism of producing
incompatible-element enriched and silica-undersaturated melts (Pilet et al., 2008). Goodenough et
al. (2016) highlighted the occurrence of ‘fertile zones’ for alkaline rock associated REE deposits in
Europe. These fertile zones are typically focused along craton margins that have previously been
affected by subduction and orogenesis, and subsequently reactivated by extensional tectonics that
has resulted in alkaline igneous activity (Goodenough et al., 2016). During subduction, dewatering
of the hydrous subducted plate releases large quantities of alkali-rich fluids. These fluids can either
cause melting of the overlying mantle wedge, resulting in calc-alkaline magmatism or, where they
infiltrated the cratonic lithospheric root, trapping of these fluids metasomatises the sub-continental
lithospheric mantle (SCLM; e.g. Sørensen et al., 2006; Coltorti and Grégoire, 2008; Spandler et al.,
2008; Kessel et al., 2015). Many alkaline provinces are thought to be underlain by mantle that has
been metasomatised during previous subduction prior to melt generation (e.g. Arzamastsev et al.,
2001; Goodenough et al., 2002; Upton et al., 2003; Köhler et al., 2009). Such large peralkaline
provinces are exemplified by the Gardar province in southern Greenland (e.g. Upton et al., 2013 –
Ilímaussaq, Appendix I). In post-collisional settings, there may only be short time gaps between
subduction and magmatism, and these magmas are typically highly potassic.
2.4.3.2. Enriched Mantle Plume Source
Spatial and temporal links between large igneous province flood basalt magmatism associated with
plume activity and alkaline magmatism (principally carbonatite) indicate that at least some alkaline
magmatism is associated with plume sources (Ernst and Bell, 2010). The key example of plume
sources for alkaline magmatism is the alkaline-carbonatite province in the northern East African Rift
(Ernst and Bell, 2010). Numerous carbonatite complexes and alkaline silicate rocks are associated
with the Kenyan Dome, offset from the locus of plume magmatism in the Afar-southern Yemen
region. Thickened lithosphere in this region is thought to inhibit voluminous basaltic magmatism,
as the plume head may not be at shallow enough levels, resulting instead in carbonatite-alkaline
magmatism (Griffiths and Campbell, 1991). The global relationship of carbonatitic and associated
alkaline silicic magmatism with large igneous province flood basalt magmatism is shown in Fig. 2.8
(Wyllie, 1988; Bell and Rukhlov, 2004; Ernst and Bell, 2010). Lower degree, low temperature melting
at increased distance from the plume head may generate carbonatite and alkaline silicate melts.
These melts opportunistically exploit lithospheric breaks (rifts and other trans-lithospheric faults)
as pathways during their ascent, resulting in the association of these alkaline rocks with rifts (Bailey,
1992, 1993; Ernst and Bell, 2010).
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Figure 2.8. Schematic cross-section through plume
head with associated large igneous province (LIP) and
carbonatitic-alkaline magmatism [from Ernst and Bell
(2010) after Wyllie (1988) and Bell and Rukhlov
(2004)].

The influence of plumes on the source regions of REE rich alkaline to peralkaline complexes remains
a matter of contention. For example, Kogarko et al. (2010) proposed that the main magma source
of the Khibina and Lovozero Complexes is a deep-seated mantle plume (Appendix I). However, it is
unusual for plume events to create the small degrees of partial melting associated with the
development of highly silica-undersaturated magmatism typical of peralkaline complexes, as these
plume impacts typically trigger extensive mantle melting (Downes et al., 2005).
2.4.4. Magmatic to Post-Magmatic Controls on REE-mineralisation
Partial melting of an enriched mantle source can generate alkaline magmas that are moderately
enriched in REE, but of itself, this is not enough to form an economic REE deposit. More significant
enrichments can be achieved by a combination of magmatic and/or hydrothermal processes.
Fractional crystallisation and differentiation of alkaline magmas are key processes for concentrating
REE in igneous rocks. In addition, recent work has indicated that liquid immiscibility also may play
an important role in the concentration of REE in alkaline to peralkaline melts (Panina and Motorina,
2008; Vasyukova and Williams-Jones, 2014, 2016; Kynicky et al., 2019).
2.4.4.1. Early Magmatic REE Mineralisation: REE-Mineralised Cumulates
Some of the largest REE resources are associated with REE-mineral rich cumulates hosted in layered
intrusions. These early orthomagmatic assemblages require HFSE enriched parental magmas; such
enrichment requires enriched mantle sources and low degrees of partial melting and/or extensive
differentiation prior to emplacement (Marks and Markl, 2017). Examples of this form of REEmineral concentration include:
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1. Lovozero, Phase II (Differentiated Complex): Lujavrites and urtites host loparite as a
cumulate phase within cyclic units of nepheline + loparite, followed by nepheline +
feldspar, and finally nepheline + feldspar + aegirine (Kogarko et al., 2002).
2. Ilímaussaq, Kakortokites: Eudialyte is hosted within agpaitic nepheline syenites, which
have well developed cyclic units formed of arfvedsonite, then eudialyte, and finally
nepheline and K-feldspar rich layers (Pfaff et al., 2008).
Numerous mechanisms have been suggested for the development of macrorhythmic igneous
layers, for recent discussions of the mechanisms proposed, see Borst et al. (2018) and Hunt et al.
(2018).
2.4.4.2. Late-Magmatic REE Mineralisation: REE-Mineralised Pegmatites and Granites
Numerous models have been proposed to explain the origin and evolution of granitic pegmatites
and at present, there is no unified theory that explains all aspects of pegmatite genesis (c.f. London
and Morgan, 2012; Thomas et al., 2012; Siegel et al., 2016). Experimental and melt inclusion studies
have shown that the high alkali (Na, K) and volatile elements (Cl, F, P, B, CO2, H2O) characteristics
of peralkaline melts play an important role in increasing the solubility of REE and HFSE in these
melts. High volatile and alkali contents also result in decreased viscosity and solidus temperatures
of melts, enabling solidus temperatures as low as c. 500-450°C for some peralkaline pegmatites
(Manning, 1981; Linnen and Keppler, 2002; Schmitt et al., 2002; Thomas et al., 2012; Bartels et al.,
2013; Gysi and Williams-Jones, 2013). Thus, the latest-stage, highly evolved peralkaline melts of
large alkaline complexes can crystallise to form extremely REE-enriched rocks, such as peralkaline
granites and pegmatites (e.g. Khaldzan Buregtey Massifs, Kovalenko et al. 2004, 2006;
Ambohimirahavavy Complex, Estrade et al. 2014b).
2.4.4.3. Liquid Immiscibility
The coexistence of two or more segregated liquid phases is termed liquid immiscibility and is a
common phenomenon of alkaline igneous systems. These immiscible liquids are typically of
contrasting compositions (e.g. carbonate-silicate, fluoride-silicate, carbonate-fluoride), and the
term was initially used to describe the juxtaposition of rocks of contrasting compositions
(Rosenbusch, 1887). Although there is extensive experimental and field evidence indicating that
immiscibility between silicate and salt melts should occur (Veksler, 2004; Veksler et al., 2012), direct
evidence of immiscibility in igneous systems is only described in a limited number of studies (Veksler
et al., 2005, 2014; Vasyukova and Williams-Jones, 2014, 2016; Siegel et al., 2018; Kynicky et al.,
2019). These studies have principally focused on silicate-silicate and silicate-carbonate
immiscibility, however silicate-phosphate, -chloride, -fluoride and –sulphate (Webster, 2004;
Panina and Motorina, 2008; Veksler et al., 2012; Vasyukova and Williams-Jones, 2014, 2016) and
fluoride-carbonate (Kynicky et al., 2019) have been investigated in increasing detail. Immiscibility is
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potentially an important mechanism in the development of REE deposits due to the variable
partitioning of REE between melt phases of contrasting composition (e.g. Veksler et al., 2005, 2012;
Vasyukova and Williams-Jones, 2014, 2016). Experimental studies of carbonate-silicate
immiscibility indicate that the REE and HFSE favour the silicate melt phase (Veksler et al., 2012). In
contrast, preferential partitioning of REE into fluoride melt is recorded during fluoride-silicate-melt
immiscibility at Strange Lake (Vasyukova and Williams-Jones, 2014, 2016). This fluoride melt is
poroposed to have concentrated in the volatile-rich residual magma that formed the F-REE-rich
cores of the mineralised pegmatites hosted in the Transolvus Granites at Strange Lake (Siegel et al.,
2018). At Lugin Gol (Mongolia) two-phase immiscibility of a mixed carbonate-fluoride melt from a
silicate melt, followed by carbonate-fluoride melt immiscibility, is proposed to have resulted in the
unusually REE-enriched calcite in this nepheline syenite intrusion (Kynicky et al., 2019).
2.4.4.4. Hydrothermal REE Mineralisation and Alteration/Metasomatism
Although in most hydrothermal systems REE and HFSE are considered immobile, studies of
peralkaline granites and syenites have shown that ligand-rich late-magmatic hydrothermal fluids
can result in remobilisation of primary REE and HFSE (e.g. Boily and Williams-Jones, 1994; Salvi and
Willliams-Jones, 1990, 1996, 2006; Salvi et al., 2000; Kynicky et al., 2011; Sheard et al., 2012; Gysi
and Williams-Jones, 2013). In evolved alkaline systems, REE can be locally remobilised or enriched
by the interaction of a variety of fluids from post-magmatic to large-scale meteoric convection
systems, and typically this fluid interaction generates REE ore deposits. This alteration
mineralisation generally manifests as pervasive alteration of roof-zone units by upwards migrating
fluids (e.g. Ditrau Complex - Honour et al., 2018) or affects evolved magmatic units during closedsystem fluid exsolution (Strange Lake - Vasyukova and Williams-Jones, 2018) or forms discrete,
highly REE-enriched veins (Loch Loyal Complex- Walters et al., 2013; Nechalacho Layered Suite –
Möller and Williams-Jones, 2016b).
Compelling evidence for the hydrothermal mobilisation and concentration of REE is the existence
of REE-ore forming hydrothermal systems, examples of which include the giant Bayan Obo deposit
in China (Smith et al., 2000, 2015, 2016) and the Gallinas Mountains in New Mexico (Williams-Jones
et al., 2000). Hydrothermal fluids facilitating REE mobilisation can be derived from a variety of
sources, from post-magmatic fluids derived from the final stages of magma fractionation
(orthomagmatic), to meteoric water drawn in by large scale convection systems (Smith et al., 2016).
Metasomatism can affect peralkaline/alkaline igneous systems in both the late magmatic and
hydrothermal stages of their evolution. Metasomatic alteration is documented in many peralkaline
complexes including the Strange Lake Complex in Canada (Salvi and Williams-Jones, 1996, 2006),
the Pilanesberg Complex in South Africa (Olivo and Williams-Jones, 1999; Elburg and Cawthorn,
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2017), the Ilímaussaq, Puklen, Ivigtut, and Motzfeldt Complexes of the Gardar Igneous Province
(Goodenough et al., 2000; Marks et al., 2003; Schönenberger and Markl, 2008; Borst et al.2016),
the Thor Lake Complex in Canada (Sheard et al., 2012), and the Ambohimirahavavy Complex in
Madagascar (Estrade et al., 2018).
In some cases, there is no significant redistribution of REE (e.g. Ilímaussaq, Borst et al., 2016);
however, in others the hydrothermal fluids transport the REE over significant distances (e.g. Strange
Lake – Vasyukova et al., 2016, 2018). Recently, experimental work on REE complexation at elevated
temperatures has been progressing. Migdisov et al. (2016) collated and reviewed much of this
higher temperature experimental research on the behaviour of REE ions and complexes aqueous
solutions and indicated that:
 Ligands responsible for the transportation of REE in aqueous solution at elevated
temperatures are predominantly chloride (Cl-) and sulphate (SO42-). The greater stability of
LREE aqueous chloride complexes relative to HREE promotes REE fractionation during
hydrothermal transport.
 Ligands responsible for REE deposition include phosphate (P2O42-), carbonate (CO32-) and
fluoride (F-). Fractionation of LREE and HREE may be caused by the deposition of REE
minerals (e.g. progressive deposition of LREE minerals proximally and HREE minerals
distally to source and vice versa).
 Hydroxyl (OH-) ions are also likely to play an important role in the mobilisation of REE in
fluids, however there is a lack of data enabling role of OH- to be determined (Migdisov et
al., 2014).
Neutralistation of acidic aqueous solutions is an effective method to destabilise REE complexes.
This is apparent in the case of REE-fluoride complexes, where increased pH shifts the physicochemical system into the stability field of solid REE-fluoride minerals (Migdisov et al., 2016). Salvi
and Williams-Jones (2006) discussed such a physico-chemical shift, where mixing of HFSE-bearing,
Ca-poor and F-bearing saline fluids with Ca-rich meteoric fluids caused fluorite to precipitate. This
decreased fluorine activity and destabilised the HFSE-F complexes causing HFSE-mineral
precipitation. However, a potentially more efficient mechanism of immobilising REE is the addition
of REE-binding ligands to the system, such as carbonate and phosphate, triggering REE-mineral
precipitation (e.g. xenotime, monazite, bastnäsite; Migdisov et al., 2016). Other depositional
mechanisms include the removal of the transporting ligand (e.g. removal of sulphate by the
precipitation of insoluble barite; Migdisov et al., 2016) or the reduction of sulphate (e.g.
thiosulphate, sulphide, native sulphur) decreasing the solubility of the HFSE (Migdisov et al., 2016).

33

2. The Rare Earth Elements
2.5. Ion Adsorption REE Deposits
Ion-adsorption REE deposits (IAD), are also referred to as “weathered crust elution-deposits”, “ionic
clays”, and “regolith-hosted” REE deposits (Bao and Zhao, 2008; Sanematsu and Watanabe, 2016).
The ion-exchangeable nature of REE in these deposits sets them apart from other weatheringrelated REE deposits where the REE are concentrated in residual and secondary REE-mineral
phases. For example, in the Mt. Weld lateritised carbonatite deposit in Australia the main ore
minerals are primary and secondary REE-phosphates (Verplanck et al., 2016), therefore REE present
in a non ion-exchangeable form.
First discovered in the late 1960s in the south Jiangxi Province of China, with further IAD discoveries
quickly found across the Guangxi, Guangdong, and Hunan provinces, the total resource of these
ores across South China is currently estimated at 1.3 Mt REO (Xie et al., 2016; Hoshino et al., 2016).
Although ore grades are very low, between 0.5 and 2.0 wt. % REO, in instances where the
percentage of adsorbed REE is very high, grades of 0.05 wt.% REO are economic to extract (Simandl,
2014; Kanazawa and Kamitani, 2006). These low grades are economic due to the low energy
requirements for extraction, with most deposits beneficiated by in-situ or heap leaching at ambient
temperatures with dilute electrolyte solutions, such as ammonium sulphate or sodium chloride
solutions (Wu et al., 1990; Chi and Tian, 2008). Other favourable properties of these deposits
relative to other REE resources include:
1. Low Th and U content. For example, the Dinang IAD contains 2.7 - 4.7 ppm U and 29 – 37
ppm Th that decreases in the leachate to 0.25 – 0.71 ppm U and 0.03 – 0.31 ppm Th
(Murakami and Ishihara, 2008; Sanematsu and Kon, 2013; Hoshino et al., 2016).
2. Some occurrences with elevated MREE and HREE contents (Wall, 2014). Although,
assessments of future REE demand advocate LREE-enriched IADs as the optimum deposit
type, for balancing projected demand of individual REE and their natural concentrations
(Goodenough et al., 2018).
However, these beneficial characteristics are commonly offset by overexploitation and chemical
pollution of areas surrounding ion adsorption mines caused by poorly regulated mining of these
deposits. Costs of extracting REE from these deposits using in-situ leaching are also becoming
increasingly expensive, as ore grades have been decreasing resulting in greater volumes of reagent
being required for extraction (Tian et al., 2013).
Although it is believed that the vast majority of actively mined IADs are restricted to South China
and a small number along the China-Myanmar border (Li et al., 2017; Sanematsu et al., 2016),
similar systems and potential IAD prospects have been recognised in Brazil (Rocha et al., 2013), the
USA (Foley and Ayuso, 2015; Bern et al., 2017), Thailand (Sanematsu et al., 2011, 2013, 2015),
Vietnam (Mentani et al., 2010), Laos (Sanematsu et al., 2009), Philippines (Padrones et al., 2017),
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Malawi (Le Couteur, 2011), and Madagascar (Gilbertson, 2013; Berger et al., 2014; Janots et al.,
2015). All these known examples are located in temperate to tropical zones of the Köppen-Geiger
Climate classification (Fig. 2.9), as these conditions are necessary for the intense chemical
weathering required to develop the thick regolith profiles in which these REE ores are hosted (Bao
and Zhao, 2008; Sanematsu and Watanabe, 2016). The majority of ion adsorption ores occur within
regolith derived from granitic intrusions (e.g. Bai et al., 1989; Huang et al., 1989; Wu et al., 1990;
Bao and Zhao, 2008; Murakami and Ishihara, 2008; Wang et al., 2015; Xu et al., 2017 etc.), and felsic
volcanics (cf. Li et al., 2017) with a few examples related to syenitic (Le Couteur, 2010), basaltic
(Zhang et al., 2016; Zhou et al., 2013) and metamorphic (Huo, 1992) rocks.
Protracted chemical weathering in temperate to tropical climates results in the release of REE from
the decomposing protoliths, and subsequent fixation and enrichment of REE in the regolith (Bai et
al., 1989; Bao and Zhao, 2008; Chi and Tian, 2008; Sanematsu and Watanabe, 2016; Li et al., 2017).
Fixation and accumulation of REE in IADs is thought to be primarily by adsorption of the REE to the
surface of clay minerals (Wu et al., 1990; Kanazawa and Kamitani, 2006; Bao and Zhao, 2008;
Sanematsu and Watanabe, 2016), although it is also suggested that a proportion of the REE may be
hosted in secondary minerals precipitated in the regolith (Li et al., 2017). Concentration of REE in
the ion adsorption ore may be 2 to 5 times greater than that in the protolith (Bao and Zhao, 2008;
Yang and Xiao, 2011), indicating that supergene processes have a key role in the development of
these deposits. Regolith profiles hosting ion adsorption ores are typically 6 to 30 m thick, with most
less than 10 m thick, although some exceptional profiles can attain local thicknesses of 60 m
(Hoshino et al., 2016). The moderate to high temperature and precipitation rates that promote
chemical weathering must however be balanced by low denudation rates so the regolith profiles
and REE-ores remain in situ. Regolith profiles are generally subdivided into topsoil, pedolith,
saprolite and saprock facies (Fig. 2.10a - Taylor and Eggleton, 2001; Eggleton et al., 2001). However,
literature on ion adsorption deposits does not always use this standard classification, instead the
regolith profiles are subdivided based on the extent of weathering and distribution of ion adsorbed
REE (Fig. 2.10b-c; Wu et al., 1990; Zhang et al., 1990; Bao and Zhao, 2008; Sanematsu and
Watanabe, 2016; Hoshino et al., 2016).
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Figure 2.9. World map of a simplified Köppen-Geiger Climate classification, overlain by locations of known ion adsorption-type deposits. Adapted after Beck et al. (2018) and Sanematsu and
Watanabe (2016).
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Figure 2.10. Subdivisions of regolith profiles
showing: a) standard subdivision of regolith from
Taylor and Eggleton (2001) and Eggleton (2001);
b) subdivision of Chinese regolith profiles
containing ion adsorption ores as reported by Wu
et al. (1990), Zhang et al. et al. (1990) and Bao
and Zhao (2008); c) subdivision of ion adsorption
deposit regolith into REE leached and
accumulation zones, which are controlled by
changes in pH within the saprolite and pedolith
proposed by Sanematsu and Watanabe (2016).
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Recently, there has been a proposal by Li et al. (2017) to move away from the nomenclature that
infers an ore-forming process, such as “ion adsorption deposit” or “weathered elution-deposit”, to
using “regolith-hosted” to describe that these REE deposits are hosted in regolith without
suggesting a specific process. However, as these deposits contain REE that are in ion
exchangeable/easily leachable form, proven in part by the ability of dilute electrolyte solutions to
strip REE from these ores, the term “ion adsorption” still applies (although more work is required
on the process of adsorption). Furthermore, “ion adsorption deposit” also helps to separate these
deposits from other types of regolith, in which the REE are in forms with processing challenges,
such as monazite and xenotime placer deposits (high radioactivity). Therefore, in this thesis, I
continue to use the terms “ion adsorption deposit” and “ion adsorption ore”.
In the following sections, the geological settings and geochemistry of the parental rocks of ion
adsorption deposits, as well as the characteristics of the ores from key examples in southern China
and around the world are summarised. In addition, the proposed genetic models for the
development of these deposits are reviewed.
2.5.1. Distribution of Ion Adsorption Deposits and their Protoliths
Recent comprehensive reviews of REE-deposits and in particular ion adsorption deposits by
Hoshino et al. (2016), Sanematsu and Watanabe (2016) and Li et al. (2017) have summarised much
of the Chinese and international literature on this enigmatic deposit type. As the majority of known
ion adsorption deposits are located in southern China much of the literature focusses on this region
(Fig. 2.8).
2.5.2.1. Ion Adsorption Deposits in Southern China
Ion adsorption deposits in China typically occur south of 28°N (Fig. 2.11), in warm temperate
climates with annual precipitation of over 1500 mm (Bao and Zhao, 2008, Sanematsu and
Watanabe, 2016; Beck et al., 2018). In the provinces of Jianxi, Guangdong and Guangxi the
topography consists of low hills, with slopes of < 35°, coupled with low rates of denudation enabling
the preservation of the regolith profiles (Bao and Zhao, 2008; Li et al. 2017). In southern China, ion
adsorption deposits form principally from weathering of muscovite-, biotite- and muscovite-biotitegranites of calc-alkaline to alkaline composition (Hoshino et al., 2016). Rare exceptions to this
include the Heling Deposits that are developed upon alkaline rhyolitic lavas and tuffs associated
with a biotite granite porphyry (Table 4.1.; Bao and Zhao, 2008; Hoshino et al., 2016). Sanematsu
and Watanabe (2016) noted that the majority of major ion adsorption deposits in China are
associated with granites in the Nanling Range that were emplaced during the Yanshanian magmatic
event (Table 2.6). These muscovite and biotite granites are typically metaluminous to weakly
peraluminous, with medium to high Na2O + K2O (c. 8 – 10%) and low P2O5 (c. <0.08; Sanematsu and
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Watanabe, 2016). Heavy REE-rich ion adsorption ores appear to be confined to highly differentiated
muscovite-biotite and muscovite granites with very high SiO2 (c. >75%), very low P2O5 (c. <0.02%)
and contain abundant alkali feldspar (Bao and Zhao, 2008; Sanematsu and Watanabe, 2016).
Principal examples of HREE-rich ion adsorption ores include the Zhaibei and some of the Longnan
deposits of Jiangxi Province and the Zhaibeiding deposits of Guangdong Province (Fig. 2.11; Table
2.6).

Figure 2.11. Distribution of major ion adsorption deposit occurrences in southern China, those in labelled in bold are
described in table 4.1. Green rectangle shows extent of the Nanling Range. [After Zhang et al. (2012) and Sanematsu and
Watanabe (2016)].
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Table 2.6. Parental rocks of selected major ion adsorption deposits of south China.

Guanxi Granites
Yanshanian age:
176 - 170 Ma

Jiangxi

Zudong Granite
Bodies
Yanshanian age:
148 - 124 Ma

Heling Granite
Porphyry
Yanshanian age

Lithologies and REE-Content

Biotite granites:
193 to 307 ppm REE + Y
LREE-enriched LaN/YbN: 4.4 – 7.5

Main muscovite granite body:
193 to 307 ppm REE + Y
HREE-enriched LaN/YbN: 0.31 – 0.95
Subordinate biotite granite bodies:
262 to 275 ppm REE + Y
LREE-enriched LaN/YbN: 1.9 – 2.0

Relatively alkali rich granite
porphyry:
c. 808 ppm REE + Y
LREE-enriched
Porphyry surrounded by rhyolitic
tuffs and lavas.

Mineral
Constituents of
parental rocks

Associated ion adsorption
deposits

Qtz, Kfs, Pl, Ab, Hbl
plus accessory
minerals.

Longnan deposits - Large
deposits, those associated with
the Guangxi granite are LREEenriched.

Main Muscovite
Granite: Qtz, Kfs, Pl,
Ab, Ms, Zrn, Xen, Mnz,
Col, Frg, Py, Aes-(Y),
Gdn, Cher, Syn-(Y),
Toz, Fl, Grs, and Ilm.
Subordinate Biotite
Granite: Qtz, Kfs, Plk,
Ab, Zrn, Xen, Col, and
Frg.

Granite porphyry: Qtz,
Kfs, Pl, Bt, Apt, RFC,
Zrn, Mnz, Frg, Tur, and
Fl.
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Longnan deposits - Large
deposits, those associated with
the Zudong Muscovite Granite
are HREE + Y rich.
Regolith profiles are dominated
by kaolinite and halloysite, with
minor gibbsite, montmorillonite
and vermiculite.

Heling deposits - Large LREEenriched deposits with high
grades of 1,212 to 3,797 ppm and
exhibiting strong LREEenrichment (LaN/YbN: 42 to 121).
Kaolinite and halloysite are the
predominant clay minerals within
the ores.

Notes on deposit petrogenesis
The parental magma of the Guanxi granite
is proposed to have been LREE enriched.
Deuteric alteration of the Guanxi Granite
was in the form of albite, silica and biotite
alteration.
Extensive fractionation of the biotite
granite of the Zudong granite led to the
development of the highly evolved HREEenriched muscovite granite.
Deuteric alteration (muscovite and fluorite
alteration) as a result of extreme
differentiation of the Zudong Muscovite
Granite resulted in the formation of HREErich Synchysite-(Y) and fluorite, which are
highly susceptible to breakdown during
chemical weathering, and provided the
HREE-source for the HREE-rich ion
adsorption ores.
The REE content of the granite porphyry is
considerably higher than that of other calcalkaline granites in the area. This may
result from the parental magmas being low
degree partial melts, which is also
indicated by the alkali-enriched nature of
the granite porphyry.

Ref.
Huang et al., 1989; Bao &
Zhao, 2008; Sanematsu &
Watanabe, 2016.

Parent rock(s)
Protolith(s)

Yang et al., 1981; Song & Shen, 1982; Yang, 1987; Huang et al., 1989; Wu et al., 1990;
Zhang, 1990; Bao & Zhao, 2008;
Sanematsu & Watanabe, 2016.
Sanematsu & Watanabe, 2016.
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Table 2.6. cont.
Parent rock(s)
Protolith(s)

Zhaibei Granite
Yanshanian age:
176 – 172 Ma

Guangdong

Fogang Granite
Pluton
Yanshanian age:
165 - 159 Ma

Zhaibeiding
Granite
Yanshanian age:
145 Ma

Lithologies and REE-Content
Biotite granite with small
quantities of muscovite and
amphibole. Higher REE
enrichment in the granites is
also related to stronger Ce
depletion.
Largest Yanshanian batholith in
the Nanling Range. Comprised
of metaluminous to weakly
peraluminous biotite-granite
containing 125 to 411 ppm REE
+ Y and is LREE-enriched
LaN/YbN: 6.1 – 11, and small
diorite-hornblende gabbro
body in the NE of the batholith.
Both the granite and gabbro are
of high-K calc-alkaline affinity.
Peraluminous to strongly
peraluminous muscovite- and
biotite-granite.
Muscovite granite is HREEenriched.

Mineral
Constituents of
parental rocks
Kfs, Pl, Qtz, Bt, Ms,
Am, Mag, Ilm, Rtl,
Th, Zrn, Ap, Mnz,
RFC, Xen, FAp, Cal,
and other REE
minerals.

Associated ion adsorption
deposits
Zhaibei deposits that are
LREE enriched (LaN/YbN: 3 –
20)

Qtz, Kfs, Pl, Bt, Hbl,
Aln, Ttn, Apt, Zrn,
Mnz, Xen, Ilm, Rtl,
Mag, and Smk.

The Fogang granite is the
protolith of the Laishi and
other REE deposits in
Guangdong. The Large Laishi
deposit that has REE grades
of 680 - 1,800 ppm (avg. 800
ppm), with 80-90% ion
exchangeable REE recovery.
The regolith profiles of this
deposit are up to 30 m thick.

Muscovite granite:
Qtz, Kfs, Pl, Ab, Ms,
Syn-(Y), Fl, Tur, Zrn,
Gdn, Xen, Cst and
Py.

Medium-sized Zhaibeiding
deposit that has grades of
131 to 589 ppm REE and is
HREE-enriched LaN/YbN: 0.23
– 1.5
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Notes on deposit petrogenesis
Granites metasomatised by external,
highly oxidised, REE-rich fluids caused
metasomatism of granites and
enrichment of the REE (especially
HREE). Fluids potentially sourced from
subducted slab beneath Mesozoic
South China.

Fogang granite is proposed to be
derived from partial melting of crustal
material with a juvenile mantle input.

Similar to the Zudong Muscovite
Granite, this muscovite granite likely
experienced extreme differentiation
and subsequent deuteric alteration,
which developed the HREE-enriched
signature of the muscovite granite.

Ref.

Ma et al., 1991; Wu et Zhu & Ruan, 1984; Huang, 1989; Xu et al., 2007; Li & Li, 2007; Wang et al.,
al., 1993; Sanematsu & Sanematsu & Watanabe, 2016.
2015; Xu et al., 2017
Watanabe, 2016.

Jiangxi

Province
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Table 2.6. cont.
Parent rock(s)
Protolith(s)

HuashanGuopshan Twin
Plutons

Lithologies and REE-Content
Hornblende-bearing biotite
granites comprised of five
distinct (oldest to youngest:
Niumiao, Lisong, Wanggao,
Xinlu, Huamei):
171 to 618 ppm REE+Y

Yanshanian age:
1) 163 – 160 Ma
Niumiao, Lisong
and Wanggao
intrusions
2) 148 – 151 Ma
Xinlu and Huamei
intrusions

Variable LREE-enrichment
LaN/YbN: 1.8 – 21
The Niumiao, Lisong and
Wanggao intrusions have
greater REE contents than
Xinlu and Huamei intrusions,
but the Xinlu and Huamei
intrusions are relatively HREEenriched.

Mineral
Constituents of
parental rocks

Guopshan Granite:
Qtz, Kfs, Pl, Bt, Apt,
Zrn, Aln, Mnz, Xen,
Frg and Gdn.
Mineral content of
the Huashan
granite is unknown,
but is thought to be
similar to that of
the Guopshan
granite.

Associated ion adsorption
deposits

Deposits associated with
these granite plutons are the
Huashan deposit (429 - 679
ppm REE + Y) and the
Guopshan deposit (699 1324 ppm REE + Y)

Notes on deposit petrogenesis

The older Niumiao, Lisong and
Wanggao instrusions were derived
from the same magmatic source that
mingled with mantle melts. The
younger Xinlu and Huamei units are
either evolved members from the
same magmatic source as the older
units, or derived from a new crustal
source with minimal mantle input.
Guopshan pluton also has associated
Sn and Wo mineralisation.

Ref.

Gu et al., 2006; Zhu et al., 2006; Hua et al., 2007; Bao & Zhao, 2008; Feng et al.,
2012; Sanematsu & Watanabe, 2016.

Guangxi Zhuang Autonomous Region

Province

Mineral Abbreviations: Albite, Ab; Aeschynite-(Y), Aes-(Y); Apatite, Ap; Amphibole, Am; Biotite, Bt; Calcite, Cal; Cassiterite, Cst; Chernovite, Cher; Collumbite, Col; Fergusonite, Fer;
Fluorapatite, FAp; Fluorite, Fl; Gadolinite, Gdn; Grossular, Grs; Hornblende, Hbl; Ilmenite, Ilm; Potassium Feldspar, Kfs; Magnetite, Mag; Monazite, Mnz; Muscovite, Ms; Plagioclase, Pl;
Pyrite, Py; Quartz, Qtz; REE-fluorcarbonate, RFC; Rutile, Rtl; Samarskite, Smk; Synchysite-(Y), Syn-(Y); Thorite, Th; Topaz, Toz; Tourmaline, Tur; Xenotime, Xen; Zircon, Zrn.
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2.5.2.2. Ion Adsorption Deposits Outside of China
Studies of ion adsorption deposits outside of China have focussed on a variety of aspects of ion
adsorption deposit development, including the petrogenesis and deportment of REE in the
protoliths, through to the distribution of REE in the subsequent ore-hosting regolith profiles.
Availiable details on the REE-characteristics and petrogenesis of the ion adsorption deposit
occurences discussed are outlined in Table 2.7. Occurrences of ion adsorption ores outside of China
are associated with a range of protolith varieties. The presence of biotite-granites is a common
features of the Serra Verde (Brazil), Kata Beach (Thailand), Myanmar and Liberty Hill (USA)
occurences, however there are key differences between these deposits.
At Serra Verde, the Serra Dourada massif is the predominant biotite-granite present (Bilal et al.,
1997; Santana et al., 2015). However, it is the subordinate Pela Ema muscovite-albite granite that
is the parental lithology of the ion adsorption deposits. This parental granite has undergone two
stages of alteration (Table 4.2), with metasomatically altered zones that are enriched in REE with c.
800-1200 ppm TREO, with HREE hosted principally within xenotime (Rocha et al., 2013; Table 2.7).
The Kata Beach protolith is an LREE-enriched transitional I- to S-type ilmenite-series biotite granite,
the REE are principally hosted in REE-fluorcarbonates that occur in cracks in feldspars, cavities and
along grain boundaries of the parental granite (Sanematsu et al., 2013), indicative of a late- to postmagmatic origin. These REE-fluorcarbonates are the main REE source for the regolith due to ease
of dissolution in acidic soil water (Sanematsu et al., 2013).
Ion adsorption ores in Myanmar are associated with two varieties of calc-alkaline granites: 1)
hydrothermally altered biotite-muscovite (HM) granites and 2) allanite and/or titanite-bearing (AT)
granites (Sanematsu et al., 2016; Table 2.7). Alteration of the HM granites resulted in the
development of HREE-rich REE-minerals including synchysite-(Y) and xenotime-(Y), whereas the AT
granites are relatively LREE-enriched (Table 2.7), indicating that during destabilisation of allanite
and titanite, HREE are preferentially incorporated into the alteration REE-minerals resulting in the
relatively HREE-enriched signature of the HM granites (Sanematsu et al., 2016).
The Liberty Hill pluton is comprised of a biotite-amphibole granite with a subordinate biotite granite
facies (Bern et al., 2017). Hydrothermal alteration at the contact of these two granite facies and the
low phosphate content, which inhibits the development of resistant primary REE-phosphate
minerals (section 2.5.3.1) and secondary non ion-exhangeable REE-phosphate phases (section
2.5.3.3), is proposed to result in higher overall and ion-exchangeable REE content in the regolith at
this location (Bern et al., 2017).
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Table 2.7. Parental rocks of ion adsorption deposits outside of China.
Lithologies and REE-Content

Kata Beach
Puket, Thailand

Serra Verde
Goiás State, Brazil

Main granite facies of the massif is
a biotite granite.
Serra Dourada A-Type
Granite Massif (Part of the
Goiás Tin Province)

Kata Beach Granite

Metasomatically altered Pela Ema
(1.8 Ma) muscovite-albite granite
(ion adsorption ore protolith):
Muscovite greisen - 500 ppm REE;
potassic metasomatism and
biotite-magnetite veins – 800 to
1200 ppm REE.

Transitional I-type to S-type,
ilmenite-series biotite granite,
with a REE content of 592 ppm,
with LREE enriched relative to
HREE.

Mineral
Constituents of
parental rocks
Main Biotite
Granite: Qtz, Or,
Olg, Bt, Ap, Mnz,
Xen, Aln, Bst, Th,
Fl, Ilm, Ccp, Py.
Pela Ema
Muscovite-Albite
Granite: Ms, Ab,
Qtz, Kfs, Bt, Mag,
Mnz, Xen, Fer.

Bt, Qtz, Fs, RFC,
Zrn, Ap, Ttn, Aln.

Fluorcarbonates main REE bearing
minerals.
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Associated ion adsorption
deposits
Ion adsorption ores hosted
within 2 – 5 m thick saprolite
units comprised of residual Qtz,
Fs, clay minerals (5-14 % by
mass), Bt and Ms.
Indicated resource of 178 Mt at
0.156 % total REE₂O₃, with 23 %
of this being heavy REE₂O₃ (HREE
+ Y).

Notes on protolith and ore
petrogenesis
Two stage alteration: 1) muscovite
greisenisation and 2) later potassic
metasomatism. Upgrading of REE content
in metasomatically altered zones.
Saprolite developed via decomposition of
granite by weakly acidic solutions.

Colluvium REE- deposits comparable to
placer deposits occur in restricted creeks.
Formed in the past 10 Myr as a result of
stream action. Rich in HREE-minerals,
The Serra Verde REE resource is
including Mnz, Xen and Fer. Clay rich
subdivided into saprolitehorizons within colluvium sediments host
associated and colluviumassociated.
clay mineral adsorbed REE.
Downward migration of REE through
regolith profile indicated by occurrence of
Upper REE-leached zone (0 – 4.5 fluorcarbonates in cracks in feldspars,
m): 174 to 548 ppm REE, positive cavities and along grain boundaries of the
Ce anomaly and 34 – 68%
parental granite.
adsorbed REE.
Oxidising and acidic conditions in the upper
Lower REE-accumulation zone
REE-leached zone fix Ce4+ resulting in the
(4.5-12 m): 578 to 1084 ppm REE positive Ce-anomaly. Increase in pH below
negative Ce anomaly and 53 –
4.5 m (REE-accumulation zone) causes
85% adsorbed REE.
REE3+ immobilisation by adsorption and
incorporation in secondary minerals (e.g.
rhabdophane).

Ref.
Rocha et al., 2013; Mariano & Mariano, 2012a,
2012b; Retallack, 2010; SGS, 2013; Santana et al.,
2015.

Parent rocks
Protolith(s)

Sanematsu et al., 2011, 2013, 2015.

Deposit
Location
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Table 2.7. cont.

Generally limited geological
information, with exception
of Tanintharyi Region
(southern Myanmar) calcalkaline granites categorised
into two groups:
1) AT granites, and 2) HM
granites.

Liberty Hill
South Carolina, USA

Nui Phao Granite
Northern Vietnam

Nui Phao Granite
Nui Phao granitic complex is
of Triassic age and intruded
by the Cretaceous Da Lien
granitoids.
Alteration and associated
mineralisation of granites
dated at 81.5-83.7 Ma
(Cretaceous).
Liberty Hill Pluton
Part of the Hercynian
Piedmont Province.

Lithologies and REE-Content

Mineral
Constituents of
parental rocks

Associated ion adsorption
deposits

AT granite: Bt, Hbl,
Regolith- profiles developed
Qtz, Pl, Aln, Ttn,
above titanite bearing AT granites
Ap, Zrn, Ep, Ilm,
are HREE enriched relative to the
AT granites: allanite and/or titanite
Mag, Py.
allanite-rich granites.
bearing, LREE-enriched (LREE: 87224 ppm; HREE: 31-62 ppm)
HM Granite:
Fractionation of REE more
Bt, Ms, Qtz, Pl, Ab,
extreme in HM granites relative
HM granites: abundant
Kfs, Grt, Syn-(Y),
to AT granites.
hydrothermal REE minerals,
Bast, Pari, Xen,
relatively HREE-enriched (LREE:
Mnz, Fl (lesser
Depletion of HREE in ion
31-62 ppm; HREE: 52-267 ppm)
amounts of Aln,
exchangeable fraction of some
Ttn, Ap, Zrn, Ilm,
regolith profiles.
Py)
Coarse-grained biotite-granite
stock with wolframite and
cassiterite anomalies.
Cretaceous Da Lien tourmalinebearing, muscovite and/or biotite
granitoids - genetically related
tungsten skarn mineralisation.

Notes on protolith and ore
petrogenesis

Extreme magma differentiation results in
destabilisation of allanite and titanite and
subsequent hydrothermal/metasomatic
mineral assemblages preferentially
incorporate HREE.

Nui Phao: Bt, Qtz,
Fs

Regolith profiles up to 10 m thick, Potential for later mineralisation event
moderately HREE enriched with
upgrading REE-mineralisation.
up to 549 ppm REE of which 67%
Da Lien: Ms, Bt,
is ion-exchangeable.
There is some scepticism as to the presence
Qtz, Fs, Cas, She,
of ion adsorption ores in this region due to
Tour, Fl
Chaotic mixing of kaolinite with
the subordinate nature of granites similar to
phosphate minerals.
those of southern China, and the limited
Skarn: Grt, Cpx, Am
study of the saprolite in this region.

Regolith profiles in region are 1020 m thick. Sampled profiles
Medium- to coarse-grained biotite- Accessory minerals contain 12 to 149 ppm REE + Y, 3 Hydrothermal alteration evident along the
amphibole granite and subordinate include: Mnz, Zrn, to 37 % ion exchangeable.
contact between the two granites above
biotite-granite.
Ttn, Aln, Ap, Bast.
most REE-enriched profile.
Single profile contains 581 ppm
REE + Y, 77% ion exchangeable.
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Ref.

Sanematsu and Ishihara, 2011;
Sanematsu et al., 2016; Sanematsu &
Mentani et al., 2010; Mentani, 2012; Watanabe, 2016.
Ishihara and Orihashi, 2014.

Parent rocks
Protolith(s)

Speer et al., 1989); Bern et
al., 2017.

Numerous Deposits
Myanmar

Deposit
Location
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Table 2.7. cont.
Parent rocks
Protolith(s)
Ampasibitika Alkaline to
Peralkaline Ring Dyke and
associated intrusive and
extrusive lithologies.
One of the two intrusions
forming the
Ambohimirahavavy Alkaline
Complex, which is one of
several Cenozoic intrusive to
volcanic complexes of the
Ampasindava Alkaline
Province.

Lithologies and REE-Content

Mineral
Constituents of
parental rocks

Ring Dyke: Nepheline-, alkali
feldspar- and quartz-syenite.
Caldera Fill: volcanic breccia
(variably hydrothermally altered), Syenitic Rocks:
and microsyenite/obsidian and
Ne/Qtz, Afs, Pl, Ap,
porphyritic-trachyte volcanic plugs.
Granitic Rocks:
Marginal Dyke Swarm: Trachyte,
microsyenite and peralkaline
granitic (containing up to 2.24%
REE₂O₃) dykes.
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Associated ion adsorption
deposits

Notes on protolith and ore
petrogenesis

Regolith profiles: 0 to 40 m,
average thickness is 13.5 m.
Ion adsorption ore average
grade: 835 ppm REE₂O₃.
REE concentration in ore highly
variable across the prospect.
Highest grades associated with
the peralkaline granite dykes.

The controls on the development of
mineralisation of the Tantalus ion
adsorption ore prospect is the subject of
this thesis and the SoSRARE project.

Ref.
Davies, 2008, 2009; Gilbertson, 2013; Desharnais
et al., 2014; Estrade et al., 2014a, 2014b, 2015,
2018.

Tantalus Deposit
Northwest Madagascar

Deposit
Location
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Tonalite quarry in the
central Highland of
Madagascar. Well developed
laterite profile is developed
showing full transition from
laterite to unaltered
bedrock.

Lithologies and REE-Content

Tonalite within the igneous and
metamorphic basement rock of
the Madagascar Central
Highlands. Magmatic
crystallisation of the tonalite is
dated at 554 ± 1 Ma.

Mineral
Constituents of
parental rocks

Associated ion adsorption
deposits

Bedrock: Qtz, Fld,
Bt, Hbl, Il, Mgt,
Py.
REE-phases:
primary mineralsAln, Chev;
hydrothermal
phases – Mnz,
Syn.

Single profile

Notes on protolith and ore
petrogenesis
REE mineralogy changes at different
levels within the laterite profile:
A Horzion: Alunite-jarosite and Gd2SO6,
Ce/Ce*cn 1.3.
B Horizon: Cerianite, alunite-jarosite
minerals, Ce/Ce*cn 4.1.
C Horizon (Saprolite): Rhabdophane
group minerals, Ce/Ce*cn 1.4.
The development of REE phosphatesulphate mineral indicates sulphate and
phosphate ligands are important in the
remobilisation of REE in low temperature
fluids.

Ref.

Kröner et al., 2000; Berger et al., 2008, 2014.

Central Madagascar
Not a true IAD but important example of REE
remobilisation in a laterite.

Table 2.7. cont.
Deposit
Parent rocks
Locatio
Protolith(s)
n

Mineral Abbreviations: Albite, Ab; Allanite, Aln; Alklai Feldspar, Afs; Amphibole, Am; Apatite, Ap; Bastnäsite, Bast; Biotite, Bt; Calcite, Cal; Cassiterite, Cst; Chalcopyrite, Ccp; Chernovite,
Cher; Chevkinite, Chv; Collumbite, Col; Feldspar, Fs; Fergusonite, Fer; Fluorapatite, FAp; Fluorite, Fl; Gadolinite, Gdn; Grossular, Grs; Hornblende, Hbl; Ilmenite, Ilm; Potassium Feldspar,
Kfs; Magnetite, Mag; Monazite, Mnz; Muscovite, Ms; Nepheline, Ne; Oligoclase, Olg; Orthoclase, Or; Parisite, Pari; Plagioclase, Pl; Pyrite, Py; Quartz, Qtz; REE-fluorcarbonate, RFC; Rutile,
Rtl; Samarskite, Smk; Synchysite-(Y), Syn-(Y); Thorite, Th; Titanite, Ttn; Topaz, Toz; Tourmaline, Tur; Xenotime, Xen; Zircon, Zrn.
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Unlike the aforementioned ion adsorption deposits, the regolith at the Chambe Basin in Malawi is
derived from syenite to quartz syenite protoliths. Potential hosts of REE in the parental syenites
include yttrofluorite and chevkinite, which have been identified in other areas of the Mulanje
Massif (Platt and Woolley, 1986; Sanematsu and Watanabe, 2016), but the main REE-minerals at
the Chambe Basin have not been identified. At present, the principal controls on mineralisation and
the extent of the deposit are unknown, and further exploration is being carried out (Le Couteur,
2011).
The Tantalus deposit is the subject of this thesis, and is discussed in more detail in the following
chapters.
The variability in potential protoliths exemplifies that ion adsorption ores need not be restricted to
biotite and muscovite granites alone. A feature of several ion adsorption deposits protoliths,
especially those associated with high HREE or elevated proportions of ion exchangeable REE is the
occurrence of hydrothermal or deuteric alteration. Controls on the development of ion adsorption
deposits are discussed in the following section.
2.5.3. Controls on the Development of Ion Adsorption Deposits
It is generally accepted that supergene enrichment and fractionation of REE within regolith profiles
occurs in temperate to tropical climates during intense chemical weathering (Sanematsu and
Watanabe, 2016). The principal mechanisms responsible for the enrichment and fractionation of
REE during weathering include (Sanematsu and Watanabe, 2016; Xu et al., 2017):
1. Release of REE from protolith.
2. Complexation of REE in aqueous solutions.
3. Fixation of REE in weathered profiles.
2.5.3.1. Release of REE from Protoliths
There have been few investigations into how the petrogenesis of parental material controls REE
content in the ion adsorption ore (e.g. Xu et al., 2017; Sanematsu et al., 2013, 2016). Thus, it is
unknown if metaluminous to peraluminous granites are really the best parental material for the
development of ion adsorption deposits or if this commonality is the result of the abundance of
these alkaline granites in southern China. The REE signature of ion adsorption deposits appears to
be controlled by that of the protolith, i.e. ion adsorption deposits enriched in HREE are developed
upon granites that also exhibit HREE-enrichment. In the Nanling Range HREE-rich ion adsorption
deposits are underlain by highly differentiated HREE-enriched muscovite granites, such as the
Zudong and Zhaibeiding granites, which are characterised by high SiO2 contents >75 % and very low
P2O5 of <0.02 % (Bao and Zhao, 2008; Sanematsu and Watanabe, 2016).
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During intense chemical weathering, rock-forming minerals decompose to a variety of weathering
products (Fig. 2.12). These phases, in particular feldspar, amphibole, pyroxene and biotite alter to
form clay minerals (e.g. kaolinite, halloysite, smectite etc.; Wilson, 2004; Anand, 2005) that may
subsequently adsorb REE but these phases are not described as REE sources for ion adsorption ores.
Within the protoliths of ion adsorption ores most of the REE released are believed to be sourced
from accessory REE-minerals (Table 2.6 & 2.8; Sanematsu and Watanabe, 2016; Li et al., 2017). As
these accessory minerals break down in acidic soil water REE3+ ions are released into solution, which
can subsequently be adsorbed to form the ion adsorption ores (Sanematsu and Watanabe, 2016).
Different REE-minerals have different susceptibilities to dissolution and breakdown during chemical
weathering. Thus, the primary mineralogy and the degree of weathering are strong controls on the
mobility and fractionation of the REE in weathered profiles (e.g. Nesbitt, 1979; Braun et al., 1990,
1993; Aubert et al., 2001; Laveuf and Cornu, 2009; Stille et al., 2009). In general, REEfluorcarbonates are particularly susceptible to dissolution in acidic soil water, whereas phosphate,
silicate and oxides typically dissolve more slowly (Huang et al., 1989; Sanematsu et al., 2013;
Sanematsu and Kon, 2013; Sanematsu and Watanabe, 2016). Another factor influencing the mineral
dissolution rates is the degree of metamictisation. Decreased crystallinity in metamict minerals,
caused by radiation damage disrupting the crystal lattice (Ewing and Haaker, 1980; Ewing, 1994), is
more likely in REE-bearing minerals as they typically contain U and Th as trace or major
components.
In addition to REE-fluorcarbonates, other REE-minerals susceptible to dissolution in acidic soil water
include allanite, titanite, apatite and britholite. Magmatic allanite and titanite are important
sources of LREE and HREE respectively for ion adsorption ores (Sanematsu et al., 2013, 2016
[Myanmar Deposits; Kata Beach]; Sanematsu and Watanabe, 2016). The dissolution of allanite and
titanite during weathering is supported by the scarcity or quantitatively reduced amount of these
minerals in weathered profiles and clastic sediments derived from allanite- and titanite-bearing
protoliths (Deer et al., 1982; Banfield and Eggleton, 1989; Braun and Pagel, 1994; Condie et al.,
1995; Harlavan and Erel, 2002; Gieré and Sorensen, 2004; Price et al., 2005; Sanematsu et al., 2013,
2016; Berger et al., 2014). For apatite and fluorapatite, experimental studies indicate that the rate
of dissolution increases with decreasing pH (Valsami-Jones et al., 1998; Guidry and MacKenzie,
2003; Chaïrat et al., 2007; Harouiya et al., 2007), thus in acidic environments these minerals should
be more soluble. Britholite is a mineral of the apatite supergroup and considered unstable during
weathering (Yunhua and Lipu, 1987).
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Figure 2.12. Pathways for formation of secondary phases during chemical weathering. After Anand (2005) and
supplemented with data from Betekhtin (1961), Zakharov et al. (2011a), Valeton et al. (1997) and Lottermoser (1988;
1990).

Minerals resistant to chemical weathering include zircon, monazite and xenotime. This resistance
to dissolution is highlighted by the occurrence of these minerals in placer deposits (e.g. xenotime
and monazite sands) and clastic sediments (Orris and Grauch, 2002). Even at low pH, under ambient
conditions the solubility of monazite and xenotime are relatively low, although metamictisation
may accelerate their dissolution (Petit et al., 1985; Cetiner et al., 2005). This lack of dissolution is
evident at the Zudong intrusion, where Huang et al. (1989) showed that there was no large
reduction in monazite and xenotime during the weathering of the muscovite granite. Residual
zircon crystals are also common in ion adsorption ores (Huang et al., 1989; Sanematsu and Kon,
2013; Estrade et al., 2019). Although metamictisation of zircon is a common feature, annealing of
radiation damage even at low temperatures preserves crystallinity (Ewing, 1994; Ewing et al., 2003).
However, although at low temperatures metamict zircon has a higher dissolution rate than
crystalline zircon (Tole, 1985; Balan et al., 2001; Ewing et al., 2003; Tromans, 2006), the rate of
zircon dissolution is generally low and REE contribution from zircon to ion adsorption ores is
thought to be minor to insignificant (Sanematsu and Watanabe, 2016). At present, there is little
evidence for REE release from zircon during weathering.
Eudialyte is an important REE-host mineral in many alkaline to peralkaline REE deposits. It is
susceptible to alteration to a variety of secondary phases during metasomatic and hydrothermal
alteration (e.g. Estrade et al., 2014b, 2015, 2018; Borst et al., 2016). Studies of supergene alteration
of eudialyte-bearing phonolite (Lages area, Santa Catarina, Brazil – Formoso et al., 1989) and
nepheline syenite (Poços de Caldas, Brazil – Valeton et al., 1997; Alluaiv deposit, Murmansk Region,
Russia – Betekhtin, 1961; Zakharov et al., 2011a) show that eudialyte is not retained in regolith
profiles. Betekhtin (1961) report the accumulation of reddish black porous Zr and Fe hydroxides in
the place of eudialyte, and Valeton et al. (1997) propose that HFSE derived from the decomposition
of eudialyte are incorporated in oxide, hydroxide and amorphous phases of similar composition.
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The resistance of phosphate minerals to weathering is not ubiquitous, as exemplified at the Mt
Weld REE deposit, which has undergone lateritic weathering that has resulted in supergene
enrichment of this carbonatite associated with the breakdown and reprecipitation of phosphate
minerals (Lottermoser, 1990; Hoatson et al., 2011). However, this breakdown of primary
phosphates results in the formation of fine-grained secondary monazite, which is the dominant
REE-bearing phase (Verplanck, 2017). Other REE-bearing phases in the Mt Weld laterite include
cerianite and crandallite subgroup minerals. As a result the REE, although enriched relative to the
parental laterite, are not in an ion exchangeable form. Thus, weathered carbonatites, although
generally being highly enriched in REE, do not have associated ion adsorption ores as the secondary
mineral phases bind the REE too strongly. Whereas in the clay-rich weathered profiles associated
with ion adsorption ores derived from granites the REE are weakly adsorbed and thus in an ion
exchangeable form. This development of REE-phosphates is not limited to laterites developed upon
carbonatites; Berger et al. (2014) described the development of rhabdophane-group minerals
within a REE-enriched laterite above a tonalite (felsic with > 20 % quartz) in central Madagascar.
Other common REE-bearing minerals present in the protoliths of ion adsorption deposits include
REE-bearing HFSE-oxides. These minerals, such as pyrochlore and fergusonite, are commonly
metamict and altered (Ewing, 1975; Lumpkin and Ewing, 1995; Ercit, 2005), and relatively
uncommon in REE-placers (Orris and Grauch, 2002). However, Huang et al. (1989) reported that for
the Zudong intrusion, pyrochlore, fergusonite, gadolinite and aeschynite abundances did not
significantly reduce post-weathering. These observations suggest that under certain conditions REE
may be leached from REE-rich oxides; however, this may largely depend on the solution chemistry
and degree of metamictization (Sanematsu and Watanabe, 2016).
Sanematsu and Watanabe (2016) highlighted the importance of hydrothermal alteration of primary
REE-mineral assemblages to secondary easily degradable REE-phases in the genesis of ion
adsorption deposits. Easily degradable REE-fluorcarbonates are typically formed during the last
stages of magmatic differentiation, in which F- and CO2-rich fluids exsolve from the magma and
precipitate REE-fluorcarbonates along grain boundaries (e.g. Huang et al., 1989; Berger et al., 2008;
Ishihara et al., 2008; Sanematsu et al., 2013). Fluorine-rich fluids are also important in altering
magmatic REE-bearing silicate assemblages. Sanematsu and Watanabe (2016) propose that the
destabilisation and degradation of allanite and titanite by fluorine-rich and phosphate-poor
hydrothermal fluids aids the formation of some ion adsorption deposits. This proposal stems from
the occurrence of REE-fluorcarbonates associated with reduced quantities of allanite and titanite
in the highly differentiated parental granites (Huang et al., 1989; Bao and Zhao, 2008; Ishihara et
al., 2008). These fluid compositions would prevent the replacement of allanite by monazite-fluorite
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mineral assemblages, which although rare, occur during interaction with fluorine and phosphaterich fluids (Wood and Ricketts, 2000; Gieré and Sorensen, 2004).
Reviews by Bao and Zhao (2008) and Sanematsu and Watanabe (2016) both emphasise the
importance of easily weatherable REE-bearing accessory minerals in the formation of ion
adsorption deposits. In general, the protoliths in known localities of ion adsorption type deposits
are granitic rocks in which the primary magmatic minerals have undergone alteration, either due
to deuteric fluids (Sanematsu and Watanabe, 2016) or the infiltration of REE-enriched carbonate
fluids (e.g. Zhaibei; Xu et al., 2017). For many of the REE minerals, further studies are required to
elucidate their behaviour during weathering. However, in general the less resistant a mineral is to
dissolution the more easily REE can be released into solution and thus the greater the potential for
these REE to be fixed in an ion exchangeable form.
2.5.3.2. Complexation and Mobility of REE in Solution during Weathering
In acidic solutions at ambient conditions REE are released into the weathered profile from the
dissolution of REE-bearing minerals, and are transported in solution downwards through the
weathered profile (Fig 2.13; Sanematsu and Watanabe, 2016). The REE are believed to be
transported primarily as complexes with humic substances or carbonate and bicarbonate ligands,
or as free ions in solution (Wood, 1990a; Sanematsu and Watanabe, 2016). Experimental studies
indicated that carbonate, bicarbonate and humic substances bind more strongly with the HREE than
the LREE (Cantrell and Byrne, 1987; Lee and Byrne, 1993; Takahashi et al., 1997; Sonke and Salter,
2006; Pourret et al., 2007). However, although LREE/HREE fractionation is influenced by
complexation in solution, primary fractionation caused by differing susceptibilities of REE-minerals
to breakdown during weathering appears to be of greater importance (Sanematsu and Watanabe,
2016).
2.5.3.3. Fixation of REE in Weathered Profiles
Adsorption of REE onto mineral surfaces is dependent on the pH and ionic strength of the soil
waters as well as the nature of the adsorption material. Kaolinite and halloysite are the most
common clays that adsorb REE in the ion adsorption deposits in southern China (Yang, 1987; Wu et
al., 1990, 1993; Bao and Zhao, 2008; Murakami and Ishihara, 2008; Chi and Tian, 2008). Cation
exchange of REE is also possible on other clay minerals (e.g. illite) and amorphous minerals, which
have permanent charge and/or pH dependent surface charge (variable charge). Thus, the boundary
between the REE accumulation zone and the REE-leached zone is defined by a change in redox, thus
in theory it is possible for this boundary to shift seasonally with changes in groundwater level
(Sanematsu and Watanabe, 2016).
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Figure 2.13. Sanematsu and Watanabe (2016)’s schematic model of genesis of ion adsorption type REE ore bodies within
weathered profiles developed from granite bedrock (protolith). There is no distinction between pedolith and saprolite;
instead the key divisions are REE-leached and REE-accumulation zones. Chondrite normalised plots of typical REE patterns
for the REE-leached zone, REE-accumulation-zone and bedrock granite show changes in Ce-anomaly from positive to
negative to none, indicating changes in cerium oxidation state.

Fractionation of Ce relative to the other REE is a common occurrence in weathered profiles, with
positive cerium anomalies arising from the oxidation of Ce³⁺to Ce⁴⁺ (Fig. 2.13), which enables the
formation of the CeO (cerianite) that is relatively insoluble under ambient conditions (Braun et al.,
1990). However, fractionation of the remaining REE during adsorption processes is difficult to
constrain. There is evidence that the HREE may be selectively adsorbed to clay minerals at very high
ionic strengths, but at lower ionic strengths, analogous to soil and ground water, there is minimal
fractionation of the REE (Coppin et al., 2002). In the presence of humic acid, the adsorption of REE
onto kaolinite appears to decrease with increasing pH. Furthermore, in the presence of significant
humic acid the LREE have a greater affinity for adsorption onto kaolinite than the HREE (Takahashi
et al., 1997; Sonke and Salter, 2006; Wan and Liu, 2006).
Immobilisation of REE in weathered profiles can both aid and hinder the development of ion
adsorption ores. In some cases, immobilisation occurs by the sequestration of REE into secondary
minerals, not all of which host the REE in an ion exchangeable site. For example, secondary
phosphate formation can significantly hinder the mobility of REE within weathered profiles
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(Ishihara et al., 2008; Berger et al., 2014; Sanematsu et al., 2015; Sanematsu and Watanabe, 2016).
Phosphate minerals (e.g. rhabdophane and florencite) can sequester the REE and host the REE in
non-ion-exchangeable sites (Berger et al., 2014). Elevated P2O5 contents in the parental granite
increases the likelihood of secondary phosphate formation.
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3. Geological Setting of North Madagascar
The Ambohimirahavavy Igneous Complex is one of a number of intrusive to extrusive Cenozoic
alkaline massifs in northern Madagascar. Madagascar is an ancient island, with its basement
comprised of Archaean to Neoproterozoic terranes, which have undergone a long and varied
geological history. This section outlines the geological history and geodynamic setting of northern
Madagascar and the Cenozoic alkaline to peralkaline magmatism.
3.1. Geodynamic Setting
The majority of Madagascar is formed of Precambrian basement comprising several distinct
tectonic blocks (Fig. 3.1), which are covered along the western margin by Mesozoic to Cenozoic
sedimentary units, developed during the separation of Madagascar from Africa (de Wit, 2003;
Papini and Benevenuti, 2008). The Precambrian terranes were amalgamated during the East African
Orogen (EAO) and Malagasy Orogen during the Neoproterozoic to Cambrian (Fig. 3.1a; Collins and
Pisarevsky, 2005; Collins, 2006; Key et al., 2011). Northwest Madagascar comprised the Archaean
Antananarivo Craton and the Proterozoic Bemarivo Belt separated by the Anaboriana Belt (Fig.
3.1b). The Bemarivo Belt consists of two distinct Proterozoic arc terranes developed in a continental
margin setting (Tucker et al., 1999; Jöns et al., 2006; Thomas et al., 2009). The southern margin of
the Bemarivo Belt tectonically abuts the Anaboriana Belt and a portion of the Antananarivo craton
along the Sandrakota Shear Zone in the west, and in the east forms a decollement zone over the
Antongil Craton along the Andaparaty Thrust (Thomas et al., 2009). The Anaboriana (-Manampotsy)
Belt (redefined Betsimisaraka Suture Zone; Key et al., 2011) is reported to be a convergent
continental margin formed during the docking of the Bemarivo Belt in the Neoproterozoic (Kröner
et al., 2000; Collins and Windley, 2002).
Extensional collapse of the EAO is recorded by the post-collisional emplacement of the Maevarano
Suite granitoids (c. 537-522 Ma), which were principally the product of slab break-off/delamination
processes (Bonin, 2004; Goodenough et al., 2010). The Sandrakota Shear Zone is proposed to have
acted as a conduit for the Maevarano parental magmas during the EAO (Goodenough et al., 2010).
Following the Pan-African Orogeny, Madagascar was located in central Gondwana, abutting the
present day margins of Somalia, Kenya and Tanzania. During the break-up of Gondwana, the
development of the West Somali and Mozambique Basins separated Madagascar from East Africa
in the late Middle Jurassic, c. 165 Ma (Coffin and Rabinowitz, 1987; Jokat et al., 2003; Lienweber
and Jokat, 2012; Gaina et al., 2013; Reeves, 2014). Failure of the Somali Ocean rift at c. 120 Ma was
followed by the impingement of the Marion Mantle plume c. 88 Ma initiating the rapid northward
movement of India and separation from Madagascar (Reeves, 2014).
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3.2. Major Volcanic Episodes
Since the amalgamation of Madagascar, there have been two major episodes of volcanism.
Tholeiitic flood basalts, dyke swarms and localised intrusions characterised the Late Cretaceous (9284 Ma) episode, developed at the end of the separation of Madagascar from India (Fig. 3.1b; Storey
et al., 1997; Melluso et al., 2001, 2002; de Wit, 2003; Cucciniello et al., 2013). A second phase of
magmatic activity during the Cenozoic developed a series of intrusive and extrusive massifs in the
north, central and west coast regions of Madagascar. Dating of igneous rocks from this phase
reveals a long period of alkaline igneous activity stretching from the earliest Eocene to PliocenePleistocene times; however, the majority of alkaline magmatism occurred during the Miocene
epoch (Tucker et al., 2008). This Miocene activity is concentrated in northern Madagascar and
characterised by numerous intrusive and volcanic complexes of alkaline to peralkaline affinity (e.g.
Melluso et al., 2007a, 2007b; Tucker et al., 2008; Cucciniello et al., 2011, 2016). The first
documented descriptions of these Cenozoic alkaline rocks are in Lacroix’s three-volume work
entitled “Minéralogie de Madagascar”, which includes the first geological sketch-map of the island
(Lacroix, 1922a, 1922b, 1923).
There are 38 Cenozoic intrusive and extrusive complexes in northern Madagascar concisely
described in Tucker et al. (2008); these complexes can be placed in two groups (Fig. 3.2a). The first
is the predominantly extrusive Ankaizina Group, which can be further classified into: 1) the Miocene
Maromokotra Formation initial felsic eruptives of tuffs and trachytic to phonolitic flows, 2) the
Miocene Maroangaka Formation basalts and mafic volcanics, and 3) the Pleistocene or younger
Bemanevika Formation basalts, cinder cones, maar, and strombolian eruptives (Donnot, 1963;
Tucker et al., 2008). The second group is the primarily intrusive Ampasindava Alkaline Province. This
province comprises a suite of predominantly NW-SE-trending suite of metaluminous to alkaline and
peralkaline complexes between the Ampasindava Peninsula and Antongil Bay (Fig. 3.2a; Tucker et
al.¸2008; Cucciniello et al. 2016).
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B)

A)

Figure 3.1. a) Palaeoposition of Madagascar (M) within the East African Orogen (EAO) and Gondwanaland from between 530 to 500 Ma. After Jacobs and Thomas (2004), Thomas et al.
(2009) and Goodenough et al. (2010). b) Simplified geological map of Madagascar showing the main terrane boundaries and the outcrop extent of the Cretaceous and Cenozoic igneous
rocks. After Tucker et al. (2008) and Collins (2006). VO - Vohibory Domain; IT - Itremo Group; AN - Antongil Craton; AT - Antananarivo Craton; AM - Anaboriana-Manampotsy Belt; SB South Bemarivo Belt; NB - North Bemarivo Belt; PC - Phanerozoic Cover.
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There is a strong NW-SE alignment of these Cenozoic complexes and alkali basalt and lamprophyre
dyke swarms in the area (Fig. 3.2a). This alignment is consistent with reactivation of major
lithospheric fractures in the basement of Madagascar, including the Sandrakota Shear Zone, which
potentially acted as conduits for the Cenozoic alkaline magmas (Fig. 3.2a; Estrade et al., 2014a).
Early studies of this province and the offshore Comoros archipelago postulated the presence of a
mantle plume as the cause of magmatism in this region (Emerick and Duncan, 1982). However,
compilation of age determinations for alkaline intrusive and extrusive centres do not show a clear
petrological evolution (Table 3.1), refuting the presence of a plume source for Cenozoic magmatism
of northern Madagascar (Melluso et al., 2007a; Estrade et al., 2014a; Cucciniello et al., 2016).

Table 3.1. Selected ages determined for intrusive and extrusive rocks from various centres
and complexes of the Ampasindava Alkaline Province.
Centre/Complex
Rock Type
Age (Ma)
Method
Reference
Basanite
Min.
0.83 ± 0.02
K-Ar
[1]
Massif d’Ambre
40
Hawaiite
Max.
12.10 ± 0.20
Ar-39Ar
[2]
Phonolite
Min.
9.10 ± 0.57
K-Ar
[1]
Bobaomby
40
Phonolite
Max.
10.56 ± 0.09
Ar-39Ar
[2]
Trachyte
Min.
4.66 ± 0.12
K-Ar
[1]
Nosy Mitsiou
Trachyte
Max.
9.97 ± 0.14
K-Ar
[1]
Basanite
Min.
0.55 ± 0.04
K-Ar
[3]
Nosy Be
40
Basanite
Max.
13.53 ± 5.31
Ar-39Ar
[4]
40
Basalt
Min.
15.41 ± 0.07
Ar-39Ar
[4]
Tsaratanana
40
Trachyte
Max.
17.51 ±0.06
Ar-39Ar
[4]
40
39
Nosy Iranja
Phonolite
Min.
15.48 ± 0.05
Ar- Ar
[5]
40
Ankaramy
Microgranite
Max.
23.82 ±0.30
Ar-39Ar
[4]
40
Gabbro
Min.
23.81 ±0.06
Ar-39Ar
[4]
40
Ankify
Granite
Max.
27.46 ±0.47
Ar-39Ar
[5]
40
Alkali Basalt
26 ±7
Ar-39Ar
[6]
40
39
Andavokoera
Microsyenite
51.40 ±0.10
Ar- Ar
[5]
40
Lokobe
Monzonite
21.03 ±0.05
Ar-39Ar
[5]
40
Phonolite
Min.
10.15 ±0.73
Ar-39Ar
[5]
Nosy Komba
Gabbro
Max.
20.73 ±0.05
K-Ar
[1]
40
Ampasibikita
Syenite
20.18 ±0.06
Ar-39Ar
[5]
GR-I PGD
Min.
23.5 ±6.80
U-Pb
[7]
Ambohimirahavavy
(Ampasibitika)
T-I Ne Syenite
Max.
24.2 ±0.60
U-Pb
[7]
Manongarivo
Quartz Syenite
23.7 ±0.50
U-Pb
[7]
40
Ambato
Alkali Granite
18.20 ±0.46
Ar-39Ar
[6]
[1] Emerick and Duncan (1982, 1983); [2] Cucciniello et al. (2011); [3] Bardintzeff et al. (2010);
[4] Buchwaldt (2006); [5] Tucker et al. (2008); [6] Cucciniello et al. (2016); [7] Estrade et al. (2014a)
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3.3. Ampasindava Alkaline Province Intrusive Centres
In addition to the Ambohimirahavavy Alkaline Complex, there are three other major intrusive
centers of the Ampasindava Alkaline Province: 1) the Andranomatavy Complex, 2) the Bezavona
Complex and 3) the Manongarivo Complex (Bésairie, 1936; Donnot, 1963; Lacroix, 1915; Tucker et
al., 2008; Estrade et al., 2014a). The Andranomatavy, Ambohimirahavavy and Manongarivo
Complexes are all aligned NW-SE, approximately parallel to the Sandrakota Shear Zone (Fig. 3.2).
The Bezavona Complex falls slightly to the south of this NW-SE trend, however there is a second
NNE-SSW alignment of this complex with the Ambohimirahavavy Complex and other intrusive and
extrusive centres of the Ampasindava Alkaline Province including the Mt. Sambirano, Ankify, Nosy
Komba and Ambato Complexes (Fig. 3.2b).
3.3.1. Andranomatavy Complex
The northernmost, terrestrial, intrusive complex on the Ampasindava Penisula is the elliptical
Andranomatavy Complex, which covers an area of 250 km². This Complex is a composite intrusion
formed of two phases: microsyenite, trachyte and breccia compose the southeastern intrusive
section, and the northwestern section is dominated by quartz-syenite and alkali-granite (Tucker et
al., 2008). Syenites present are weakly silica-saturated and grade laterally into alkali-granite and
monzonite (Tucker et al., 2008). Accessory minerals include biotite, aegirine-augite, and sodic
amphibole that is characteristic of peralkaline igneous rocks (Le Maître et al., 2002). This peralkaline
nature is further suggested by Donnot (1963)’s observations of numerous pegmatite and
peralkaline aplite veins containing aegirine and sodic amphibole in the central part of the complex.
Furthermore, Donnot (1963)’s work states that the alkali-granites, quartz-syenite and aplites are
rich in zircon.
3.3.2. Bezavona Complex
Located in the south of the Ampasindava Peninsula, the Bezavona ring-complex forms a 7 km by 10
km ellipse that underlies the high hills in the area (Tucker et al., 2008). Lacroix (1902) made a
comprehensive study of the Bezavona Complex and subdivided the rocks present into four groups:
1. Core of silica-oversaturated alkaline syenite, monzonite and granite.
2. Southern portion of the complex is comprised of weakly undersaturated foid syenite.
3. Isolated stocks and associated dykes are of microsyenite, nepheline-aplite, porphyritic
phonolite, glassy phonolite and alkaline camptonite and lamprophyre dykes.
4. Second dyke set formed of olivine-basalt, basanite and berondrite (kaersuitite-nephelinegabbro).
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A)

B)

Figure 3.2. a) Distribution of Cenozoic alkaline igneous rocks across northern Madagascar. After Tucker et al. (2008), Thomas et al. (2009) and Goodenough et al. (2010). b)
Outcrop pattern of the major intrusive and extrusive complexes in the Ampasindava area. After Tucker et al. (2008) and Cucciniello et al. (2016).
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3.3.3. Manongarivo Complex
The Manongarivo Complex is a 20 km wide funnel shaped complex with a central depression. The
most comprehensive study of this complex was made by Donnot (1963). This complex is formed of
two juxtaposed sections, the Bekolosy-Andaimpotsy massif in the north and the Antsatroto massif
in the south, which have a trilobate surface expression resulting from the uplift of these massifs
(Donnot, 1963; Tucker et al., 2008). The Bekolosy-Andaimpotsy massif is conprsied of nested arcs
of inward dippling sills and flows surrounding a core of trachyte breccia. This breccia grades
outwards into of truncated flows of porphyritic trachyte, quartz-syenite and foid-syenite. The
discontinuous internal arc is comprised of of trachyte, rhyolite, microsyenite, and porphyritic
syenite, whereas syenogranite and syenite, with differentiated arfvedsonite granite in the roof and
footwall portions, characterise the eastern and western external arcs (Donnot, 1963; Tucker et al.,
2008). The Antsatrotro massif is comprised of an arc-like intrusion of inwardly dipping sills and
dykes of mesocratic grano-syenite, rhyolite and trachyte (Donnot, 1963; Tucker et al., 2008).
3.3.4. Ambohimirahavavy Complex
The Ambohimirahavavy Alkaline Complex is one of the major intrusive-extrusive complexes formed
during the Miocene magmatic episode, and was initially described in detail by Lacroix (1902, 1922a,
1922b). Dated at 24.2 ± 0.06 Ma (Estrade et al., 2014a), this annular complex is located on the
Ampasindava Peninsula, and is aligned NW-SE with two of the other major complexes of the
province, the Manongarivo and Andranomatavy Complexes (Fig. 3.2b). The Ambohimirahavavy
Alkaline Complex is a suite of intrusive and extrusive, silica-over- to under-saturated, alkaline to
peralkaline rocks (Ganzeev and Grechishchev, 2003; Tucker et al., 2008; Estrade et al., 2014a). The
complex is further subdivided in to the southeastern Ampasibitika Intrusion and northwestern
Tsarabariabe Intrusion. Both Estrade et al. (2014a) and Cucciniello et al. (2016) have discussed the
origin of parental magmas of this complex, and Estrade et al. (2014a) further proposed the role of
crustal contamination coupled with extensive fractionation to explain the coexistence of the
cogenetic silica-undersatiurated and –oversaturated intrusive units.
Much of the annular Ampasibitika Intrusion is comprised of mixed alkali feldspar and quartz-alkali
feldspar syenites that are predominantly comprised of a network of alkali feldspar with
intercumulus amphibole, pyroxene and Fe-Ti oxides. Silica-undersaturated nepheline syenites
locally outcrop on the inner northern margin of the main annular intrusion (Estrade et al., 2014a).
Two varieties of nepheline syenite were identified by Estrade et al. (2014a): T-I Nepheline syenite
characterised by the presence of amphibole with distinctive coronae of globular aegirine and Fe-Tioxide, and the T-II nepheline syenite that lacks this distinctive texture and instead has a poikilitic
interstitial assemblage of aegirine, amphibole, Fe-Ti-oxides and minor fluorite. Nepheline is
typically a late-magmatic, intercumulus phase in these syenites. In addition, Estrade et al. (2014a)
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described a number of mafic, trachytic and phonolitic dykes that intrude and crosscut syenites of
the annular intrusion.
Most studies of this complex have investigated the unusual silica-oversaturated, miaskitic to
agpaitic peralkaline granitic dykes (PGD) of the Ampasibitika Intrusion (Lacroix, 1915; Ganzeev and
Grechishchev, 2003; Estrade et al., 2014a, 2014b, 2015, 2018). These dykes were first highlighted
by Lacroix (1915) who termed them ‘fasibitikites’. These dykes form discontinuous, parallel layers
up to 10 m wide and crosscut country rock, marginal syenitic dykes, and locally quartz syenites of
the outer margin of the main annular intrusion. Thus, it has been proposed that these dykes are the
youngest intrusive phase of the Ampasibitika Intrusion (Donnot, 1963; Ganzeev et al., 1989; Estrade
et al., 2014a). These dykes have been investigated in detail by Estrade et al. (2014b, 2015, 2018).
Three main types of PGD were defined by Estrade et al. (2014b):
 GR-I – homogeneous medium to coarse grained miaskitic granite consisting of alkali
feldspar, quartz, and arfvedsonite or aegirine or both.
 GR-II – ‘fasibitikites’ of Lacroix (1915). Commonly pegmatitic granite with banded texture
resulting from variations in colour, grain size and modal mineralogy. In aplitic layers, dark
green bands have greater proportion of aegirine and lighter bands have increased alkali
feldspar content. In pegmatitic layers, coarse-grained quartz, alkali feldspar and sodicamphibole exhibit unidirectional growth textures perpendicular to dyke margins.
 GR-III – Mesocratic to melanocratic, banded, agpaitic granitic pegmatite rich in eudialyte,
aegirine and sodic-amphibole.
Recently, particular focus has been on the degradation of eudialyte within the PGD and associated
skarn REE mineralisation (Estrade et al., 2015, 2018).
3.3.4.1. Ion Adsorption Ores of the Ambohimirahavavy Alkaline Complex
Exploration of the Ambohimirahavavy Alkaline Complex was initially focused on REE mineralised
PGD (Ganzeev and Grechischev, 2003; Gilbertson, 2013; Desharnais et al., 2014; Estrade et al.,
2014a, 2014b, 2015, 2018). However, the discovery of REE hosted in regolith in 2012 shifted the
focus of the project and subsequent resource evaluations (Gilberson, 2013; Desharnais et al., 2014)
have focused on the potential ion adsorption type resource. In addition, as a consequence of the
drilling program targeting the Ampasibitika prospect, the complexities of the marginal dyke swarm
(complex geometries and variable thickness) mean that the continuity, grade and predictability of
the mineralised dykes are inadequate for a REE resource (Desharnais et al., 2014).
Tantalus Rare Earths AG explored regolith cover of the Ampasibitika Intrusion and, to a lesser
extent, the Tsarabariabe Intrusion for ion adsorption REE ores (Gilbertson, 2013; Desharnais et al.,
2014). Thus, the Ampasibitika Intrusion is the main natural laboratory considered in this thesis.
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Work by our SoSRARE team on the ion adsorption ores of the Ampasibitika area highlighted that
the presence of strongly REE-enriched protoliths does not definitively result in the development of
ion adsorption ores with high REE contents (Estrade et al., 2019). The distribution of REE in regolith
across the Ampasibitika area appears to be strongly controlled by the protolith lithology, in addition
to topographic and hydrological controls (Estrade et al., 2019). A review of the regolith profiles
investigated by the SoSRARE project is given in Ch. 10 of Part 2 of this thesis.

The remainder of this thesis is dedicated to enhancing the understanding of the petrogenesis of the
Ampasibitika Intrusion of the Ambohimirahavavy Alkaline Complex and the influence of this on the
deportment of REE within potential protoliths of the ion adsorption ores.
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This chapter outlines the methods and techniques used to collect the data presented in this thesis.
Further details of methods and procedures are given in Appendix II where appropriate.
4.1. Field Observations
First-order data for the SoSRARE project was acquired in the field by geological mapping and
sampling of exposures across the Ampasibitika and Tsarabariabe Intrusions of the
Ambohimirahavavy Complex, the western lobe of the Manongarivo Complex (Bekolosy area), and
the Ankify and Mt Sambirano Centres. In addition, five diamond drill cores from the Ampasibitika
Intrusion, provided by Tantalus Rare Earths AG, were described and sampled: TAND044, TAND097,
TAND007, TAND019, and TAND016. These cores are located on the outer northwest flank of the
Ampasibitika Intrusion. These cores were chosen due to the variety of lithologies which they
intersect and the range in the degree of mineralisation in the associated weathered profiles.
Samples were taken from both the bedrock and overlying weathered profiles. Data recorded
included location, lithology, texture, grain size, contact types and additional comments. The
primary focus of this thesis is on the Ampasibitika Intrusion of the Ambohimirahavavy Alkaline
Complex, thus the Manongarivo, Ankify and Mt Sambirano Complexes are not described further.
Collection of this first-order data occurred during two field excursions, the first for 2 weeks in
November 2015, and the second for 4 weeks in September to October 2016. The first excursion
focused on the Ambohimirahavavy Complex, with side visits to syenite quarries on the Ambanja
Road. The second trip included visits to the complexes of Mt Sambirano, Ambohimirahavavy, Ankify
and Manongarivo.
4.1.2. Sampling
In total 341 samples were collected for Work Package 2 of the SoSRARE project. These samples
included rock, regolith and water samples collected from the Ambohimirahavavy, Manongarivo and
other locations in the region. Sampling concentrated on previously un-sampled lithologies and
magmatic or hydrothermally altered lithologies. Samples collected in the Ambohimirahavavy
Complex were from areas associated with both high and low concentrations of REE mineralisation
within the weathered profiles. Many of the bedrock samples taken were from outcrops in rivers, as
this is where the majority of outcrop is found in both the Ambohimirahavavy and Manongarivo
Complexes. The complete sample list including sample codes, descriptions and location coordinates
is given in Appendix III.
4.2. Petrography
In total 67 thin sections were made from samples collected from Ambohimirahavavy, Mt.
Sambirano, Manongarivo and the Ambanja road syenite quarries (Appendix III). Petrographic
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analysis of relevant thin sections recorded the lithology, mineral proportions, textures, alteration,
crystallisation order, and other relevant comments. Photomicrographs of whole slides and, where
relevant, detailed areas with important textures and mineral assemblages were imaged. Imaging
was carried out using a Nikon Eclipse 400 microscope equipped with a DS-Fi3 digital camera and
NIS Elements D software at the University of Brighton.
4.2.1. Cold cathodoluminescence (cCL) imagery
Cold cathodoluminescence was undertaken at Camborne School of Mines (CSM) on selected
polished thin sections, following the method outlined in Broom-Fendley et al. (2016). This
technique used a CITL Mk 3a electron source, operated at ~9 kV and 350 nA.
4.3. Mineral Chemistry
4.3.1. Scanning Electron Microscopy (SEM)
Detailed petrographic and qualitative mineralogical observations were made on thin sections using
Scanning Electron Microscope (SEM) techniques at the British Geological Survey, Nottingham.
Polished thin sections were coated with a c. 25μm carbon coat using an Emitech K950L high vacuum
carbon evaporation coater prior to use in the SEM. Two SEM were used and details for each are
given below.
A FEI Company Quanta 600 scanning electron microscope (SEM) was used to collect SEM
photomicrographs and qualitative mineral phase identification. This instrument is equipped with
an Oxford Instruments INCA Energy 450 energy-dispersive X-ray microanalysis (EDXA) system with
a 50 mm2 Peltier-cooled (liquid nitrogen free) silicon drift detector (SSD) X-ray detector capable of
detecting elements from boron to uranium. The EDXA system was used as a guide to mineral phase
identification. Thin sections analysed were under high vacuum conditions (<1x10-4 torr) and
accelerating voltages of 10 – 20kV were used. SEM photomicrographs were obtained under
backscatter electron imaging (BSE) and secondary electron imaging (SE) conditions as 8 bit greyscale
TIF format digital images. Images were collected over a range of magnifications, primarily at a
resolution of 1024 x 884 pixels. Cathodoluminescence (CL) imaging was performed using KE
Developments Centaurus cathodoluminescence detector.
A LEO 435VP variable pressure digital scanning electron microscope was used to perform the
analyses. The instrument was operated in conventional high-pressure mode and the electron beam
set at an accelerating voltage of 20 kV and a 500pA probe current. For BSE imaging the SEM is
equipped with a four-quadrant solid-state detector. Qualitative mineral/phase identification was
done by observation of energy-dispersive x-ray spectre, which were recorded using an Oxford
Instruments INCA energy-dispersive X-ray microanalysis (EDXA) system.
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4.3.2. Electron Probe Microanalysis (EPMA)
Quantitative mineral compositional data of pyroxene, amphibole, olivine, biotite, feldspar and
nepheline were obtained using an electron probe microanalysis JEOL JXA-8200 instrument with
wavelength dispersion spectrometry (WDS) at Camborne School of Mines, University of Exeter, UK.
Three set of analyses took place in October 2017, April 2018 and September 2018. Conditions did
vary between each of these collection times resulting in some scatter between the data sets.
Backscattered electron imaging was used to check for homogeneity of the crystals and to locate
suitable areas for analysis. Standards used for each analyses set are given in Table 4.1. Details of
peak positions and spectromers conditions for each set of analyses is givien in Table 4.2. In October
2017, analyses were carried out using operating conditions of 15 kV accelerating voltage, 10 nA
beam current, and 10 μm beam diameter. In April 2018, analyses were carried out using operating
conditions of 15 kV accelerating voltage, 100 nA beam current, and 10 μm beam diameter. Data
collected in April 2018, due to the high beam current, may not record the correct volatile element
(Na, F, and Cl) content. However, much of this data appears to be within error for the major
elements, with some differences in F and Cl content. In September 2018, analyses were carried out
using operating conditions of 15 kV accelerating voltage, 10 nA beam current, and 10 μm beam
diameter. Where analyses have been extensively affected by high beam current conditions, these
results are highlighted or omitted.
Quantitative mineral compositional data of apatite, allanite and titanite were obtained using a
Cameca SX100 electron microprobe at the Natural History Museum, London. Instrument beam
conditions used were 20 kV and 20 nA with a 1 μm probe size. For analytical details, see Table 4.3.
4.3.3. Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)
A suite of trace elements in pyroxene, amphibole and biotite were analysed at the British Geological
Survey, Nottingham. The method used is based upon the BGS LA-ICP-MS unpublished user guide
2018. The LA-ICP-MS system consisted of New Wave Research UP193FX excimer (193nm) laser
ablation system coupled to an Agilent 7500 series quadrupole ICP-MS, calibrated using a trace
element glass standard (NIST SRM-610). Ablated material was carried to the ICP-MS from the laser
ablation chamber by a He gas stream. As samples presented to the LA-ICP-MS were polished thin
sections, a shallow ablation crater of 15 μm depth was necessary, with the laser having a dwell time
of 30 s at 5 Hz. Data were collected in time resolved analysis mode. A gas blank was measured
before an ablation series of samples, calibration standards and quality control (QC) standards;
sample and QC standards are bracketed by calibration standards. Data reduction was performed
using Iolite v2.5 software (Paton et al., 2011) using NIST SRM610 trace element glass as the
standard. NIST SRM612 was used for quality control purposes. Measured and expected nominal
values of these standards are from the GeoREM database (http://georem.mpch-mainz.gwdg.de/).
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Table 4.1. Standards and current conditions for EPMA analysis sets at Camborne School of Mines.
September 2018
April 2018
Oxide
Standard Name
Current (A)
Mass
Standard Name
Current (A)(1)
SiO₂(2)
Ast-Orthoclase
1.02E-08
64.67
Ast-Orthoclase
1.04E-07
F
Ast-Fluorite
1.02E-08
48.67
Ast-Fluorite
1.05E-07
K₂O
Ast-Orthoclase
1.02E-08
15.96
Ast-Orthoclase
1.04E-07
FeO
Ast-Almandine
1.03E-08
23.27
Ast-Almandine
1.04E-07
MgO
Ast-Periclase
1.02E-08
100.0
Ast-Periclase
1.04E-07
(3)
Na₂O
Ast-Albite
1.03E-08
11.59
Ast-Albite
1.04E-07
Cl
Ast-Tugtupite
9.66E-09
7.4
Ast-Tugtupite
1.04E-07
(3)
MnO
Ast-Bustamite
1.02E-08
24.31
Ast-Bustamite
1.04E-07
Al₂O₃
Ast-Almandine
1.03E-08
22.05
Ast-Almandine
1.04E-07
CaO
MK2-CaSiO₃
1.02E-08
47.475
MK2-CaSiO₃
1.05E-07
Cr₂O₃
Ast-Cr₂O₃
1.02E-08
100.013
Ast-Cr₂O₃
1.04E-07
TiO₂
Ast-Rutile
1.02E-08
99.983
Ast-Rutile
1.04E-07
NiO
Ast-M-Ni
1.02E-08
127.214
Ast-M-Ni
1.04E-07
ZrO₂
MK2-ZrSiO₄
1.02E-08
67.229
MK2-ZrSiO₄
1.04E-07
ZnO
Ast-M-Zn
1.03E-08
124.464
Ast-M-Zn
1.04E-07
(3)
SO₃
Ast-Barite
1.04E-07
(1) Current amperage set too high (1.0E-07 A) during April analyses.
(2) SiO₂ initially calibrated on Almandine for October 2017 analyses.
(3) Na₂O calibrated on Jadeite as an alternative for albite during September 2018 analyses.
(4) MnO initially calibrated on Rhodonite for October 2017 analyses.
(5) SO₃ not analysed in September 2018 analyses.
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Mass
64.67
18.132
15.96
23.27
100.0
11.59
7.4
24.31
22.05
47.475
100.013
99.983
127.214
67.229
124.464
34.07

Standard Name
Ast-Almandine
Ast-Fluorite
Ast-Orthoclase
Ast-Almandine
Ast-Periclase
Ast-Albite
Ast-Tugtupite
Ast-Rhodonite
Ast-Orthoclase
MK2-CaSiO₃
Ast-Cr₂O₃
Ast-Rutile
Ast-M-Ni
MK2-ZrSiO₄
Ast-M-Zn
Ast-Barite

October 2017
Current (A)
1.04E-08
1.02E-08
1.02E-08
1.04E-08
1.02E-08
1.02E-08
1.02E-08
1.02E-08
1.02E-08
1.04E-08
1.02E-08
1.02E-08
1.02E-08
1.02E-08
1.02E-08
1.06E-08

Mass
39.19
18.132
15.96
23.27
100.0
11.59
7.4
42.3
16.88
33.93
100.013
99.983
127.214
67.229
124.463
34.07
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Table 4.2. Further analytical conditions for EPMA analysis sets at Camborne School of Mines.
September 2018(1)
April 2018
October 2017 (2)
Element
Crystal
X-Ray
Count time (s)
Crystal
X-Ray
Count time (s)
Crystal
X-Ray
Count time (s)
Peak
Back
Peak
Back
Peak
Back
Si
TAP
Ka
10
5
TAP
Ka
10
5
TAP
Ka
20*
10*
F
TAPH
Ka
20
10
TAPH
Ka
20
10
TAPH
Ka
20
10
K
PETJ
Ka
30
15
PETJ
Ka
30
15
PETJ
Ka
40*
20*
Fe
LIFH
Ka
20
10
LIFH
Ka
20
10
LIFH
Ka
20
10
Mg
TAP
Ka
20
10
TAP
Ka
20
10
TAP
Ka
20
10
Na
TAPH
Ka
30
15
TAPH
Ka
30
15
TAPH
Ka
30
15
Cl
PETJ
Ka
20
10
PETJ
Ka
20
10
PETJ
Ka
40*
20*
Mn
LIFH
Ka
20
10
LIFH
Ka
20
10
LIFH
Ka
40*
20*
Al
TAP
Ka
20
10
TAP
Ka
20
10
TAPH
Ka
20
10
Ca
PETJ
Ka
20
10
PETJ
Ka
20
10
PETJ
Ka
30*
15
Cr
LIFH
Ka
20
15
LIFH
Ka
20
15
LIFH
Ka
40*
20*
Ti
PETJ
Ka
20
10
PETJ
Ka
20
10
PETJ
Ka
30*
15
Ni
LIFH
Ka
30
15
LIFH
Ka
30
15
LIFH
Ka
40*
20*
Zr
PETJ
La
30
15
PETJ
La
30
15
PETJ
La
40*
20*
Zn
LIFH
Ka
30
15
LIFH
Ka
30
15
LIFH
Ka
30
15
S
Ka
20
10
PETJ
Ka
20
10
(1) S not measured during September 2018 analyses.
(2) Peak and background set for longer period (*) for Si, K, Cl, Mn, Ca, Cr, Ti, Ni, and Zr during October 2017 analyses relative to April 2018
and September 2018 analyses.
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Table 4.3. Analytical conditions and standards for Natural History Museum (London) EPMA analyses.
Oxide
Standardsᵃ
Element
Crystal
X-Ray
Peak Position*
P₂O₅
SCP STD217
P
TAP
Ka
Sp4
23979
Na₂O
JAD3 STD048
Na
TAP
Ka
Sp4
46367
Al₂O₃
COR2 STDIC
Al
TAP
Ka
Sp4
32466
SiO₂
WOL3 STDIC
Si
TAP
Ka
Sp4
27741
K₂O
KBR3 STD075
K
LPET
Ka
Sp3
42729
CaO
WOL3 STDIC
Ca
PET
Ka
Sp1
38385
MnO
MNT STDIC
Mn
LLIF
Ka
Sp5
52205
Fe₂O₃
FAY STD278
Fe
LLIF
Ka
Sp5
48086
SrO
STO STD088
Sr
LPET
La
Sp3
78376
La₂O₃
LAG STD057
La
LPET
La
Sp3
30500
Ce₂O₃
CEG STD175
Ce
LPET
La
Sp3
29332
Pr₂O₃
PRG STD073
Pr
LLIF
Lb
Sp5
56101
Nd₂O₃
NDG STD051
Nd
LLIF
La
Sp5
58874
F
TOP2 STD093
F
LPC0
Ka
Sp2
41005
Cl
HAL2 STD042
Cl
PET
Ka
Sp1
54031
MgO
FOR STD277
Mg
TAP
Ka
Sp4
38497
Y₂O₃
YYG STD099
Y
TAP
La
Sp4
25112
Nb₂O₅
PNB STD127
Nb
LPET
La
Sp3
65357
Ta₂O₅
PTA STD183
Ta
LLIF
La
Sp5
37788
ThO₂
MON STD216
Th
LPET
Ma
Sp3
47250
UO₂
UUO2 STD196
U
PET
Mb
Sp1
42451
TiO₂
STO STD088
Ti
PET
Ka
Sp1
31439
Standard Compositions
JAD3 STD048
O : 47.60%, Na : 11.28%, Mg : 0.05%, Al : 13.33%, Si : 27.79%, Ca : 0.08%, Fe : 0.00%
COR2 STDIC
Al : 52.92%, O : 47.08%
WOL3 STDIC
O : 41.15%, Si : 23.98%, Ca : 33.92%, Mn : 0.12%, Fe : 0.83%
KBR3 STD075
K : 32.86%, Br : 67.14%
MNT STDIC
Mn : 36.42%, Ti : 31.76%, O : 31.82%
FAY STD278
O : 31.40%, Si : 13.78%, Fe : 54.81%
STO STD088
Sr : 47.74%, Ti : 26.10%, O : 26.16%
LAG STD057
O : 41.99%, Al : 5.57%, Si : 26.08%, Ca : 12.20%, La : 14.15%
CEG STD175
O : 40.95%, Al : 5.36%, Si : 25.11%, Ca : 11.75%, Ce : 16.83%
PRG STD073
O : 42.06%, Al : 5.59%, Si : 26.15%, Ca : 12.25%, Pr : 13.90%
NDG STD051
O : 41.81%, Al : 5.55%, Si : 25.99%, Ca : 12.16%, Nd : 14.48%
TOP2 STD093
O : 34.50%, F : 20.70%, Al : 29.80%, Si : 15.00%
HAL2 STD042
Na : 39.34%, Cl : 60.66%
FOR STD277
O : 45.48%, Mg : 34.55%, Si : 19.98%
YYG STD099
O : 42.81%, Al : 6.72%, Si : 24.46%, Ca : 15.01%, Y : 11.00%
PNB STD127
Nb : 100.00%
PTA STD183
Ta : 100.00%
MON STD216
O : 26.83%, Si : 1.12%, P : 11.91%, Ca : 0.68%, Fe : 0.10%, Y : 0.17%, La : 11.10%, Ce :
23.03%, Pr : 2.46%, Nd : 8.32%, Sm : 1.14%, Gd : 0.74%, Pb : 0.31%, Th : 11.65%, U : 0.25%
UUO2 STD196
U : 88.15%, O : 11.85%
Peak Positions
Sp4 23979 (600, Slope = 1.05), Sp4 46367 (-800, 800), Sp4 32466 (800, Slope = 1.2), Sp4 27741 (750, Slope
= 1.1), Sp3 42729 (600, Slope = 1.05), Sp1 38385 (-600, 600), Sp5 52205 (600, Slope = 1.05), Sp5 48086
(950, Slope = 1.05), Sp3 78376 (1000, Slope = 1.05), Sp3 30500 (-695, 265), Sp3 29332 (600, Slope = 1.05),
Sp5 56101 (-449, 8651), Sp5 58874 (-13470, 5880), Sp2 41005 (-1000, 1000), Sp1 54031 (600, Slope = 1.05),
Sp4 38497 (-1100, 1100), Sp4 25112 (350, Slope = 1.1), Sp3 65357 (-500, 500), Sp5 37788 (600, Slope =
1.05), Sp3 47250 (600, Slope = 1.05), Sp1 42451 (600, Slope = 1.05), Sp1 31439 (600, Slope = 1.05)

69

4. Methods
Table 4.3. cont.

Spectromers Conditions
Sp4 TAP, Sp4 TAP, Sp4 TAP, Sp4 TAP, Sp3 LPET, Sp1 PET, Sp5 LLIF, Sp5 LLIF, Sp3 LPET, Sp3 LPET,
Sp3 LPET, Sp5 LLIF, Sp5 LLIF, Sp2 LPC0, Sp1 PET, Sp4 TAP, Sp4 TAP, Sp3 LPET, Sp5 LLIF, Sp3 LPET,
Sp1 PET, Sp1 PET
Full Spectromers Conditions
Sp4 TAP(2d= 25.745,K= 0.00218), Sp4 TAP(2d= 25.745,K= 0.00218), Sp4 TAP(2d= 25.745,K= 0.00218),
Sp4 TAP(2d= 25.745,K= 0.00218), Sp3 LPET(2d= 8.75,K= 0.000144), Sp1 PET(2d= 8.75,K= 0.000144),
Sp5 LLIF(2d= 4.0267,K= 5.8E-05), Sp5 LLIF(2d= 4.0267,K= 5.8E-05), Sp3 LPET(2d= 8.75,K= 0.000144),
Sp3 LPET(2d= 8.75,K= 0.000144), Sp3 LPET(2d= 8.75,K= 0.000144), Sp5 LLIF(2d= 4.0267,K= 5.8E-05),
Sp5 LLIF(2d= 4.0267,K= 5.8E-05), Sp2 LPC0(2d= 45.008,K= 0.001), Sp1 PET(2d= 8.75,K= 0.000144),
Sp4 TAP(2d= 25.745,K= 0.00218), Sp4 TAP(2d= 25.745,K= 0.00218), Sp3 LPET(2d= 8.75,K= 0.000144),
Sp5 LLIF(2d= 4.0267,K= 5.8E-05), Sp3 LPET(2d= 8.75,K= 0.000144), Sp1 PET(2d= 8.75,K= 0.000144),
Sp1 PET(2d= 8.75,K= 0.000144)

4.3.4. X-Ray Diffraction (XRD)
X-Ray diffraction data were collected at the University of Brighton using a Panalytical MRD X’pert
Pro High-Resolution diffractometer in Bragg-Brentano geometry using Ni-filtered Cu-Kα radiation
and tube conditions of 40 kV and 40 mA. This work was done to determine the mineralogical
composition of regolith samples selected for stable isotope analysis (Section 4.5.2; Ch. 11). Analyses
was done on randomly orientated pressed powder pellets, which were obtained by powdering
samples using an agate pestle and mortar. These pressed powders were analysed from 5° to 70° 2θ
at a scanning rate of 0.01 degrees per minute. In addition, variably physically and chemically
purified clay mineral separates were analysed (See section 4.5.2 for clay mineral separate
preparation method). These were presented to the XRD as orientated clay mineral films on glass
slides, produced by air-drying clay mineral suspension dropped onto glass slides in a clean
environment (Kilkie, 2017). These orientated clays were analysed from 3° to 40° 2θ at a scanning
rate of 0.01 degrees per minute.
4.4. Whole Rock Geochemical Analysis
Whole rock analyses for major oxides were carried out at ALS (Ireland) and for trace elements at
the University of Brighton and British Geological Survey, Nottingham. Powdered rock samples were
crushed using a Fritsch Pulverisette 1 classic line jaw crusher, with hardened tool steel plates to
< 2 mm fragments. These fragments were further reduced to a powder form using a Retsch
Planetary Ball Mill PM 400 running at 300 rpm for 30 min (See Appendix II.1.1. for further details).
4.4.1. Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) for Major Oxides
Powdered rock samples were sent to ALS laboratory group (Co. Galway, Ireland) for whole rock
major oxide analysis using their ME-ICP06 whole rock analysis package. This includes LOI at 1000°C
determination, preparation of solutions by acid dissolution of fused beads and measurement of
SiO2, Fe2O3, CaO, MgO, Na2O, K2O, Cr2O3, TiO2, MnO, P2O5, SrO and BaO using inductively coupled
plasma atomic emission spectroscopy (ICP-AES). Certified reference material standards GRE-3,
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OREAS-1 and SY-4, blank solutions and duplicate samples analysed to check accuracy and precision
were within target bounds for quality control.
4.4.2. Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) for Trace Elements
4.4.2.1. University of Brighton
A selection of samples collected during November 2015 were analysed for trace elements at the
University of Brighton. Such analyses had not previously been done at the University of Brighton,
thus method development undertaken to obtain these data is given in Appendix II.1.2. Procedure
developed is based upon that described by McDonald and Viljoen (2006).
Approximately 1.0 g of each powdered rock sample was ignited at 900°C in a muffle furnace to
release volatiles and the Loss on Ignition (LOI) calculated. A 0.100 g aliquot of the ignited rock
powder was mixed with 0.400 g of Lithium Tetraborate: Metaborate flux (66: 34; Fluxana FX-X65)
and 1 drop of Lithium Iodide non-wetting agent (Fluxana) in a platinum/gold (95/5; Fluxana)
crucible. The mixture was fused at 1200°C using a Fluxana Automated Electric Fusion Machine. Post
fusion, the crucible containing the fused glass was placed in a Teflon beaker, submerged in 100 ml
of 5% HNO₃ and exposed to ultrasonic agitation. After complete glass dissolution, the solution was
made up to 250 ml using 18.2 MΩ. Solutions were further diluted by 1:5, resulting in a 1:10000
dilution and analysed for REE, Ti, V, Cr, Mn, Co, Ni, Ga, Rb, Sr, Y, Zr, Nb, Ba, Hf, Ta, Th and U using a
Agilent 7900 ICP-MS. Calibration was performed using international certified reference materials
(CRMs) BCR-2, GSP-2, BIR-1a, STM-2, JR-1, JA-2 and JG-3, prepared in the same manner as described
for the samples, alongside a reagent blank. The Agilent 7900 ICP-MS has a mixing tee used to add
internal standards with an automated in line tubing connection, the internal standard used is a
100 ppb Rh solution in 0.5% HNO₃. The Rh internal standard is used to monitor and correct for drift
over the course of the run. Accuracy was assessed by routine analysis of CRM JB-1b, which was
prepared as an unknown in each sample batch. In addition, the CRMs BHVO-2 and W-2a were also
routinely used to monitor accuracy. Measured and expected nominal values of these CRMs are
available from the GeoREM database (http://georem.mpch-mainz.gwdg.de/).
4.4.2.2. British Geological Survey
Powdered rock samples of selected samples collected in September to October 2016 and November
2015 were sent to the British Geological Survey (Keyworth) for whole rock trace element analysis.
Samples were fused using sodium peroxide and dissolved in dilute hydrochloric, nitric and
hydrofluoric acids and solutions analysed by ICP-MS. Trace elements analysed for include Li, Be, B,
Mg, Al, Si, P, S, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, As, Se, Rb, Sr, Y, Zr, Nb, Mo, Ag, Cd, Sn, Sb,
Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Tb, Gd, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Tl, Pb, Bi, Th and U.
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4.5. Stable Isotope Geochemistry
4.5.1. Background to Stable Isotopes
Stable isotopes denote non-radiogenic isotopes, whose isotopes do not undergo radioactive decay
(Hoefs, 2015). About 300 stable isotopes have been discovered, however this work focuses on the
¹⁸O/¹⁶O, H/D and ¹³C/¹²C stable isotope pairs. The difference in atomic mass between isotopes
results in variations in the physical and chemical properties of an element, which are termed
‘isotope effects’ (Hoefs, 2015).
Isotopic compositions of elements whose isotopes are fractionated, like O, H and C, is expressed as
the ratio R, which is the isotopic abundance of the heavy isotope divided by that of the light isotope
(Faure and Mensing, 2005). Isotopic ratios of O and H are expressed in delta (δ) notation relative to
standard mean oceanic water (SMOW), and for C isotopes relative to Vienna SMOW (VSMOW) or
Vienna Pee Dee Belemnite (VPDB) and is defined by the relation:
𝑅𝑅𝑥𝑥

𝛿𝛿𝑥𝑥 = �𝑅𝑅

𝑆𝑆𝑆𝑆𝑆𝑆

− 1� × 103 (‰) [Eqn. 4.1]

In which, 𝑥𝑥 is ¹⁸O, D, or ¹³C, 𝑅𝑅𝑥𝑥 is the isotope ratio of the sample, 𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆 is the isotope ratio of the

standard (SMOW, VSMOW or V-PDB), and 𝛿𝛿𝑥𝑥 is the difference between these R values expressed
as per mille.

Isotope fractionation results from two main processes, 1) kinetic processes and 2) isotope exchange
reactions or equilibrium fractionations (Hoefs, 2015). Kinetic isotope fractionations result from
different rates of chemical reactions or physical processes that involve isotopically substituted
species. In equilibrium systems, forward and backwards chemical reactions involving isotope
exchanged occur at similar rates, thus the magnitude of the kinetic fractionations accompanying
the forward and reverse chemical reactions controls the distribution of isotopes in the product and
reactant species (See Savin and Hsieh, 1998 and Hoefs, 2015 for further details).
4.5.2. Stable Isotope Sample Preparation and Analysis
All stable isotope analysis work was undertaken at the Scottish Universities Environment Research
Centre (SUERC, Glasgow). Material analysed included pyroxene, amphibole, quartz and calcite from
the bedrock, quartz and kaolinite from the regolith and water samples from streams and boreholes.
Mineral separation of pyroxene, amphibole and quartz was conducted by heavy liquid separation
(methylene iodide) followed by grain picking. Calcite and some quartz separates were obtained by
selective drilling. Kaolinite mineral separates were obtained by centrifugation followed by chemical
purification to remove residual carbonate (Gilg et al., 2004; Bergaya and Lagaly, 2013), organic
matter (Bergaya and Lagaly, 2013) and oxides and hydroxides (Mehra and Jackson, 1958; Girard et
al. 2000). Gibbsite is not removed during the latter chemical treatment, thus heating of kaolinite
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separates at 200°C was done in an attempt to remove this phase. Full description of kaolinite
separate purification procedure detailed in Appendix II.1.3. With the exception of calcite separates,
mineral separates were heated at 200°C for 2 hours under vacuum conditions to remove adsorbed
H₂O prior to O and H gas extraction.
4.5.2.1. Oxygen Isotope Analysis: Silicate Minerals
Mineral separates were analysed for O isotopes using a laser fluorination procedure, involving total
sample reaction with excess ClF₃ using a CO₂ laser at temperatures in excess of 1500 °C (Sharp,
1990). Approximately 1 – 2 mg of sample were loaded into a platinum sample holder and evacuated
to 1E-3 mbar. For clay mineral separates one sample and one standard was loaded per run, whereas
for pyroxene, amphibole and quartz separates up to six samples and six standards were loaded per
run. After prefluorination using ClF₃, to ensure removal of all non-structurally bound O₂, samples
were held under vacuum conditions for 1 hour for clay minerals and a minimum of 20 minutes for
other silicate phases. Subsequent laser fluorination resulted in 100% release of O₂ from the silicate
lattice. This was O₂ converted to CO₂ by reaction with hot graphite, which was then analysed using
a VG SIRA 2 duel inlet mass spectrometer. The results are reported in standard δ notation,
expressed in permil (‰) deviations from VSMOW. Reproducibility on well characterised standards
varied form 0.08 (1σ; n = 6) to 1.20 (1σ; n = 4). On standard YP2 reproducibility was 0.32 (1σ; n =
10) which is taken as typical for the methodology. Larger variations arise from one analysis of
standard NBS28, which may be in error.
4.5.2.2. Hydrogen Isotope Analysis: Silicate Minerals
Hydrogen analysis was done by in vacuo bulk heating following the method of Donnelly et al. (2001).
Approximately 35 to 50 mg of sample were loaded into a platinum sample holder and evacuated to
1E-3 mbar. Samples heated using an induction coil to c. 1100°C for 30 minutes. An aliquot of sample
SR275 was step heated at temperature increments of 200, 250, 300, 350, 400 and 1100°C to assess
the δD of hydrogen aliquots outgassed over a range of temperatures. This was done to assess if all
δD was released from structurally bound OH in kaolinite or there if was hydrogen contribution from
adsorbed OH and contaminants, the results of this analysis are presented in Ch. 11.5. Released H₂O
passed through a chromium furnace and converted to H₂. The hydrogen aliquots were analysed
using a VG OPTIMA duel inlet mass spectrometer. The results are given in standard δ notation,
expressed in permil (‰) deviations from VSMOW. Reproducibility on well characterised standards
varied form 0.71 (1σ; n = 2) to 2.51 (1σ; n = 5).
4.5.2.3. Carbon and Oxygen Isotope Analysis: Carbonate Minerals
Carbon and oxygen isotope analysis were obtained for six calcite mineral separates from a variety
of lithologies of the Ampasibitika Intrusion. Carbonate samples were reacted with 100% phosphoric
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acid at 70°C. Release CO₂ was measured for ¹²C, ¹³C, ¹⁶O and ¹⁸O using AP (Analytical Precision) 2003
continuous flow mass spectrometer, which used He as the carrier gas. Standards used include MAB
(internal standard; 13 ‰ δ¹³CVPDB and 2.48 ‰ δ¹⁸OVPDB), ATC (internal standard; -9.1 ‰ δ¹³CVPDB and
-15.0 ‰ δ¹⁸OVPDB), NBS 18 (international standard; -5.0 ‰ δ¹³CVPDB and -23.0 ‰ δ¹⁸OVPDB). These data
are presented in standard δ notation, expressed in permil (‰) deviations from VPDB for carbon
and VPDB or VSMOW for oxygen. Duplicate analyses of SR290, SR314 and SR377 have standard
deviations of 0.01 to 0.19 and 0.05 to 1.26 for δ¹³CVPDB and δ¹⁸OVPDB respectively. Carbonate δ¹⁸OVPDB
is recalculated to δ¹⁸OSMOW (Ch. 7.7), to enable comparison with δ¹⁸O data from other silicate
mineral phases analysed (section 4.5.2.2).
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Part 1: Magmatic to Hydrothermal Evolution of the Ampasibitika Intrusion
Part 1 of this thesis is focussed on the magmatic to hydrothermal evolution of the Ampasibitika
Intrusion. Field observations and lithological desriptions are given in Ch. 5, petrographic features
are described in Ch. 6, mineral compositional data is presented in Ch. 7, and whole rock major oxide
and trace element data provided in Ch. 8. In each of these chapters key summaries and conclusions
from each data set are given. Part 1 culminates in Ch. 9, where a conceptual model for the
Ampasibitika Intrusion evolution and the impact of this on REE deportment is discussed.

5. The Ambohimirahavavy Alkaline Complex
This section details the field relationships observed during the two field expeditions. As an outcome
of the two field expeditions an updated geological map of the Ambohimirahavavy Alkaline Complex
was generated by the SoSRARE project team (Fig. 5.1). A full list of localities and their grid
references are given in Appendix III and shown on the geological map (Fig. 5.1)
5.1. Overview of Field Visits
In November 2015 a team of three researchers from the University of Brighton (myself, Dr
Guillaume Estrade and Prof Martin Smith) and the British Geological Survey (Dr Kathryn
Goodenough) undertook a preliminary 2-week reconnaissance fieldtrip to the Tantalus Rare Earths
AG ion adsorption REE prospect. The aim of this visit was to collect preliminary samples and gain
an initial impression of the prospect to inform sampling strategies for a second fieldtrip during
which the bulk of material needed for WP2 and WP4 1 of the SoSRARE project would be collected.
In the first few days we visited the Tantalus headquarters in Antananarivo before making the 2-day
journey north to Ankobabe (town closest to the prospect) to visit the local Tantalus office and core
store. We were granted access to both the prospect area and diamond drill core collected by the
company. As a result, we spent 1.5 days sampling and logging drill core material at the Ankobabe
core store, and 3 days in the Ampasibitika intrusion (southeastern) area of the Ambohimirahavavy
Alkaline Complex. For the duration of our visit to the Complex we stayed in the company’s
Betaimboay field camp, located in the south east of the prospect area. From the field camp, we
undertook basic mapping and sampling of rocks where exposure allowed.

C.f. Introduction…
WP2 – Formation of ion adsorption deposits > geological processes
WP4 – Processing of ion adsorption deposits > extraction processes

1
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Figure 5.1. Geological Map of the Ambohimirahavavy Alkaline Complex.

76

Original in colour

5. The Ambohimirahavavy Alkaline Complex
Samples collected during this reconnaissance trip included 69 hard rock samples, of which 42 were
from core and 27 from outcrops, and 120 regolith samples. This reconnaissance was important for
defining areas of targeted regolith sampling during the main field visit in September to October
2016. However, the rock samples collected during this initial visit form the majority of material
analysed in this thesis as firstly the quantity of material sampled was greater than expected and
encompassed many of the rock types of interest and secondly time constraints during this project
meant that these samples were able to be investigated for a greater amount of time.
In September to October 2016, two researchers from the University of Brighton (myself and Dr
Guillaume Estrade) and two researchers from the British Geological Survey (Dr Megan Barnett and
Dr Kathryn Goodenough) undertook the main 4-week fieldtrip. The primary aim was to collect
regolith material for WP2 and WP4 from the Ampasibitika intrusion (southeastern) area of the
Ambohimirahavavy Alkaline Complex. In the Ampasibitika intrusion area, 4 days were spent in two
teams collecting regolith material and rock samples, during which 5 pits were dug, sampling regolith
above a variety of bedrock. After this, we visited the Tsarabariabe Intrusion area, where we were
based at the Tsarabanja Village from which we undertook mapping and sampling of the area for 2
days. We then returned to Ambanja to meet Dr Soatsitohaina Rakotovao and Jeanne Maminirina
(University of Antananarivo) before visiting the Manongarivo Complex 2 for 4 days, where in two
teams we sampled and mapped the southeastern portion of the complex where exposure and
access allowed. During this trip, additional visits were made to the Ankify and Mt. Sambirano
complexes, which are both within driving distance from the town of Ambanja. Over the course of
this trip a total of 45 rock, 94 regolith, 15 microbiology and 8 water samples were collected. Rock
samples collected from the Ampasibitika intrusion (and to a lesser extent the Tsarabariabe
Intrusion) during this visit and results of analysis of the regolith material by WP2 and WP4 are used
in this thesis.
Access to all field areas was via dirt road using four-wheel drive vehicles, once at the field areas all
further exploration, mapping and sampling was undertaken on foot. The timings of the two
fieldtrips to northwest Madagascar were constrained by the regional climate; as access to the field
areas are via dirt roads that become impassable in the rainy season even using four-wheel drive
vehicles.

The Manongarivo Complex is located within a national park and requires collaboration with the University
of Antananarivo for a fieldwork permit.

2
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5.1.2. Climate, Terrain and Exposure
Northwest Madagascar has a tropical climate, with rainfall of c. 1500 mm/annum and temperatures
ranging from 20 to 27°C (Davies, 2008, 2009). The region experiences a dry season from May to
October and a wet season from November to April that is associated with the northwest monsoon
(Davies, 2008, 2009). The Tantalus Project has an average annual temperature exceeding 25°C and
rainfall of over 2000 mm/annum (Desharnais et al., 2014). These climatic conditions are conducive
for chemical weathering of bedrock and the development of thick regolith profiles, which in the
project area average 13.5 m thick and a maximum of > 40 m (Desharnais et al., 2014).
The terrain of the Ambohimirahavavy Alkaline Complex area is rugged, with elevations ranging from
sea-level to 713 m. Plutonic syenitic and granitic units of the Tsarabariabe and Ampasibitika
intrusions underlie areas with the highest elevations, although the volcanic plugs within the
Ampasibitika Caldera also underlain areas of elevated topography. Secondary vegetation, including
bamboo and travellers palms, covers the majority of the project area and slash and burn agriculture
is very common, producing areas of barren ground (Fig. 5.2; Desharnais et al., 2014).
In all field areas visited, bedrock exposures were limited principally to riverbeds, rare escarpments
and boulder fields on the flanks of intrusions. The areas between are either densely vegetated
limiting access or covered by thick regolith profiles.

Figure 5.2. Top – Southern portion of the Ampasibitika Annular Intrusion as seen from the Central Volcanic Plug (viewpoint
VP1 Fig. 5.1). Area is characterised by undulating topography and variable vegetation cover from bare (result of slash and
burn agriculture), agricultural (rice fields) and secondary forest (bamboo and other trees); Bottom – schematic
interpretation of the geological units underlying cover.
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5.2.1. Constraints on Field Relationships: Exposure and Sample Material
As much of the Ambohimirahavavy Alkaline Complex is covered by regolith, information on the field
relationships between units in the field is restricted to a few outcrops. Units of the
Ambohimirahavavy Alkaline Complex were observed in a variety of situations, including diamond
drill core, field outcrops, and pits dug into the regolith, each with benefits and disadvantages.
Diamond Drill Core
Tantalus Rare Earths AG sampled both regolith and bedrock material as part of their diamond drill
core program. Of the five cores sampled, three were logged in detail across the regolith bedrock
transition and to depths up to 69 m; these include TAND007, TAND044 and TAND097 (Appendix
IV). The limited number of cores logged, heterogeneous nature of the bedrock, un-orientated core,
and lack of core azimuth data means that correlating between cores was not possible. Thus, the
relationships between the rock units cannot be widely extrapolated. However, benefits of these
cores include the access to unaltered sample material, sampling of material not exposed or
observed in the field area, and the ability to observe the regolith to bedrock transition.
Field Outcrops
Outcrops in the field enable field relationships between rock units to be observed on larger surfaces
than in core, allowing decimetre- to metre-scale relationships to be observed in better context.
Challenges for such observations in the Ambohimirahavavy area are the lack of outcrop resulting
from the regolith cover. In addition, where outcrops are available, they are either ex-situ (e.g. as
boulders) or occur in riverbeds and cannot be related to regolith material (i.e. regolith has been
removed).
Pits
Pits were dug with the primary aim of collecting regolith material for characterisation of the ion
adsorption ores across the Ampasibitika Intrusion. These pits enabled regolith material to be
observed in situ. Where saprolite and saprock are present, it is possible to identify protolith rock
types. However, as these samples were extensively weathered information samples collected from
these pits are unsuitable for studies to determine the magmatic and hydrothermal evolution of the
Ampasibitika Intrusion.
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Figure 5.3. Lithodemic classification of units of the Ambohimirahavavy Alkaline Complex and summary of previously
published names from Estrade et al. (2014a) compared to equivalent and additional names in this study. See following
text for definitions of abbreviations.
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5.2. Geological Units and their Field Relationships
This section describes the key units of the Ambohimirahavavy Alkaline Complex shown on the
geological map (Fig. 5.1). The geological map here is largely based on previously published work
(Lacroix, 1902; Bésairie, 1936; BGS-USGS-GLW, 2008; Gilbertson, 2013; Desharnais et al., 2014;
Estrade et al., 2014a) with modifications based on our fieldwork and data provided by Tantalus Rare
Earths AG. The units presented are based on published literature and fieldwork during November
2015 and September to October 2016. The lithodemic classification of the sub-suites, lithodemes
and units of the Ambohimirahavavy Alkaline Complex are based on non-genetic, descriptive field
observations supplemented by previous literature where appropriate (Fig. 5.3). Poor exposure
across the complex does not enable clear relationships between various units to be defined.
5.2.1. Country Rocks: Isalo Super Group
The Ambohimirahavavy Complex intrudes sedimentary units of the Isalo Supergroup. In the
Ampasindava area these sedimentary units are principally comprised of marl, mudstone and
claystone, and fine to coarse sandstones (Papini and Benvenuti, 2008). Estrade et al. (2015)
described the development of skarns where peralkaline granitic dykes interacted with limestone in
the northern portion of the marginal dyke swarm. In core, mudstones and marls were the most
commonly observed country rock units, with rare sand-rich layers, < 5 cm wide. Where the
mudstones and marls are intruded by dykes of the marginal dyke swarm they are variably bleached.
5.2.2. Ampasibitika Annular Intrusion
The Ampasibitika Intrusion forms the southeast portion of the Ambohimirahavavy Alkaline
Complex. It is comprised of a syenitic annular intrusion, termed the Ampasibitika Annular Intrusion,
that forms a ridge encircling the Central Caldera (Estrade et al., 2014a; Fig. 5.1). The Central Caldera
is filled with a mixture of extrusive volcaniclastic and shallow intrusive volcanic rocks. Syenitic and
granitic dykes intrude both the outer zones of the main annular intrusion and the surrounding
country rock sediments (Estrade et al., 2014a; Fig. 5.1). These dykes occur in discontinuous bands
parallel to the main annular intrusion and are termed the Marginal Dyke Swarm.
5.2.2.1. Ampasibitika Alkali Feldspar Syenites (AAFS)
Alkali feldspar and quartz alkali feldspar syenites are the dominant rock type forming the
Ampasibitika Annular Intrusion, thought to underlie much of the annular ridge surrounding the
central caldera (BGS-USGS-GLW, 2008; Estrade et al. 2014a). The alkali feldspar syenites are
medium-grained to pegmatitic rocks and are generally characterised by varying proportions of alkali
feldspar, quartz, amphibole, clinopyroxene, biotite, Fe-Ti-oxides (Fig. 5.4a-e). The variable
proportions of quartz led Estrade et al. (2014a) to classify these rocks as ‘alkali feldspar syenite and
quartz alkali feldspar syenite’. In this study, the alkali feldspar syenites are further sub-divided into
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two varieties, type-1 and type-2 alkali feldspar syenites, which were studied in detail in drill core
TAND097:
 Type-1 Alkali Feldspar Syenite (T1AfsSy) (Fig. 5.4b,e): medium- to very coarse-grained, grey,
vari-textured3 alkali feldspar syenite with cumulate alkali feldspar laths (c. 60 vol. %) and
cumulate to interstitial ferromagnesian (c. 40 vol. %) and other accessory minerals.
Sporadic decimetre scale (up to 20 cm) enclaves of leucocratic, coarser grained alkali
feldspar syenite occur within the T1AfsSy.
 Type-2 Alkali Feldspar Syenite (T2AfsSy) (Fig. 5.4c-d): leucocratic coarse-grained to
pegmatitic, light grey, vari-textured alkali feldspar syenite with cumulate alkali feldspar
laths (c. 70 vol. %), variably altered intercumulus ferromagnesian minerals (c. 30 vol. %). In
some portions, intercumulus space is filled with carbonate and minor quartz (up to
5 vol. %).
Internal variation of alkali feldspar syenites is greater than accounted for in the log of TAND097
(Appendix IV). Images of TAND097 show that the degree of sericitisation (lighter coloured core),
which is more typical of the T2AfsSy does not occur in a single section but as patches of variable
size (10’s centimetres to meters) interleaved with the T1AfsSy (darker coloured, less sericitised).
Contacts between the darker T1AfsSy and the lighter T2AfsSy are typically diffuse, although where
there is a large difference in grain size (e.g. between coarse-grained and pegmatitic) the contacts
are sharper. The lack of adjacent core and poor field outcrop of the alkali feldspar syenites means
that further understanding of the geometric relationship between the T1AfsSy and T2AfsSy is not
possible. These alkali feldspar syenites are locally crosscut or contain enclaves of fine-grained mafic
and trachytic intrusive rocks (Appendix IV; See section 5.2.3 for further details).
These alkali feldspar syenites are further differentiated by their bulk rock geochemistry,
petrography and mineral chemistry characteristics.

Vari-textured: Description of plutonic igneous rocks with multiple textures on an outcrop to hand
specimen scale, including differing grain size, modal mineralogy and textural relationships (cumulate vs.
interstitial)
3

82

5. The Ambohimirahavavy Alkaline Complex

Figure 5.4. Ampasibitika Alkali Feldspar Syenites: a) diamond drill core TAND097 comprised of vari-textured dark grey
T1AfsSy and light grey T2AfsSy. b) T1AfsSy dark grey, coarse-grained and relatively unaltered. c) Vari-textured, very
coarse-grained to pegmatitic T2AfsSy with large clusters of ferromagnesian minerals clusters. d) Light grey, coarsegrained T2AfsSy with clusters of ferromagnesian minerals and interstitial carbonate-filled vugs. e) Medium to dark grey
T1AfsSy, medium- to coarse-grained, slightly sericitised.
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5.2.2.2. Ankobabe Hybrids
The Ankobabe Hybrids are an assemblage of variably mixed and mingled medium- to very coarsegrained nepheline syenites and fine-grained mafite lithologies. These heterogeneous units have
previously been described as nepheline syenites (Estrade et al., 2014a). This unit is principally
observed on the inner northern margin of the main annular AAFS intrusion (Fig 5.1, 5.5a); however,
a small outcrop of nepheline-bearing syenite is additionally described on the inner southern margin
(Fig. 5.5b). Although most samples occur ex-situ for the northern occurrence, the proximity of the
boulders to the ridge top that underlies the Ampasibitika annular intrusion indicates limited
transported from the point of origin. Magma mingling textures are common, with enclaves
(Fig. 5.5 b-c) and syn-magmatic dykes (Fig. 5.5d-e) of dark, fine-grained mafites exhibiting a variety
of textures.
Ankobabe Hybrid Nepheline Syenites (AHNS):
Nepheline syenites of the Ankobabe Hybrids are highly heterogeneous and differ on an
outcrop/boulder scale (Fig. 5.5b-d & 5.6). Commonalities between these syenites are the presence
of nepheline and alkali feldspar, although the proportion of these minerals vary, in addition
ferromagnesian mineral assemblages vary with three nepheline syenite groups distinguished on
this basis: Type-1 amphibole-dominated nepheline syenite (T1NeSy; Fig. 5.6a), Type-2 mixed
amphibole-pyroxene nepheline syenite (T2NeSy; Fig. 5.6b) and Type-3 pyroxene-dominated
nepheline syenite (T3NeSy; Fig. 5.6c). In general, increase in pyroxene content is coupled with
increases in the proportion of nepheline. Texturally, these syenites are vari-textured and mediumgrained to pegmatitic.
These nepheline syenites are further differentiated by their bulk rock geochemistry, petrography
and mineral chemistry characteristics.
Mafites:
Fine-grained dark grey enclaves and dykes show variable mixing and mingling textures with the
nepheline syenites of the Ankobabe Hybrids (Fig. 5.5b-d), resulting in a range of hybrid lithologies
with highly variable proportions of phenocrysts, xenocrysts and agglomerates relative to
groundmass. The fine grain-size makes it difficult to recognise the mineralogy of these lithologies
in the field, so they are termed mafite. These mafite units of the Ankobabe Hybrids can be roughly
split into ‘phenocryst-rich’ (Fig. 5.7a), ‘ocelli-rich’ (Fig. 5.7b) and ‘massive’ varieties (Fig. 5.7c).
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Figure 5.5. Ankobabe Hybrids: a) Viewpoint (VP2 Fig. 5.1) of caldera from top of ridge underlain by the Ampasibitika
Annular Intrusion showing the boulder field where samples of nepheline syenite were collected near Ankobabe Village. b)
Irregular-angular enclaved of ‘phenocryst-rich’ mafite intruding an amphibole-rich nepheline-syenite. c) Enclaves of ‘ocellirich’ mafite with sharp lobate contacts with the surrounding amphibole and pyroxene-bearing nepheline syenite. d)
Southern Ankobabe Hybrid outcrop of nepheline syenite crosscut by syn-magmatic mafite dyke on the inner, southern
margin of the Ampasibitika Annular Intrusion. e) Outcrop in valley on the outer northeast slope of the Ampasibitika
Annular Intrusion, nepheline syenite crosscut by syn-magmatic mafite dyke. Dyke exhibits has massive porphyritic texture
with sharp but very irregular contacts with the surrounding nepheline syenite and contains fragments of crystals and
agglomerates derived from the syenite.
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Figure 5.6. Nepheline syenite varieties of the Ankobabe Hybrids: a) T1NeSy, rich in amphibole (black mineral) and mingled
with mafite, b) T2NeSy, containing a mix of ferromagnesian minerals (amphibole, pyroxene, biotite and Fe-Ti-oxides), and
c) T3NeSy dominated by green aegirine.

Figure 5.7. Mafite varieties of the Ankobabe Hybrids a) ‘phenocryst-rich’ mafite enclave associated with the Type-1
Nepheline Syenite; b) ’Ocelli-rich’ mafite enclave associated with the Type-2 Nepheline Syenite that is characterised by
the presence of foid-filled ocelli and miarolitic cavities; c) ‘massive’ mafite dyke with some alkali feldspar pheno- or xenocrysts.

Magma Mixing and Mingling Textures:
Syn-Magmatic Mafite Dyke: Southern Ankobabe Hybrid (SR380; SR381)
A single riverbed outcrop on the inner slope of the southern portion of the Ampasibitika Annular
Intrusion is of coarse-grained nepheline-bearing syenite (SR381) crosscut by a 25 cm wide, mediumgrained, ‘massive’ mafite dyke (SR380) that dips gently eastwards (Fig. 5.5b). The contact between
the dyke and the syenite is irregular but sharp with unchilled margins; patches of fine-grained
material are present but not always near the dyke margins. The nature of the contacts indicates
that the syenite was still ‘hot’ during the intrusion of the mafite. The limited amount of outcrop in
this area means the extent of this southern portion of the Ankobabe Hybrids is uncertain.
Syn-Magmatic ‘Massive’ Mafite Dyke: Northern Ankobabe Hybrids SR368
Situated to the northeast of the Ankobabe Hybrids boulder field on the outer (opposing) slope of
the annular intrusion ridge a 30 cm wide fine-grained, ‘massive’ porphyritic mafite dyke crosscuts
a 5 m² outcrop of nepheline syenite (Fig. 5.5e, 5.7c). Contacts between the dyke and syenite are
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sharp but irregular, with the mafite enclosing slivers of the syenite along its margins. Bands of alkali
feldspar phenocrysts and agglomerates occur within the mafite dyke, which may be xenocrysts as
some appear to have been plucked from the surrounding syenite. This indicates that the
surrounding syenite had not completely crystallised prior to the intrusion of the dyke, indicating
that the dyke is syn-magmatic. This fine-grained intrusive does not contain the ocelli observed in
the other mafite enclaves.
‘Phenocryst-rich’ mafite enclave (SR665)
An alkali feldspar rich, amphibole-dominated nepheline-syenite (SR665) contains enclaves of
phenocryst-rich, melanocratic material (SR665) that has mixed to a large degree with the
surrounding syenite, resulting in a mesocratic-hybridised assemblage (Fig. 5.5d, 5.7a). The enclave
has relatively angular contacts with the surrounding syenite and tongues of mafite material intrude
the nepheline syenite at the apexes of the enclave. Some rounded xenoliths, up to 3 cm across, of
nepheline syenite are present within the mafite enclave. The relatively angular nature of the
contacts between the enclave and surrounding syenite indicate that the host was almost
crystallised when the mafite intruded. However, xenoliths and xenocrysts from the syenite were
incorporated into the mafite resulting in its phenocryst-rich apperance.
‘Ocelli-rich’ Mafite Enclaves: SR363, SR365
The ‘ocelli-rich’ melanocratic intrusive, which mingled with an amphibole and pyroxene bearing
nepheline syenite, is characterised by the presence of c. 1 cm leucocratic ocelli and enclaves filled
with foid minerals and miarolitic cavities surrounded by a melanocratic cryptocrystalline
groundmass (SR363, SR365; Fig. 5.5e-f, 5.7b). This mafite has sharp, lobate contacts within
nepheline syenite and in places occurs as isolated pods. This indicates that the nepheline syenite
crystal mush/melt was still ductile when the mafite intruded.
5.2.2.3. Marginal Dyke Swarm
The extent of the Marginal Dyke Swarm presented on the geological map is defined by the extent
of Estrade et al. (2014a)’s Peralkaline Granitic Dykes. The change in terminology to Marginal Dyke
Swarm for these dykes results from the intimate association of the peralkaline granitic dykes with
syenitic dykes and minor granitic dykelets in the field and in diamond drill core (Fig. 5.8). As such,
the outer marginal dyke swarm is defined as a set of hypabyssal to pegmatitic dykes of granitic and
syenitic affinity, located predominantly on the outer slope of the Ampasibitika Annular Intrusion.
Marginal Syenitic Dykes (MSD)
Microsyenitic and trachytic dykes are common units of the marginal dyke swarm. They are found
as large ex-situ blocks (up to 5 m across), or in situ as outcrops in streambeds, weathered material
in pits along the outer margin of the marginal dyke swarm and in cores TAND016, TAND007
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(Fig. 5.8a) and TAND044 (Fig. 5.8b; Appendix IV). These syenitic dykes are crosscut by both PGD and
‘Fe-oxide + quartz’ FQ dykelets. In the field, a wide (c. 2 m) microsyenite dyke observed crosscutting
mudstone on the outer flank of the Ampasibitika Annular Intrusion dipped gently (c. 20° WSW) into
the slope (i.e. towards the Ampasibitika Annular Intrusion; Fig. 5.8c). This fine- to medium-grained
microsyenite, comprised predominantly of alkali feldspar with minor quartz, is crosscut by a small,
c. 1 cm wide, pegmatitic dykelet (Fig. 5.8d).
These dykes range from trachytic to microsyenitic, with microgranular and in places porphyritic and
banded textures (Fig. 5.9). In general, trachytic textures are exhibited on dyke margins in contact
with surrounding country rock units, which transition into coarser grained and more massive
textures toward the dyke cores. Trachytes generally exhibit banding close to their margins with
surrounding sedimentary rocks and contain tabular feldspar phenocrysts up to 8 mm in length
(SoSRARE0338, TAND016). Porphyritic textures are common in the trachytic and finer grained
microsyenite; however, as the grain size increases porphyritic textures are lost. Unaltered dykes
are typically dark to light grey in colour (Fig. 9a,d). These dykes are variably altered, with interstitial
primary mineral assemblages replaced by red alteration assemblages resulting in increasingly red
colouration (Fig. 5.9 b,e). In TAND007, where intruded by peralkaline granitic dykes, these syenitic
dykes have been extensively altered and exhibit a distinctive green and white mottled appearance
with stringers, blebs or ‘honeycomb’ networks of purple-red oxides (Fig. 5.9c). Rare sulphide-rich
veins and stringers crosscut some altered porphyritic trachyte units.

Figure 5.8. Image next page - diamond drill core collected from the marginal dyke swarm of the Ampasibitika intrusion. a)
Borehole TAND007: variety of trachyte, microsyenite and granitic dykes crosscut mudstones of the Isalo Group. Granitic
dykes intrude previously intruded trachyte and microsyenite dykes. Mudstone country rock is variably bleached and some
of sections of the trachyte dykes are altered to a light green-grey colour. b) Borehole TAND044: Mudstone intruded by
microsyenite, which becomes increasingly coarse grained towards its core, with the exception of a medium grained,
syenitic enclave. Thin veinlets crosscut the microsyenite. Lower contact between the microsyenite and mudstone and
microsyenite is sharp, whereas the upper contact is slightly more diffuse. c) 2 m wide microsyenite dyke located on the
outer northeast flank of the Ampasibitika Intrusion (SR662) dips gently towards annular intrusion (upslope). d) Close up
of dykelet crosscuting homogeneous microsyenite dyke shown in (c).
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Figure 5.8. Caption previous page
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Figure 5.9. Variability of the marginal syenitic dykes: a) unaltered porphyritic trachyte from TAND016, b) partially altered
banded porphyritic trachyte from TAND044, c) completely recrystallised trachyte or microsyenite from TAND007,
exhibiting mottle coloration and honeycomb network of red veins, d) relatively unaltered microsyenite from TAND007,
and e) altered microsyenite from TAND016.

Peralkaline Granitic Dykes (PGD)
Peralkaline granitic dykes observed during this field campaign are classified using the nomenclature
of Estrade et al. (2014a, 2014b – Ch 3.3.4.). Only the GR-II and GR-III peralkaline granitic dykes were
observed in the field. These pegmatite dykes are exposed in stream outcrops and as boulders on
the eastern flank of the Ampasibitika Annular Intrusion and in diamond drill cores TAND007 and
TAND044 (Appendix IV; Fig. 5.8a-b). These dykes intrude both sedimentary units of the Isalo Group
and syenitic dykes of the marginal dyke swarm. Contacts between these dykes and the surrounding
rocks are sharp. In field outcrops, these dykes exhibit a range of intrusive geometries, with contacts
varying from linear to undulating and intrusion styles from sheet-like to listric and anastomosing
(Fig. 5.10; Estrade et al., 2014b).
GR-II dykes range in width from 5 cm to 2 m and exhibit characteristic aplitic to pegmatitic textural
banding (Fig. 5.11a-b). Mudstone and marls adjacent to these dykes are typically bleached and
skarns are developed where the dykes interact with limestone (Fig. 5.11b; Estrade et al., 2014b).
Samples of GR-II dykes were collected from diamond drill cores TAND044 and TAND007 (Fig.
5.8a-b).
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Figure 5.10. a) Sheet-like granitic dyke dips shallowly into the slope, towards the main annular intrusion, at c. 20 WSW at
this locality. For detail of shaded inset, see Fig 5.11c. b) Locality 1 (L1 - Fig. 5.1): Listric peralkaline granitic dykes intruding
limestones of the Isalo Group.
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Figure 5.11. a) GR-II dyke from locality 2 (L2 - Fig. 5.1) exemplifying characteristic banded pegmatitic-aplitic textures and
coarse-grained amphibole laths. b) Variably bleached mudstone surrounds GR-II dykes. Thin, c. 1-2 cm wide dykelets
offshoot from the main GR-II dyke. c) GR-III dyke (SR663; Inset from Fig 5. 10) Sharp contact between the granitic dyke
and surrounding mudstone country rock. d) This granitic dyke has a banded texture with three distinct regions: 1) Coarsegrained quartz-rich zone, which is homogeneous/massive, 2) banded aplite zone, bands are roughly parallel to the dyke
margins with some minor deviations, and 3) quartz-rich lenses that occur in the core of the dyke surrounded by aplite.
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A GR-III dyke (SR663) was observed in a small (7 x 3 m) outcrop on the outer flank of the
Ampasibitika Intrusion (Fig. 5.10a, 5.11 c-d). This c. 1 m wide dyke intruded mudstone and has a
complex internal structure of alternating bands of aplitic to coarse-grained massive material and
quartz lenses. The contact between this dyke and the surrounding mudstone is sharp but
undulating. Thin (< 1 cm wide) dykelets diverge from the main dyke intruding the surrounding
mudstone.
Mineralised Granitic Dykelets
Granitic dykelets (< 20 cm width) occur within the marginal dyke swarm, and crosscut microsyenites
and trachytes of the marginal dyke swarm as well as the surrounding country rock, and exhibit
pegmatitic textures in miniature. Three varieties of dykelet are distinguished, with the AEQ and CZQ
dykelet varieties observed in diamond drill core and FQ dykelets observed in the field:
‘Fe-Oxide + Quartz’ FQ dykelets (Fig. 5.12a-b): Red-coloured, Fe-oxide- and quartz-rich granitic
aplite, described as ‘quartz-rich hydrothermal vein’ by Estrade (2014). These dykelets were
observed in ex-situ boulders on the outer slope of the Ampasibitika intrusion at sample localities
SR0376 and SR0664. Up to 3 cm wide, these dykelets crosscut mudstones as well as marginal
syenitic dykes. Contacts between these dykelets and their host rocks are generally sharp, however
the width varies and in places these dykelets have anastomosing pathways.
‘Allanite + Epidote + Quartz’ AEQ dykelets (Fig. 5.12c-d): Green-coloured, fine-grained, pegmatitic
to aplitic granitic dykelet, rich in allanite and/or epidote. These dykelets intrude fine-grained
mudstones and marls of the Isalo Group. AEQ dykelets occur in cores TAND016, TAND044 and
TAND109. These dykelets range in width from 1 mm to 20 cm and crosscut marls and mudstones
of the Isalo Group, which are typically bleached adjacent to the dykelets.
‘Carbonate + Zircon + Quartz’ CZQ dykelets (Fig. 5.12e): Pink-coloured, fine-grained, pegmatitic
granitic dykelet, rich in carbonate and zircon. These dykelets, up to 1.5 cm wide, intrude along the
margins between coarser-grained altered sandstone and finer-grained mudstone and marl units of
the Isalo Group. CZQ dykelets found in cores TAND016 and TAND044.
Both the AEQ and CZQ dykelets occur in cores with and without peralkaline granitic dykes and
proximally and distally to other intrusive phases within these cores.
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Figure 5.12. Marginal Dyke Swarm Granitic Dykelet varieties: a) FQ Dykelet crosscutting both mudstone and porphyritic
trachyte dyke. b) FQ Dykelet: Red Fe-oxide- and quartz-rich dykelet with aplitic texture and sharp contact with surrounding
microsyenite. c) AEQ Dykelets: SR313 - aplitic epidote and allanite rich AEQ dykelet with banded texture resulting from
differences in modal mineralogy, in particular the proportion of quartz; SR314 - Narrower AEQ dykelet, with pegmatitic
texture, with unidirectional growth textures on margins and coarse-grained core zone. d) Pink coloured granitic pegmatitic
carbonate-, zircon- and quartz-rich (CZQ) dykelet, rich in quartz, carbonate and zircon, intruded along contact between
mudstone and sandstone proximal to GR-II dyke. Dykelet has green baked margin/alteration halo present in adjacent
mudstone. e) CZQ dykelet intrudes mudstone of the Isalo Group. In this case, dykelet is located proximally to both
microsyenite and peralkaline granitic dykes of the Marginal Dyke Swarm; however, not all granitic dykelets are observed
adjacent to microsyenite and peralkaline granitic dykes.
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5.2.2.4. Central Caldera
The central caldera of the Ampasibitika Intrusion contains heterogeneous volcanic tuffs and
breccias and a rhyolite capped volcanic plug, which forms two domes in the centre of the caldera
separated by a NW-SE orientated fault (BGS-USGS-GLW, 2008; Desharnais et al., 2014; Estrade et
al., 2014a).
Marginal Porphyritic Trachyte Plug
Located on the southern margin of the Central Caldera, the marginal porphyritic trachytic plug
forms an ellipsoidal topographic high, orientated ENE-WSW and c. 500 m in length (Fig. 5.13a). This
porphyritic trachyte is massive and fine- to medium-grained with tabular feldspar phenocrysts and
ocelli filled with quartz (Fig. 5.13b). Rare fine-grained, angular dark-grey/black xenoliths up to 2 cm
in width are present with the porphyritic trachyte.
Central Porphyritic Phonolite Plug
The Central Volcanic Plug forms an E-W trending ridge (c. 2 km in length) bisected by a valley
developed along a NW-SE fault (Fig. 5.1, 5.2). Outcrops on the flank of this plug are comprised of
fine-grained, porphyritic phonolite with massive to trachytic textures (Fig. 5.13c). Phenocrysts are
of alkali feldspar and are < 5 mm in length. Green, rhyolitic obsidian, previously described by Estrade
et al. (2014a), caps the Central Volcanic Plug (Fig. 5.13d).
Undifferentiated Volcaniclastics
Extrusive volcaniclastics cover much of the central caldera of the Ampasibitika Intrusion. Exposure
of these rock-types is relatively limited, and thus they have not been subdivided into units. In the
Ampasibitika Caldera, we collected core from a borehole drilled for water, which sampled a lithic
lapilli-tuff. This volcanic lithic lapilli-tuff contains angular to sub-angular clasts (2 mm to 50 mm; c.
60 vol. %) of igneous and sedimentary origin, supported in a massive grey ash matrix (< 2 mm; c. 30
vol. %; Fig. 5.13e). Igneous clasts are predominantly of trachyte and ignimbrite. Sedimentary clasts
include mudstone, sandstone and bioclastic limestone. In some core section, green chlorite-rich
alteration replaces portions of the matrix and clasts (Fig. 5.13f).
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Figure 5.13. Volcanic rocks of the Ampasibitika Central Caldera. a) Marginal Volcanic Plug forms topographic high on the
inner margin of the Ampasibitika Annular Intrusion. b) Sample SoSRARE0378 is from this Marginal Volcanic Plug, and is a
dark heterogeneous porphyritic trachyte, with small rounded inclusions (ocelli) and sporadic xenoliths. c) Sample
SoSRARE0533 from outcrop on flank of the Central Volcanic Plug. Fine-grained porphyritic phonolite with alkali feldspar
phenocrysts (<5 mm) with massive to trachytic texture. d) Sample SoSRARE0601 is a green rhyolitic obsidian that caps the
Central Volcanic Plug. e) Volcanic Breccia, collected from core pile near Betaimboay Village (sample SoSRARE0377).
Variably altered, with carbonate clasts replaced by green alteration mineral (chlorite). Clasts of this tuff are angular to
sub-angular and are of a range of volcanic, plutonic and sedimentary rock types. f) Cross-section of volcanic breccia core
showing closer view of alteration. Alteration is green in colour and restricted to areas previously occupied by carbonate
clasts, and does not majorly affect the surrounding matrix.
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5.2.3. Tsarabariabe Intrusion
The Tsarabariabe Intrusion consists of bodies of quartz alkali feldspar syenite and leucogranite,
surrounded by tuffs and volcanic breccias. The Tsarabariabe area contrasts with the Ampasibitika
area in having extensive exposures of volcaniclastic rocks. Syenitic and granitic intrusions are also
present, forming low hills, occurring as irregular intrusive bodies rather than classic ring-dyke
morphology (Fig. 5.1).
5.2.3.1. Tsarabariabe Felsic Intrusives
Granite Body
The Tsarabariabe granite is a coarse-grained, massive, leucocratic granite with tabular feldspars
and abundant quartz (c. 25 vol. %; Fig. 5.14a). Interstitial mineral assemblage is dominated by
mineral aggregates of sulphide and chlorite. Late diffuse, mm-scale veins rich in pyrite are a
common feature within the leucocratic granite.
Quartz Syenite Body
Medium- to coarse-grained quartz syenites in the Tsarabariabe area exhibit a range of textures and
compositions, varying from massive quartz syenite containing biotite to syenite with amphibole and
sericitised feldspar (Fig. 5.14b). The quartz syenite contains c. 10- 15 % ferromagnesian minerals
(possibly biotite), which are replaced by brown to green secondary minerals (possibly Fe-Ti oxides
and chlorite)
5.2.3.2. Tsarabariabe Volcaniclastics
Undifferentiated Volcaniclastic
Much of the Tsarabariabe area is covered by undifferentiated volcaniclastic rocks, which generally
contain a range of clasts from lapilli to blocks, and of sedimentary, volcanic and plutonic origin. On
the basis of our fieldwork it was not possible to subdivide most of these volcaniclastic rocks, but
one distinct mappable unit was identified, and termed the Berondra Tuff (Fig. 5.1).
Berondra Tuff
This Berondra Tuff is distinct from other volcaniclastic units in the area as it has a strong magnetic
signature (Earthmaps Consulting, 2008 reported by Gilbertson, 2013 and Desharnais et al., 2014),
and varies from lithic lapilli tuff to volcanic breccia.
The magnetic lithic lapilli tuff is massive and contain numerous angular to sub-angular clasts in a
fined-grained felsic matrix (c. 50 vol. %; Fig. 5.14c). Clasts are matrix-supported and are generally
< 5 cm although locally 10 - 20 cm clasts are common. Clasts are dominantly volcanic in origin,
including pale rhyolite, feldspar-phyric trachyte, banded welded ignimbrite and mudstone.
Although exceptionally large, 2 m wide, clast of banded rhyolite and welded ignimbrite, with flow
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banding and aligned elongate vesicles, do occur. Northwards, the tuffs transition into volcanic
breccias. These breccias are clast-supported, very poorly sorted and comprising sub-rounded to
angular clasts, which are 5 mm to 30 cm in size. The dominant clast lithology is a fine-grained, lightgreen porphyritic volcanic rock with acicular feldspar and amphibole phenocrysts. Other clast types
include felsic volcanics, tuff and rare medium-grained syenite. The banded ignimbrites common as
clasts in the tuffs are absent in this volcanic breccia.
The magnetic signature used to define the extent of the Berondra Tuff extends into this area of
volcanic breccias; however, whether these volcanic breccias are a unit of the Berondra sequence
was unable to be resolved due to outcrop constraints.
Marginal Dyke Swarm
Estrade et al. (2014a) identified the presence of a set of peralkaline granitic dykes in the
Tsarabariabe Intrusion using radiometric data provided by Tantalus Rare Earths AG. These dykes
have not been located in the field, thus descriptions of these dykes are not available.

Figure 5.14. Rock types of the Tsarabariabe Intrusion a) coarse-grained Leucogranite, b) medium to coarse-grained Quartz
Syenite and c) Berondra lithic lapilli tuff.
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5.2.4. Mafic Dykes
Estrade et al. (2014a) described a number of mafic dyke varieties in the Ambohimirahavavy Alkaline
Complex. These dykes are generally aligned NW-SE, with a few trending NW-SE, and are of
camptonite, alkali basalt, mugearite and hawaiite compositions (Estrade et al., 2014a). These dykes
intrude both the Tsarabariabe and Ampasibitika intrusions and surrounding Isalo Group sediments,
and thus were emplaced after the main intrusive phase of the Ambohimirahavavy Alkaline Complex
(Estrade et al., 2014a). These dykes appear to be exploiting regional structural lineaments that run
parallel to the Sandrakota shear zone and the bounding faults of the Phanerozoic Antsiranana,
Ampasindava and Mahajanga Sedimentary Basins (Papini and Benvenuti, 2008; Estarde et al,
2014a).
In this study, phonolitic and mafic dykes and enclaves are predominantly grouped into the
Ankobabe Hybrids as this is where they were located. In addition, fine-grained amygdaloidal mafite
dykes/enclaves (extent not resolvable) are associated with the alkali feldspar syenites between 58.0
and 63.4 m in core TAND097 (Fig. 5.15a; Appendix IV). These mafites are characterised by an
abundance of carbonate amygdales (Fig. 5.15b). This mafite has sharp, linear to irregular to lobate
contacts with the alkali feldspar syenite (Fig. 5.15b-c) and downhole it exhibits a diffuse contact
with a porphyritic trachyte (Fig. 5.15c). Close to the contact with the alkali feldspar syenite the
mafite exhibits a banded texture parallel to the contact. The timing of the intrusion is ambiguous,
as the irregular to lobate nature of some contacts between the mafite and the alkali feldspar
syenite, and suggest that the mafite and alkali feldspar syenite were both ductile as they interacted.
However, the alkali feldspar syenite does appear to crosscut the banding features within the mafite
(Fig. 5.15b).
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Figure 5.15. Mafite with carbonate-filled amygdales surrounded intruded by the Type-2 Alkali Feldspar Syenite: a)
occurrence of mafite bands within the TAND097: b) sharp, chilled margin of amygdaloidal mafite and surrounding alkali
feldspar syenite. Carbonate veins crosscut amygdaloidal mafite and cross into surrounding alkali feldspar syenite; c)
Diffuse lower contact of amygdaloidal mafite with pink porphyritic microsyenite.
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5.3. Field Relationships: Summary and Conclusions
The Ambohimirahavavy Alkaline Complex is a highly heterogeneous intrusive to extrusive complex
with a wide variety of potential parent rocks for the regolith-hosted ion adsorption ores. The wide
regolith cover, whilst beneficial for the development of ion adsorption ores, hides the
understanding of the underlying magmatic and volcanic rocks. However, samples collected both
from the field and core provide a comprehensive overview of the main intrusive lithologies of the
Ampasibitika Intrusion. Additions to previous studies of the Ampasibitika Intrusion include:
1. Classification of the Ankobabe Hybrids, highlighting the heterogeneity of these nephelinebearing syenites and associated mixed and mingled mafite intrusives.
2. Tentative extension of the nepheline-bearing syenites to the inner southern margin of the
Ampasibitika Annular Intrusion.
3. Inclusion of trachytic and microsyenitic dykes (the Marginal Syenitic Dykes) and newly
described mineralised granitic dykelets (FQ, AEQ and CZQ dykelets) into the Marginal Dyke
Swarm, which now encompasses the MSD, granitic dykelets and PGD of Estrade et al.
(2014a).
4. Addition of a second volcanic plug, the marginal porphyritic trachyte plug located on the
inner southern margin of the Ampasibitika Annular Intrusion. As well as, the identification
of nepheline microsyenite underlying the rhyolitic obsidian cap of the Central Volcanic Plug.
From field observations, it is apparent that intrusive rocks of the Tsarabariabe Intrusion are
different to those of the Ampasibitika Intrusion, with the main units being quartz and alkali feldspar
dominated leucocratic granite and quartz syenite compared to the nepheline and alkali feldspar
syenites of the Ampasibitika Intrusion, which have a greater abundance of ferromagnesian
minerals. The extensive volcaniclastic cover, heterogeneity of clasts and variable alteration of tuffs
and volcanic breccias makes it challenging to predict the development of ion adsorption ores in
regolith above these units.
The situation of the Central Caldera volcaniclastic units in a depression surrounded by syenitic
intrusives of the Ampasibitika Annular Intrusion is indicative of subsidence, implying the deflation
of the parental magma chamber below the intrusive to extrusive Ampasibitika Intrusion. Dynamic
emplacement of variably crystallised syenitic crystal mushes is evident from the presence of angular
to lobate mafite enclaves of the Ankobabe Hybrids.
The following chapter will describe key petrographic characteristics of the main units of the
Ampasibitika and Tsarabariabe Intrusions described in this chapter for which thin sections are
available.
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In this section, petrographic relationships of key units of interest for the magmatic and
hydrothermal evolution of the Ampasibitika Complex are described. A total of 46 polished thin
sections were made for a variety of lithologies across the Ambohimirahavavy Complex. Of these 19
were imaged using SEM techniques (BSE and CL) and qualitative mineral analyses (EDXS). This
section describes the main textural and mineralogical relationships observed by both optical and
SEM petrographic techniques. Please note that SEM EDSX spectra were used to confirm the
compositions of mineral phases, as such mineral names where given are derived from both optical
characteristics and EDXS spectra.
The focus of this chapter is on the Ampasibitika Intrusion. Terminology and sub-divisions of units of
the Ampasibitika Intrusion follows that set out in Ch. 5.2 (Fig. 5.3). Petrographic analysis enables
the further sub-division of some units of the Ampasibitika Intrusion, in particular the fine-grained
mafites and nepheline syenites. In addition, mineral assemblages and textural relationships enable
initial inferences into the conditions and processes affecting these rocks during their evolution.

Table 6.1. Abbreviations used in text and figure captions throughout Ch. 6.
Techniques
SEM
Scanning Electron Microscope
BSE
Back Scatter Electron
EDXS
Energy Dispersive X-Ray Spectra
PPL
Plain Polarised Light
XPL
Cross Polarised Light
cCL
Cold Cathodoluminescence
sCL
SEM Cathodoluminescence
Minerals
Afs
Alkali Feldspar
Ttn
Titanite
Anl
Analcime
Ne
Nepheline
Bt
Biotite
Sdl
Sodalite
Am
Amphibole
Zeo
Zeolite
Cpx
Clinopyroxene
Stp
Stilpnomelane
Aeg
Aegirine
Ap
Apatite
Hed
Hedenbergite
Fl
Fluorite
Zrn
Zircon
S
Sulphide
Cb
Carbonate
Aln
Allanite
Cc
Calcite
Pcl
Pyrochlore
Chl
Chlorite
Idd
Iddingsite
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Zrs
Nbs
Mnz
Brt
REE-FC
Bst
Syn
‘X’-Ox *
‘X’-Cb *
-(‘X’) *

Zirconosilicate
Niobium-silicate
Monazite
Britholite
REE-Fluorcarbonate
Bastnäsite
Synchysite
‘X’ – Oxide
‘X’ - Carbonate
‘X’-Rich variety
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6.1. Ampasibitika Alkali Feldspar Syenites (AAFS)
The AAFS were divided into two subfacies on the basis of macroscopic mineralogical features
described in Ch. 5.2.1.1. Although both facies are dominated by networks of alkali feldspar and
exhibit cumulate textures, the proportions of alkali feldspar and interstitial mineralogy are distinct.
6.1.1. T1AfsSy (SR284, SR315)
The T1AfsSy is a coarse- to very-coarse-grained, hypoidomorphic unit composed predominantly of
variably perthitic alkali feldspar (c. 60 vol. %), light yellow-green hedenbergite, pleochroic light to
dark brown amphibole, red to dark red biotite and altered olivine.
Alkali feldspars have clear cores, patch perthite rims, undulose grain boundaries and exhibit no
preferred orientation (Fig. 6.1a). These feldspars commonly contain inclusions of apatite lozenges
and rounded hedenbergite. Where in contact with interstitial mineral assemblages the margins of
alkali feldspar are sericitised (Fig. 6.1a). Interstitial space is filled with hedenbergite with dark green
rims that are commonly fractured embayed by pleochroic dark to light brown amphibole, with blue
colouration along margins and some cleavage planes. In addition, rounded Fe-Ti-oxides, with trellistextured magnetite-ilmenite exsolution and pleochroic red to dark red biotite, which partially
replaces both hedenbergite and amphibole (Fig. 6.1b), occupy interstitial space. Anhedral olivine is
a minor phase, which is extensively altered to iddingsite or in extreme cases quartz plus Fe-Ti-oxides
and mantled by biotite and green-blue amphibole (Fig. 6.1c-d). This olivine is a relatively early
magmatic phase, occurring surrounded by alkali feldspar or on the margins of interstitial
assemblages.
Locally, miarolitic cavities, up to 5 mm across occur that are typically lined with comb- to massivetextured quartz and feathery Fe-oxide/hydroxides and calcite filled cores (Fig. 6.1g). Alkali feldspar
adjacent to these miarolitic cavities is of albitic composition (analysed by EDXS; Fig. 6.1g-h).

Figure 6.1. Images next page - Photomicrograph and SEM BSE images of T1AfsSy: a) XPL image showing coarse-grained
alkali feldspar with clear cores and sericitised margins, apatite lozenges associated with both alkali feldspar and interstitial
hedenbergite. b) Interstitial assemblage of early pale green hedenbergite mantle by dark green aegirine-augite and
intergrown with blue-brown amphibole. Euhedral to subedral apatite occurs as inclusions in both clinopyroxenes and
amphibole. c) PPL image of olivine pervasively replaced by iddingsite and mantled by blue-green amphibole and biotite.
d) PPL image of quartz and Fe-Ti-oxide/hydroxide assemblage after olivine mantled by blue-green amphibole and biotite.
e) XPL image of interstitial miarolitic cavity. Cavity margin coated by comb- to massive textured quartz and feathery Feoxide/hydroxides and core is filled with carbonate (calcite). f) BSE SEM image homogeneous apatite core mantled by
monazite surrounded by interstitial amphibole. g) PPL image of apatite with fluorcarbonate mantle (h) located on contact
between interstitial carbonate and alkali feldspar (albite). Feathery Fe-oxides and hydroxides are associated with the
interstitial carbonate. Biotite replaces other interstitial ferromagnesian minerals (hedenbergite and amphibole). h) BSE
SEM image of homogeneous apatite core with concentrically zoned rim mantled by syntaxial intergrowth of REEfluorcarbonate (EDXS indicates bastnäsite + synchysite) minerals. Small (< 20 µm) euhedral allanite boarders
fluorcarbonates proximal to albite.
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Figure 6.1. Caption previous page
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6.1.1.2. Apatite and associated REE-phase morphology
Apatite is a common REE-bearing accessory phase (c. 1 to 5 vol. %), occurring as euhedral, acicular
needles (< 1 mm in length) within alkali feldspar, clinopyroxene, amphibole and biotite. These
apatites are generally homogeneous. However, BSE imagery highlights the development of bright
(REE-enriched) concentrically zoned rims surrounding homogeneous cores, where apatite is hosted
by interstitial clinopyroxene, amphibole and biotite. Apatite hosted by amphibole is locally mantled
by britholite (Fig. 6.1f), which is variably replaced by syntaxial intergrowths of REE-fluorcarbonates
(Fig. 6.1g-h). Fluorcarbonate replacement occurs associated with carbonate-filled cavities or
fractures in silicate minerals. Small allanite crystals occur associated with these REE-rich
assemblages around apatite.
6.1.2. T2AfsSy
The T2AfsSy is a highly heterogeneous lithology with textural features and modal mineralogy
varying on the metre scale. This unit can be described as vari-textured, ranging from mediumgrained to pegmatitic, with orthocumulate to mesocumulate to sub-poikilitic textures. The principal
rock-forming phase is medium to coarse-grained alkali feldspar (1 to > 5 mm; 60-70 vol. %), that
exhibits variable perthitic exsolution. The interstitial assemblages are separated into sodic-silicic
and carbonate-dominated portions.
Sodic-silicic: Interstitial assemblage dominated by medium- to coarse-grained (0.5 to 3 mm) dark to
bright green aegirine-augite to aegirine, brown to deep blue amphibole, red biotite and variable
proportions of Fe-Ti-oxides (Fig. 6.2a-b). Cores of coarse-grained amphibole are pleochroic (dark to
light brown; Am I – Fig. 6.2a), and have deep blue rims. Deep blue amphibole also occurs as an
interstitial phase (Am II – Fig. 6.2b), alongside zoned aegirine and biotite, which has a subpoikilitic
habit by partially enclosing alkali feldspar (Fig. 6.2b). Clinopyroxene has homogeneous dark-green
aegirine-augite cores and rhythmically zoned brighter-green aegirine overgrowths (Fig. 6.2b-c).
Biotite is a late interstitial phase and variably embays both aegirine and amphibole (Fig. 6.2a-d).

Figure 6.2. Images next page - Photomicrographs and SEM BSE images of T2AfsSy: a) PPL image of interstitial assemblage
within the T2AfsSy. Early dark-green aegirine-augite partially mantled by zoned lighter green aegirine. Pleochroic dark to
light brown amphibole is mantled has deep blue rim and is partially replaced by biotite. b) PPL image of finer grained
interstitial assemblage has sub-poikilitic texture with respect to surrounding alkali feldspar, comprised of deep blue (sodic)
amphibole, zoned aegirine and biotite. c) PPL image of extensively altered interstitial assemblage; primary ferromagnesian
minerals are replaced by biotite, calcite, stilpnomelane and Fe-Oxide/Hydroxides. d) SEM BSE image, remaining dark green
aegirine-augite is crosscut by calcite. REE-fluorcarbonates are associated with the calcite-rich alteration assemblage. e)
SEM BSE image of carbonate, stilpnomelane and Fe-oxide/hydroxide assemblage after primary ferromagnesian mineral
phase, associated with exsolved magnetite-ilmenite, apatite and sulphides (arsenopyrite and sphalerite). f) XPL image of
miarolitic cavity lined with comb texture quartz and filled with carbonate, massive microcrystalline quartz, albite,
clinopyroxene and biotite. g) SEM BSE image of alteration assemblage on margin of miarolitic cavity. Early ferromagnesian
mineral mantled by aegirine and replaced by magnetite, calcite, Fe-oxide/hydroxide, and Mn-carbonate with zircon
inclusions. h) SEM BSE image of clinopyroxene within miarolitic cavity surrounding earlier amphibole. Pyrochlore and REEfluorcarbonates are associated with aegirine.
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Figure 6.2. Caption on previous page.
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Carbonate-dominated: Carbonate-dominated late-magmatic to hydrothermal assemblages occur
as discrete miarolitic cavities and as alteration assemblages after earlier interstitial silicate phases.
Alteration assemblages (Fig. 6.2e): Interstitial assemblages of intergrowths of carbonate
and fine-grained stilpnomelane and/or Fe-oxide/hydroxide replace primary amphibole and
clinopyroxene. EDXS reveals that the carbonate is predominantly calcite with variable Mn
and Fe contents with some Mn-carbonate. Accessory phases associated with these
alteration assemblages include zircon, sphalerite and arsenopyrite. Thus, the carbonate is
a late stage mineral, either formed by precipitation from a late interstitial fluid or as a
secondary mineral phase formed during alteration of primary ferromagnesian minerals.
Miarolitic cavities (Fig. 6.2f): Carbonate-rich miarolitic cavities host calcite occurs alongside
quartz, fluorite, biotite and aegirine. Comb-textured quartz lines margins of the carbonate
± fluorite filled cavities. Aegirine associated with this late interstitial fill develops as
rhythmically zoned crystals surrounding earlier amphibole or alteration assemblages on the
margins of the calcite, or as acicular crystals embedded in massive microcrystalline quartz.
Lozenges of biotite grow outwards into the carbonate infills near the late aegirine
overgrowths. Pyrochlore, zircon and REE-fluorcarbonate are associated with altered silicate
phases on the margins of these carbonate-filled miarolitic cavities (Fig. 6.2g-h). Albite
occurs as euhedral laths or as a mantle on earlier alkali feldspar on the margin of these
miarolitic cavities.
Relative to the T1AfsSy apatite is a minor phase, occurring principally as rounded crystals with finescale oscillatory zonation within the carbonate-alteration assemblages. In addition, clusters of finegrained REE-fluorcarbonate occur as clusters surrounding small apatite grains hosted in carbonatefilled fractures through aergirine-augite (Fig. 6.2d).
Paragenetic relationships for the T1AfsSy and T2AfsSy are illustrated in Fig. 6.3.

107

6. Petrographic Relationships

Figure 6.3. Mineral paragenesis for the AAFS. Increasingly lighter colours indicate later mineral generations. Abbreviations: Hed, Hedenbergite; Aeg-Aug, aegirine-augite;
Aegrz, rhythmically zoned aegirine; Aegacic, acicular aegirine; Fa, Fayalite; Ap, Apatite; REE-Ap, REE-enriched apatite.
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6.1.4. Amygdaloidal Mafite - Lamprophyre (SR290)
As described in Ch. 5.2.3, mafic dykes occur locally within the AAFS. This fine-grained, melanocratic
mafic rock has a microlitic porphyritic texture with calcite-filled amygdales, occurs as
dykes/enclaves within the AAFS. Phenocrysts have been completely replaced by calcite and dark
green amphibole (Fig. 6.4a). Dark green amphibole EDXS spectra most closely matches gedrite.
Ribbon textures defined by gedrite in these replaced phenocrysts suggest that they may have
originally been olivine. Amygdales are principally filled with calcite (Fig. 6.4b), although variable
quantities of marginal quartz, gedrite and pyrite also occur. The groundmass is comprised of alkali
feldspar, gedrite, ulvöspinel, rutile, quartz and calcite (Fig. 6.4c). Stringers of tiny apatite needles
are present throughout the groundmass (Fig. 6.4c). Small (< 10 µm) sphalerite grains are distributed
throughout the groundmass. Under Hot CL, alkali feldspar fluoresces blue and calcite fluorescence
orange, highlighting that calcite is distributed in the groundmass as well as in the amygdales (Fig.
6.4d).
This rock is not a typical crystalline mafic rock; the extensive alteration of primary phases and the
presence of calcite in the groundmass suggest that it crystallised from a volatile-rich melt. It is
therefore tentatively suggested that this mafic rock is a lamprophyre.

Figure 6.4. Photomicrographs, BSE and cCL imagery of Amygdaloidal Lamprophyre sample SR290: a) PPL: carbonate and
gedrite pseudomorph after an earlier phenocryst. b) XPL: Carbonate and quartz filled amygdale, which is impinged on
margins by crystals of the surrounding groundmass. c) BSE: Groundmass comprised of fine-grained alkali feldspar, gedrite,
rutile, ulvöspinel, calcite and apatite. d) cCL: Dark orange carbonate and gedrite filled amygdale surrounded by
groundmass or bright blue, unaltered alkali feldspar with bright yellow-orange carbonate and green apatite. Dark,
relatively non-fluorescent minerals include rutile, ulvospinel and gedrite.
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6.2. Ankobabe Hybrids
As described in section Ch. 5.2.1.2 the Ankobabe Hybrids are a suite of heterogeneous variably
mixed and mingled medium to very coarse-grained nepheline syenites and fine-grained, variably
porphyritic, mafite. The heterogeneous nature of the Ankobabe Hybrids has resulted in a wide
variety in the apperances of nepheline syenite and mafite rocks sampled. As a result, four nepheline
syenite and three mafite varieties are identified in 6 thin sections. Additional complication is the
variable interaction of the nepheline syenites with associated mafic units (Ch. 5.2.1.2), which may
have caused additional alteration features. The naming of these nepheline syenite and mafite
varieties as discrete groups enables easier description of the variablility observed; however, these
varieties are likely representative of wider heterogeneity of the Ankobabe Hybrids and probably
grade into one another.
6.2.1. Ankobabe Hybrids Nepheline Syenites (AHNS)
All nepheline-bearing syenites sampled are characterised by a network of medium- to coarsegrained alkali feldspar and interstitial ferromagnesian silicate assemblages, in addition these
syenites are all variably effected by late hydrothermal alteration characterised by the crystallisation
of interstitial analcime and/or aegirine. As a result, the following sub-facies are identified and
described in the following section in order of increasingly clinopyroxene and nepheline dominated
assemblages T1(A)NeSy, T1NeSy, T2NeSy and T3NeSy. In addition, a fifth, MNeSy is described that
is proposed to be of metasomatic origin.
6.2.1.1. Amphibole-Dominated T1(A)NeSy (SR381)
The T1(A)NeSy sub-division is invoked for SR380 due to the presence of interstitial light green
hedenbergite that is mantled by the multi-generational amphibole characteristic of the T1NeSy. In
this syenite, nepheline is a late interstitial phase, and has a sub-poikilitic texture with respect to
alkali feldspar (Fig. 6.5a). Hedenbergite and Fe-Ti-oxides occur as inclusions within alkali feldspar
(Fig. 6.5b). Interstitial ferromagnesian assemblages are up to 3 mm in width and are comprised of
early light green hedenbergite mantled by pleochroic light to dark brown amphibole (likely
hastingsite) that is intergrown with light to dark orange-brown biotite and Fe-Ti oxides (Fig. 6.5c).
The margins of the amphibole are variably replaced by coronae of fine-grained, globular Fe-TiOxides and dark green aegirine-augite (Fig. 6.5d). Apatite is a common accessory phase and occurs
as small (<0.1 mm) euhedral, inclusions mostly within amphibole (Fig. 6.5.c-d). Unlike many other
nepheline syenite varieties, late analcime is absent from this nepheline-bearing syenite, suggesting
limited interaction with hydrothermal fluids.
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Figure 6.5. Photomicrographs of Southern Ankobabe Hybrids T1ANeSy: a) XPL: Coarse-grained alkali feldspar with
undulose to straight contacts and interstitial, sub-poikilitic nepheline. b) XPL: Alkali feldspar with rounded hedenbergite
and Fe-Ti Oxide inclusions. c) PPL: Early light-green hedenbergite mantled by pleochroic light to dark brown hastingsite
intergrown with biotite. Hastingsite has numerous apatite inclusions. d) PPL: Hastingsite is variably overgrown by a corona
of globular dark green aegirine-augite and Fe-Ti oxides.

Figure 6.6. Images next page - Photomicrographs and SEM BSE images of T1NeSy sample SR665: a) PPL: first generation
brown amphibole (Am I) mantled by second generation green-brown amphibole (Am II), which is mantled by deep blue
amphibole (Am III), aegirine and globular titanomagnetite. b) PPL: Sub poikilitic interstitial nepheline. Aegirine coronae
are less developed along nepheline-amphibole margin compared to amphibole-analcime contacts. c) Interstitial analcime
and zeolite. Analcime partially replaces alkali feldspar. Aegirine isolated crystals or d) BSE: aegirine mantles hedenbergite.
Zirconosilicate and niobium-silicate associated with analcime and aegirine. e) XPL: Late interstitial calcite associated with
analcime. Alkali feldspar partially replaced by analcime. Aegirine occurs as clusters of euhedral crystals. f) XPL: Interstitial
zeolite, which is inclusion-rich with patchy birefringence. g) BSE: Oscillatory zoned, euhedral to subhedral apatite is hosted
by amphibole (i) or associated with alkali feldspar and nepheline (ii). Apatite has bright, concentrically zoned REE-rich that
are partially resorbed where in contact with late magmatic-hydrothermal analcime, aegirine or Am III. h) BSE: Monazite
and feathery intergrowths of Ca-Na-zirconosilicate and niobium-silicate occurs in final interstitial space between
interstitial analcime and aegirine.
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Figure 6.6. Caption previous page.

112

Original in colour

6. Petrographic Relationships
6.2.1.2. Amphibole-Dominated T1NeSy (SR665)
T1NeSy are characterised by the presence of multi-generation amphibole with clinopyroxene
coronae and are equivalent to the T-I nepheline syenite that was the predominant nepheline
syenite sampled and analysed by Estrade et al. (2014a). Estrade et al. (2014a) identified fayalite
within some samples of this nepheline syenite but none was observed in this study.
The early magmatic assemblage consists of alkali feldspar, amphibole, nepheline and
titanomagnetite (Fig. 6.6a-b). Alkali feldspar is medium- to coarse grained (up to 3 mm) laths,
predominantly perthitic and variably sericitised. Amphibole typically occurs in clusters, and is
characterised by early rounded brown Ca-amphibole (Am I) cores surrounded by a rim of browngreen Na-amphibole (Am II) that is subsequently overgrown by deep blue Na-amphibole (Am III)
(Fig. 6.6a). Contacts between Am I and Am II are sharp, whereas transitions from Am II to Am III
range from diffuse to sharp. Globular titanomagnetite and green clinopyroxene (Cpx II) variably
embay and form a discontinuous corona around amphibole, especially where in contact with
analcime (Fig. 6.6a-b). Nepheline is an interstitial phase and exhibits a sub-poikilitic texture with
respect to alkali feldspar (Fig. 6.6b).
Early pleochroic light green-yellow to dark green hedenbergite (Cpx I; determined using EDSX) is
mantled and partially resorbed by aegirine (Cpx II; Fig. 6.6c-d). It occurs as isolated crystals ‘floating’
in interstitial space surrounded by analcime. Thus, although thought to be an early magmatic phase,
its relationship to other magmatic minerals is unverified.
Late magmatic to hydrothermal interstitial assemblages are comprised of analcime, late blue
amphibole (Am III), prismatic aegirine (Cpx III) and minor biotite (Fig. 6.6a). Analcime is a solely
interstitial phase, and extensively embays and replaces alkali feldspar and, to a lesser extent,
nepheline (Fig. 6.6c,e,f). Aegirine (Cpx III) is ubiquitously associated with analcime, it occurs partially
replacing and mantling earlier amphibole and hedenbergite (Fig. 6.6a-d), or as isolated or clusters
of euhedral, fine-grained (< 0.5 mm) crystals in interstitial space filled with analcime (Fig. 6.6a,c,e).
Analcime, distinguished by its low, dark grey birefringence and ’smooth’ appearance, partially
replaces earlier nepheline and alkali feldspar. An unidentified Na-Al-Si zeolite phase (determined
by EDSX) occurs as an interstitial phase (Fig. 6.6c,f), and is distinguished from analcime by its patchy,
first-order grey to yellow birefringence and ‘messy’ inclusion-rich appearance. This unidentified
zeolite is suggested to be natrolite and is partially replaced by analcime. Rare patches of calcite
occurs in interstitial space (Fig. 6.6e).
Oscillatory zoned apatite is common and occurs as inclusions within and on the margins of the
amphibole overgrowths (Am I and Am II; Fig. 6.6a,g). BSE imagery shows that apatite located in the
outer margins of amphibole and that in contact with analcime have bright concentrically zoned rims
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that are variably resorbed (Fig. 6.6g). These bright rims correspond to an increase in REE content
(determined by EDSX).
Masses of dark brown minerals with high-order birefringence occur in interstitial space between by
analcime and Cpx III aegirine (Fig. 6.6e,h). BSE imagery and EDXS spectra reveal that these clusters
are comprised of tiny monazite crystals and acicular Na-Ca-zirconosilicates intergrown with Nbsilicates (Fig. 6.6h). The development of these complex HFSE minerals subsequent to analcime
crystallisation indicates saturation of these phases and development of hyperagpaitic conditions in
late hydrothermal fluids, which are likely highly saline brines exsolved from peralkaline magmas
(Marks and Markl, 2017).
6.2.1.3. Mixed Amphibole-Pyroxene T2NeSy (SR365, SR367)
The T2NeSy is characterised by the presence of interstitial equigranular assemblages of
clinopyroxene, amphibole, biotite and Few-Ti-oxides. This syenite was observed in thin sections
SR365, which spans the contact between the T2NeSy and associated mafite enclave, and SR367.
This medium- to coarse-grained, granular rock is comprised of medium-grained tabular, perthitic
alkali feldspar (< 4 mm) and interstitial nepheline (< 2 mm). Subhedral pleochroic green-yellow to
dark green aegirine-augite phenocrysts (Cpx I; Fig. 6.7a) are variably replaced by amphibole and FeTi-oxides (Fig. 6.7b). The interstitial equigranular assemblage consists of nepheline, dark green
aegirine-augite to bright green aegirine (Cpx II), deep blue amphibole, biotite and Fe-Ti oxide,
surrounded by analcime.
Nepheline is locally replaced by analcime (Fig. 6.7c). Interstitial analcime surrounds fine- to
medium-grained, prismatic to acicular aegirine crystals, which occur as clusters or isolated crystals
(Fig. 6.7c-d). An unidentified Na-Al-Si zeolite phase (determined by EDSX), with patchy, first-order
grey to yellow-orange birefringence and ‘messy’ inclusion-rich appearance, occurs as an interstitial
phase (Fig. 6.7d). A single, extensively resorbed, acicular crystal of dark red-brown amphibole is
observed in SR367 (Fig. 6.7c,e); EDXS suggest this is a magnoan-amphibole.
BSE imagery reveals the presence of small monazite crystals associated with late clinopyroxene and
analcime (Fig. 6.7e,f). This is the only REE-mineral observed in this syenite.
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Figure 6.7. Photomicrographs and BSE images of T2NeSy: a) PPL: Subhedral, coarse-grained aegirine-augite surrounded
by altered alkali feldspar laths. b) PPL: Interstitial assemblage of intergrown, aegirine-augite, biotite, amphibole and FeTi-oxides. c) PPL: Late magmatic, interstitial assemblage of prismatic aegirine, deep-blue amphibole and analcime.
Analcime partially replaces nepheline. Deep red-brown, magnoan-amphibole (Mn-Am) is extensively resorbed. d) PPL:
Late, interstitial acicular aegirine surrounded by analcime. e and f) BSE: Monazite is present as small crystal growing on
the margins of aegirine associated with analcime.
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Figure 6.8. Images previous page - Photomicrographs and BSE imagery of T3NeSy sample SR366: a) XPL: Euhedral
nepheline and alkali feldspar with interstitial assemblage of fine-grained, acicular aegirine, alkali feldspar and nepheline.
Sodalite is a coarser-grained interstitial phase that variably replaces nepheline and alkali feldspar. b) PPL: Variation in
aegirine varieties, medium grained subhedral aegirine, with core of granular aegirine (Aeg II) and fluorite, fine-grained,
euhedral aegirine (Cpx III) fill surrounding interstitial space. Dark brown mineral cluster, situated in last interstitial space
and surrounded by anaclime, comprised of Na-Ca-zirconosilicate, fluorite and REE-fluorcarbonate. c) PPL and d) BSE:
interstitial assemblage of fine grained Aeg II, hosted in mosaic of alkali feldspar and nepheline. Pink/bright, subhedral
clusters and laths of eudialyte is associated with Aeg III. e) PPL: Eudialyte cluster associated with Aeg III in interstitial space
between nepheline and alkali feldspar. f) BSE: Cluster of acicular Na-Ca-zirconosilicate intergrown with fluorite-(Y) and
britholite and surrounded by analcime. g) and h) BSE: Late analcime-rich vein crosscuts T3NeSy. Other phases include
fluorite-(Y), Mn-carbonate and monazite.

6.2.1.4. Clinopyroxene-Dominated T3NeSy (SR366)
The T3NeSy is characterised by the presence of early nepheline and prevalence of aegirine. The
presence of late-magmatic interstitial eudialyte means this nepheline syenite is classified as
agpaitic. SR366 is the singular sample collected of this nepheline syenite. This sample is crosscut by
two, thin (< 5 mm wide), and parallel aegirine veins. These veins are offset along fractures within
the T3NeSy.
It comprises tabular, perthitic alkali feldspar (< 4 mm), euhedral nepheline (<2 mm) and interstitial
sodalite (<2 mm; Fig. 6.8a). Locally, sodalite replaces both nepheline and alkali feldspar (Fig. 6.8a).
Altered cores zones of granular aegirine (Cpx-I) and fluorite are mantled by optically continuous
aegirine (Cpx-II), which is medium to coarse-grained and euhedral to subhedral (Fig. 6.8b). A finegrained assemblage of prismatic aegirine (Cpx-III) surrounded by poikilitic nepheline, albite and
orthoclase occurs interstitially between the earlier-formed and coarser-grained aegirine, nepheline
and alkali feldspar crystals (Fig. 6.8a-d).
Eudialyte is a minor phase in the T3NeSy (c. 1-2 vol %; Fig. 6.8c-e), occurring as small (<0.3 mm)
laths or grains associated with the acicular aegirine (in both interstitial assemblages and aegirine
vein), anhedral crystals interstitial to alkali feldspar and nepheline and as small grains associated
with the fluorite-filled spaces within the granular aegirine cores (Fig. 6.8c).
Locally clusters of fine-grained, dark-brown mineral clusters with high birefringence, surrounded by
analcime, occur in the final interstitial space, between both medium-grained alkali feldspar laths
and adjacent to the fine-grained acicular aegirine-nepheline-alkali feldspar assemblage (Fig. 6.8b).
BSE and EDXS reveal that these clusters contain acicular Na-Ca-zirconosilicate minerals intergrown
with fluorite-(Y) and bastnäsite (Fig. 6.8f).
Fractures through the T3NeSy, which offset the aegirine veins and continue into the surrounding
syenite, are filled with analcime, fluorite-(Y), monazite, Nb-titanite and Mn- carbonate (based on
EDXS analysis; Fig. 6.8g-h).
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6.2.1.5. MNeSy (SR368)
Located on the northeast of the Ankobabe Boulder Field, this nepheline syenite occurs adjacent to
a syn-magmatic massive mafite dyke (Ch. 5.2.1.2). Although mineralogically similar to the T2NeSy,
textural relationships of minerals within SR368 shows that it has a different petrogenetic history to
the T2NeSy. It comprises a network of medium- to coarse-grained, perthitic alkali feldspar (<3 mm)
with interstitial subhedral nepheline (<2 mm) and sodalite (<2 mm; Fig. 6.9a-b). Alkali feldspar is
partially replaced by both nepheline and sodalite. Sodalite has a sub-poikilitic texture with respect
to alkali feldspar (Fig. 6.9a-b) and partially replaces nepheline (Fig. 6.9a-c). Cathodoluminescence
imaging of feldspathoid minerals shows alkali feldspar with red luminescence alongside deep red
nepheline, which is partially replaced by orange sodalite and crosscut by a network of electric blue
analcime (Fig. 6.9c).
The characteristic feature of this nepheline syenite is the occurrence of small amphibole
phenocrysts, which are partially to completely resorbed and replaced by symplectic intergrowths
of aegirine and biotite (Fig. 6.9a,b,d). Clinopyroxene is also present as interstitial clusters of
subhedral aegirine or as individual euhedral crystals with sieve-texture dark yellow-green aegirineaugite cores mantled by lighter yellow-green aegirine (Fig. 6.9e-f). Fluorite is a common accessory
phase; fluorite occurs as inclusions in the outer parts of aegirine-augite cores (Fig. 6.9f) and in
altered alkali feldspar as well as along grain boundaries of nepheline/sodalite and primary alkali
feldspar (Fig. 6.9c).
Accessory minerals include zircon, titanite, pyrochlore and britholite-group minerals, which occur
as fine-grained masses within aegirine masses or inclusions in altered alkali feldspar and nepheline
(Fig. 6.9f-h).

Figure 6.9. Images next page - Photomicrographs, hot cathodoluminescence and BSE imagery of metasomatised nepheline
syenite: a) PPL and b) XPL: Cumulate perthitic alkali feldspar and interstitial nepheline is variably replaced by sodalite,
which exhibits a sub-perthitic texture. c) cCL: Bright red alkali feldspar with light blue fluorite inclusions and interstitial
maroon nepheline replaced on margins by orange sodalite and network of electric blue analcime. d) PPL: Interstitial
amphibole is resorbed and mantled by symplectic intergrowth of aegirine and biotite. e) PPL: interstitial clinopyroxene
with fluorite inclusion-rich cores and clear aegirine mantles. f) BSE: Aegirine mantle is darker (indicates elements of lower
atomic mass) than aegirine-augite core region, fluorite inclusions are concentrated in zone between lighter core region
and the darker mantle. Bright ilmenite and minor pyrochlore occur associated with the aegirine mantle. g) BSE: Cluster of
britholite-group mineral, titanite and alkali feldspar surrounded by interstitial aegirine. h) BSE: Inclusions and clusters of
britholite-group mineral and zircon occur associated with small clinopyroxene grains surrounded by nepheline and
perthitic alkali feldspar. Nepheline is widely replaced by analcime.
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The occurrence of symplectic intergrowths of aegirine and biotite after amphibole, and
replacement of alkali feldspar with nepheline and sodalite indicates this syenite has been
metasomatised by Na- and Cl-bearing fluids. However, the extent of this metasomatism is unknown
as thin section SR368 spans the contact between the MNeSy and the adjacent syn-magmatic
massive mafite dyke (See: Sodalite Phonolite - Section 6.2.2.2). Schönenberger et al. (2006)
proposed a metasomatic origin for similar symplectic biotite-aegirine in augite syenite autoliths of
the Ilimaussaq Complex.
6.2.1.6. Petrogenetic Relationships
Based on mineralogy and textural relationships, a qualitative sequence of increasing silicaundersaturation and increasing Na activity can be inferred both within and between samples. A
simplified paragenetic sequence outlining the changes in silicate mineralogy for the AHNS is
illustrated in Fig. 6.10. In general, the proportion of sodic minerals increases from early to late
mineral phases and from the T1(A)NeSy through the T1NeSy and T2NeSy to the aegirine-dominated
T3NeSy. In addition, nepheline becomes an early phase and sodalite attains saturation in the
T3NeSy, whereas in the T1(A)NeSy, T1NeSy and T2NeSy sodalite is absent and nepheline is a late
magmatic phase. This indicates that relative to one another, the T1(A)NeSy crystallised from a
relatively primitive melt whereas the T3NeSy crystallised from an evolved peralkaline melt rich in
volatiles such as Fl and Cl, recorded by the crystallisation of fluorite, sodalite and eudialyte.
Hydrothermal conditions are recorded by the development of late analcime. Enrichment in REE and
HFSE in late fluids is evident from the presence of REE- and HFSE-minerals (e.g. monazite, Na-Cazirconosilicate, pyrochlore) associated with the late hydrothermal assemblages.
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Figure 6.10. Mineral paragenesis for the AHNS. Increasingly lighter colours indicate later mineral generations. Abbreviations: Hed, Hedenbergite; Aeg-Aug, aegirine-augite; Aeg, aegirine; Ap, Apatite;
REE-Ap, REE-enriched apatite; Ne, Nepheline; Sdl, sodalite; Mnz, Monazite; Na-Ca-Zrs; Na-Ca-Zirconosilicate; Fl-(Y), fluorite-(Y); Na, sodic; Na-Ca, sodic-calcic; Ca, calcic.
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6.2.2. Ankobabe Hybrids Mafites
Mafites occur either as enclaves within nepheline syenite bodies or as syn-magmatic dykes. Two
varieties of mafite enclave were identified in Ch. 5.2.1.2, ocelli-rich and phenocryst-rich variants.
Petrographically, the syn-magmatic dyke mafites can also be segregated into two discrete types,
including a fine-grained T1NeSy-type phonolite (SR380) associated with the T1(A)NeSy and a
Sodalite Phonolite (SR368) that intersects the MNeSy.
6.2.2.1. Mafite Enclaves – Ankobabe Hybrids Trachytic Enclaves (AHTE)
Mafite enclaves of the Ankobabe Hybrids are dominantly trachytic in composition. The groundmass
of these fine-grained intrusives are comprised of alkali feldspar and clinopyroxene. Variability
between the mafite enclave varieties appears to result from the addition of xenocrysts and/or
immiscibility of foidolitic melt.
‘Phenocryst-rich’ mafite enclave - Hybridised Foid Trachyte (SR665): Phenocryst-rich mafite with
sharp irregular contacts with the surrounding T1NeSy. This enclave is dominated by xenocrysts of
alkali feldspar, nepheline and amphibole, which appear to be derived from the surrounding
nepheline syenite (Fig. 6.11a-b). The groundmass comprises predominantly fine-grained alkali
feldspar, which is extensively sericitised, and aggregates of clinopyroxene and biotite, which are
concentrated in bands parallel to the contact with the T1NeSy. Alkali feldspar xenocrysts are
typically embayed and overgrown by secondary alkali feldspar with clinopyroxene and oxide
inclusions (Fig. 6.11c). Amphibole xenocrysts are similar to those in the T1NeSy, with central brown
cores overgrown by a secondary brown-green amphibole mantle that is subsequently embayed by
globular clinopyroxene and Fe-Ti oxides (Fig. 6.11d). Orange-brown mineral patches are comprised
of a mix of calcite and zeolite, which may represent pseudomorphs after feldspathoids or presence
of late carbonate-bearing hydrous fluid phase (Fig. 6.11c).
‘Ocelli-rich’ mafite enclave - Immiscible Trachytic Phonolite (SR363, SR365): Ocelli-rich mafite
enclaves are characterised by the presence of leucocratic spherical to amoeboidal ocelli that are
hosted within a phorphyritic trachytic host and thus termed a ‘Immiscible Trachytic Phonolite’. This
Immiscible Trachytic Phonolite has lobate contacts with the surrounding T2NeSy. Sample SR365
contains the sharp contact between this enclave and T2NeSy, however there is a thin (<0.5 mm)
zone that is finer-grained than the nepheline syenite but relatively leucocratic compared to the
main mafite (Fig. 6.12a). Within the SR365 there is an increase in the proportion of isotropic sodalite
(Cl-rich feldspathoid) proximal to the contact Fig. 6.12a). This indicates that the melt/fluid present
along this boundary enriched in Cl, and additionally suggests there was some mixing/exchange
between the ‘ocelli-rich’ mafite and T2NeSy. Thin veins, with brown alteration halos, crosscut the
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mafite proximal to the contact with the T2NeSy (Fig. 6.12a). These veins encroach into the
leucocratic band but it is unclear if they continue into the T2NeSy.

Figure 6.11. Photomicrographs of ‘Phenocryst-Rich’ Mafite sample SR665: a) PPL: Contact between T1NeSy and associated
‘phenocryst-rich’ mafite. Contact is sharp with the mafite groundmass exploiting grain boundaries and fracturing minerals
of the T1NeSy. b) PPL: Banded texture of mafite in proximity to contact with T1NeSy, defined by the linear concentrations
of light to dark green clinopyroxene in groundmass. c) PPL: Anhedral alkali feldspar xenocrysts with secondary, mineral
inclusion rich, alkali feldspar overgrowth. Fine-grained, masses of zeolite and calcite up to 1 mm in diameter are
characteristic of this mafite sample. d) PPL: Zoned amphibole phenocryst with textural characteristics similar to amphibole
in T1NeSy with, early rounded brown amphibole core mantled by green-brown amphibole and discontinuous coronae of
aegirine and globular titanomagnetite.

Figure 6.12. Images next page - Photomicrographs and SEM BSE images of ‘Ocelli-Rich’ Mafite, samples SR363 and SR365:
a) PPL: Contact between T2NeSy and mafite. Band (<1 mm) zone of more leucocratic material is present between the
T2NeSy and adjacent mafite. Thin veins, with brown alteration halos, crosscut the mafite close to the contact and encroach
into the leucocratic band. b) PPL: Groundmass is comprised of microlites of green aegirine-augite, brown amphibole and
alkali feldspar, which are in places aligned. Alkali feldspar of the groundmass is variably sericitised, resulting in dusty
brown and clear patches. Foid-rich spherical and amoeboidal leucocratic ocelli, and clusters of light green-grey amphibole
and brown biotite distributed throughout the mafite. c) PPL: Skeletal light green clinopyroxene phenocrysts with thin
corona of aegirine-augite and brown amphibole. Apatite present as isolated subhedral crystal in groundmass. d) PPL:
Multiple ocelli varieties include foid mineral plus titanite and nepheline-rich ocelli with aegirine-augite inclusions.
Clinopyroxene phenocryst embayed by secondary light green-brown amphibole. e) PPL: Alkali feldspar phenocryst with
inclusion rich core and outer ribbon perthite textured zone. f) BSE: Spherical ocelli containing subhedral titanite and
sodalite partially replaced by analcime. g) BSE: Abundant spherical fluorite blebs hosted within a nepheline-dominated
amoeboidal enclave. h) BSE: cluster of amphibole with biotite-rich rim, surrounded by alkali feldspar with vermicules of
analcime hosting spherical fluorite blebs.
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The groundmass of the microlitic porphyritic trachyte host is mostly comprised of microlites (< 50
μm) of green aegirine-augite, brown amphibole, and alkali feldspar with minor titanite and
titanomagnetite (Fig. 6.12a-e). In some areas, aegirine-augite and brown amphibole crystals show
alignment, indicating there was fluid flow (Fig. 6.12b). Two types of clinopyroxene phenocrysts (up
to 1 mm in length) can be distinguished, Type-1 are rounded, very pale yellow-green in colour and
embayed by amphibole (Fig. 6.12d) and Type-2 are skeletal, light green in colour and have thin
mantles of very fine-grained amphibole and biotite (Fig. 6.12c). Medium-grained phenocrysts of
alkali feldspar, with ribbon and patch perthite textures, have rims intergrown with the surrounding
groundmass (Fig. 6.12e).
The leucocratic ocelli, distributed throughout the microlitic porphyritic trachyte, are spherical to
amoeboidal and generally 0.2 – 3.0 mm in diameter (Fig. 6.12b,d,f). These ocelli contain primarily
sodalite and/or nepheline, which are variably replaced by analcime (Fig. 6.12f). Euhedral titanite
crystals (<0.5 mm) are a common feature within the ocelli (Fig. 6.12d,f). Other pockets of foidolitic
material contain numerous small, spherical, blebs of fluorite surrounded by nepheline (Fig. 6.12g)
or have vermicular intergrowths of alkali feldspar and analcime with spherical fluorite blebs (Fig.
6.12h). In some places, agglomerates of fine-grained amphibole and biotite form spherical zoned
clusters (Fig. 6.12h), which are locally associated with Fe-Ti oxide globules and rare sulphides
(sphalerite and pyrrhotite).
Apatite occurs associated with oxides and amphibole-biotite clusters within the foidolitic ocelli and
as isolated subhedral crystals in the groundmass of the porphyritic trachyte host (Fig. 6.12c). In BSE
SEM images, these apatites lack bright zones suggesting they do not contain many elements of high
atomic mass such as the REE. Titanite is the only observed HFSE mineral of any abundance within
this fine-grained intrusive.
The development of rounded, ovoid and amoeboidal geometries in lieu of euhedral to anhedral
crystals or angular contacts is compelling of evidence immiscibility between silicate melt that
formed the trachytic groundmass and Na-rich silica-undersaturated foid-rich melt (Philpotts, 1976;
Markl, 2001). In addition, euhedral titanite protruding into the spherical foidolite ocelli shows that
the ocelli was liquid at the time of its crystallisation. The presence of fluorite and sodalite in the
foidolite and lecucocratic enclaves indicates these portions of the Immiscible Trachytic Phonolite
melt had elevated F⁻ and Cl⁻ activity. Immiscibility or unmixing within the amoeboidal leucocratic
enclaves is evident from the presence of spherical fluorite blebs hosted in nepheline and associated
with analcime in symplectic intergrowths with alkali feldspar (Kynicky et al., 2019 - Lugin Gol). There
are therefore several orders of immiscibility recorded by the Immiscible Trachytic Phonolite: 1)
Outcrop scale between the Immiscible Trachytic Phonolite enclaves and surrounding T2NeSy, 2)
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Foidolite ocelli and the microlitic porphyritic trachyte, and 3) fluorite and silicate immisibility within
the amoeboidal foidolite ocelli.
6.2.2.2. Mafite Dykes – Ankobabe Hybrids Phonolite Dykes (AHPD)
‘T1NeSy-like’ Phonolite Dyke (SR380): This fine- to medium-grained phonolite dyke crosscuts the
T1(A)NeSy and has similar primary mineral phases and textural relationships to those of the Type1 nepheline-bearing alkali feldspar syenite, albeit finer-grained and lacking extensive analcime
alteration (Fig. 6.13a-d). It contains pleochroic dark to light brown amphibole laths (<0.2 mm)
variably replaced and overgrown by dark green aegirine-augite and Fe-Ti oxides (<0.1 mm), and
variably altered subhedral nepheline (<0.5 mm) hosted in a groundmass of alkali feldspar microlites
(<0.5 mm). Alkali feldspar microlites are orientated indicating fluid flow. Bands of alteration are
shown by sericitisation of alkali feldspar and alteration of nepheline to a first-order, pink-orange
birefringence alteration phase (potentially cancrinite; Fig. 6.13c-d). Euhedral apatite is an early
magmatic accessory phase.

Figure 6.13. Photomicrographs of ‘T1NeSy-like’ phonolite dyke SR380, which crosscuts the T1(A)NeSy SR381. a) PPL and
XPL: phonolite dyke is variably altered. Alteration causes sericitisation of alkali feldspar microlites and transformation of
nepheline into higher birefringence phase (possibly cancrinite). b) PPL: Ferromagnesian minerals are comprised of
pleochroic light to dark brown amphibole laths mantled by globular dark green aegirine-augite and Fe-Ti oxides. c and d)
PPL and XPl respectively: subhedral to euhedral nepheline is variably replaced by a dusty (PPL) first-order orange-pink
birefringence (XPL) mineral phase (possibly cancranite). Euhedral apatite lozenges occur as accessory phases.
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Sodalite Phonolite Dyke (SR368): This very fine- to fine-grained dyke has a porphyritic microlitic
texture, with a groundmass of green aegirine microlites (<0.2 mm), in a mosaic of alkali feldspar,
nepheline and sodalite. Aegirine microlites are variably aligned, especially at the dyke margins,
indicating fluid flow (Fig. 6.14a-c). The abundance of sodalite and nepheline characterises this
mafite as a phonolite (Fig. 6.14d). Xenocrysts (up to 5 mm) of subhedral alkali feldspar have
irregular, resorbed contacts with the surrounding groundmass although they do retain their tabular
form. At the margins of the dyke, variation in the modal mineralogy results in a banded effect,
parallel to the dyke’s contacts. Leucocratic lenses of medium-grained sodalite, nepheline, and alkali
feldspar are aligned sub-parallel to the dyke margin. REE-bearing apatite and titanite are present
within the phonolite (Fig. 6.14c). The apatite forms euhedral lozenges within the groundmass
whereas the titanite appears to be interstitial. Thin veins (< 1 mm wide) that crosscut this Sodalite
Phonolite are fluorite-rich and have nepheline cores (Fig. 6.14a-b,d). Minor, very fine-grained
pyrochlore and monazite occur in the fluorite-rich veins that crosscut the phonolite. Apatite
lozenges and biotite crystals are prevalent within the vein and surrounding alteration halo (Fig.
6.14d). The abundance of sodalite and presence of late, fluorite-rich veins indicates that this
phonolite was halogen rich and provided the Na and Cl-rich fluid that metasomatised the
surrounding MNeSy.

Figure 6.14. Caption Next Page
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Figure 6.14. Images previous page - Photomicrographs and hot CL images of syn-magmatic phonolite dyke sample SR368:
a) PPL and b) XPL: Contact between dyke and nepheline syenite is sharp but irregular. Banding texture in phonolite is
defined by linear concentrations of aegirine microlites. Thin (<0.2 mm) fluorite-rich veins with alteration halos (up to 0.5
mm wide) crosscut the phonolite. c) PPL/XPL: enclave of medium-grained alkali feldspar, nepheline and sodalite
surrounded by microlitic groundmass. Alkali feldspar xencryst on the margin of this enclave has a subhedral, tabular form
with secondary overgrowth of alkali feldspar with aegirine-inclusions. d) cCL: Vein crosscutting phonolite has core rich in
light blue fluorite and maroon nepheline, light orange-purple apatite and purple-blue analcime occur within the vein and
its alteration halo. Microlitic phonolite groundmass comprised of red alkali feldspar, maroon nepheline and orange
sodalite.

6.3. Marginal Dyke Swarm
The marginal dyke swarm comprises of variably altered marginal syenitic dykes, peralkaline granitic
dykes and mineralised granitic dykelets (Ch. 5.2.2.3). Key petrographic characteristics of the main
lithologies observed from each sub-unit are described below.
6.3.1. Marginal Syenitic Dykes (MSD)
Samples of the marginal syenitic dykes were obtained from cores TAND007, TAND044 and field
(SR367, SR664; Ch. 5.2.2.3 Marginal Syenitic Dykes). Samples of these dykes are ubiquitously
altered, with the complete replacement and alteration of primary mineral phases, thus the general
textures and alteration assemblages of these dykes are described.
Marginal syenitic dykes are medium-grained (Fig. 6.15a) to fine-grained (Fig. 6.15b) and exhibit a
range of textures including porphyritic and trachytic (Fig. 6.15b). In general, fine-grained, trachytic
dykes are characterised by tabular sericitised alkali feldspar phenocrysts embedded in a matrix of
alkali feldspar and quartz microlites (Fig. 6.15b). BSE and EDXS reveal that the interstitial alteration
assemblages are comprised of fine-grained carbonate and Fe-oxides (Fig. 6.15d-f). Within these
alteration assemblages, fine-grained REE fluorcarbonates, and locally zircon, are associated with
Fe-oxides, calcite and siderite (Fig. 6.15e-f). Crosscutting veins vary in composition, with quartz-,
sulphide- and carbonate-rich varieties. In SR376 (thin section SR376-2), pleochroic bright to dark
blue riebeckite amphibole is present (Fig. 6.15c). However, this sample is crosscut by FQ dykelets,
thus the riebeckite may be a late, hydrothermal phase associated with the dykelet intrusion.
In some cases, the microsyenite dykes are highly recrystallised, with alkali feldspar replaced by
sericite typically forming radial aggregates (Fig. 6.15g). Interstitial assemblages are dominated by
oxide and carbonate minerals (Fig. 6.15h).
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Figure 6.15. Images previous page - Photomicrographs and BSE images of Marginal Syenitic Dyke samples: a) PPL:
Medium-grained microsyenite, alkali feldspar is partially sericitised and the interstitial assemblages is comprised of a mass
of fine-grained, dark minerals. b) PPL: Fine-grained trachyte comprised of aligned microlites of altered alkali feldspar and
quartz. Primary ferromagnesian minerals have been altered to secondary phases. c) PPL: Hydrothermally altered
microsyenite with bright blue riebeckite amphibole. d) BSE: Interstitial alteration assemblage is rich in carbonate and
contains fine-grained zircon and REE-fluorcarbonate minerals. e) BSE: Fe-oxides and Fe-rich carbonate are also common
phases in the interstitial alteration phases. f) BSE: Late sulphide (pyrite) veins crosscut some marginal syenitic dykes. g)
XPL: Sericite forms radial aggregates in highly altered, recrystallised syenitic dykes. h) XPL: Interstitial assemblage within
highly altered syenitic dyke comprised of fine-grained oxide and carbonate minerals.

6.3.2. Peralkaline Granitic Dykes (PGD)
Estrade et al. (2014b) describe the textural and mineralogical features of the Peralkaline Granitic
Dykes in detail. Thin sections available for this study are of pegmatitic to aplitic granitic dykes of
GR-II to GR-III affinity (SR253-1, SR253-2, and SR663; Ch. 5.2.2.3 - Peralkaline Granitic Dykes),
defined in Ch. 3.3.4, and are described in the following sections.
6.3.2.1. GR-II: SR253-1, SR253-2
Mineral assemblages of GR-II are transitional between agpaitic and miaskitic, and are noted for the
presence of secondary pseudomorph assemblages after earlier HFSE-minerals, such as eudialyte
(Estrade et al., 2014b). The pegmatitic GR-II sample SR253 comprises coarse-grained blue sodic
amphibole, fluid- and mineral-inclusion rich quartz, alkali feldspar, orange-brown pyrochlore and
euhedral to subhedral accumulations of zircon and quartz (Fig. 6.16a-b). SEM cathodoluminescence
imagery reveals that these latter masses are made up of dendritic and botryoidal zircon hosted in
quartz, which are equivalent to the Type-1 pseudomorphs described by Estrade et al. (2014b).
Cathodoluminescence imaging reveals the presence of multiple quartz generations, with secondary
quartz associated with the dendritic zircon (Fig. 6.16c).
6.3.2.2. GR-III: SR663
The GR-III sample SR663 is an aplitic pegmatite and has a strikingly different mineralogy to SR253.
Rhythmically layered texture results from differences in grain-size (<1 mm to > 5 mm) and modal
mineralogy, with darker areas richer in amphibole and clinopyroxene and lighter areas dominated
by quartz. This quartz is rich in both fluid and mineral inclusions. In the aplitic bands, anhedral alkali
feldspar occurs alongside quartz surrounding fine-grained (< 100 µm) blue sodic amphibole and
green aegirine, which occur both as individual crystals and in clusters (Fig. 6.16d). Aegirine occurs
as isolated crystals and as rounded crystal clusters (Fig. 6.16e) variably intergrown with carbonate
(calcite). Fluorite occurs both in aplitic bands (Fig. 6.16d) and as fluorite-rich veins, originating from
the core of the dyke, which crosscut the marginal aplite zones.
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Figure 6.16. Images previous page - Photomicrographs, SEM BSE and sCL imagery of GR-II samples SR253-2 (a-c) and GRIII SR663A (d-h): a) PPL: Characteristic GR-II assemblage of amphibole, pyrochlore and dendritic zircon pseudomorphs. b)
XPL: Deep-blue sodic amphibole is common in GR-II. Quartz crosscut by annealed fractures and fluid inclusion trails. c) sCL:
Multiple generations of quartz present including early quartz cores (Q1) surrounded by lighter overgrowths (Q2) and a
later generation (Q3) occurs in fractures and associated with dendritic and botryoidal zircon (inset). d) PPL: aplitic GR-III
formed of a variety of mineral phases including green aegirine, blue sodic amphibole, purple fluorite, quartz and alkali
feldspar. e) PPL: Rounded aegirine aggregates are common in some bands of GR-III SR663A, these are surrounded by alkali
feldspar and inclusion-rich quartz. f) XPL: Adjacent to coarse-grained quartz lens is an assemblage of ‘feathery zircon
associated with carbonate, quartz and alkali feldspar. g) BSE: Interleaved with feathery-zircon are unidentified niobiumyttrium-rich oxide minerals. h) BSE: HFSE-minerals, including REE-fluorocrabonate, are interstitial to acicular aegirine.

REE- and HFSE-mineral assemblages are common, BSE and EDXS revealed the presence of ‘feathery’
zircon clusters interleaved with Nb-Y-oxide (Fig. 6.16f-g), REE-fluorcarbonates that coat margins of
aegirine (Fig. 6.16g-h), and inter-granular britholite, variably altered to REE-fluorcarbonate, located
between quartz grains of the coarse quartz lenses.
The lack of eudialyte group minerals and presence of zircon means that SR663 is not an agpaitic
PGD (Estrade et al., 2014b, 2018; Marks and Markl, 2017); however, the textural and mineralogical
characteristics indicate that this is not a typical GR-II type PGD, especially as it lacks the
characteristic dendritic zircon pseudomorphs. The feathery zircon, variety of HFSE-phases,
abundance of calcite and late fluorite veins suggest that this dyke was highly enriched in volatiles
and HFSE. As such, this dyke most closely resembles, and therefore is classified as, the GR-III PGD
variety. The presence of late calcite and REE-fluorcarbonate surrounding aegirine and fluorite-rich
veins originating from the dyke core is indicative of concentration and expulsion of volatile-rich (e.g.
F- and CO32-) during the latter stages of crystallisation.
6.3.3. Granitic Dykelets
The mineralogy of the dykelets is highly variable and three distinct varieties are identified each with
a distinct set of mineral assemblages (Ch. 5.2.2.3 Mineralised Granitic Dykelets). AEQ dykelets are
dominated by epidote group minerals. CZQ dykelets are relatively titanite and zircon rich. FQ
dykelets are dominated by quartz and contain a wide variety of HFSE (including REE)-silicate, -oxide,
-fluorcarbonate and -phosphate minerals.
6.3.3.1. Fe-oxide - Quartz Dykelets (FQ)
These dykelets have a variable intrusion style, from single contained dykelets up to 5 cm wide
(SR664) to multiple, thinner (2 mm) anastomosing networks (SR376), and crosscut both
microsyenite and country rock. Quartz of these aplitic dykelets varies from medium to fine grained
within the dykelets with varying proportions (Fig. 6.17a-b). In SR664, quartz varies from fine to
medium grained and is amoeboidal with sutured contacts (Fig. 6.17a). In SR376-1, quartz occurs as
isolated, fine-grained (<0.1 to 1 mm) rounded to cubic grains (Fig. 6.17b). This hexagonal
morphology is indicative of rapid cooling in a volcanic setting (Deer et al., 1992; Smyth et al., 2008).
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Figure 6.17. Images previous page - Photomicrographs and sCL imagery of FQ dykelet samples SR664 and SR367-1: a)
XPL/PPL SR664 and b) PPL SR367-1: FQ-dykelets are characterised by inclusion-rich quartz, which occurs as trails across
coarse-grained quartz and concentrated on grain margins. c) PPL: Fine-grained, blue sodic amphibole occurs within the
fine-grained interstitial assemblage. d) PPL: Fluorite and REE-mineral assemblages are interstitial to quartz. e) Monazite
has a poikilitic texture, enclosing alkali feldspar and other mineral phases. f) PPL: pyramidal pyrochlore occurs along quartz
grain boundaries. g) sCL: Multiple quartz generations, including dark (Q1) quartz cores overgrown by lighter (Q2)
generation. h) sCL: Final (Q3) quartz generation associated with interstitial assemblage of botryoidal zircon and fluorite.

The intergranular assemblage comprises of fine-grained alkali feldspar (predominantly potassic),
blue sodic-amphibole, Fe-oxide (haematite), fluorite and a variety of HFSE- and REE-minerals
including britholite, monazite, REE-fluorcarbonate, pyrochlore, yttro-pyrochlore, apatite and zircon
(Fig. 6.17c-f). Monazite has a poikilitic texture with inclusions filled with apatite, alkali feldspar and
quartz (Fig. 6.17e). Pyramidal pyrochlore occurs along grain boundaries of quartz (Fig. 6.17f).
Both fluid and mineral inclusions in quartz increase at the margins, although linear inclusion-rich
bands also occur along annealed fractures (Fig. 6.17a-b). Cathodoluminescence reveals multiple
generations of quartz, with early quartz cores (Q1 – dark CL) surrounded by secondary quartz rims
(Q2 – Light CL; Fig. 6.17g). A later quartz generation (Q3 – dark/sharp zonation in CL) occurs along
fractures and grain boundaries (Fig. 6.17g-h). Botryoidal zircon is associated with the latest quartz
(Q3) generation (Fig. 6.17h).
6.3.3.2. Allanite-Epidote Dykelets (AEQ)
The AEQ dykelets vary greatly in width (1 mm to 20 cm) and exhibit a variety of pegmatitic textures
including unidirectional growth textures on dyke margins (Fig. 6.18a), coarse-grained core zones
(Fig. 6.18b) and aplitic textures (Fig. 6.18c). These dykelets are predominantly composed of variable
proportions of allanite, epidote, quartz, and alkali feldspar. Accessory minerals include carbonate,
pyrochlore, zircon, fluorite, ilmenite and a variety of REE- and HFSE-phases (Fig. 6.18b,d-f). Allanite
and epidote are concentrically zoned and variably altered. In sample SR339, allanite is partially
resorbed and replaced by a skeletal more REE-enriched allanite variety surrounded by fluorite and
quartz. The dykelet core in sample SR339 is comprised of a highly heterogeneous, ‘brecciated’ zone
of fragmented zircon with Th-rich inclusions and uncharacterised REE-bearing HFSE-mineral phases
including Th-Y-P-silicate, Y-Ca-F-silicate and niobate minerals (Fig. 6.18e). Pyrochlore has a range of
internal textures from homogeneous to metamict, with regions enriched in U, Th, and Nb, and
mantled by allanite (Fig. 6.18f). Cathodoluminescence imagery reveals that early quartz (Qtz I) is
crosscut by thin, annealed fractures filled with a later quartz generation (Qtz II), however there is
no apparent correlation between this later quartz generation and the occurrence of HFSE-minerals
(Fig. 6.18g-h).
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6.3.3.3. Carbonate-Zircon-Titanite Dykelets (CZQ)
The CZQ dykelets are typically c. 1.5 cm wide, fine- to medium grained with pegmatitic textures
(Fig. 6.19a). These dykelets predominantly consist of quartz, alkali feldspar, carbonate and zircon
(Fig. 6.19a-b). Accessory minerals include titanite, pyrochlore, allanite, apatite and minor britholite,
which occur as interstitial phases associated with carbonate (Fig. 6.19b-c). Quartz is typically
inclusion-rich and has amoeboidal form in dyke cores with sutured contacts (Fig. 6.19b). However,
sCL imagery reveals two quartz generations: an early amoeboidal quartz (Qtz I) and a later fracturefilling quartz generation (Qtz II) that surrounds fragments of Qtz I in the dykelet core zone (Fig.
6.19d). Accessory phases are concentrated in interstitial assemblages or are associated with the
brecciated core zones highlighted in sCL (Fig. 6.19d-f). Zircon exhibits a range of textures including
individual subhedral porous or inclusion-rich crystals that appear fractured (Fig. 6.19c-d) and
globular zircon associated with fluorite and carbonate (Fig. 6.19e-f). Titanite is typically
concentrated on the margins of interstitial carbonate-filled areas (Fig. 6.19c-f). Extensively resorbed
allanite has porous to skeletal textures (Fig. 6.19e-f). There are REE-poor, REE-bearing and Y-rich
varieties of pyrochlore, which are associated with the interstitial zircon and titanite (Fig. 6.19c-d).

Figure 6.18. Images next page - Photomicrographs and BSE imagery of AEQ-Dykelets: a) PPL SR339: unidirectional growth
textures exhibited by minerals on dykelet margin. Allanite strongly pleochroic from dark to light brown. b) PPL SR314:
Coarser-grained quartz-, epidote- and carbonate-rich core zoned of dykelet. Zoned, light-green epidote surround earlier
dark brown allanite. c) PPL SR313-2: Aplitic AEQ-dykelet with granular quartz and interstitial assemblages of intergrown,
fine-grained epidote, allanite, pyrochlore and other accessory phases. d) BSE SR339: Zoned allanite is partially resorbed
and mantled by epidote. Zircon is typically inclusion rich and present in euhedral and graphic forms. e) BSE SR339:
‘Brecciated’ core zone of dykelet with fine-grained mass of Y-Th-silicate phase surrounded by allanite. Porous zircon, with
bright Th-rich inclusions, has a fragmented appearance. f) BSE SR339: Metamict pyrochlore mantled by allanite. g)
Secondary electron image of SR339 showing the distribution of alkali feldspar, quartz, pyrochlore (red), zircon (red) and
allanite (yellow). Positions of open fractures (F) and annealed fractures (Qtz II) shown. h) sCL SR339 image of (g): Annealed
fractures are filled with a later (darker) generation of quartz. There is no apparent correlation between this later quartz
generation and the development of HFSE-bearing mineral phases.
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Figure 6.19.1 Photomicrographs and BSE imagery of CZQ-dykelet sample SR336: a) PPL/XPL: Uni-directional growth
textures occur in a thin band along the dykelet margin. The majority of dyke has a massive texture with increasing grain
size toward dykelet core. b) XPL and c) BSE: Dykelet is principally comprised of quartz and alkali feldspar with interstitial
assemblage of carbonate, zircon, titanite and other accessory phases. See Ch.7.5.3 for explanation of Ttn 2 and Ttn 3
varieties. d) Composite sCL and false-colour BSE image highlighting presence of titanite (blue), allanite (dark red), zircon
(light red) and pyrochlore-(Y) yellow) associated with second-generation quartz (Qtz II) with brecciated fragments of an
earlier quartz generation (Qtz I). e) Globular zircon surrounded by carbonate and fluorite with associated titanite and
skeletal allanite. f) BSE image showing the development of fluorite blebs and rounded zircon within interstitial calcite-rich
assemblage. Titanite and skeletal allanite are marginal phases. See Ch.7.5.3 for explanation of Ttn 1.

137

Original in colour

6. Petrographic Relationships
6.5. Central Caldera
6.5.1. Marginal Volcanic Plug - Porphyritic Trachyte
Porphyritic Trachyte of the Marginal Volcanic Plug is highly heterogeneous. This trachyte contains
numerous phenocrysts and xenocrysts (0.2 to 2 mm), as well as clusters of mosaic-textured quartz
(< 2 mm; Fig. 6.20a). Phenocrysts include subhedral alkali feldspars mantled by secondary inclusionrich alkali feldspar (Fig. 6.20b), partially resorbed pale-yellow olivine mantled by red iddingsite and
light green-grey clinopyroxene with a variety of textures from skeletal, to euhedral and fragmented.
Rounded apatite lozenges occur as inclusions in clinopyroxene. Fine-grained groundmass comprises
microlitic alkali feldspar, green clinopyroxene, brown amphibole, and Fe-Ti oxides.
6.5.2. Undifferentiated Volcaniclastics – Lithic Lapilli Tuff
Volcaniclastic material sampled from the Ampasibitika Central Caldera was largely variably altered
lithic lapilli-tuffs. Lithic fragments include limestone, syenite, trachyte, and ignimbrite, which are
angular to sub-angular and generally < 50 mm across (Fig. 6.20c). These are supported in a matrix
of devitrified glass fragments, with numerous sub-rounded quartz-grains (<0.2 mm). Alteration
replaces matrix with chlorite and quartz (Fig. 6.20d).

Figure 6.20. Photomicrographs of Central Caldera volcanic rocks. Marginal Volcanic Plug porphyritic trachyte a) XPL:
clinopyroxene phenocryst (skeletal) texture and cluster of mosaic-textured quartz, and b) PPL: angular to sub-angular
alkali feldspar phenocrysts and/or xenocrysts with inclusion rich mantles hosted within a groundmass of microlitic alkali
feldspar, clinopyroxene, amphibole and Fe-Ti oxides. Undifferentiated Volcaniclastics lithic lapilli tuff c) PPL: unaltered tuff
with angular to sub-angular clasts hosted in an ash matrix, and d) PPL/XPL: chlorite alteration of lithic lapilli tuff.
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6.6. Tsarabariabe Intrusion
6.6.1. Leucogranite (SR672) and Quartz Alkali Feldspar Syenite (SR668) Bodies
These medium- to coarse-grained (0.5 to 3 mm) rocks of the Tsarabariable Intrusion predominantly
comprise subhedral, sericitised alkali feldspar (70 - 80 vol. %) with interstitial quartz (15 – 30 vol. %;
Fig. 6.21a-d). Quartz is rich in inclusions that are concentrated in the marginal zones or in trails
crosscutting the quartz (Fig. 6.21b). Interstitial accumulations of fine-grained chlorite, sulphide and
Fe-Ti oxides appear to have replaced primary ferromagnesian minerals (Fig. 6.21b,d). Small (<0.2
mm) unidentified high-birefringence grains (possible HFSE-mineral) and apatite lozenges occur
within the interstitial alteration assemblages and inclusions in quartz (Fig. 6.21b,d). These intrusive
rocks are virtually indistinguishable petrographically and therefore grouped as alkali feldspar
granite based on the abundance of quartz observed (> 15. %).

Figure 6.21. Photomicrographs of Leucogranite (SR668) and Quartz Syenite (SR672) samples of the Tsarabariabe Intrusion.
a) XPL: Vari-textured Leucogranite comprised predominantly of sericitised alkali feldspar and interstitial quartz. b) PPL:
Leucogranite interstitial assemblage of mixed fine-grained chlorite, Fe-Ti-oxides and high-birefringence phases (see inset:
XPL). c) PPL/XPL: Medium-grained alkali feldspar and interstitial quartz of the Quartz Syenite. d) PPL: Interstitial
assemblage of the Quartz Syenite similar to that of the Leucogranite, comprised of chlorite, Fe-Ti-oxides and unidentified
high birefringence phases.
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6.6. Reclassification of lithologies
On the basis of petrographic features and mineral assemblages observed, some lithologies of the
Ampasibitika and Tsarabariabe Intrusions have been reclassified and/or further subdivided. The
updated classification scheme is outlined in Fig. 6.22.

Figure 6.22. Reclassification of lithologies on the basis of petrographic features.
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6.7. Petrography: Summary and Conclusions
The petrographic study of samples of the Ampasibitika and Tsarabariabe Intrusions highlights the
heterogeneity of the Ambohimirahavavy Alkaline Complex. Paragenetic sequences compiled for the
AAFS (Fig. 6.3) and AHNS (Fig. 6.10) record the increasingly sodic nature of the residual and evolved
syenitic melts of the Ampasibitika Intrusion. The development of exotic mineral assemblages in the
PGD indicate that these are the result of prolonged differentiation and HFSE-enrichment processes.
Alteration, embayment and overgrowth of cumulus minerals (e.g. alkali feldspar, amphibole,
clinopyroxene) by minerals of distinctly different compositions and/or the development of late
interstitial mineral phases is a common occurrence. This indicates a marked compositional change
in the residual melt, rather than a gradual evolution. Although late silicate mineral phases are
typically of sodic (aegirine, arfvedsonite) and/or potassic (biotite) affinity, carbonate-bearing
assemblages are common late interstitial phases. The prevalence of carbonate indicates that CO32is common during the magmatic and hydrothermal evolution of the Ampasibitika Intrusion; other
volatile phases (e.g. F-, Cl-, H2O) were also likely enriched in melts/fluids during these stages,
indicated by the presence of sodalite, analcime and fluorite.
6.7.1. Mineralisation
In peralkaline complexes, REE mineralisation is typically associated with the development of
agpaitic mineral assemblages. Eudialyte was only observed as an intermediate to late magmatic
phase in the T3NeSy. The subsequent development of Na-Ca-zirconosilicates, fluorite-(Y) and REEfluorcarbonates suggests that the final melt/fluid exsolved from the T3NeSy destabilised eudialyte
and indicates hyperagpaitic conditions (Marks and Markl, 2017). Unidentified Na-Ca-zirconosilicate
and –Nb-silicate phases occur as a final hydrothermal phase in the T1NeSy, indicating that late
melt/fluid that resulted in the alteration of Ca-amphiboles, alkali feldspar, and nepheline to
analcime plus aegirine was capable of transporting HFSE. However, these agpaitic and hyperagpaitic
minerals are generally accessory phases and therefore unlikely to be a significant source of REE.
Apart from in the PGD and granitic dykelets, concentration of HFSE- and REE-minerals appear to be
minimal, occurring as accessory phases. In the AHNS, other than the presence of eudialyte, other
commonly REE-bearing phases include apatite in the T1NeSy and late monazite as a minor
hydrothermal phase. In the AAFS, REE-fluorcarbonates, zircon and pyrochlore do occur as late
magmatic to hydrothermal phases in the T2AfsSy, whereas apatite, late-magmatic britholite and
hydrothermal REE-fluorcarbonate are principal REE-bearing phases in the T1AfsSy. In the MSD, REEfluorcarbonates are associated with interstitial carbonate assemblages. As such, the majority of
REE-mineral phases formed during the late-magmatic stage of evolution and experienced variable
hydrothermal alteration to secondary HFSE- or REE-phases.
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6.7.1.2. REE-Mineral Alteration
Subsolidus alteration and the development of pseudomorph assemblages is a relatively common
occurrence affecting REE-bearing minerals of the AHNS, AAFS, PGD and MSD. The main alteration
assemblages and features observed and inferred precursor phases are summarised in Table 6.2.

Table 6.2. Summary of features associated with the alteration or development of REE-minerals for the
AAFS, AHNS, PGD and MSD.
Rock Type
[Sample(s)]

Precursor Phase
[Inferred]

T1AfsSy

Britholite
(after apatite)
[Apatite]

T2AfsSy

T1NeSy
[SR665]

T2NeSy

T3NeSy

GR-II

GR-III

Porphyritic/
trachytic
microsyenite
dykes.

Hydrothermal Assemblage and/or
Interpretations
Feature
Ampasibitika Alkali Feldspar Syenites (AAFS)
Interaction with CO32- -rich and fluorideREE-Fluorcarbonates
bearing hydrothermal fluid, potentially of
(syntaxial bastnäsite – synchysite)
orthomagmatic origin.
REE-fluorcarbonate (Fig. 6.2d).

Segregation of CO32- melt/fluid phase
REE-Fluorcarbonate, pyrochlore
during crystallisation resulting in extensive
NA
and zircon associated with
carbonate-dominated alteration.
miarolitic cavities (Fig. 6.2g-h)
Ankobabe Hybrids Nepheline Syenites AHNS
Apatite
Increasingly REE-enriched, partially Late magmatic to hydrothermal, REEenriched, sodic fluid capable of dissolving
concentrically zoned resorbed apatite rims (Fig 6.6g).
precursor REE-phases. Cl- and F- enhances
Feathery Na-Ca-Zirconosilicate, Zr and REE solubility in melt. PO43- and
NA
Nb-silicate and monazite.
CO32-/CH4 also potentially enriched in fluid
(Fig. 6.6h).
phase.
Hydrothermal monazite associated
Unknown
with analcime and aegirine
PO43- -bearing, Na-rich hydrothermal fluid.
(Fig. 6.7f).
Ca-Na-Zirconosilicate, REEDestabilisation of eudialyte during late
fluid exsolution. Fluid enriched in CO32-, FEudialyte* (Fig. 6.8e) Fluorcarbonate and Fluorite-(Y)
(Fig. 6.8f).
and H2O.
Vein: Mn-carbonate/oxide,
Pathways of fluids expelled during final
NA
fluorite-(Y), and monazite
stages of T3NeSy crystallisation.
associated with analcime.
Peralkaline Granitic Dykes (PGD)
Alteration of eudialyte triggered by fluid
exsolution and interaction with an
[Eudialyte]
Zircon and Q3 quartz generation.
external Ca-bearing fluid (Estrade et al.,
2018).
HFSE (and REE) retained in solution for
extended period. Chlorine and fluorine
Interstitial feathery zircon, Nb-Ylikely present to enhance HFSE solubility in
oxide and REE-FC (Fig. 6.17f-g).
evolved fluid/melt. Rapid late stage
NA
Late interstitial carbonate (Fig.
crystallisation/ precipitation triggered by
6.17f,h) and fluorite veins.
fluid exsolution. Abundance of calcite
indicates CO32- -enrichment in late
fluid/melt phases.
Marginal Syenitic Dykes (MSD)
Alkali feldspar
Sericitised
Interstitial fine-grained REE
fluorcarbonates, and locally zircon,
Extensive interaction with carbonate-rich
associated with Fe-oxides, calcite
fluid phase.
NA
and siderite (Fig. 6.15d-e).
Sulphide and carbonate + quartz
veins present.
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Field relationships and petrographic observations indicate that the rocks of the Ampasibitika
Intrusion have experienced a wide variety of magmatic, metasomatic and hydrothermal processes
during their petrogenesis. In this chapter, mineral compositions are used to gain insight into the
chemical evolution of magmatic and metasomatic/hydrothermal mineral phases to better
understand the conditions during crystallisation.
As clinopyroxene and, to a lesser extent, amphibole are common phases throughout the AAFS,
Ankobabe Hybrids and PGDs, these minerals are subject to particular attention. The ability of these
minerals to incorporate significant proportions of geochemically relevant trace elements provides
a record of the varying compatibility of REE, and thus mobility, during the evolution of Ampasibitika
Intrusion AAFS and Ankobabe Hybrids.
7.1. Clinopyroxene
As shown by petrographic observations (Ch. 6), clinopyroxenes in the Ampasibitika Intrusion have
a wide range of compositions from hedenbergite to aegirine in composition. This wide
compositional range of clinopyroxene is a characteristic feature of alkaline igneous rocks (Marks et
al., 2004a). Average major element analyses (EPMA) of the clinopyroxene populations and
associated trace element content (LA-ICP-MS), if availiable, are given in Appendix V. To enable
detailed chemical classification, 10 end-member components for clinopyroxene were calculated
using the method of Marks et al. (2008). Key components of interest include aegirine, tschermakite
and their [Zr, Ti] equivalents, in addition to jadeite, hedenbergite and diopside. Aegirine-augite
describes mixed compositions between the hedenbergite and aegirine end-members, with Na/Ca
between 0.2 and 2.
7.1.1. Clinopyroxene Compositional Trends
The compositional evolution of clinopyroxenes from the Ampasibitika Intrusion is best described by
the diopside, hedenbergite and aegirine end-members (Fig. 7.1). The most primitive pyroxenes are
diopsidic with low Na contents (apfu < 0.10); these principally occur as phenocrysts within the
porphyritic trachytes of the Marginal Volcanic Plug and Immiscible Trachytic Phonolite of the
Ankobabe Hybrids. With advancing fractional crystallisation and differentiation, pyroxenes of the
Ampasibitika Intrusion become increasingly Na- and Fe-rich, transitioning from diopside to
hedenbergite- to aegirine-rich compositions. Aegirine may also crystallise at low temperatures from
hydrothermal fluids, and changing trace element signatures are used to assess this transition from
magmatic to hydrothermal in section 7.1.3. Both the AHNS and the AAFS show large ranges of
chemical variation, both within and between lithologies.
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The AAFS record the evolution from hedenbergite in the T1AfsSy, to increasingly aegirine-rich
compositions in the T2AfsSy with advancing differentiation. The early, light green hedenbergite
(Na/Ca: 0.04-0.08) cores of the T1AfsSy are rimmed by darker-green, Na-enriched, hedenbergite to
aegirine-augite (Na/Ca: 0.08-0.48). There is a compositional gap between clinopyroxene
compositions of the T1AfsSy and the T2AfsSy, with early aegirine-augite of T2AfsSy being 15 mol. %
more enriched in aegirine than late aegirine-augite of the T1AfsSy (Fig. 7.1). Rhythmically zoned
pyroxene overgrowths of the T2AfsSy range from aegirine-augite to aegirine (Na/Ca: 1.5-65.2), with
the outermost zones generally being the most sodic. Acicular aegirine associated with quartz in
miarolitic cavities has Na/Ca between 8.1 and 62.1.
The Ankobabe Hybrids T1NeSy record the transition from hedenbergite to aegirine compositions,
whereas the T2NeSy (aegirine-augite to aegirine) and T3NeSy (aegirine) have increasingly Na- and
Fe-rich pyroxene compositions. In the T1NeSy, hedenbergite occurs as resorbed cores mantled by
aegirine (Ch. 6.2.1.2; Fig. 6.6); aegirine-augite occurs mantling earlier, Ca-rich, hedenbergite and
amphibole; and aegirine is present associated with analcime either as prismatic crystals or as rims
around aegirine-augite. Where the T2NeSy is associated with the Immiscible Trachytic Phonolite
enclaves (SR365), pyroxene compositions do not follow the typical diopside-poor evolutionary
trend; instead, compositions are shifted toward the diopside-rich clinopyroxene microlites and
phenocrysts of the Immiscible Trachytic Phonolite, indicative of a degree of mixing during
interaction of the two magmas. However, like the T1NeSy, pyroxenes evolve to increasingly
aegirine-rich compositions (Na/Ca up to 140). Clinopyroxenes of the T3NeSy are principally of
aegirine composition, with Na/Ca of 1.8 to 34.0. Although four discrete varieties of aegirine can be
distinguished on the basis of textural relationships in the T3NeSy, there is limited compositional
variation. This may in part be an artefact of the EPMA spot size being too large to target finer
oscillations in compositions.
When compared with data from the literature (Fig. 7.1), compositional trends of the AAFS and AHNS
most closely align with those recorded in pyroxenes of the Ilimaussaq Complex, albeit less strongly
enriched in the hedenbergite component.
Aplitic clinopyroxene of GR-III PGD is of aegirine composition with a slight shift toward diopside
(Fig. 7.1), showing that these aegirines are enriched in Mg. In addition, these clinopyroxenes are
comprised of up to 11.0 mol. % (Ti, Zr)-aegirine (Fig. 7.2).
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Figure 7.1. Major element compositional trends for
clinopyroxenes of various intrusive units of the
Ampasibitika Intrusion. Major element trends for
comparison shown for selected alkaline igneous
complexes: Ilimaussaq, Puklen and Grønnedal-Ika,
(Marks et al., 2004a), Katzenbukel, South Qôrok and
Lovozero (Mann et al., 2006). Pale grey symbols
show all EPMA analyses. Note: Immiscible trachytic
phonolite Type-1 phenocryst refers to rounded and
resorbed phenocrysts and Type-2 phenocrysts refers
to skeletal phenocrysts identified (see Ch. 6.2.2.1
Immiscible Trachytic Phonolite).
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Figure 7.2.Minor clinopyroxene components derived from EPMA data.
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Tschermakite and jadeite components comprised less than 13 mol. % of clinopyroxenes analysed
from the Ampasibitika Intrusion, however (Ti, Zr)-aegirine can be up to 22.7 mol. % (Fig. 7.2).
Elevations in the tschermakite components are greatest in phenocrysts and some microlites of the
porphyritic trachyte from the Marginal Volcanic Plug, and the Immiscible Trachytic Phonolite of the
Ankobabe Hybrids (Fig. 7.2). There is a general increase in the jadeite component in the later,
increasingly aegirine-rich pyroxenes of the AHNS and AAFS units (Fig. 7.2).
Both Ti and Zr can attain elevated concentrations in pyroxenes of the AAFS and AHNS (section
7.1.2), which is expressed by minor elevations in (Ti, Zr)-tschermakite occurring in hedenbergite
and aegirine-augite of the T1NeSy, T2NeSy and T1AfsSy, and elevated (Ti, Zr)-aegirine components
in late aegirine-rich pyroxenes of the T1NeSy and T2NeSy (Fig. 7.2). However, this enrichment is
variable both within and between units. Relative to aegirine of the T1NeSy and T2NeSy,
clinopyroxenes of the T3NeSy are relatively depleted in the (Ti, Zr)-aegirine component. The
relationship between Ti and Zr is complex, with both the relative proportion of these elements and
overall concentrations varying within and between units.
7.1.2. Clinopyroxene Minor and Trace Element Variation
Trace element analysis was performed using LA-ICP-MS for clinopyroxenes of the AAFS, AHNS and
Immiscible Trachytic Phonolite (associated with the T2NeSy). The summaries of the trace element
data are given in Table 7.1. These data are presented for each clinopyroxene group following the
major element trends described in the previous section from Ca-Mg-rich through to Na-Fe-rich
endmembers (i.e. diopside through to aegirine) for each unit. In some cases, EPMA data for minor
elements is shown alongside LA-ICP-MS data to show the differences between samples that have
and have not been subject to LA-ICP-MS analysis, as more samples were analysed using EPMA
resulting in a larger data set but with fewer elements.

Figure 7.3. Primitive mantle normalised trace element and chondrite normalised REE plots of average values of
clinopyroxene varieties of the Immiscible Trachytic Phonolite. Primitive mantle and chondrite normalisation values from
McDonough and Sun (1995).
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Figure 7.4. Primitive mantle normalised trace element and chondrite normalised REE plots of average values of
clinopyroxene varieties of the AAFS T1AfsSy and T2AfsSy. Primitive mantle and chondrite normalisation values from
McDonough and Sun (1995).

Figure 7.5. Primitive mantle normalised trace element and chondrite normalised REE plots of average values of
clinopyroxene varieties of the AHNS (top) T1NeSy, T2NeSy, T3NeSy and (bottom) MNeSy. Primitive mantle and chondrite
normalisation values from McDonough and Sun (1995).
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Table 7.1. Selected average, maximum and minimum trace element content, ratios and anomalies for clinopyroxene varieties investigated using LA-ICP-MS. Detection limits (D.L.) for elements given,
average values italicised where below detection limit.
Rock Type

Immiscible Trachytic Phonolite

Sample
Number

SR363

Clinopyroxene
Variety

T1AfsSy
SR315

Diopside
Rounded and resorbed
(Mg richer) Phenocryst

No. analyses
4
ppm
Avg.
Max.
Li
32.9
34.3
Ti
11875 13200
Rb
b.d.l.
b.d.l.
Sr
103
118
Zr
82.3
90.0
Nb
1.05
0.89
Ba
0.24
0.30
Pb
0.14
0.32
∑REE
91.9
101
Chondrite Normalised
(La/Yb)
4.75
5.79
(Ho/Yb)
2.01
2.25
(Eu/Eu*)
1.07
1.17
Primitive Mantle Normalised
(Ti/Ti*)
0.82
1.07
(Zr/Zr*)
0.46
0.53
(Pb/Pb*)
0.05
0.11
(Li/Li*)
3.41
3.70
(Sr/Sr*)
0.27
0.29

Skeletal (Fe richer)
Phenocryst

T2AfsSy

SR284

SR284

SR288

SR287

SR288

Hedenbergite

Aegirine-Augite
(Hedenbergite)

Aegirine-Augite (Aegirine)

Aegirine

Early/Core

Late/Rim

Early/Core

Late/Zoned

Min.
31.8
10500
b.d.l.
90.0
76.0
0.73
0.20
b.d.l.
86.3

Avg.
20.3
4069
0.11
18.6
92.2
0.89
0.38
0.36
256

9
Max.
35.0
4630
0.67
28.6
114
1.05
0.44
0.96
293

Min.
11.9
3230
b.d.l.
7.90
72.8
0.73
0.30
0.12
222

Avg.
38.2
2824
0.16
1.15
208
0.97
0.78
0.96
439

8
Max.
45.2
4030
0.78
1.46
527
1.37
1.19
1.97
724

Min.
29.8
1940
b.d.l.
0.66
93.0
0.71
0.44
0.50
284

Avg.
43.5
2532
0.88
1.1
264
0.92
0.72
1.05
393

11
Max.
65.7
3170
6.00
1.43
1418
1.65
1.09
4.57
640

Min.
30.8
1600
b.d.l.
0.76
80.9
0.48
0.27
0.33
238

Avg.
43.1
1777
0.17
2.03
1444
2.72
1.92
3.50
924

7
Max.
52.1
1890
0.47
2.77
4790
5.05
2.71
8.50
1152

Min.
32.9
1610
b.d.l.
1.53
292
1.54
1.17
1.23
600

Avg.
69.1
1893
0.02
0.98
3388
2.78
0.69
1.10
323

4
Max.
75.4
2440
0.08
1.16
4270
2.99
0.84
1.81
457

Min.
63.2
1470
b.d.l.
0.67
2630
2.54
0.42
0.31
167

Avg.
69.9
2392
0.78
0.76
13276
6.02
1.04
3.43
543

5
Max.
72.8
3230
1.78
0.90
14760
11.9
1.25
6.00
633

Min.
66.2
1638
b.d.l.
0.47
11640
3.16
0.57
1.00
326

Avg.
98.2
2192
0.36
1.3
901.3
44.4
0.06
0.32
37.0

7
Max.
155.1
5390
1.50
1.92
3040
245
0.10
1.74
133

Min.
60.8
498
b.d.l.
0.64
20.8
4.27
b.d.l.
b.d.l.
4.30

4.16
1.74
0.91

4.26
1.29
0.45

5.35
1.45
0.61

3.38
1.00
0.22

4.15
0.88
0.14

5.56
1.21
0.16

3.49
0.62
0.11

3.46
0.83
0.13

5.07
1.09
0.16

2.06
0.53
0.10

4.02
0.70
0.16

5.90
0.82
0.18

3.15
0.58
0.14

2.04
0.31
0.15

2.65
0.34
0.18

0.97
0.27
0.13

1.64
0.43
0.16

2.75
0.56
0.17

0.99
0.33
0.14

0.20
0.09
0.09

0.60
0.21
0.33

0.06
0.02
0.00

0.64
0.41
0.02
3.10
0.24

0.11
0.20
0.04
0.88
0.02

0.14
0.23
0.10
1.43
0.02

0.09
0.17
0.01
0.56
0.01

0.06
0.26
0.07
1.28
0.00

0.08
0.48
0.17
1.59
0.00

0.03
0.18
0.04
0.90
0.00

0.06
0.32
0.07
1.63
0.00

0.09
1.33
0.22
2.91
0.00

0.02
0.15
0.04
0.68
0.00

0.02
1.05
0.11
0.73
0.00

0.03
3.43
0.24
1.11
0.00

0.01
0.23
0.06
0.39
0.00

0.06
7.78
0.09
4.05
0.00

0.08
14.20
0.11
4.91
0.00

0.03
5.25
0.06
2.43
0.00

0.04
21.0
0.20
1.42
0.00

0.07
35.8
0.32
1.74
0.00

0.02
14.7
0.12
1.00
0.00

1.26
11.3
1.98
143
0.04

2.55
31.5
11.76
525
0.12

0.29
2.48
0.02
3.88
0.00
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Table 7.1. cont.
Rock Type
Sample Number
Clinopyroxene
Variety

SR287
Aegirine

T2AfsSy

Late/Zoned

No. analyses
15
ppm
Avg.
Max.
Min.
Li
34.1
95.6
17.2
Ti
4694
10970
556
Rb
0.14
0.63
b.d.l.
Sr
0.29
1.12
b.d.l.
Zr
2081
6370
181
Nb
7.42
43.8
0.20
Ba
b.d.l.
b.d.l.
b.d.l.
Pb
0.04
0.16
b.d.l.
∑REE
37.7
90.6
9.88
Chondrite Normalised
(La/Yb)
0.08
0.39
0.01
(Ho/Yb)
0.07
0.17
0.02
(Eu/Eu*)
0.08
0.24
0.00
Primitive Mantle Normalised
(Ti/Ti*)
8.51
54.0
0.25
(Zr/Zr*)
122
316
16.9
(Pb/Pb*)
0.21
1.00
0.00
(Li/Li*)
12.7
31.8
2.67
(Sr/Sr*)
0.01
0.03
0.00

SR287
Aegirine

SR665
Aegirine-Augite

Late/ Acicular

Early/Resorbed Core

1

2
Avg. Max.
Min.
19.7
22.4
17.0
591
604
578
b.d.l.
b.d.l.
b.d.l.
3.47
3.5
3.44
1910
2050
1770
5.79
6.60
4.97
1.60
1.78
1.41
2.04
2.39
1.68
722
751
692

22.1
7390
0.02
0.27
385
43.1
0.01
0.02
11.78

T1NeSy
SR665
SR665
SR365
Aegirine
Aegirine
Aegirine-Augite
Late (minor Ca)/Mantle on
Late (Na)/Prismatic
early aegirine-augite and
aegirine associated with
Early/Core
amphibole
analcime
7
3
4
Avg.
Max.
Min.
Avg.
Max.
Min.
Avg. Max.
Min.
53.1
69.9
35.4
62.1
67.0
55.9
36.3
43.4
30.7
5384
10620
1780
5273
8290
2650
1303
2320
523
0.45
0.82
b.d.l.
b.d.l.
b.d.l.
b.d.l.
0.31
1.54
b.d.l.
4.436
22.1
0.98
0.98
1.34
0.73
3.66
5.31
1.37
15804
28800
4620
2381
3570
392
3423
5590
2610
328
732
20.7
555
857
18.5
3.53
5.90
2.07
0.69
2.68
0.25
0.23
0.31
0.18
0.46
1.18
0.20
0.35
0.65
0.18
0.37
0.92
b.d.l.
0.53
1.21
0.29
242
401
164
142
176
120
240
491
171

T2NeSy
SR365
SR367
Aegirine (Aegirine-Augite)
Early(-Intermediate)/Prismatic aegirine cores
12
Avg.
Max.
Min.
36.3
43.4
30.7
1303
2320
523
0.31
1.54
b.d.l.
3.66
5.31
1.37
3423
5590
2610
3.31
5.45
2.07
0.46
1.18
0.20
0.53
1.21
0.29
240
491
171

7
Avg.
Max.
Min.
31.0
35.7
26.3
1296
3700
703
0.23
0.79
b.d.l.
0.53
1.58
0.25
3766
5130
2060
277
2200
1.63
0.39
1.85
0.10
0.91
3.30
0.17
181
608
71.0

0.23
0.13
0.12

2.35
0.30
0.09

2.44
0.30
0.09

2.25
0.29
0.08

0.77
0.21
0.12

1.44
0.25
0.31

0.39
0.15
0.06

0.81
0.25
0.09

1.05
0.38
0.12

0.50
0.17
0.08

1.53
0.23
0.07

3.34
0.27
0.11

1.01
0.18
0.04

1.53
0.23
0.07

3.34
0.27
0.11

1.01
0.18
0.04

1.86
0.27
0.08

7.46
0.41
0.12

0.75
0.21
0.05

19.38
61.00
0.08
16.06
0.01

0.01
2.16
0.08
0.58
0.00

0.01
2.40
0.10
0.69
0.00

0.01
1.92
0.06
0.47
0.00

0.34
55.2
0.05
3.64
0.01

0.81
102
0.10
6.28
0.03

0.05
13.8
0.04
1.53
0.00

0.47
14.6
0.09
5.91
0.00

0.63
24.8
0.23
7.15
0.00

0.17
2.07
0.01
5.09
0.00

0.07
12.0
0.07
3.08
0.00

0.15
24.0
0.14
4.16
0.01

0.02
5.01
0.03
2.17
0.00

0.074
12.0
0.07
3.08
0.00

0.15
24.0
0.14
4.16
0.01

0.016
5.01
0.03
2.17
0.00

0.09
20.5
0.15
4.12
0.00

0.13
26.7
0.39
5.56
0.00

0.05
5.13
0.06
2.28
0.00
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Table 7.1. cont.
Rock Type
Sample
Number
Clinopyroxene
Variety

T2NeSy

T3NeSy

MNeSy

SR367

SR366

SR368

Aegirine (Aegirine-Augite)

Aegirine

Aegirine

Aegirine-Augite

Late/Prismatic associated with analcime

Latest/Prismatic

SR365

No. analyses
17
ppm
Avg.
Max.
Li
39.7
46.2
Ti
4394
9770
Rb
0.22
1.27
Sr
3.52
7.00
Zr
11013 32500
Nb
257
870
Ba
0.31
0.57
Pb
1.42
8.50
∑REE
187
318
Chondrite Normalised
(La/Yb)
0.90
1.97
(Ho/Yb)
0.19
0.26
(Eu/Eu*)
0.09
0.13
Primitive Mantle Normalised
(Ti/Ti*)
0.36
1.05
(Zr/Zr*)
46.7
121
(Pb/Pb*)
0.36
2.54
(Li/Li*)
3.96
7.30
(Sr/Sr*)
0.01
0.01

SR367

Granular core

Overgrowth

Acicular - Interstitial

Acicular - Vein

Early/Core

Min.
32.3
1290
b.d.l.
1.47
2410
3.01
0.18
0.18
112

Avg.
31.8
1326
0.21
0.35
3777
9.18
0.13
0.33
82.2

12
Max.
35.3
4110
0.60
0.55
10040
26.9
0.22
0.76
124

Min.
26.7
783
b.d.l.
0.19
2090
1.13
b.d.l.
0.19
39.1

Avg.
32.3
9980
0.31
0.28
264
615
0.40
0.50
582

2
Max.
43.2
11520
0.38
0.30
480
788
0.44
0.78
584

Min.
21.3
8440
0.23
0.27
48.4
442
0.36
0.21
579

Avg.
25.0
900
b.d.l.
0.27
1520
2.49
0.03
0.07
17.5

3
Max.
26.2
1012
b.d.l.
0.35
1960
4.30
b.d.l.
0.10
18.1

Min.
23.7
829
b.d.l.
0.21
1139
0.65
b.d.l.
0.03
16.9

Avg.
28.8
2405
0.46
0.16
2991
97.4
0.09
0.57
54.0

15
Max.
40.2
5390
1.85
0.81
9280
441
0.20
2.66
88.7

Min.
24.0
678
b.d.l.
b.d.l.
948
1.31
b.d.l.
b.d.l.
30.6

Avg.
29.3
2958
0.23
0.18
3181
133
0.09
0.33
50.9

8
Max.
36.6
5170
0.58
0.31
3900
404
0.27
1.48
102

Min.
24.0
916
b.d.l.
b.d.l.
2650
2.14
b.d.l.
b.d.l.
31.7

Avg.
31.6
3890
1.13
0.01
4503
1645
0.12
0.19
61.3

3
Max.
37.4
5130
2.52
b.d.l.
7640
4750
0.26
0.46
119

Min.
28.0
3180
b.d.l.
b.d.l.
2840
89.0
b.d.l.
b.d.l.
31.5

Avg.
21.1
1830
b.d.l.
0.26
3165
5.66
0.60
0.67
245

2
Max.
21.1
2000
b.d.l.
0.34
3280
6.22
0.66
0.99
252

Min.
21.0
1660
b.d.l.
0.17
3050
5.10
0.54
0.34
238

0.38
0.12
0.06

0.79
0.23
0.05

1.06
0.30
0.13

0.12
0.10
0.00

0.14
0.51
0.09

0.18
0.59
0.09

0.09
0.44
0.09

0.37
0.08
0.00

0.41
0.12
0.00

0.32
0.06
0.00

1.34
0.15
0.05

4.65
0.21
0.37

0.40
0.08
0.00

0.76
0.18
0.02

1.45
0.25
0.05

0.37
0.11
0.00

0.64
0.13
0.03

0.85
0.16
0.05

0.51
0.10
0.02

1.99
0.24
0.10

2.06
0.25
0.10

1.92
0.24
0.10

0.07
9.01
0.04
2.27
0.00

0.23
44.2
0.13
6.51
0.00

1.29
250
0.26
9.14
0.00

0.09
16.7
0.06
4.40
0.00

0.11
0.44
0.07
0.19
0.00

0.12
0.76
0.11
0.25
0.00

0.11
0.11
0.04
0.13
0.00

0.89
76.4
0.14
28.6
0.00

0.98
112
0.21
34.2
0.01

0.77
55.3
0.06
22.3
0.00

0.86
53.0
0.30
13.2
0.00

2.22
133
0.98
23.5
0.00

0.13
15.9
0.01
6.12
0.00

0.84
55.4
0.17
11.9
0.00

1.44
85.6
0.49
20.6
0.00

0.33
24.0
0.00
5.73
0.00

1.06
69.7
0.08
13.4
0.00

1.38
79.0
0.13
20.5
0.00

0.64
61.2
0.01
6.11
0.00

0.09
9.13
0.08
2.18
0.00

0.09
9.94
0.12
2.29
0.00

0.09
8.32
0.04
2.08
0.00
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Table 7.1. cont.
Rock Type
Sample
Number
Clinopyroxene
Variety
No. analyses
ppm
Li
Ti
Rb
Sr
Zr
Nb
Ba
Pb
∑REE

MNeSy
SR368

Avg.
14.1
5550
b.d.l.
0.17
4891
29.6
0.05
0.22
49.1

Aegirine
Late/Rim
7
Max.
16.9
7400
b.d.l.
0.46
6900
63.0
0.12
0.75
92.8

Min.
11.3
3520
b.d.l.
b.d.l.
2850
6.90
b.d.l.
b.d.l.
30.7

Aegirine
Late/Interstitial
4
Avg. Max. Min.
14.9
18.8
10.3
2098 2360 1800
b.d.l. b.d.l. b.d.l.
0.22
0.34 b.d.l.
3135 3440 2910
3.02
3.76
2.03
0.11
0.32 b.d.l.
0.72
1.08
0.35
80.3
196
33.7

0.79
0.13
0.15

0.17
0.03
0.00

0.79
0.11
0.03

1.63
0.20
0.06

0.39
0.06
0.00

Eu-anomaly: (Eu/Eu*) = Eu/([Sm + Gd]/2)

0.67
85.9
0.02
2.16
0.00

0.78
58.9
0.56
8.17
0.00

1.39
93.4
1.08
13.8
0.00

0.12
12.0
0.05
2.77
0.00

Ti-anomaly: (Ti/Ti*) = Ti/([Sm + Gd]/2)
Zr-anomaly: (Zr/Zr*) = Zr/([Nd + Sm]/2)
Pb-anomaly: (Pb/Pb*) = Pb/([Ce + Pr]/2)
Li-anomaly: (Li/Li*) = Li/([Dy + Y]/2)
Sr-anomaly: (Sr/Sr*) = Sr/([Pr + Nd]/2)

Chondrite Normalised
(La/Yb)
(Ho/Yb)
(Eu/Eu*)

0.36
0.07
0.08

Primitive Mantle Normalised
(Ti/Ti*)
(Zr/Zr*)
(Pb/Pb*)
(Li/Li*)
(Sr/Sr*)

4.77
181
0.31
6.19
0.00

10.57
322
1.31
8.91
0.00

Average primitive-mantle normalised trace element and chondrite-normalised REE patterns for
clinopyroxene varieties of the Immiscible Trachytic Phonolite, AAFS, AHNS and PGD are shown in
Fig. 7.3, 7.4 and 7.5. Clinopyroxenes within each unit have been divided into groups with distinctly
different textural associations and major element compositions (Table 7.1). There are some
similarities in primitive mantle and chondrite normalised profiles for clinopyroxenes of the
Ampasibitika Intrusion. Almost all exhibit negative Ba, Sr and Eu anomalies, positive Zr anomalies
and concave REE profiles with elevated chondrite normalised LREE and HREE relative to MREE (Fig.
7.3, 7.4 & 7.5).
In the Immiscible Trachytic Phonolite, the clinopyroxenes have notably flatter trace element and
REE patterns than all other pyroxenes (Fig. 7.3). The skeletal Fe-enriched diopside phenocryst have
greater magnitude negative Ba, Sr, Zr, Eu and Ti anomalies relative to the rounded Mg-enriched
phenocrysts, which exhibit a relatively flat, unfractionated pattern. Both phenocryst varieties have
moderately fractionated REE profiles ([La/Yb]cn: rounded/Mg-enriched 4.16 – 5.79; skeletal/Feenriched 3.38-5.35) and convex LREE (La-Sm) profiles; however, HREE profiles of the rounded Mgenriched phenocrysts are slightly flatter ([Ho/Yb]cn: 1.00-1.55) than the skeletal Fe-enriched
([Ho/Yb]cn: 1.74-2.25).
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Large ion lithophile elements exhibit varying degrees of enrichment and depletion in the AAFS and
AHNS (Fig. 7.4 & 7.5). Ba exhibits moderate to strongly negative anomalies, with anomaly
magnitude generally increasing as clinopyroxenes become more sodic (i.e. later generations).
Strong negative Sr anomalies are a consistent feature, however in the T2AfsSy the magnitude of
the Sr anomalies decreases relative to earlier phases, resulting from the strong depletion in the
neighbouring REE concentrations. Rubidium is commonly below or near detection limit.
Zirconium and Ti are enriched in variable proportions both within and between clinopyroxene
varieties of the AAFS and AHNS, with concentrations ranging from below detection limit to weight
percent levels (Table 7.1). The highest average Zr and Ti concentration is recorded in Ca-bearing
aegirine, which mantles earlier amphibole and hedenbergite, of the T1NeSy (0.16 wt. % Zr; 0.05 wt.
% Ti) and T2AfsSy aegirine-augite (0.13 wt. % Zr; 0.04 wt. % Ti). As hedenbergite transitions to early
aegirine-augite there is a trend of increasing REE with increasing Zr content, however as aegirineaugite transitions to aegirine, there is a general trend of decreasing Zr with decreasing REE (Fig.
7.6a). Relative to Zr and Ti, Nb is present in lower abundances in clinopyroxenes and is most
enriched in aegirine of the AHNS and AAFS.
Lithium exhibits variable behaviour, with weakly negative to strongly positive Li-anomalies that
reflect relative changes in concentrations of neighbouring elements and, to a lesser extent, changes
in the absolute Li content (Fig. 7.6b). Lithium is most enriched in zoned aegirine of the T2AfsSy.
These clinopyroxenes also have the greatest range of Li concentrations from 17.2 to 155.1 ppm Li.
Aegirine-augite and aegirine of the MNeSy have the lowest Li contents. Lithium content of
clinopyroxene increases from the T1AfsSy to T2AfsSy with the exception of late aegirine. In the
AHNS, lithium initially increases with increasing Na content in the T1NeSy, however in the T2NeSy
and T3NeSy, Li content is lower in aegirine relative to that of the T1NeSy, and generally decreases
with increasing Na (Fig. 7.6; Table 7.1.).
In general, clinopyroxenes of the AHNS and AAFS exhibit a continuous evolution from LREEenriched chondrite normalised REE patterns in the early calcic varieties (diopside to hedenbergite),
through sinusoidal patterns for intermediate Ca-Na varieties (aegirine-augite) to strongly HREEenriched, in late sodic varieties (aegirine). This is consistent with trends described for
clinopyroxenes of the Ilímaussaq, Puklen and Grønnedal-Ika Complexes of the Gardar Province by
Marks et al. (2004a). The highest total REE contents are recorded in aegirine-augite rims of the
T1AfsSy, ranging from 600 to 1152 ppm ∑REE, and lowest in aegirine of the T2AfsSy, 4.30 to 133
ppm ∑REE, and of the T3NeSy, 30.6 to 119 ppm ∑REE. In contrast, aegirine of the T1NeSy and
T2NeSy has elevated REE content, with the latest aegirine rims associated with analcime in the
T2NeSy being exceptionally enriched, with 579 to 584 ppm ∑REE. However, in general the absolute
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REE content decreases with increasingly sodic compositions as well as varying between different
rock types. This manifests in the AHNS as decreasing REE content in aegirine from the T1NeSy,
through T2NeSy to the T3NeSy. In the AAFS, dependant on sample, early aegirine-augite of the
T2AfsSy (SR287) has similar LREE content to early hedenbergite of the T1AfsSy but is strongly
enriched in HREE (especially from Er to Lu). The magnitude of negative Eu-anomalies is generally
strongly negative, with absolute Eu content increasing and decreasing in proportion to the other
REE.

Figure 7.6. a) REE versus Zr showing divisions in clinopyroxene compositions between diopside (Di), hedenbergite (Hed),
aegirine-augite (Aeg-Aug), and aegirine (Aeg); b) REE versus Li for clinopyroxene, possible interpretations of trends
discussed in text. (Symbols same as Fig 7.1).

7.1.3. Inferences from Clinopyroxene Mineral Chemistry
Clinopyroxene becomes increasingly sodic as the residual magma evolves in each unit, which is
consistent with the increasingly peralkaline nature of residual melt. There is a decrease in both REE
and Zr in progressively later aegirine generations (Fig. 7.6a), indicating greater partitioning of REE
into the melt with increasing peralkalinity and volatile content. In the T3NeSy, the prevalence of
aegirine with low Zr and Ti content is indicative of the parental melt being relatively evolved
compared to other nepheline syenites and volatile-rich. As such, REE and Zr favour the melt phase,
with late magmatic saturation of the melt with respect to eudialyte indicates elevated Zr and Cl⁻
activity (Ch. 6.2.1.4). Very low Zr and REE concentrations of late aegirine of the T2AfsSy, potentially
indicate the exsolution of fluids and the deposition of REE and Zr as discrete HFSE mineral phases
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rather than in aegirine. Oxygen fugacity and αNds 4 influence the distribution of Zr between
pyroxene and zirconium mineral phases (e.g. zircon, catapleiite etc.), with Zr incorporation in
clinopyroxene being promoted at low ƒO₂ and moderate αNds (Andersen et al., 2012). Increases in
ƒO₂ favour the development of Na-Ca-zirconosilicates, whereas lower αNds favours zircon,
suggesting that the T3NeSy crystallised in relatively oxidising conditions. However, this does not
exclude the possible influence of volatile-enrichment in the residual or co-existing melts on the
partitioning behaviour of Zr, REE and HFSE.
Lithium generally behaves incompatibly in common rock-forming minerals; thus its concentration
generally increases with progressive melt differentiation (Trend 1, Fig. 7.6b; Marks et al., 2004a).
Clinopyroxene of the AHNS and AAFS of the Ampasibitika Intrusion do not consistently follow this
expected trend. Decreasing Li content at later stages of crystallisation may indicate the presence of
an immiscible volatile-enriched melt or co-crystallisation or fractionation of mineral phase
sequestering Li (e.g. amphibole; Trend 2 - Fig. 7.6b). Trend 3 represents the difference between
predominantly sodic-silicate assemblage of SR288 (light purple) and the carbonate-rich interstitial
assemblage of SR287 (dark purple). The very low Li content of the MNeSy aegirine is consistent with
a metasomatic origin of this nepheline syenite.
The variable composition of clinopyroxene phenocrysts of the Immiscible Trachytic Phonolite
indicate that the rounded Mg-enriched variants were crystallised from a more primitive melt and
are no longer in equilibrium in the host melt. Whereas, the skeletal Fe-enriched phenocrysts
chemistry and textures indicate equilibrium crystallisation during a later evolutionary stage of this
melt. Furthermore, the mixing trends recorded in SR365 indicate the exchange of melts/fluids
between the Immiscible Trachytic Phonolite and host T2NeSy.

Activity of the Nds [Na2Si2O₅] component, which is a reflection of the alkalinity, with high Nds indicates
peralkaline melt compositions (Andersen et al., 2012).

4
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7.2. Amphibole
As shown by petrographic observations (Ch. 6), amphibole of the Ampasibitika Intrusion occurs as
early- to late-magmatic phases. The compositional data presented in this section reflects the wide
range of crystallisation conditions and evolution of amphiboles analysed from early-magmatic calcic
varieties (e.g. hastingsite) to increasingly sodic compositions (e.g. arfvedsonite, nybøite, leakeite)
as melts evolve (Fig. 7.7a). Average major element compositions and formula assignments
alongside available trace element data are reported in Appendix VI.
7.2.1. Formula Assignments
The latest International Mineralogical Association (IMA) recommendations have been followed for
the nomenclature of the amphiboles analysed in this study (Hawthorne et al., 2012; Oberti et al.,
2012), with end-member mineral names and formulas given in Table 7.2. Under- and overoccupancy of the C-site (<5 apfu) and A-site (>1 apfu) respectively is a common feature of the
analyses. This is a recurring issue for alkali amphiboles in peralkaline rocks and is noted by other
researchers (e.g. Czamanske and Dillet, 1988; Hawthorne, 1976; Hawthorne et al., 1993; Siegel et
al., 2017b). This can in part be attributed to incomplete analyses (i.e. lacking Li and H₂O
determinations or that some B-site cations, such as Ca²⁺, theoretically can be accommodated in the
C-site (Hawthorne, 1976; Hawthorne et al., 1993). Thus, the C-site would have a cation total closer
to 5 apfu and the excess cations on the A-site would shift to the B-site (Hawthorne, 1976; Siegel et
al., 2017b). Although there is a relatively wide variation in the compositions of amphiboles analysed
from the silica-undersaturated, -saturated and –oversaturated rocks the following site occupancies
are generally true for amphiboles of the Ampasibitika Intrusion. The C-site is occupied by Ti, Fe³⁺,
Zn, Mn²⁺, Fe²⁺ and Mg, and variably occupied by Zr, Ni and Al. The T-site is principally occupied by
Si and Al, with Ti present in some cases. In some analyses, WF⁻ exceeds WOH⁻ and WCl⁻, thus the
prefix “Fluoro-” is added (Fig. 7.7b). Amphiboles analysed can be allocated to the calcium
(hastingsite), sodium-calcium (katophorite, richterite) and sodium (arfvedsonite, nybøite,
eckermannite) subgroups (Table 7.2). The prefixes “Ferri-“ and “Ferro-“ are common additions to
the amphiboles of the sodium-calcium and sodium subgroups (Table 7.2) indicating that CFe2+
exceeds CMg, CMn2+ and CZn and CFe3+ exceeds CAl, CCr and CMn3+ respectively. Lithium, determined
using LA-ICP-MS, is a significant constituent of amphibole analyses for GR-II PGD sample SR253,
which is classified as fluoro-arfvedsonite. Li data is not available for other PGD or granitic dyke
amphibole analyses (SR663, SR664) inhibiting the distinction of leakeite and arfvedsonite; however,
Li data from Estrade et al. (2018) indicates that GR-III amphiboles have elevated Li (c. 1.2 wt. %
Li₂O), which if assumed to be true for GR-III amphiboles of this study, results in their classification
as ferro-fluoro-leakeite.

156

7. Mineral Chemistry

Table 7.2. Amphibole end-member mineral names and formulas analysed in
this study.
Mineral name
Ideal Formula (AB2C5T8O₂2W2)
W
(OH, F, Cl)-dominant group
Calcium Subgroup: BCa/B(Ca+Na)≥0.75
Ferro-Edenite
NaCa₂Fe²⁺₅(Si₇Al)O₂₂(OH)₂
Hastingsite
NaCa₂(Fe²⁺₄Fe³⁺)(Si₆Al₂)O₂₂(OH)₂
Sodium-Calcium Subgroup: 0.75 > BCa/B(Ca+Na) > 0.25
Ferro-Ferri-(Fluoro)-Katophorite
Na(NaCa)( Fe²⁺₄Fe³⁺)(Si₇Al)O₂₂(OH,F)₂
Ferri-(Fluoro)-Katophorite
Na(NaCa)(Mg₄Fe³⁺)(Si₇Al)O₂₂(OH,F)₂
(Ferro)-Fluoro-Richterite
NaCa₂(Fe²⁺₄Fe³⁺)(Si₆Al₂)O₂₂(OH,F)₂
Sodium Subgroup: 0.25 ≥ BCa/B(Ca+Na)
Ferri-Fluoro-Leakeite
NaNa₂(Mg₂Fe²⁺₂Li)(Si₈O₂₂)(F)₂
(Fluoro)-Arfvedsonite
NaNa₂(Fe²⁺₄Fe³⁺)Si₈O₂₂(OH,F)₂
Ferro-Ferri-Nybøite
NaNa₂([Mg,Fe²⁺]₃Fe³⁺₂)(Si₇Al)O₂₂(OH)₂
Ferro-Nybøite
NaNa₂( Fe²⁺₃Al₂)(Si₇Al)O₂₂(OH)₂
Ferro-Fluoro-Eckermannite
NaNa₂(Fe²⁺₄Al)Si₈O₂₂(OH,F)₂
Prefixes: Fluoro - WF- > WOH-, WCl-; Ferri: CFe3+ > CAl, CCr, CMn3+; Ferro - CFe2+ >
C
Mg, CMn2+, CZn.

7.2.2. Amphibole Compositional Trends
The solid solution between the katophorite and arfvedsonite endmembers for all amphibole
analyses is shown in Fig. 7.7c, exemplifying the wide range of amphibole compositions. Amphiboles
both within and between intrusive units evolve systematically from calcic to sodic, from early
hastingsite of the T1NeSy to fluoro-arvedsonite in the GR-II and possible ferri-fluoro-leakeite in the
GR-III PGD. Four discrete trends are defined within units:
1. Hastingsite to Katophorite and Arfvedsonite - AHNS.
2. Hastingsite to Richterite - T1AfsSy and most Immiscible Trachytic Phonolite.
3. Katophorite to Nybøite/Arfvedsonite – T2AfsSy.
4. Richterite to Nybøite - Immiscible Trachytic Phonolite amphibole-biotite clusters.
The continuity of trends 1 and 2 indicates that these are the result of crystallisation in an evolving
melt phase. The clear trend displayed by amphibole of the T1AfsSy (trend 2) does not continue into
the T2AfsSy, which is characterised by a marked increase in Na at constant Si (trend 3) in late
crystallised amphibole varieties, which more closely resemble sodic amphiboles of the AHNS. This
shift in compositions of the late T2AfsSy amphiboles suggests a significant change in crystallisation
conditions of this syenite, potentially resulting from the segregation or differentiation of a sodic
(relatively Si-poor) melt or fluid phase in coexistence with a melt/fluid phase partitioning Ca
(inferred from the development of carbonate dominated assemblages – Ch. 6.1.2). Trend 4
indicates that there has been a degree of mixing affecting the Immiscible Trachytic Phonolite and
surrounding T2NeSy, resulting in the relatively Ca-poor signature of some microlites (SR365).
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If alkali feldspar fractionation is a major control on magma evolution, then Al content of amphibole
is an indicator of the degree of differentiation of the corresponding magma (Hawthorne et al., 2001;
Piilonen et al., 2013; Siegel et al., 2017b), with lower Al content indicating greater degrees of melt
evolution. This is consistent with the evolution of most amphiboles of the Ampasibitika Intrusion
(Fig. 7.7c), with the apparent exemption of FQ-dykelet that exhibits unusually high Al content,
which is C-site hosted. Coupled with the low C-site total, this may indicate that amphibole of the
FQ-dykelet is of leakeite composition, although Li content has not been determined for this
amphibole. The lack of multiple analyses for the FQ-dykelets mean that the consistency of this high
Al signature is unknown.

Figure 7.7. Amphibole composition discrimination plots for EPMA data: a) ternary plot of A- and B-site occupancy of
amphiboles of the Ampasibitika intrusion in apfu. Note: the theoretical composition of arfvedsonite can exist anywhere
along the N-K tie line; b) ternary plot of W-site occupancy of amphiboles (note only those analysed in September 2018
shown); c) bivariate plot of B-site Ca versus Si showing compositional variation of amphiboles analysed.
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In amphiboles of the AHNS, Na increases in an exponential manner with decreasing Al content (Fig.
7.8a). In contrast, early amphibole of the T1AfsSy has a linear (1:1) trend of increasing Na with
decreasing Al. However, late amphibole of the T1AfsSy and that of the the T2AfsSy becomes
increasingly Na rich at constant Al; this is consistent with the rapid decrease in B-site Ca for these
amphiboles (Fig. 7.7c).
Fluorine is elevated relative to chlorine in all amphibole analyses and is highest in ferri-fluoroleakeite of the GR-III PGD (Fig. 7.8b). In general, fluorine increases with decreasing Al in the AHNS
and T1AfsSy; however, in the T1NeSy, the latest, most sodic, katophorite to arfvedsonite rims are
slightly depleted in F relative to the intermediate, relatively Ca-rich, katophorite.

Figure 7.8. Bivariate plots of amphibole EPMA data of a) Na, b) F, c) Mg and d) Zn versus Al apfu. Symbology as Fig. 7.7.
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Magnesium is variably enriched in amphiboles that mantle earlier mineral phases (e.g. T1AfsSy
olivine pseudomorph coronae and T1NeSy intermediate katophorite surrounding hastingsite cores;
Fig. 7.8c). The highest Mg concentrations are recorded in the Immiscible Trachytic Phonolite,
attesting to the primitive nature of the mafic melts. Ferri-fluoro-leakeite of the GR-III PGD has
elevated Mg content compared to other PGD and granitic dykelet amphiboles investigated.
Although present in low abundance, Zn generally increases with decreasing Al content and most
enriched in later sodic amphiboles of the AAFS and AHNS and in fluoro-arfvedsonite of the GR-II
PGD (Fig. 7.8d).
7.2.3. A- and B-site Occupancy
Melt evolution to increasingly peralkaline compositions is recorded by the A- and B-site occupancy
of amphiboles of the Ampasibitika Intrusion. Early Ca-rich amphibole, indicating relatively Ca-rich
early melt compositions, is replaced or overgrown by increasingly Na and Si –rich and Al-poor
varieties with increasing degrees of differentiation (Fig. 7.9). This evolution is described by the
coupled substitution mechanism:
ᴮ𝐶𝐶𝐶𝐶2+ + ᵀ𝐴𝐴𝐴𝐴 3+ → ᴮ𝑁𝑁𝑁𝑁+ + ᵀ𝑆𝑆𝑆𝑆 4+

This trend of decreasing Ca with increasing Si is documented in amphiboles in other alkaline to
peralkaline complexes including Strange Lake (Siegel et al., 2017b) and Ilimaussaq (Marks et al.,
2004a), as well as previously described for T-I nepheline syenites (T1NeSy equivalent) of the
Ampasibitika Intrusion (Estrade et al., 2014a). This compositional evolution of amphiboles to
increasingly Na-rich and Ca-poor varieties with increasing degrees of differentiation reflects
increasing alkalinity of the corresponding melt.
Amphiboles investigated from the AAFS in this study contrast with those investigated in quartz alkali
feldspar syenites of Estrade et al. (2014a; Fig 7.9). Those of the T1AfsSy are relatively Ca-enriched,
and thus, when extrapolated to lower Si content overlap with compositions of the silicaundersaturated T1NeSy. The high Ca signature of these amphiboles indicates that Ca depletion in
the T1AfsSy residual melt was slower than in that of the T2AfsSy and AHNS. A notable feature of
amphibole compositional evolution from the T1AfsSy and early T2AfsSy to late T2AfsSy amphibole
varieties is the rapid decrease in Ca at relatively constant Si (Trend 3; Fig. 7.7c), which is coupled
with an increase in Na (Fig. 7.8a & 7.9). Thus, the coupled substitution mechanism ᴮ𝐶𝐶𝐶𝐶2+ +
ᵀ𝐴𝐴𝐴𝐴 3+ → ᴮ𝑁𝑁𝑁𝑁+ + ᵀ𝑆𝑆𝑆𝑆 4+ is not appropriate for these amphiboles; instead, Ca is replaced directly

by Na. This indicates that there was a rapid increase in Na or rapid decrease in Ca in the
corresponding melt, without the expected Al decrease expected for the evolution to more alkaline
conditions by alkali feldspar fractionation alone. This suggests a rapid change in crystallisation
conditions from the T1AfsSy to the T2AfsSy.
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Figure 7.9. Bivariate plot of TAl + BCa versus Si + Na for amphiboles analysed from this study. Areas with dashed borders
represent compositional ranges of amphiboles analysed by Estrade et al. (2014a). Dark and light grey zones represent
silica-oversaturated and silica-undersaturated ranges determined by Estrade et al. (2014a), mid grey zone represent silicasaturated range of amphiboles from this study.

7.2.4. Trace Element Compositions
Trace element analysis was performed using LA-ICP-MS for amphiboles of the GR-II PGD, AAFS,
AHNS, the Immiscible Trachytic Phonolite associated with the T2NeSy and the Hybridised Foid
Trachyte associated with the T1NeSy. The summaries of the trace element data are given in Table
7.3. Primitive mantle normalised trace element profiles for the amphiboles in the AAFS, AHNS and
GR-II PGD are variable. Commonalities between these amphiboles include negative Ba, Sr and Eu
anomalies and concave chondrite normalised REE profiles with elevated LREE and HREE relative to
MREE. In addition, as amphiboles become more sodic, the magnitude of positive Li and Zr anomalies
increases and the concentrations of REE and U decrease (Fig. 7.10).
Zirconium concentrations, with the exception of hastingsite coronae in the T1AfsSy (106-136 ppm
Zr), are generally lowest in early hastingsite cores of the T1NeSy and early ferro-ferri-katophorite
of the T2AfsSy (Fig. 7.10). In contrast to clinopyroxene, Rb and Nb are ubiquitously enriched in
amphiboles, likely reflecting the enhanced compatibility of these elements in amphibole relative to
clinopyroxene (Marks et al., 2004a). Rubidium concentration is highest in the GR-II PGD, 68.5 to
81.0 ppm Rb, and lowest in the early hastingsite of the T1NeSy, 9.40 to 13.4 ppm Rb.
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Table 7.3. Selected average, maximum and minimum trace element content, ratios and anomalies for amphibole varieties investigated using LA-ICP-MS. Detection limits (D.L.) for elements given,
average values italicised where below detection limit.
Rock Type
Sample
Number

T1AfsSy
SR284

Amphibole

SR315

GR-II PGD

SR288

SR287

SR253

Ferro-ferri-katophorite

Hastingsite

Ferro-ferri-katophorite

Ferro-ferri-katophorite
[BCa < 1 apfu]

Ferro-ferri-katophorite [BCa < 1 apfu]

Fluoro-arfvedsonite

Interstitial

Olivine Pseudomorph
Corona

‘Early’ Core

‘Early’ Rim
(Na-enriched)

‘Late’ Interstitial
(Na-enriched)

Pegmatite

2

5

2

Variety
No. of
analyses

T2AfsSy

9

ppm
Avg.
Max.
Li
77.6
153
Ti
9110 12580
Rb
19.2
28.8
Sr
2.30
2.84
Zr
3986
5890
Nb
908
1300
Ba
2.51
3.33
Pb
9.70
13.8
∑REE
669
795
Chondrite Normalised
(La/Yb)cn
4.99
7.90
(Ho/Yb)cn
0.64
0.92
(Eu/Eu*)cn
0.16
0.19
Primitive Mantle Normalised
(Ti/Ti*)pm
0.03
0.06
(Zr/Zr*)pm
10.1
17.9
(Pb/Pb*)pm
0.66
1.21
(Li/Li*)pm
3.58
5.20
(Sr/Sr*)pm
0.00
0.00
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5

Min.
31.0
3130
12.9
1.41
2540
288
1.96
3.13
602

Avg.
173
10097
21.0
5.05
7675
1323
3.13
18.6
873

Max.
289
14000
24.9
7.40
16200
1810
4.33
31.1
1047

Min.
44.4
3570
18.3
3.99
3560
919
2.16
9.50
718

Avg.
34.1
982
16.8
2.61
121
65.10
5.68
2.26
593

Max.
40.3
1070
20.0
2.90
136
66.30
5.83
2.49
641

Min.
27.9
893
13.5
2.31
106
63.90
5.52
2.03
544

Avg.
263
10376
22.7
1.39
1149
401
1.32
3.95
477

Max.
337
11600
36.5
2.24
2420
493
1.49
6.22
496

Min.
190
7130
17.3
0.92
764
357
1.26
2.94
445

Avg.
286
11450
38.9
1.66
935
422
1.29
6.36
432

Max.
297
11900
40.4
1.85
950
439
1.34
6.60
449

Min.
275
11000
37.4
1.46
920
405
1.24
6.12
416

Avg.
496
9630
40.4
1.82
2277
424
1.00
6.80
345

Max.
528
10690
43.1
2.44
3660
447
1.11
6.95
370

Min.
460
8310
38.7
1.46
1460
403
0.85
6.63
302

212
5220
32.2
0.77
4210
697
0.77
8.88
360

Avg.
3004
4412
75.5
10.60
1514
431
0.33
1.61
46.4

Max.
3150
4580
81.0
11.20
2200
457
0.62
1.99
48.6

Min.
2900
4330
68.5
9.70
1210
370
0.14
1.17
43.5

3.13
0.38
0.14

2.53
0.26
0.15

3.23
0.34
0.19

1.47
0.20
0.11

14.4
1.16
0.28

16.8
1.44
0.31

12.1
0.87
0.25

5.35
0.41
0.16

6.32
0.52
0.18

3.61
0.30
0.15

5.12
0.37
0.18

5.53
0.37
0.20

4.70
0.37
0.16

3.06
0.27
0.14

3.26
0.31
0.15

2.92
0.25
0.13

1.36
0.32
0.17

0.12
0.09
0.06

0.13
0.11
0.17

0.11
0.08
0.00

0.00
5.10
0.36
0.88
0.00

0.04
0.18
0.10
1.33
0.00

0.05
0.21
0.13
1.70
0.00

0.04
0.15
0.08
0.95
0.00

0.16
1.94
0.23
16.2
0.00

0.21
4.20
0.35
19.8
0.00

0.05
1.22
0.18
13.4
0.00

0.18
1.72
0.40
22.3
0.00

0.20
1.73
0.44
24.5
0.00

0.17
1.70
0.37
20.1
0.00

0.08
5.54
0.57
37.2
0.00

0.11
8.47
0.65
39.1
0.00

0.04
4.03
0.51
34.0
0.00

0.02
12.09
0.83
6.78
0.00

0.05
6.07
0.18
10.1
0.00

0.05
6.31
0.19
10.3
0.00

0.05
5.84
0.18
9.99
0.00

0.05
77.1
2.27
681
0.15

0.06
115
2.73
722
0.18

0.03
59.1
1.61
647
0.13
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Table 7.3. cont.
Rock Type
Sample
Number
Clinopyroxene
Variety

T1NeSy

T2NeSy

SR665
Hastingsite

Ferro-ferri-katophorite

Core

Intermediate

No. of analyses
4
ppm
Avg.
Max.
Li
53.6
57.3
Ti
11548
13510
Rb
13.4
23.6
Sr
4.41
7.53
Zr
1155
1920
Nb
1034
1332
Ba
5.56
7.5
Pb
1.20
1.51
∑REE
1283
1360
Chondrite Normalised
(La/Yb)cn
13.4
13.7
(Ho/Yb)cn
1.22
1.37
(Eu/Eu*)cn
0.07
0.07
Primitive Mantle Normalised
(Ti/Ti*)pm
0.11
0.14
(Zr/Zr*)pm
0.67
1.23
(Pb/Pb*)pm
0.03
0.03
(Li/Li*)pm
1.06
1.13
(Sr/Sr*)pm
0.00
0.00

MNeSy

Hybridised Foid Trachyte

SR368

SR665

Ferro-ferri-nybøite

Ferro-ferri-katophorite
[BCa < 1 apfu]

Hastingsite

Late Interstitial
(associated with analcime)

Early core (replaced by
aegirine + annite)

Pheno/Xenocryst

SR36
5
Arfvedsonite

Min.
44.7
6700
9.40
3.27
841
915
4.71
0.91
1220

Avg.
96.2
6527
31.0
4.07
2207
912
2.74
3.43
858

3
Max.
123
6790
32.9
4.51
2300
920
3.16
5.19
941

Min.
79.8
6390
29.5
3.60
2110
905
2.44
2.54
788

Rim
(associated with
analcime)
3
Avg.
Max.
Min.
170
172
168
8790
9160
8420
39.4
40.1
38.6
4.40
4.83
3.96
2740
2790
2690
604
671
536
1.53
1.56
1.5
2.91
3.08
2.73
455
462
448

13.2
0.94
0.06

8.93
0.52
0.09

9.63
0.59
0.09

7.79
0.48
0.08

3.37
0.29
0.08

3.41
0.29
0.09

0.05
0.48
0.02
0.99
0.00

0.04
2.35
0.11
3.84
0.00

0.05
2.54
0.18
5.25
0.00

0.04
2.10
0.07
2.84
0.00

0.05
6.07
0.18
10.13
0.00

0.05
6.31
0.19
10.28
0.00

SR367

566
7380
17.9
5.67
3730
1530
1.13
32.0
194

Avg.
374
3143
21.8
1.20
6890
341
0.21
1.95
89.8

7
Max.
541
3400
25.2
1.79
8400
354
0.47
2.42
152

Min.
250
2830
16.4
0.69
3710
317
0.08
1.49
44.7

Avg.
235
6922
22.6
0.16
1792
343
0.625
1.89
264

6
Max.
335
10450
30.9
0.38
3300
447
1.04
2.73
556

Min.
182
5320
17.7
b.d.l.
992
271
0.39
1.28
139

Avg.
121
9633
24.3
6.23
2033
1157
6.20
2.18
1338

3
Max.
265
12500
36.1
9.90
2430
1510
9.2
2.80
1998

Min.
47.9
7800
16.7
1.79
1730
682
4.09
1.59
433

3.34
0.29
0.06

1.27
0.23
0.10

0.67
0.10
0.02

1.74
0.16
0.06

0.15
0.07
0.00

3.94
0.23
0.04

9.06
0.29
0.09

1.55
0.17
0.00

13.0
0.88
0.08

20.0
1.33
0.12

4.83
0.43
0.05

0.05
5.84
0.18
9.99
0.00

0.03
17.3
5.19
47.7
0.01

0.01
107
1.03
127
0.01

0.02
196
2.25
297
0.01

0.01
51.88
0.40
43.24
0.00

0.08
8.21
0.28
39.83
0.00

0.18
18.91
0.48
61.10
0.00

0.03
2.63
0.07
18.95
n.a.

0.06
2.36
0.08
5.64
0.00

0.08
5.37
0.18
15.23
0.01

0.05
0.69
0.02
0.72
0.00

163

1

7. Mineral Chemistry

Arf

Figure 7.10. Primitive mantle normalised trace element and chondrite normalised REE plots of average values of
amphibole varieties of the AHNS, AAFS and PGD (GR-II). Primitive mantle and chondrite normalisation values from
McDonough and Sun (1995). [Note: * EPMA data range from hastingsite to ferro-ferri-katophorite/richterite but only Caenriched ferro-ferri-katophorite analysed using LA-ICP-MS.]
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Pb-anomalies vary in amphibole between samples, with the interstitial ferro-ferri-katophorite of
the T1AfsSy lacking or exhibiting minor anomalies, whereas hasitingsite cores of the T1NeSy have
strong negative anomalies. In later, more sodic amphibole (ferro-ferri-katophorite [BCa < 1 apfu],
ferro-ferri-nybøite and (fluoro-)arfvedsonite) varieties of the T2NeSy, T2AfsSy and GR-II PGD Pb
anomalies vary between moderately negative to positive, reflecting in part the decrease in
abundance of neighbouring REE.
Like for clinopyroxenes (section 7.1.2), the concave chondrite normalised REE profiles for
amphiboles of the Ampasibitika Intrusion become increasingly HREE enriched with increasing Na
content (Fig. 7.10). This enrichment of HREE is a typical feature of sodic amphiboles in alkaline to
peralkaline complexes, previously recorded in arfvedsonite at Strange Lake (Siegel et al., 2017b)
and amphiboles of the Ilímaussaq, Puklen and Grønnedal-Ika Complexes (Marks et al., 2004a). The
highest total REE contents are recorded in hastingsite cores of the T1NeSy (∑REE: 1220 – 1360 ppm),
which are strongly LREE-enriched, and lowest in fluoro-arfvedsonite of the GR-II PGD (∑REE: 43.5 –
49.0 ppm), which exhibit extreme HREE-enrichment. In the AAFS, the rapid decrease in Ca recorded
in the early rim and interstitial amphibole of the T2AfsSy, is coupled with a decrease in total REE
content. However, the chondrite normalised REE profiles remain similar for both the Ca-enriched
and -depleted ferro-ferri-katophorite of the T1AfsSy and T2AfsSy, i.e. sinusoidal profiles with strong
negative Eu-anomalies. Late arfvedsonite rims of the T1NeSy and interstitial ferro-ferri-nybøite
associated with analcime of the T2NeSy are depleted in REE and exhibit greater LREE-depletion and
HREE-enrichment compared to more calcic amphibole varieties in the AHNS.
7.2.5. Role of Lithium
Lithium is an important constituent of alkali amphiboles of highly evolved alkaline to peralkaline
rocks (e.g. Hawthorne et al., 1993, 2001; Marks et al., 2004a, 2007; Siegel et al., 2017b). With the
exception of the strongly Li-enriched fluoro-arfvedsonite of the GR-II PGD, Li contents is
< 0.14 wt. % Li₂O in syenite hosted amphibole of the Ampasibitika Intrusion. Lithium concentration
in amphiboles correlates strongly with Fe3+ concentration (R2 = 0.70) for amphiboles of the AHNS
and weakly (R2 = 0.50) for those of the AAFS. This weaker trend displayed by the AAFS is attributed
to increasing Li content at constant Fe3+ and increasing Fe2+ in the interstitial amphibole of the
T1AfsSy, although amphiboles of the T2AfSy have a positive correlation between Li and Fe3+. Strong
positive correlations between Li ad Fe3+ can be expressed by the coupled substitution mechanism:
ᶜ𝐹𝐹𝐹𝐹 2+ + ᶜ𝐹𝐹𝐹𝐹 2+ ↔ ᶜ𝐿𝐿𝐿𝐿 + + ᶜ𝐹𝐹𝐹𝐹 3+

Progressive increases in Li+ and Fe3+ consistent with increasing ƒO₂ at the latter stages of amphibole
crystallisation. The poor positive correlations of Li and Fe3+ in the T1AfsSy may be explained by the
low Fe3+/(Fe3+ + Fe2+) of < 0.2, in which Na+ can charge balance increasing Fe3+ contents in
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amphibole, whereas Li+ is necessary for charge balance at higher Fe3+ (Marks et al., 2007; Fig. 7.11ab). Thus, for amphiboles investigated from the AAFS and AHNS, Li+ and Na+ likely compete to occupy
the M4- and A-sites. Increasingly oxidising late magmatic-hydrothermal melt/fluid conditions are
consistent with cooling trends of other alkaline to peralkaline systems where, with cooling the
system becomes more oxidising (Markl et al., 2010). Elevated Fe3+ content in peralkaline igneous
systems may also relate to increased F- and OH- concentrations in the melt, which enables higher
Fe3+ concentrations at a given ƒO₂ (Birkett et al., 1996; Giehl et al., 2013; Siegel et al., 2017b).
Elevated F- content in GR-II PGD amphibole is consistent with high melt F- and OH- resulting in their
high Fe3+ and Li+ contents (Fig. 7.11a-b). The low Li+ content of the AHNS and AAFS amphiboles is
likely to reflect the less differentiated nature of their respective parental melts compared to the
silica- oversaturated PGD.

Figure 7.11. Selected trace element variations in amphiboles investigated using LA-ICP-MS. a) & b) plots showing Fe³⁺/
(Fe³⁺ + Fe²⁺) versus Li ppm of amphiboles for a) all amphiboles investigated and b) AAFS and AHNS amphiboles with Li
content < 600 ppm. Trend lines given for AHNS (short dash) and AAFS (long dash) amphibole groups. c) REE versus Zr
showing divisions in amphibole, trends 1 to 3 discussed in section 7.2.6. d) REE versus Li for clinopyroxene, trends 1 to 3
discussed in section 7.2.6. [Symbols same as Fig. 7.7].
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7.2.6. Inferences from Amphibole Mineral Chemistry
Amphiboles of the Ampasibitika generally evolve from calcic to increasingly sodic varieties. In the
AHNS they record a continuous evolution toward increasing Na content with increasing Si,
consistent with the increasingly peralkaline melt composition. Although the development of
Nybøite in association with analcime suggests amphibole of the T2NeSy may have crystallised from
a hydrothermal fluid phase rather than a sodic melt. In the AAFS, amphiboles of the T1AfsSy are
relatively Ca-enriched, and thus, when extrapolated to lower Si content overlap with compositions
of the silica-undersaturated T1NeSy; if this signature is a product of contamination then the
assimilated phase would have to be relatively Si-poor. The rapid increase in Na in amphibole of the
T2AfsSy indicates a sudden Na-enrichment in the residual melt. This potentially reflects the
segregation of an aqueous-silicic-silicate melt and carbonate-rich fluid phase during crystallisation
of the T2AfsSy, likely reflecting different physio-chemical conditions during crystallisation
compared to that of the T1AfsSy.
The elevated REE content in calcic amphiboles is up to 103 times greater than chondrite in early
hastingsite and ferro-ferri-katophorite of the T1NeSy and T1AfsSy respectively (Table 7.3), whereas
sodic varieties are depleted in REE with strong HREE enrichment which is consistent with
amphiboles of other alkaline to peralkaline complexes. The replacement of early calcic amphibole
with increasingly sodic varieties indicates that with progressive melt evolution the REE
preferentially partition into the melt/fluid phase or co-crystallising REE-mineral phases. In addition,
during such alteration previously compatible elements (e.g. Ca and Mg) are likely released into the
late magmatic-hydrothermal melts or fluids. The very high REE content in early calcic amphibole
varieties indicate that these phases are important hosts of REE in T1NeSy and T2NeSy rather than
discrete REE-mineral phases.
Unlike for clinopyroxene (Fig. 7.6a), there is no apparent systematic change in REE and Zr content
with changing major oxide compositions of amphiboles investigated (Fig. 7.11c). Both Zr and Li have
similar behaviour with respect to REE, albeit that the relative concentrations vary (Fig. 7.11c-d). In
the AHNS, REE content decreases with increasing Zr, Li, and Na content, and thus progressive melt
evolution (Trend 1; Fig. 7.11c). This further indicates the preferential partitioning of these REE into
late stage residual melt and/or hydrothermal fluid phases. Although, the REE may also partition into
REE-mineral phases, in the T1NeSy and T2NeSy the development of REE-minerals is typically after
the crystallisation of sodic-amphibole and -clinopyroxene. As such, the development of these REEphases is thought to reflect the local retention of REE-bearing fluids during subsequent cooling.
In the T1AfsSy, Zr and Li have a positive correlation with the REE (Trend 2; Fig. 7.11c-d). Whereas in
the T2AfsSy REE concentrations remain static with increasing Zr and Li, although initial
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concentrations of Zr and lower and Li higher than amphiboles of the T1AfsSy (Trend 3; Fig. 7.11cd). These trends (2 & 3) indicate trapping of residual melt/fluid phases of the AAFS results in
increasing or static REE concentrations with increasing Li and Zr. The high Li+ of the GR-II PGD
amphibole potentially reflects the elevated F- and OH- of the parental melt, whereas low Zr and REE
content is a product of the co-crystallisation of discrete HFSE-bearing minerals (e.g. eudialyte,
zircon).
7.3. Other Ferromagnesian Phases: Biotite and Olivine
Biotite and olivine are present in variable quantities in rocks of the Ampasibitika Intrusion. Biotite
is a late interstitial phase in the AAFS and several units of the Ankobabe Hybrids. Olivine is present
as early cumulate or phenocryst phases in the T1AfsSy and porphyritic trachyte of the Marginal
Volcanic Plug. Compositional data was collected using EPMA for both biotite and olivine; in addition,
LA-ICP-MS trace element data was collected for some biotites of the AHNS and AAFS. Average
biotite and olivine major element and trace element, compositions are given in Appendix VII.
7.3.1. Biotite
Biotite occurs in all samples of the AAFS. In the nepheline syenites, biotite occurs as a minor phase
in the T1NeSy, a major phase in the T2NeSy and an alteration product in the MNeSy 5. In the
immiscible-trachytic phonolite of the Ankobabe Hybrids, biotite forms fine-grained aggregates with
clinopyroxene in the groundmass and occurs as biotite-amphibole clusters. The maximum fluorine
content measured is 4.83 wt. % in biotite from the amphibole-biotite clusters of the Immiscible
Trachytic Phonolite.
Ampasibitika Intrusion biotites are characterised by low SiO₂ contents (34.0 – 40.0 wt. %; 5.97-6.38
apfu) and moderate Al₂O₃ (7.08 – 12.2 wt. %; 1.49-2.41 apfu) contents and are thus of the annitephlogopite series (Rieder et al., 1998). Annite of the Immiscible Trachytic Phonolite and T2NeSy
have 8 – (Si + Al) deficits up to 0.23 (Fig. 7.12a), indicating that tetrahedrally coordinated Fe3+ or Ti4+
may be present. Titanium content of annite is generally low (< 3.00 wt. % or 0.4 apfu; Fig. 7.12b).
Manganese content is variable (Fig. 7.12c), being particularly high in the T2NeSy (2.91 to 3.44 wt.
%) and MNeSy (1.66 to 5.26 wt. %). There is no significant Na-K exchange in the interlayer site, with
K being the dominant alkali (Na: b.d.l. – 0.18 apfu; K: 1.65 – 2.16 apfu).
Values of Mg/(Mg + Fe2+) are highest in biotite from the Immiscible Trachytic Phonolite (up to 0.57)
and decrease in the more evolved rock types. In the T1AfsSy, in which annite occurs mantling olivine

5

MNeSy analyses collected at high beam current, thus analyses are unreliable.
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pseudomorphs and as an interstitial phase, there is an exception to this trend (Fig. 7.12d), as olivine
pseudomorph-associated annite has high Mg/(Mg + Fe2+) values between 0.34 and 0.46, possibly
reflecting the composition of the precursor olivine. Similar annite mantling olivine, with the same
higher Mg/Mg + Fe2+ values, are recorded in olivine-shonkinites of the Tamazeght Complex (Marks
et al., 2008).
Fluorine contents, as previously mentioned, are highest in annite of the Immiscible Trachytic
Phonolite (Fig. 7.12e). Fluorine increases from the T1NeSy to the T2NeSy, and in the AAFS, although
the biotite around olivine pseudomorphs have the highest fluorine content, fluorine content is
slightly higher in the T2AfsSy compared to the T1AfsSy. For most annite, chlorine content is low
(< 0.03 apfu), except for interstitial annite of the T1AfsSy that has slightly higher Cl contents up to
0.16 wt. % (0.05 apfu).
7.3.1.1. Biotite Trace Elements
Nine LA-ICP-MS analyses were obtained for annite of the AAFS to check REE concentrations in this
mineral phase. Rb is elevated (608-2690 ppm) in all Bt analyses and REE content is negligible (∑REE
< 2.6 ppm). Niobium is the only consistently elevated HFSE with values of 41.9 to 1672 ppm.

Figure 7.12. Compositional variation in biotite in rocks of the Ampasibitika Intrusion analysed using EPMA for a) silica
excess/deficit [8-(Si+Al)], b) Ti apfu, c) Mn apfu, d) Mg/( Fe²⁺ + Mg), and e) F apfu. Note: faded symbols indicate analyses
made at conditions that resulted in fluorine mobilisation thus are unreliable.
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7.3.2. Olivine
Olivine occurs in two lithologies of the Ampasibitika intrusion. Olivine of the marginal porphyritic
trachyte plug has an average composition of Fo35.6 Fa62.5 Te1.95. Olivine occurs as an early cumulate
phase in the T1AfsSy, in which olivine is extensively replaced by iddingsite and quartz-pseudomorph
assemblages, where unaltered it has an average composition of Fo9.86 Fa85.8Te4.36. The presence of
early fayalite indicates that the AAFS initially crystallised from a relatively primitive melt; however,
changes in conditions during late-magmatic evolution resulted in its extensive replacement.
7.3.3. Inferences from Biotite and Olivine Mineral Chemistry
Trace element analysis of biotite indicates that this phase in an insignificant host of REE. Thus,
where alteration has resulted in the development of annite it is likely that the REE liberated from
precursor phases will be release to a fluid phase or partition into other co-crystallising major silicate
or accessory mineral phases. The presence of annite as a minor to major phase suggests that either
potassium was liberated from the breakdown of alkali feldspar or other K-bearing phases, or that
the residual melts were moderately enriched in potassium.
Forsteritic olivine phenocrysts of the Marginal Volcanic Plug porphyritic trachyte attests to the
relatively primitive nature of this extrusive unit. The destabilisation of early cumulate fayalitic
olivine of the T1AfsSy is consistent with the evolved nature of the parental melts of the Ampasibitika
Intrusion. The subsequent destabilisation of olivine to iddingsite and quartz plus Fe-Ti-oxides (Ch.
6.1.1) indicates a change in physiochemical conditions after initial crystallisation of most cumulate
assemblages of the AAFS.
7.4. Feldspars and Feldspathoids
Feldspar and feldspathoid mineral phases are major rock forming minerals in the Ampasibitika
Intrusion (Ch. 6). These early to late crystallising phases monitor the evolution of the AAFS and
AHNS units, especially with respect to peralkalinity. Average alkali feldspar and nepheline major
element compositions are given in Appendix VII.
7.4.1. Alkali Feldspar
All feldspars analysed are of alkali feldspar (orthoclase-albite solid solution) composition, with
anorthite content typically < 1.9 wt. % (Fig. 7.13). Exceptions to this are phenocrysts of the marginal
porphyritic trachyte plug and Ankbobabe Hybrids Immiscible Trachytic Phonolite, which have
elevated anorthite content of 3.9 to 17.3 and 4.2 to 7.6 mol. % respectively. The highest anorthite
content occurs in cores of the Immiscible Trachytic Phonolite and rims of the porphyritic trachyte
phenocrysts.
In the AHNS, alkali feldspar is commonly perthitic, and analyses of the individual exsolution textures
indicate that they are of near albite and orthoclase end-member compositions. Perthite free cores
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of alkali feldspars of the AHNS have anorthite content of up to 1.9 mol. %. Anorthite content is
highest in the T1NeSy and absent from the T3NeSy alkali feldspars. Orthoclase content is lower in
the T1NeSy (avg. 43.2 mol. %) relative to the T3NeSy (avg. 58.1 mol. %). Extensive perthite
exsolution in the T2NeSy means that few analyses represent unaltered core compositions.
Alkali feldspar phenocrysts of the Immiscible Trachytic Phonolite have a range of compositions with
anorthite content 4.2 to 7.6 mol. % and orthoclase of 20.7 to 47.1 mol. %. Groundmass alkali
feldspar has much lower anorthite 0.0 to 0.24 mol. % and higher orthoclase of 44.0 to 60.6 mol. %
content.
Alkali feldspar of the AAFS typically is perthitic although unaltered core regions are present.
Anorthite content is higher in the T1AfsSy (1.3-2.9 mol. %) than the T2AfsSy (0.2-1.3 mol. %),
whereas orthoclase content is relatively constant (T1AfsSy: avg. 33.6 mol. %; T2AfsSy: avg. 35.3
mol. %). Late stage albite occurs associated with the carbonate filled miarolitic cavities that occur
in the AAFS (Ch. 6.1.2 – Fig. 6.2f).
Rounded alkali feldspar phenocrysts are a common feature in the trachyte of the Marginal Volcanic
Plug and are generally anorthite rich (3.9-17.3 mol. %) and orthoclase poor (28.6-40.9 mol. %)
relative to albite (59.1-70.6 mol. %).

Figure 7.13. Alkali feldspar compositions in the Or-An-Ab ternary space. Model feldspar solvus of Elkins and Grove (1990)
at 1 kbar given for comparison. (Note: faded symbols for AAFS denote analyses obtained at high beam current)

171

Original in colour

7. Mineral Chemistry
7.4.2. Nepheline
Nepheline is the only feldspathoid phase investigated using EPMA, although sodalite, analcime,
natrolite and potential cancrianite have been identified petrographically (Ch. 6.2). The composition
of nepheline of the Ankobabe Hybrids ranges from Ne 72.0 to 79.4, Ks 11.5 to 22.3 and SiO₂ (Qtz)
1.3 to 13.7 mol. %, with an average composition of Ne75.8Ks15.8Qtz8.4. Variation in the composition
of nepheline is illustrated in Fig. 7.14. There are variations both between and within units. For the
AHNS, nepheline of the T1NeSy has the highest average excess silica, which decreases in the T2NeSy
and T3NeSy. Nepheline of the T2NeSy generally overlaps with that of the T3NeSy; however, two
points have very low excess silica of 1.3 and 2.5, indicating that metasomatic processes potentially
affected this unit. The lowest average silica component occurs in the MNeSy 6, which likely reflects
the metasomatic origin of nepheline in this syenite.
Nepheline of the Immiscible Trachytic Phonolite have variable compositions, with compositions
ranges of Ne 72.0 to 79.4, Ks 12.7 to 18.9 and SiO₂ 6.5 to 13.7 mol. % for groundmass and Ne 75.5
to 78.3, Ks 12.8 to 18.8 mol. % and SiO₂ 5.5 to 10.2 mol. % for ocelli occurrences. However, there is
no systematic difference between groundmass and ocelli nepheline.

Figure 7.14. Nepheline compositions in the Ne-KsSiO2 ternary space; isotherms from Hamilton
(1961). Faded symbols identify data points
collected under high beam current conditions.

This data was collected under high beam current conditions, thus it is likely that Na-migration has occurred; however,
Na migration would result in increased Ne component, which would still indicate low temperatures during nepheline
development.

6
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7.4.3. Inferences form Feldspar and Feldspathoid Mineral Chemistry
Alkali feldspar is an early magmatic phase in syenites of the AAFS and AHNS. Increasing orthoclase
component in alkali feldspar from the T1NeSy to T3NeSy likely reflects the co-crystallisation of early
magmatic nepheline in the T3NeSy, resulting from increased Na activity in the more evolved
parental melts. Similar albite content in early alkali feldspar of the T1AfsSy and T2AfsSy indicates
similar initial melt Na/K ratios (Fig. 7.13). The higher anorthite content and variable proportions of
albite and orthoclase in phenocrysts of the Immiscible Trachytic Phonolite and Marginal Volcanic
Plug porphyritic trachyte is consistent with the crystallisation of these phenocrysts from high
temperature, primitive melts.
The lower temperatures recorded during the crystallisation of nepheline for the T2NeSy and
T3NeSy indicate that these units crystallised after the T1NeSy (Fig. 7.14). The increased abundance
of aegirine in these units is consistent with the development of increasingly peralkaline melts during
closed system evolution (further corroborated by the increasingly peralkaline compositions).
Although accuracy of MNeSy nepheline analyses is likely poor due to beam conditions, the low
crystallisation temperature indicated is consistent with a metasomatic origin of this nepheline
syenite.
7.5. Accessory Mineral Chemistry
EPMA analysis of apatite, titanite, allanite and epidote was undertaken at the Natural History
Museum, London (Ch. 4.3.2). Apatite was analysed in the AAFS, T1NeSy and Immiscible Trachytic
Phonolite, titanite in the Immiscible Trachytic Phonolite and CZQ-dykelets, allanite and epidote in
the CZQ and AEQ dykelets. The intention for collecting these data is to understand the distribution
of REE and gain insight into the petrogenetic processes recorded by these minerals. Average
apatite, allanite, epidote and titanite major element data are given in Appendix VIII.
7.5.1. Apatite Chemistry
Apatite is a relatively abundant phase in the AAFS and the AHNS T1NeSy and Immiscible Trachytic
Phonolite. Within these different units, apatite has variable textural characteristics and occurs
associated with a range of early- to late-magmatic mineral assemblages (Ch. 6.1., 6.2.1.2, 6.2.2.1.).
Compositional variability for selected major and minor oxides is illustrated in Fig. 7.15a-i. Apatite
formulas were normalised to 13 oxygens, assuming stoichiometry, and OH content was calculated
assuming charge balance on a fully occupied OH-site (∑ [F, Cl, OH]). During EPMA analyses La, Ce,
Pr and Nd were analysed as proxies for the total REE content. In many cases La₂O₃, Ce₂O₃, Pr₂O₃ and
Nd₂O₃ constitute < 2 wt. % (Fig. 7.15e), for which the heavier REE would be close to or below the
EPMA detection limit. Therefore, these elements were not included in the EPMA protocol.
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Figure 7.15. Variation of key
components in apatites of the
Ampasibitika Intrusion: a) F wt. %, b)
CaO wt. %, c) SiO₂ wt. %, d)Na₂O wt.
%, e) sum of La₂O₃, Ce₂O₃, Pr₂O₃ and
Nd₂O₃ in wt. %, f) Y₂O₃ wt. %, g) SrO
wt.%, h) FeO wt. %, and i) MnO wt.%.
Note: For apatite of the T1NeSy
‘Amphibole I’ is a hastingsite core and
‘Amphibole II’ a katophorite to
arfvedsonite rim.
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Apatite from the AAFS, AHNS and Immiscible Trachytic Phonolite are all F-dominated with negligible
Cl¯, SO₃²¯ and calculated OH¯ and are therefore of fluorapatite composition (Fig. 7.15a). This is
typical for the majority of plutonic rocks (Piccoli and Candela, 2002) and especially evolved syenitic
rocks (Ladenburger et al., 2016). However, average fluorine contents are highest in fluorapatite of
the Immiscible Trachytic Phonolite and lowest in that of the T1NeSy. This is unusual, as the expected
trend is of increasing F- content from primitive to more evolved rocks (Sha and Chappell, 1999;
Belousova et al., 2002; Teiber et al., 2015), although apatite compositions from various syenites of
complexes of the Gardar Province show little variation in OH-site composition (Ladenburger et al.,
2016).
Apatite of the AAFS show some variation in composition (Appendix VIII for values). In general,
apatite of the T2AfsSy is enriched in REE₂O₃, Y₂O₃ 7 and SiO₂ (Fig. 7.15c,e,f) and depleted in CaO (Fig.
7.15b) and P₂O₅ compared to the early magmatic T1AfsSy apatites. Amphibole and annite hosted
apatite of theT1AfsSy range in composition, with variable enrichment in REE₂O₃ (up to 11.8 wt. %),
Y₂O₃ (up to 0.8 wt. %), Na₂O (up to 0.5 wt. %) and SiO₂ (up to 0.35 wt. %).
Sodium generally increases with increasing degrees of magmatic differentiation in alkaline to
peralkaline igneous complexes. However, apart from the low average Na₂O content for apatite of
the Immiscible Trachytic Phonolite (avg. 0.08 wt. % ± 0.05) there is little difference in the average
values for the T1AfsSy (avg. 0.18 wt. % ± 0.12), T2AfsSy (avg. 0.16 wt. % ± 0.03) and T1NeSy (avg.
0.15 wt. % ± 0.05), although ranges vary considerably (Fig. 7.15d). Apatite of the T1AfsSy has the
greatest range of Na₂O values, which generally increase from core to rim as well as from early to
later crystallised varieties (i.e. cumulate to interstitial host minerals), with the highest Na₂O
associated with amphibole-hosted apatite.
Apatites of the Immiscible Trachytic Phonolite have the lowest REE and Y contents analysed, with a
maximum REE₂O₃ content of 5.15 wt. %, and are enriched in both SrO (Fig. 7.15g) and MgO
compared to apatites from the syenitic unit. However, there are variations in the concentration of
REE₂O₃ and Y₂O₃ in the different varieties of apatite distinguished, with apatites associated with the
late oxide and amphibole-biotite clusters being more REE₂O₃- and Y₂O₃-enriched than those in the
groundmass or associated with pyroxene phenocrysts.

7

Yttrium used as a proxy for the HREE.

175

7. Mineral Chemistry
The FeO and MnO contents of all apatites analysed is very low, generally < 0.83 wt. % FeO, with the
exception of two analyses, and <0.11 for MnO. Early, amphibole-hosted, apatite of the T1NeSy has
elevated FeO relative to later apatite rims (Fig. 7.15h). In the Immiscible Trachytic Phonolite,
groundmass hosted apatite is FeO poor relative to other apatite varieties. There is a slight
enrichment in MnO of apatite of the Immiscible Trachytic Phonolite relative to that of other units
(Fig. 7.15i).
7.5.1.1. Apatite Substitution Mechanisms
The main variations in composition of apatite of the Ampasibitika Intrusion are related to Ca, P, Si,
REE and Na. Positive correlations between the REE, Si and, to a lesser extent, Na content are
consistent with REE incorporation by a combination of the charge compensating substitution
mechanisms below (e.g. Pan and Fleet, 2002; Zirner et al., 2015):
𝑅𝑅𝑅𝑅𝑅𝑅 3+ + 𝑀𝑀+ = 2𝐶𝐶𝐶𝐶2+ [eqn. 7.1]

𝑅𝑅𝑅𝑅𝑅𝑅 3+ + 𝑆𝑆𝑆𝑆𝑂𝑂4 4− = 𝐶𝐶𝐶𝐶2+ + 𝑃𝑃𝑂𝑂4 3− [eqn. 7.2]

In eqn. 7.1 M+ is commonly Na+. Fig. 7.16 differentiates between mechanism eqn. 7.1 and eqn. 7.2
dominated substitution in apatites of the Ampasibitika Intrusion. Apatite of the Immiscible
Trachytic Phonolite is best described by eqn. 7.1. Most apatite analyses of the T1NeSy, T1AfsSy and
T2AfsSy are best described by substitution mechanism eqn. 7.2. However, there is a shift in apatite
compositions in the T1AfsSy toward lower Ca + P without a complimentary increase in Si + REE from
core apatites hosted by alkali feldspar to that hosted by interstitial biotite, suggesting some
influence of the eqn. 7.1 mechanism in the later apatite generations.

Figure 7.16 Variation of (Ca + P) versus (Si + REE) for investigated apatites, exemplifying the importance of the coupled
substitution mechanisms REE3+ + Na2+ = 2Ca2+ and REE3+ + SiO42- = Ca2+ + PO43-. (a) All apatite analyses (b) Apatites with
Ca + P greater than 7.5 apfu. Thicker red line delineate REE3+ + SiO42- = Ca2+ + PO43- shifted to lower Ca + P apfu. [Symbols
same as Fig. 7.15]
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7.5.2. Epidote and Allanite Group Minerals
In units of the Ampasibitika Intrusion, epidote and allanite occur as minor to major phases in the
granitic dykelets, in particular the AEQ and to a lesser extent CZQ varieties, and as accessory
alteration phases in the T1AfsSy 8. Epidote group minerals analysed range in composition from
epidote to allanite and ferriallanite compositions. Fig. 7.17 exemplifies the relationship between
epidote, allanite and ferriallanite; however, as not all the REE were analysed, as many would be
below the EPMA detection limit, the points plotted are likely to plot slightly below the end-member
mineral positions. All epidote and allanite analysed is relatively Mg-poor (<1.98 wt. %) and OHdominates the hydroxyl site with F and Cl mostly below or close to detection limit.
There are two distinct trends in allanite of the allanite-epidote dykelets, one from epidote toward
allanite and the other from epidote toward ferriallanite. These trends are defined by the
substitution mechanisms (Sorensen, 1991; Smith et al., 2002):
𝐶𝐶𝐶𝐶2+ + 𝐴𝐴𝐴𝐴 3+ = 𝑅𝑅𝑅𝑅𝑅𝑅 3+ + 𝐹𝐹𝐹𝐹 2+ [eqn. 7.4]

𝐶𝐶𝐶𝐶2+ + 𝐹𝐹𝐹𝐹 3+ = 𝑅𝑅𝑅𝑅𝑅𝑅 3+ + 𝐹𝐹𝐹𝐹 2+ [eqn. 7.5]

Epidote group minerals analysed have the following characteristics:

AEQ: Analyses of epidote and allanite from SR313-2 follows the epidote-ferriallanite trend and
commonly surround early britholite (Ch. 6.3.3.2). Many analyses plot below the epidoteferriallanite trend, indicating that either some allanite and epidote are depleted in Al or that they
contain more REE than the measured values. Allanite of SR314 is split between the epidote-allanite
and epidote-ferriallanite trends. Analyses of SR339 allanite predominantly on the epidote-allanite
trend, although there is a slight shift toward decreasing Al3+ content with increasing REE + Y,
indicating that a combination of substitution mechanisms have occurred.
CZQ (SR336): Both the porous and skeletal crystals are of ferriallanite composition (Ch. 6.3.3.3).
These allanites are some of the most REE-enriched of all epidote group minerals from the granitic
dykelets. The porous ferriallanites with the highest REE content are relatively Al-depleted.
T1AfsSy SR315: Al-depleted ferriallanite crystals that are sporadically enriched in MgO (up to
1.98 wt. %) and are relatively REE-rich compared to many analyses from the dykelets.

Estrade et al (2014b) also noted the presence of allanite as an alteration phase associated with
pyrochlore/eudialyte decomposition in the PGD.
8
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Figure 7.17. Variation in La, Y, Pr, Nd and Y versus Al (apfu) of allanite and epidote. Epidote group mineral nomenclature
and substitution mechanisms from Petrik et al. (1995).

7.5.3. Titanite 9
Titanite is a common accessory phase in many rocks of the Ampasibitika intrusion. In the Immiscible
Trachytic Phonolite, titanite occurs as subhedral grains within the groundmass, and euhedral
crystals within the foid ocelli. In the CZQ granitic dykelets titanite is considered a minor phase, as
it is present in relatively elevated abundance as grains associated with zircon and porous to skeletal
allanite, typically surrounded by calcite ± fluorite.
Principal variations in titanite compositions are the contents of Ti, Fe and Al. Titanite of the
Immiscible Trachytic Phonolite plots in a cluster with only small variation in composition and is
Ti-rich, being relatively low in impurities with the exception of fluorine that attains concentrations
of 0.67 wt. %. Titanite of the CZQ dykelet exhibits a much greater range of concentrations. Three
titanite varieties are distinguished based on textural and mineralogical associations:
 Titanite 1 (T1): Occurs in a cluster of globular zircon and skeletal allanite, surrounded by
calcite with fluorite inclusions (Ch. 6.3.3.3; Fig. 6.19f).
 Titanite 2 (T2): Formed on the margin of a calcite rich core zone and associated with minor
fluorite (Ch. 6.3.3.3; Fig. 6.19c).

Zr was not included in the EMPA analyses of titanite; this was an oversight as Zr can attain relevant concentrations in
titanite. Nevertheless, in the titanite-zircon dykelets the presence of zircon as a separate phase potentially indicates
that Zr preferentially sequesters into this phase rather than titanite, although without the analyses this is only
speculation.

9
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 Titanite 3 (T3): Located in ‘brecciated’ dykelet core zone associated with secondary quartz
(Ch. 6.3.3.3; Fig. 6.19c-d).
In general, titanium and REE content is highest in T3 (avg. 32.6 wt. % TiO₂) and lowest in T1 titanite
(avg. 25.7 wt. % TiO₂). In addition, T3 titanite has the highest REE (La to Nd) content, average of
0.90 wt. % [La-Nd]₂O₃, and T1 the lowest, average of 0.44 wt. % [La-Nd]₂O₃. Aluminium becomes
depleted with increasing Ti content and reaches maxima in the T1 titanite, 2.83 to 5.12 wt. % Al₂O₃.
Fluorine varies significantly in concentration from below detection limit to 0.55 wt. %.
A number of substitution mechanisms may control the incorporation of REE in titanite (Prowatke
and Klemme, 2005). Sodium has a 1:2 relationship with Ca (Fig. 7.18a), whereas Na + LREE + Y have
a relationship closer to 1:1(Fig. 7.18b). Indicating that the substitution mechanism 2𝐶𝐶𝐶𝐶2+ =

𝑅𝑅𝑅𝑅𝑅𝑅 3+ + 𝑁𝑁𝑁𝑁+ controls the concentration of REE in titanite (Tiepolo et al., 2002), rather than REE

substitution with other high valence elements such as Al3+ and Ti4+ (Green and Pearson, 1986; Černý

et al., 1995). This substitution mechanism is consistent with the decreasing Al content with
increasing REE and Ti, which is opposite to the trend, expected from other substitution mechanisms
(Green and Pearson, 1986; Cérny et al., 1995).

Figure 7.18 Variation in A) Ca vs. Na and B) Ca vs. Na + La + Ce + Pr + Nd + Y in titanites. The negative 1:1 correlation
between Ca and Na plus REE (La-Nd) and Y indicates that the mechanism [Ca2+]-1 [REE3+]1 [Na+]1 is important for REEenriched titanite of the titanite-zircon dykelets.
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7.5.4. Inferences from Accessory Mineral Chemistry
In apatite, the incorporation of REE and Y is controlled by the abundance of these elements in the
melt as well as that of Si and Na (Zirner et al., 2015). The REE and Si are considered to be useful
indicators of fractional crystallisation, as in contrast to Na, potential redistribution of these
elements is minimised due to their slow diffusion in apatite (Cherniak, 2000; Ladenburger et al.,
2016). Apatite is sensitive to changing REE concentrations in magmas relative to most silicate
minerals (Cherniak, 2000). As such, apatite of the T1NeSy crystallised from a melt with elevated REE
content relative to the AAFS. The early T1AfsSy apatites are relatively primitive compared to those
of the T2AfsSy.
Homogeneous apatite cores of the T1AfsSy crystallised from an early melt composition. The
influence of both 2𝐶𝐶𝐶𝐶2+ = 𝑅𝑅𝑅𝑅𝑅𝑅 3+ + 𝑁𝑁𝑁𝑁 + and 𝐶𝐶𝐶𝐶2+ + 𝑃𝑃𝑂𝑂4 3− = 𝑅𝑅𝑅𝑅𝑅𝑅 3+ + 𝑆𝑆𝑆𝑆𝑂𝑂4 4− of biotitehosted apatite indicate increasing Na activity in residual melts of the T1AfsSy or decrease in Ca
activity (incorporated in hedenbergite and other Ca-phases). However, REE-enriched overgrowths
evolve toward britholite compositions and record enrichment of REE in the residual melt.
Subsequent replacement of britholite to REE-fluorcarbonate pseudomorphs (Ch. 6.1.1. – Fig.
6.1g-h) indicates the influx of CO₃²¯ and F¯ and leaching of Si⁴⁺ and P⁵⁺ by a hydrothermal fluid.
Oscillatory zonation in apatites of the T1NeSy and T2NeSy is a common non-equilibrium growth
texture in alkaline magmatic rocks and controlled by the relative diffusion of these elements in the
melt opposed to the crystal (Rakovan and Reeder, 1996; Zirner et al., 2015). In the T1NeSy, the
development of strongly REE-enriched corroded overgrowths indicates the enrichment of REE in
the final stages of melt evolution and dissolution of apatite during hydrothermal processes. The
lack of REE-rich overgrowths of apatite of the T2AfsSy suggests that late magmatic to hydrothermal
conditions prohibited further apatite crystallisation, such as lack of cations (e.g. Na⁺, Si⁴⁺ or REE³⁺).
The presence of REE-fluorcarbonates as a late magmatic to hydrothermal phase in the T2AfsSy
suggests REE are enriched in the residual melt/fluids, thus a lack of available Na⁺ or Si⁴⁺ is the
favoured explanation for the lack of REE-rich apatite overgrowths in this syenite.
The generally low REE content and high Sr content attests to the primitive nature of the Immiscible
Trachytic Phonolite. However, the anomalously high fluorine content indicates that there has been
unusual F- enrichment in these melts, potentially resulting from interaction with an evolved
foidolitic melt with fluoride present as a discrete melt phase (Ch. 6.2.2.1 – Fig. 6.12g-h). This
interaction is further evident from the relative importance of the coupled substitution mechanism
2𝐶𝐶𝑎𝑎2+ = 𝑅𝑅𝑅𝑅𝑅𝑅 3+ + 𝑁𝑁𝑁𝑁+ recorded by these apatites, indicative of high Na activity and thus
peralkaline melt compositions (Zirner et al., 2015).
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The presence of titanite and allanite in the late granitic dykelets indicates that the REE and HFSE
were mobile in late magmatic-hydrothermal fluids. This suggests that the fluids that formed these
dykelets were relatively high temperature and ligand-rich to enable transport of REE and HFSE.
Variations in the substitution mechnisms indicated by allanite compositions indicates either
changing ƒO₂ conditions during crystallisation or differing initial REE content of the parental
magmatic-hydrothermal melt/fluid.
7.6. Mineral Chemistry: Summary and Conclusions
Amphibole and clinopyroxene evolve from Ca-rich to Na-rich varieties generally following similar
trends described in other peralkaline complexes that evolve from reduced to relatively oxidised
mineral assemblages (e.g. Marks et al., 2004a; Markl et al., 2010). Amphibole compositions of the
AAFS exhibit unusual behaviour (Section 7.2), indicating rapid changes in crystallisation conditions.
Some possible triggers for such a change include rapid temperature or lithostatic pressure
decreases, or exsolution of a fluid or immiscible melt phases. Trace element compositions track the
nature of the evolved melt/fluid phases and indicate a variety of processes operating during
crystallisation of the increasingly sodic mineral assemblages of the AHNS and AAFS, including:
 Increasing ƒO₂ of coexisting melt during the latter stages of crystallisation (possibly
triggered by cooling of the magmatic system; Markl et al., 2010). The presence of fayalite
indicates initially reducing crystallisation conditions of the T1AfSy, although extensive
alteration indicates a shift in melt conditions during crystallisation.
 Presence of coexisting mineral, immiscible melt or fluid phases influencing the partitioning
behaviour of REE and the HFSE with the trapping or removal of these phases influencing
the concentrations of Li, Zr and REE in addition to crystal chemical controls.
In general, REE content decreases in increasingly sodic clinopyroxene and amphibole varieties,
indicating enhanced partitioning of REE into melt or co-crystallising mineral phases with increased
peralkalinity and/or volatile content. Thus, late melts and fluids have the potential to mobilised REE
from primary magmatic assemblages. Alkali feldspar and nepheline compositions of the AAFS and
AHNS indicate a decrease in crystallisation temperatures from the T1AfsSy to the T2AfsSy and from
the T1NeSy to the T2NeSy and T3NeSy. Nepheline compositions of the MNeSy are consistent with
its metasomatic origin. Increasing orthoclase content from the T1AfsSy and T2AfsSy, through the
T1NeSy to the T3NeSy indicates K content increases in alkali feldspar with increasing peralkalinity
and corresponding melt saturation with sodic mineral phases (e.g. aegirine, arfvedsonite; Siegel et
al., 2018).
The distinctive compositional evolution of aegirine and fluoro-arfvedsonite to ferri-fluoro-leakeite
of the PGD attests to the highly differentiated and flux-rich nature of the parental melts, as well as
the co-crystallisation of discrete HFSE-bearing mineral phases as major rock constituents.
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The later intrusion of primitive mafic melts is recorded in the Marginal Volcanic Plug porphyritic
trachyte and Immiscible Trachytic Phonolite by the presence of fayalitic olivine, relatively high
anorthite content in alkali feldspar phenocrysts, diopsidic to hedenbergitic clinopyroxene. Mixing
of the Immiscible Trachytic Phonolite with evolved melts is apparent from the range of mineral
compositions of phenocryst and groundmass assemblages.
Increasing REE content in early magmatic apatites from the Immiscible Trachytic Phonolite, through
the T1AfsSy and T2AfsSy to the T1NeSy is thought to reflect the initial concentration of REE in the
respective parental melts. The variable development and characteristics of REE-rich overgrowths
surrounding apatites investigated is a function of the evolution and composition of late magmatic
melts and hydrothermal fluids.
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7.7. Stable Isotopes of Mineral Separates
Amphibole, pyroxene, quartz and carbonate, collected from a variety of units of the Ampasibitika
Intrusion, were analysed for their stable isotopes. These data are used to determine the sources of
fluids (magmatic and/or hydrothermal) present during the crystallisation of these mineral phases
to gain insight into the possible fluid pathways and thus REE mobilisation prior to weathering. In
addition, quartz grains collected from regolith material have been analysed for O-isotope
compositions; these data are used to assess if quartz can be used as a tracer of regolith protoliths
and in Chapter 11 to monitor potential contamination of clay mineral isotope data.
7.7.1. Application of Stable Isotopes to Ore Deposit Studies
Stable isotopes have become instrumental to ore deposit studies, providing a wealth of information
on the fluid origins, temperatures during mineralisation and physio-chemical conditions during
mineral deposition (Hoefs, 2015). The three principal fluid sources of ore fluids are 1) sea water, 2)
meteoric water and 3) juvenile water (degassed from the mantle).
Oxygen and hydrogen isotope data from silicate minerals have the potential to characterise the
development of late magmatic fluids and processes occurring during late- to post-magmatic
evolution (e.g. Taylor, 1974; Agemar, 1999; Marks et al., 2004b; Möller and Williams-Jones, 2016b;
Siegel et al., 2017a). In particular, hydrous minerals, such as amphibole, are sensitive indicators of
the isotopic compositions of the final fluids they equilibrated with due to the small quantity of
hydrogen they contain relative to the fluid phase (except at very small fluid-rock ratios - Gregory
and Criss, 1986; Marks et al. 2004b).
Late stage fluids of alkaline to peralkaline intrusions are enriched in alkalis and HFSE, thus are
important for understanding the late- to post-magmatic processes effecting these rocks as well as
REE deportment (e.g. Marks et al. 2003, 2004b; Siegel et al., 2017a). As such, δ¹⁸O and δD have
been used to monitor fluid compositions in alkaline to peralkaline intrusions (e.g. Ilimaussaq Marks et al. 2004b; Puklen, Marks et al., 2003; Strange Lake - Boily and Williams Jones, 1994; Siegel
et al., 2017a).
Keller and Hoefs (1995) defined fields for primary mantle derived carbonate and primary igneous
carbonatite. Deviation from mantle values are typically attributed to the following processes: 1)
Rayleigh fractionation and/or assimilation of sedimentary material, 2) low-temperature alteration,
and 3) degassing of CO₂ (e.g. Deines, 1989, 2004; Santos and Clayton, 1995; Horstmann and
Verwoerd, 1997; Marks et al., 2009; Möller and Williams-Jones, 2016b).
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7.7.2. Isotopic Composition of Bedrock Mineral Separates
7.7.2.1. Amphibole O-H and Pyroxene O Stable Isotopes
The isotopic composition (O, H) of amphibole was determined for samples from the T1AfsSy,
T2AfsSy and T1NeSy (Table 7.4; Fig. 7.19a). Oxygen isotope compositions were determined for
pyroxene from the T1AfsSy, T1NeSy, T2NeSy and T3NeSy (Table 7.4; Fig. 7.19b). Multiple
generations of amphibole and pyroxene occur within the AAFS and AHNS (Ch. 6.1 & 6.2.1).
Separation of these generations was not possible using the methods available to this study, thus
δ¹⁸O and δD values may recorded mixed generations.
The δ¹⁸O values in amphibole range from +4.7 to +5.7‰ in the AAFS and +5.0 to +5.2‰ in the
T1NeSy. Pyroxene δ¹⁸O values of the T1AfsSy ranges +5.6 (high yield) to +7.3‰, whereas the in the
AHNS δ¹⁸O ranges from +4.7 to +5.6‰.
The δD values recorded for amphiboles very greatly for mineral separates from the same lithology,
likely resulting from the presence of multiple amphibole generations. Amphibole δD values ranges
from -88 to -107‰ in the T1NeSy, -60 to -115‰ in the T1AfsSy, and -166 to -199‰ in the T2AfsSy.
7.7.2.2. Carbonate C and O Stable Isotopes
Carbon and oxygen isotope ratio were obtained for a variety of calcite separates, these are given in
Tabe 7.5 and Fig. 7.19c. Calcite filling interstitial miarolitic cavities in the AAFS has δ13CVPDB values
from -4.6 to -9.0‰ and δ¹⁸OVSMOW between +8.6 and +20.4‰. Amygdales filled with calcite
characteristic of the lamprophyre in TAND097 have δ13CVPDB values of -5.0 to -5.1‰ and δ¹⁸OVSMOW
of +4.2‰. Calcite present in the core zone of a CZQ dyklet has δ13CVPDB values of -4.4‰ and
δ¹⁸OVSMOW of +7.4 to +9.2‰. Limestone clasts within the volcanic breccia from the Ampasibitika
caldera have δ13CVPDB values of +0.2 to +0.5‰ and δ¹⁸OVSMOW of +18.1 to +18.2‰.
7.7.2.3. Quartz O Stable Isotopes
Quartz separates were analysed for δ¹⁸O from PGD varieties GR-II and GR-III and all three varieties
of granitic dykelet as well as relic quartz and possible precipitated silica from regolith material,
these data are displayed in Table 7.6 and Fig. 7.19b. Regolith hosted relic quartz is potentially
derived from the PGD, granitic dykelets or MSD in TAND044 and quartz-bearing AAFS in TAND097.
Fluid and, to a lesser extent, mineral inclusions are common in quartz of the PGD and granitic
dykelets. However, relative to the proportion of O from crystalline quartz the amount of O from
these contaminants is minimal. Multiple generations of quartz occur within the PGD and granitic
dykelets (Ch. 6.3.3). Separation of these generations was not possible using the methods available
to this study, thus δ¹⁸O values may record mixed generations of quartz.
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Table 7.4. Oxygen and hydrogen isotope ratios of amphibole and oxygen isotope ratios of pyroxene mineral separates.
Sample

Rock Type

SR284

T1AfsSy

SR286

T2AfsSy

SR288

T2AfsSy

SR665

T1NeSy

Amphibole(s)
Ca to Ca-Na
(Hst to Rct)
Ca-Na to Na
(Ktp to Arf)
Ca-Na to Na
(Ktp to Arf)
Ca to Na
(Hst to Arf)

SR367
T2NeSy
SR366
T3NeSy
*Average given if more than 2 analyses.

Analyses

Amphibole
δ¹⁸OSMOW
Lighter
Heavier

δDSMOW
Lighter
Heavier

Pyroxene(s)
Hed to Aeg-Aug
Avg. Di29Hed61Aeg10

Pyroxene
Analyses
δ¹⁸OSMOW
Lighter Heavier

2

+5.6

+5.7

-115.0

-60.6

2

+4.7

+5.4

-122.6

-116.0

not analysed

2

+4.9

+5.2

-199.2

-120.7

not analysed

2

+5.0

+5.2

-107.2

-88.0

not analysed
not analysed

Aeg + minor Hed
Avg. Di02Hed19Aeg79
Di02Hed12Aeg87
Di01Hed05Aeg94

Table 7.5. Oxygen and carbon isotope ratios of calcite mineral separates.
Sample No.
Description
δ13CVPDB
δ¹⁸OVSMOW
SR315
T1 Afs Sy Miarolitic cavity fill
-6.6
+8.6
SR286
T2 Afs Sy Miarolitic cavity fill
-4.6
+12.8
SR287
T2 Afs Sy Miarolitic cavity fill
-9.0
+20.4
-5.0
+4.2
SR290
Amygdale infill
-5.2
+4.2
-4.4
+9.2
SR314
Carbonate in late pegmatitic vein
-4.4
+7.4
+0.2
+18.2
SR377(3)
Marine Limestone
+0.5
+18.1
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2

+5.6

1

+5.0

1
4

+4.8
+4.7

Average*

+7.3

+6.5 (± 0.9)

+5.6

+4.9 (± 0.5)
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Table 7.6. Oxygen and carbon isotopes of quartz mineral separates.
Sample
Rock Type/Host Material
Description
SR253
Coarse-grained pegmatitic
GR-II PGD
SR257
Medium-grained pegmatitic
SR663
GR-III PGD
Quartz from quartz rich lens
SR376
FQ dykelet
Aplitic
SR664
SR313(1)
Aplitic
SR313(2)
AEQ dykelet
SR314
Medium-grained, pegmatitic
SR339
SR336
CZQ dykelet
Medium-grained, pegmatitic
SR252
TAND044: Brown-red pedolith
SR211
(2.25 m)
TAND044: Brick-red pedolith
SR220
with white patches (4.5 m)
TAND044:Brick-red pedolith
Fine to medium quartz
SR227
(6.25 m)
grains
TAND044: Mottle pedolith
SR231
(7.25 m)
TAND044: Saprock, syenite
SR238
precursor (9.0 m)
Fine to medium quartz
TAND097: Red-brown pedolith
SR275
grains, and anhedral
(2.25 m)
morphologies.

Analyses
1
1
2
1
1
2
1
1
1
2
1

δ¹⁸OSMOW
+7.9
+8.9
+10.1 to +10.4
+10.3
+9.9
+7.4 to +8.3
+8.8
+8.3
+7.5
+8.3 to +8.5
+8.7

1

+7.8

2

+7.0 to +7.5

2

+6.9 to +7.5

1

+6.8

1

+6.7

1

+9.1

The GR-III and FQ dykelets have the most positive δ¹⁸O values, ranging between +9.9 ‰ and
+10.4 ‰. Values of δ¹⁸O are variable in the AEQ dykelets ranging from +7.4 ‰, the lowest δ¹⁸O
value recorded, to +8.8 ‰. Quartz of the GR-II and CZQ ranges between +7.9 to +8.9 ‰ and +8.3
to +8.7 ‰, and thus overlaps with the AEQ quartz values.
Regolith hosted quartz ranges between +6.7 and +7.8‰ for samples from borehole TAND044
(further details Ch. 10 & 11), with apparent decreasing δ¹⁸O values with increasing depth. Quartz
sampled from the upper portions of the regolith profile (SR211, SR220 and SR227) overlaps with
heavier δ¹⁸O of the AEQ dykelets. Pedolith-hosted quartz from TAND097 has relatively elevated
δ¹⁸O of +9.1 ‰.
7.7.2.4. Calculation of Mineral-Rock Fractionation based on Clinopyroxene and Whole-Rock Data
In addition to the oxygen isotope composition of the melt, hydrothermal fluids, temperature and
chemical composition of the minerals influence the δ¹⁸Omineral values (Zheng, 1993a, 1993b). Thus,
calculating the δ¹⁸Omelt from the mineral data can be useful and has been done using clinopyroxene
compositions following the approach of Halama et al. (2005) after Zheng (1993a, 1993b) and Zhao
and Zheng (2003). This calculation has been done for a range of temperatures (Table 7.7); however,
the maximum equilibration temperature of clinopyroxenes for the syenites of the Ampasibitika
Annular Intrusion is assumed to be c. 800°C, as proposed by Estrade et al. (2014a) for the T1NeSy.
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Nepheline and alkali feldspar indicate that equilibration temperature decreases during evolution of
the system, and late analcime indicates that the temperatures of the equilibrating ‘water’ (melt)
decrease over time. Hence, the range of temperatures extend to 500°C to indicate how
temperature may affect the system, assuming a closed system. Calculated δ¹⁸Omelt values are given
in Table 7.7, and the respective ranges for δ¹⁸Omelt, from 600 to 800°C, for the T1AfsSy and AHNS
are shown in Fig. 7.19c.
7.7.3. Inferences of Melt/Fluid Sources and Evolution
The range of δ¹⁸O, δD and δ13C values recorded in mineral separates of the Ampasibitika Intrusion
AAFS, AHNS, PGD and granitic dykelets (Fig. 7.19), indicates these rocks have been subject to a
varied evolutionary history. Heterogeneity of δ¹⁸O and δD for amphibole (Fig. 7.19a; Table 7.4), and
a lesser extent, δ¹⁸O for pyroxene and quartz (Fig. 7.9b; Table 7.4 & 7.6), and δ¹⁸O and δ13C for
calcite (Fig. 7.19c; Table 7.5), results in poor standard deviations for repeat analyses of aliquots
from the same sample. The ability to draw conclusions from these data is not precluded by these
standard deviations; however, the reliability of these data cannot be fully assessed.
7.7.3.1. Amphibole and Clinopyroxene: AAFS and AHNS
The δ¹⁸O values of most amphibole and clinopyroxene investigated overlap with those of mantle
values (e.g. MORB glass 5.37-6.3‰ – Eiler et al., 2000), supporting a mantle-derived source for the
AAFS and AHNS of the Ampasibitika Intrusion (Fig. 7.19a-b). The only deviation from the general
range of +4.7 to +5.7‰ is recorded in hedenbergite of the T1AfsSy, with δ¹⁸O values up to 7.3‰,
suggesting disequilibrium conditions with respect to stable oxygen isotopes.
The δ¹⁸Omelt values calculated for the T1NeSy and T2NeSy, at 800 to 600°C, are from +5.8 to +6.1‰
and +5.4 to +5.6‰, respectively. In accordance with the increased variability of δ¹⁸O for
clinopyroxene of the T3NeSy, the δ¹⁸Omelt values are between +5.1 to +6.0 at 800°C and +5.2 to +6.1
at 600°C. These values for δ¹⁸Omelt of the AHNS are close to typical mantle values, and thus indicate
a mantle source for parental melts of this suite that has not undergone contamination by crustal
material. In contrast, δ¹⁸Omelt values are elevated for the T1AfsSy, ranging between +7.4 to +9.1 at
800°C and +7.7 to +9.4 at 600°C. This may indicate that there has been assimilation of high δ¹⁸O
crustal material, prior fractionation of a low δ¹⁸O phases or concurrent crystallisation of a high δ¹⁸O
mineral phase (i.e. ¹⁸O enrichment in albite ≥ orthoclase >> diopside > wollastonite; Zheng, 1993a).
The abundance of alkali feldspar (albite + orthoclase) as an early crystallising mineral phase may
partially explain the decreasing δ¹⁸O values for amphibole, pyroxene and calculated melt.
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Table 7.7. Calculations for determining δ¹⁸Omelt after Zheng (1993a) and Zhao and Zheng (2003).
Average compositions of clinopyroxene and adjusted coefficients for (1)103lnß(mineral-water).
Proportions of clinopyroxene components
103lnß(mineral-water)
(excluding Tschermakite)
coefficients
Sample
Di
Hed
En
Fs
Jd
Ac/Aeg
A
B
C
SR284
0.28
0.58
0.02
0.03
0.00
0.10
3.98
-8.17
2.30
SR665
0.02
0.18
0.00
0.01
0.05
0.75
4.14
-7.37
2.21
SR367
0.02
0.11
0.00
0.00
0.04
0.83
4.15
-7.29
2.19
SR366
0.01
0.05
0.00
0.02
0.06
0.87
4.17
-7.22
2.18
(2)
103lnß(rock-water)
Temperature
Sample
1000°C
900°C
800°C
700°C
600°C
500°C
SR284
-0.37
-0.33
-0.24
-0.05
0.28
0.86
SR366
-0.39
-0.59
-0.53
-0.07
0.25
0.83
SR367
-0.48
-0.46
-0.38
-0.21
0.09
0.64
SR665
-0.60
-0.35
-0.26
-0.38
-0.11
0.40
Δcpx-rock (‰)
Temperature
Sample
1000°C
900°C
800°C
700°C
600°C
500°C
SR284
-1.29
-1.43
-1.61
-1.83
-2.11
-2.46
SR665
-0.64
-0.72
-0.81
-0.92
-1.06
-1.23
SR367
-0.48
-0.54
-0.61
-0.69
-0.79
-0.92
SR366
-0.32
-0.36
-0.40
-0.45
-0.51
-0.59
Calculated δ¹⁸Omelt (‰)
Temperature
Sample
δ¹⁸Ocpx
1000°C
900°C
800°C
700°C
600°C
500°C
+5.6 to
+6.9 to
+7.0 to
+7.2 to
+7.4 to
+7.7 to
+8.1 to
SR284
+7.3
+8.6
+8.7
+8.9
+9.1
+9.4
+9.8
SR665
5.0
5.6
5.7
5.8
5.9
6.1
6.2
SR367
4.8
5.3
5.3
5.4
5.5
5.6
5.7
+4.7 to
+5.0 to
+5.1 to
+5.1 to
+5.2 to
+5.2 to
+5.3 to
SR366
+5.6
+5.9
+6.0
+6.0
+6.1
+6.1
+6.2
(1) Calculated following method of Zheng (1993a).
(2) Calculated using whole rock major oxide data following the method of Zhao and Zheng (2003) for a range of
temperatures.
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Figure 7.19. Illustration of ranges of stable isotopes and potential mechanisms. a) Amphibole δ¹⁸O and δD values.
b) Variation in δ¹⁸O for calcite, quartz, amphibole, pyroxene and calculated melt δ¹⁸O for 600 to 800°C. c) δ¹⁸O and δ¹³C
abbreviations: CD, carbonate degassing, LTA low temperature alteration, FC/A fractional crystallisation and/or
assimilation.

189

Original in colour

7. Mineral Chemistry
Unlike their respective δ¹⁸O, δD values of amphiboles investigated have a wide range; the heaviest
values are recorded in hastingsite to richterite amphibole of the T1AfsSy, which are within the
typical range of magmatic amphiboles (δD = -80 to -50 ‰; e.g. Hoefs, 2015). However, amphiboles
investigated in all samples have δD lighter than the typical magmatic range. Similarly, light δD
amphiboles have been described in syenites of other peralkaline complexes (e.g. Ilimaussaq –
Marks et al., 2004b; Blatchford Lake Igneous Complex – Möller and Williams-Jones, 2016b).
Favoured explanations for the development of low δD values in amphiboles include:
1. Assimilation of country rock rich in organic matter (Sheppard, 1986; Marks et al., 2004b).
2. Secondary H-isotope exchange between internally generated late magmatic fluid, formed
by oxidation of primary magmatic methane, and amphiboles (Marks et al., 2004b).
3. Hydrothermal alteration or re-equilibration with a low δD fluid, as hydrogen isotopes are
prone to re-equilibration (e.g. Taylor, 1974; Graham et al., 1984; Schilling et al., 2011).
Re-equilibration of amphibole with meteoric waters is unlikely, as meteroric water δD values are
relatively heavy (Ch. 11.2), thus not D-depleted enough to account for the low δD of these
amphiboles. The favoured mechanism for the development of low-δD amphibole of the T1NeSy is
by re-equilibration with an internally generated late magmatic fluid (e.g. Marks et al., 2004b).
Additional evidence for this mechanism includes: 1) the consistent mantle-derived δ¹⁸O values for
amphibole and clinopyroxene, and 2) the formation of aegirine at the expense of amphibole
indicative of increasingly oxidising conditions observed in this study and by Estrade et al. (2014a).
Degassing of water or oxidation of reduced melt/fluid or infiltration of a low-δD fluid may account
for the extreme decrease in δD and minor decrease in δ¹⁸O recorded in the T1AfsSy to T2AfsSy
amphiboles.
7.7.3.2. Calcite: AAFS
Miarolitic cavity hosted calcite of these syenites records a range of δ¹⁸O and δ13C values (Fig. 7.19c).
In the T1AfsSy this calcite, δ¹⁸O and δ13C values overlap with the magmatic carbonate range;
whereas in the adjacent T2AfsSy calcite has high- δ¹⁸O values, indicative of extensive assimilation
of country rock (Trend 1) or interaction with low temperature fluids undergoing degassing (Trend
2) potentially derived from surrounding country rock. However, the precise origin of the carbonate
is challenging to define due to the wide range of isotopic signatures in adjacent rocks, from mantlederived calcite of the amygdaloidal lamprophyre to a range of increasingly elevated δ¹⁸O bearing
calcite in the T1AfsSy to T2AfsSy.
7.7.3.3. Quartz: PGD and Granitic Dykelets
The lack of δ¹⁸O data for a whole rock or a mineral pair to quartz in the PGDs and granitic dykelets
precludes the determination of δ¹⁸O melt signatures. However, some inferences can be made on
the relative origin of quartz signatures of these granitic units.
190

7. Mineral Chemistry
The similarity in δ¹⁸O values for the GR-III and FQ-dykelet indicates a similar source melt/fluid (Fig.
7.19b). This is consistent with the similarities in the mineral assemblages of these dykes and
dykelets. The elevated δ¹⁸O values for quartz from the GR-III PGD and FQ-granitic dykelet relative
to other PGD and granitic dykelet samples may result from non-equilibrium crystallisation, variable
isotopic exchange during protracted cooling, or interaction with external reservoirs. Alteration of
primary mineral assemblages is a characteristic feature of the GR-II PGD, and cathodoluminescence
revealed the presences of multiple quartz generations (Estrade et al., 2014; Petrography). Thus, the
lower δ¹⁸O values relative to the GR-III PGD may represent either internal fractionation between
these pegmatites as temperatures decreased or greater interaction of the GR-II with a low-δ¹⁸O
melt/fluid phase.
Calcite δ¹⁸O and δ13C isotopes of the AEQ dykelet fall firmly in the magmatic carbonate range (Fig.
7.19b-c). This coupled with the relatively low-δ¹⁸O values of quartz is consistent with a low-δ¹⁸O
melt or fluid, possibly of magmatic origin, that has not experienced extensive interaction with
crustal derived fluids or material. Based on δ¹⁸O values available for country rock material of the
Ampasibitika Intrusion (SR377 – limestone clasts in volcanic breccia), assimilation of country rock
would result in high δ¹⁸O values.
Quartz δ¹⁸O values of the PGD and granitic dykelets are elevated compared to those of amphiboles
and pyroxenes, although these values overlap with δ¹⁸Omelt of the T1AfsSy. Relative to pyroxene and
amphibole, quartz favours the incorporation of 18O (Hoefs, 2015). Thus, although quartz δ¹⁸O values
are higher than that of pyroxene and amphibole investigated, the isotope signature may still reflect
derivation of the PGD and granitic dykelets from the same reservoir as the AAFS and/or AHNS with
minor interaction with crustal material.
7.7.3.4. Quartz: Regolith
Authigenic quartz formed at low temperatures in the presence of meteoric water generally has high
δ¹⁸O values (e.g. silcretes from meteoric water +29.3 ± 1.0‰ – Kelly et al., 2007; laterite-hosted
authigenic silica +32 ±1 ‰ – Bird et al., 1992). Regolith hosted quartz in this study all have low δ¹⁸O
indicating that these are residual, protolith derived quartz grains (Fig. 7.19b). TAND044 quartz δ¹⁸O
values are most similar to that of the AEQ granitic dykelets or GR-II PGD. However, the increasing
trend in δ¹⁸O in TAND044 with decreasing depth indicates that either the quartz grains are derived
from different protolith units or there is an increased proportion of authigenic quartz. The latter
mechanism is favoured, due to the apparently systematic increase in δ¹⁸O with decreasing depth in
TAND044 and the presence of anhedral silica morphologies, indicative of recrystallisation, in
TAND097.
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7.7.4. Summary of Non-Clay Stable Isotopes
Stable isotope ratios for samples investigated from the Ampasibitika Intrusion indicate a range of
processes effecting the evolution of minerals and melts/fluids of these units. The varying isotope
ratios can be related to various processes and further work is required to fully constrain the ranges
of isotopic signatures and the derivation of δ¹⁸O for coexisting melts. However, some overarching
inferences for melt/fluid source conditions include:
 The AHNS have a predominantly magmatic signature.
 Isotopes of the AAFS indicate a complex mixed magmatic to hydrothermal evolution, with
variable mixing of internally and externally sourced high- δ¹⁸O and low- δ¹⁸O carbonate
sources. However, silicate isotopes may also reflect the primitive nature of the T1AfsSy (See
Ch. 8) and subsequent differentiation of the T2AfsSy. The T2AfsSy possibly experienced a
combination of oxidation and degassing/carbonate-fluid segregation.
 PGD and granitic dykelets show a variety of trends. Quartz δ¹⁸O suggest that there has not
been extensive assimilation of crustal material or that these melts/fluid equilibrated with
magmatic rocks at high temperatures (> 500°C). However, calcite of the AEQ dykelets is of
magmatic origin, indicating that if these dykelets are derived from the PGD then late-stage
melt/fluids that caused alteration of the PGD are of magmatic origin.
 Regolith hosted quartz has mixed signatures but is mostly residual quartz. TAND044
regolith-hosted quartz appears to be derived from GR-II PGD or AEQ granitic dykelet
protoliths.
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As inferred in previous chapters, units of the Ampasibitika Intrusion have formed via a diverse array
of magmatic processes, which are accounted for by their whole rock geochemical signatures. This
chapter aims to display the main major and trace element geochemical trends and link processes
recorded in the mineralogy and mineral chemistry of units (Ch. 6 & 7) with changes in key LILE and
HFSE contents. By doing this, changes in whole rock REE concentration can be connected to stages
of depletion and enrichment enabling a greater understanding of the REE mobilisation pathways
during early-, late- and post-magmatic processes.

Distinguishing between magmatic and

hydrothermal processes using geochemistry alone is challenging for rocks of the Ampasibitika and
Tsarabariabe Intrusions, as their units are variably influenced by magmatic fractionation,
differentiation, fluid exsolution and alteration.
8.1. Sample Set
Most of the field time was spent at, and the majority of samples collected from, the Ampasibitika
intrusion, which is also the focus of REE exploration. The Tsarabariabe intrusion provides useful
context, but a relatively small sample set is available. A list of the samples and whole rock
geochemistry of all samples analysed is provided in Appendix IX. Nomenclature and abbreviations
are the sames as those outlined in Fig. 6.22 (Ch. 6.6). Whole rock data is presented for samples of
the Ampasibitika alkali feldspar syenites (AAFS), the Ankobabe Hybrids nepheline syenites (AHNS),
trachytic enclaves (AHTE) and phonolite dykes (AHPD), the Marginal Dyke Swarm Peralkaline
Granitic Dykes (PGD) and Marginal Syenitic Dykes (MSD), Central Caldera volcanic plugs, and
variably altered mudstones of the Isalo Group. Granitic FQ dykelet (SR367-2) is grouped with PGD
due to its similar mineralogy (Ch. 6.3.3.1 & 7.7.3.3) and major element composition (Fig. 8.1). In
addition, samples from the alkali feldspar granite bodies (encompasses leucogranite and quartz
alkali feldspar syenite; Ch.6.6.1) and dykes of the Tsarabariabe Intrusion are shown for comparison.
Whole rock geochemical data from this study are shown alongside data of Estrade et al. (2014a,
2014b) to enable a comprehensive overview of the compositional trends of units of the
Ambohimirahavavy Alkaline Complex.
Normative mineral compositions for igneous rocks investigated were obtained using the SINCLAS
program of Verma et al. (2002); these are given in Appendix IX. Data input included major oxide,
LOI and trace element data for the various samples. Calcite occurs as a discrete late phase in several
samples; however, the normative mineral calculations will incorporate Ca within silicate phases
rather than as discrete calcite due to lack of CO32- data.
Bivariate plots are provided for major oxides to show potential mixing and fractionation trends
exhibited by igneous rocks of the Ambohimirahavavy Alkaline Complex. The AHNS and AAFS
plutonic syenites investigated are cumulate rock, thus represent the fractionated portion and not
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the initial composition of their respective parental melts. Trace element data normalised to
chondrite and primitive mantle values of McDonough and Sun (1995) are provided for all igneous
samples and in addition for several country rock (variably bleached mudstone), volcanic tuff and
dyklet samples from the Ampasibitika Intrusion area. Due to the heterogeneous nature these
samples are not displayed in major oxide and trace element bivariate plots; however, they are
important for understanding the distribution of REE in rocks across the Ampasibitika Intrusion.
8.2. Major Element Data
8.2.1. Compositional discrimination
The TAS classification plots for volcanic (Le Bas et al., 1986; Le Maitre et al., 2002; Fig 8.1a) and
plutonic (Cox et al., 1979; Wilson, 1989; Fig. 8.1b) rocks of the Ambohimirahavavy Complex. There
is a continuum of rock compositions from nepheline syenite and phonolite through alkali feldspar
syenite and trachyte to alkali granite for igneous rocks of the Ampasibitika Intrusion (Fig. 8.1a;
Appendix IX). The AHTE and AHPD generally plot in or close to the phonolite field. Plutonic rocks of
the Tsarabariabe intrusion are of alkali granite composition, whereas the associated felsic dykes
predominantly of alkali trachyte composition and the phonolite dyke plots in the phonolite field.
The geochemical results are generally consistent with the petrography (Ch. 6); therefore, rock
nomenclature defined by petrography (Ch. 6.6; Fig. 6.22) is used.
The alkalinity index (AI = molecular [Al – (K + Na)]) discriminates between peralkaline (AI < 0) and
metaluminous and peraluminous (AI > 0) rocks (Frost and Frost, 2008). The feldspathoid silica
saturation index (FSSI = normative Q – [Lc + 2(Ne + Kp)]/100) discriminates between silica-saturated
(FSSI > 0) and silica-undersaturated (FSSI < 0) alkaline rocks (Frost and Frost, 2008). The Ankobabe
Hybrids exhibit decreasing AI with decreasing FSSI (i.e. increasingly peralkaline with decreasing
silica saturation), whereas rocks of the Marginal Dyke Swarm have increasing AI values with
increasing FSSI (Fig. 8.1c). Ampasibitika Alkali Feldspar Syenites (AAFS) analysed in this study are
silica-neutral (FSSI ≈ 0) and cluster across the peralkaline to metaluminous and peraluminous
subdivision (AI: 0.017 to -0.007). There appears to be a weak trend of decreasing AI with increasing
FSSI for samples of the GR-I and GR-II plus GR-III PGD (Fig. 8.1c).
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Figure 8.1. Compositional discrimination plots for alkaline rocks. a) and b) total alkali silica (TAS) diagram showing compositional boundaries for a) volcanic rocks fields from Le Maitre et al.
(2002) after Le Bas (1986) and alkali-tholeiitic boundary (dashed line) of Irvine and Baragar (1971), and b) plutonic rocks with fields and alkali-tholeiitic boundary (dashed line) of Wilson
(1989) after Cox et al. (1979). c) AI (Alkalinity Index: Al-[K + Na]) vs. FSSI (Feldspathoid Silica Saturation Index: normative [Q-Lc-2(Ne + Kp)]/100) plot of Frost and Frost (2008).
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8.3. Major Oxide Trends
8.3.1. Ampasibitika Intrusion
Igneous rocks of the Ampasibitika Intrusion have a range of SiO₂ compositions from 44.3 wt. % to
76.1 wt. % and exhibit a range of major oxide trends (Fig. 8.1, 8.2, 8.3 & 8.4). Mafic dykes have the
lowest SiO₂ contents, <49 wt. %, and the PGD have the highest SiO₂ contents, typically >70 wt. %,
with the exception of sample SR622 that has an SiO₂ value of 60.1 wt. %. There is a divergence in
SiO₂ with evolution of rocks of the Ampasibitika Intrusion. The silica-undersaturated Ankobabe
Hybrids evolve towards lower SiO₂ compositions whereas the silica-oversaturated marginal dyke
swarm units evolve to increasingly SiO₂-rich compositions. Thus, the term ‘evolved’ in this context
suggests that a rock has undergone a greater degree of fractional crystallisation and differentiation,
which may manifest in either increasingly silica over- or under-saturated compositions.
The highest MgO, TiO₂, CaO and P₂O₅ contents are recorded in mafic dykes (Fig. 8.2). The majority
of igneous rocks of the Ambohimirahavavy Alkaline Complex have SiO₂ values from 55.0 to 76.1
wt. %, with MgO <1.08 wt. %, TiO₂ <0.98 wt. %, CaO <5.49 wt. % and P₂O₅ <0.30 wt. %. Mafite
enclaves have the highest MgO (0.60-1.08 wt. %), TiO₂ (0.6-0.98 wt. %), CaO (2.08-2.96 wt. %), and
P₂O₅ (0.15-0.30 wt. %) of the Ankobabe Hybrids. Thus, the Ambohimirahavavy Alkaline Complex is
predominantly comprised of highly evolved igneous rocks, with parental melts derived from
magmas that had fractionated a range of minerals likely including plagioclase, apatite and rutile or
Fe-Ti-oxides. Some of the MSD have relatively elevated CaO contents (Fig. 7.2c), potential reflecting
the strong carbonate overprint (interstitial and vein hosted calcite; Ch. 6.3.1) affecting these dykes.
The Ankobabe Hybrids have the highest Al₂O₃ (18.0 – 21.4 wt. %; Fig. 8.3a) and Na₂O (6.75 10.9 wt. %; Fig. 8.3b) contents of the Ampasibitika Intrusion, reflecting the abundance of nepheline,
sodic-amphibole and sodic-pyroxene in these rocks. The accumulation of alkali feldspar is indicated
by the weak positive trend between K₂O and SiO₂ for the mafic dykes, Ankobabe Hybrids and AAFS
(Fig. 8.3c). At c. 63 wt. % SiO₂, there is a switch from increasing to decreasing Na₂O and K₂O content
with increasing SiO₂ (Fig. 8.3b-c), which implies the extensive fractionation of alkali feldspar. When
plotted against Al₂O₃, it is evident that Na₂O enrichment in the evolved Ankobabe Hybrids requires
the accumulation of Na-phases in addition to nepheline, such as aegirine (Fig. 8.3d). Overall, the
PGD show no correlation between Al₂O₃ and Na₂O, however within the sub groups (GR-I and GR-II
+ GR-III) there are weak trends of increasing Na₂O with decreasing Al₂O₃ (Fig. 8.3d). In contrast,
there is a strong positive correlation between K₂O and Al₂O₃ (Fig. 8.3e); in granitic rocks, Al₂O₃
generally decreases with evolution, thus this trend indicates the fractionation of alkali feldspar and
accumulation of increasingly K-poor phases (e.g arfvedsonite, quartz). The GR-II and GR-III generally
have lower Al₂O₃ contents than the GR-I PGD, suggesting their derivation from more evolved
parental melts. The abundance of K₂O and, to a lesser extent, Na₂O is variable within the MSD
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(Fig. 8.3f) at relatively constant SiO₂ and Al₂O₃ concentrations. These trends are not characteristic
of fractional crystallization processes and potentially indicate that there has been removal of Na
and K by other means (e.g. metasomatic/hydrothermal alteration).
Generally, Fe₂O₃T increases with increasing SiO₂ and decreasing Al₂O₃ from the Ankobabe Hybrids
through to the PGD (Fig. 8.4a-b). Although in general, with the exception of the MSD, Fe₂O₃T
exhibits weak negative correlations with SiO₂ (Fig. 8.4a) and Al₂O₃ (Fig. 8.4b) within units. The PGD
have the highest Fe₂O₃T contents, up to (13.95) 10.4 wt. %, and show a weak negative correlation
with SiO₂ (Fig. 8.4c) but no distinct correlation with Al₂O₃ (Fig. 8.4d).

Figure 8.2. Bivariate plots of the Ambohimirahavavy Alkaline Complex showing a) MgO, b) TiO₂, c) CaO and d) P₂O₅ versus
SiO₂. Symbols used same as in Fig. 8.1. [Note: Hed[1] – hedenbergite of the T1AfsSy; Hed[2] – hedenbergite of the T1NeSy;
Hst – hastingsite; Aeg – aegirine; Arf – arfvedsonite; Afs – alkali feldspar]
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Figure 8.3. Bivariate plots for the Ambohimirahavavy Alkaline Complex showing: a) Al₂O₃, b) Na₂O, and c) K₂O versus SiO₂,
and d) Al₂O₃ versus Na₂O, e) Al₂O₃ versus Na₂O and f) K₂O versus Na₂O. Symbols used same as in Fig. 8.1. [Note: Qtz –
quartz; Ann – annite; other abbreviations same as in Fig. 8.2]
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Figure 8.4. Bivariate plots for the Ambohimirahavavy Alkaline Complex showing: a) Fe₂O₃ᵀ versus SiO₂, b) Fe₂O₃ᵀ versus
Al₂O₃, c) MnO versus SiO₂, and d) MnO versus Al₂O₃. Symbols used same as Fig. 8.1. [Note: Abbreviations same as Fig. 8.2
& 8.3]

Between 55 and 65 wt. % SiO₂, MnO exhibits a weak negative correlation for samples from the
Ankobabe Hybrids, AAFS, and MSD (Fig. 8.4c). However, the PGD deviate from this trend, with
elevated MnO concentrations (up to 0.59 wt. %) at high SiO₂ (Fig. 8.4c). There is a weak negative
correlation between Al₂O₃ and MnO (Fig. 8.4d), which may reflect the accumulation of Mn in
progressively evolved melts.
8.3.1.1. Sedimentary Units
Variably altered mudstones of the Isalo Group have been analysed. The degree of alteration is
apparent in core by the extent of bleaching. The least bleached sample is SR264, which has high
MgO, CaO, Fe₂O₃T, and MnO (Fig. 8.2a,c & Fig. 8.4) but is depleted in other major oxides compared
to the bleached mudstones. This sample is crosscut by a carbonate-rich vein, which may have
resulted in its high CaO content. In general, compared to igneous rocks of the Ambohimirahavavy
Alkaline Comples, the bleached mudstones have similar SiO₂, Al₂O₃, and Fe₂O₃ᵀ (Fig. 8.3 a & 8.4ab), lower MnO (Fig. 8.4c-d), K₂O and Na₂O (Fig. 8.3b-C), and elevated CaO, TiO₂, P₂O₅ and MgO (Fig.
8.2a-d) contents.
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8.3.2. Tsarabariabe Intrusion
Rocks of the Tsarabariabe Intrusion have a range of SiO₂ contents, from 55.0 (phonolite) to
72.9 wt. % (Fig. 8.1a-b). All units have low MgO (0.05-0.26 wt. %), TiO₂ (0.07-0.67 wt. %), CaO (0.110.81 wt. %) and P₂O₅ (0.01-0.13 wt. %) content (Fig. 8.2), and the alkali feldspar granites overlap
with PGD of the Ampasibitika Intrusion. Variations in Al₂O₃, Na₂O and K₂O show that these rocks
generally follow a trend of alkali feldspar accumulation followed by fractionation once SiO₂ exceeds
c. 63 wt. % (Fig. 8.3a-c), like that of the Ampasibitika Intrusion. In contrast, relative to the
Ampasibitika Intrusion units of the Tsarabariabe Intrusion are potassic (5.5-8.6 wt. % K₂O; Fig. 8.3f)
and have elevated Al₂O₃ content (14.7-21.1 wt. %; Fig. 8.3a). Fe₂O₃ᵀ and MnO contents of the alkali
feldspar granites (1.4-2.67 wt. % Fe₂O₃T, 0.05-0.06 wt. % MnO) and most felsic trachytic dykes (1.555.80 wt. % Fe₂O₃T, 0.01-0.24 wt. % MnO) are lower than that of the Ampasibitika Intrusion’s PGD
and MSD respectively (Fig. 8.4).
8.4. Normalised Trace Element Plots
Primitive mantle normalised trace element and chondrite normalised rare earth element
(McDonough and Sun, 1995) plots are shown in Fig. 8.5 and 8.6.
8.4.1. Ampasibitika Intrusion
Primitive mantle normalised trace element profiles of the AAFS, AHNS, and Marginal Dyke Swarm
units are generally characterised by moderate to strong depletions in Ba, Sr, Eu, Ti and P (Fig.
8.5a-c). This concurs with the major oxide trends for these rocks, which indicates the early
fractionation of plagioclase, apatite and Fe-Ti-Oxides in parental melts and implies that these rocks
formed by crystallisation of high-level, evolved magmas. In addition, the lack of negative Nb-Ta
anomalies is consistent with these magmas having an enriched mantle source. Within most
intrusive rocks, K has constant enrichment levels and exhibits positive or negative anomalies with
respect to surrounding elements (Fig. 8.5).
The magnitude of the negative Ba, Sr, P, Eu and Ti anomalies in the AAFS and AHNS is typically
proportional to the degree of HFSE and REE-enrichment of these rocks (Fig. 8.5a-b). With the
exception of AHNS sample SR381 (T1ANeSy, Eu/Eu*: 0.81), the AAFS T1AfsSy have the smallest Euanomalies (Eu/Eu*: 0.43-0.67) and are have lower HFSE enrichment relative to the T2AfsSy (Eu/Eu*:
0.19-0.23) and most AHNS (Eu/Eu*: 0.08-0.16). PGD of the marginal dyke swarm exhibit a range of
trace element and REE profile shapes. The highest HFSE and REE enrichment is within the GR-II
SR663 and FQ-dykelet. Ba, Sr, P and Ti all show strong negative anomalies, but the abundance of
these elements relative to primitive mantle in the PGD is greater than or equivalent to that of the
less HFSE-enriched AAFS and AHNS.
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Figure 8.5. Primitive mantle trace element and chondrite normalised rare earth element plots, using normalisation factors
of McDonough and Sun (1995), for a) Ampasibitika Alkali Feldspar Syenites and associated dykes, b) Ankobabe Hybrids, c)
Marginal Syenitic Dykes, and d) Peralkaline Granitic Dykes and Granitic Dykelets. [1] Amygdaloidal lamprophyre and
associated porphyritic trachyte of TAND097 are displayed in both Fig. 8.5a and 8.5c. [2] SR330: Dykelet in mudstone is
also displayed in Fig. 8.6b. This dykelet is a < 2 mm wide AEQ dykelet comprising c. 2 vol. % of its mudstone host sample.
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Figure 8.6. Primitive mantle trace element and chondrite normalised rare earth element plots, using normalisation factors
of McDonough and Sun (1995), for a) Central Caldera volcanic and volcaniclastic rocks, b) Isalo Group mudstones
(sedimentary rocks) and c) intrusive rocks of the Tsarabariabe Intrusion. [2] SR330: Dykelet in mudstone is also displayed
in Fig. 8.5d.

All igneous rocks of the Ambohimirahavavy Alkaline Complex are strongly REE enriched relative to
chondrite (Fig. 8.5 and 8.6a). Generally, REE profiles are moderately enriched in LREE relative to
HREE, with most [La/Yb]cn values ranging from 8.4 (MSD) to 16.8 (T1NeSy) 10, and have variable
HREE- enrichment ([Gd/Yb]cn: 0.84-2.52). The HREE portions are generally gently sloping, although
some profiles exhibit slight HREE-enrichment (AHNS excluding T1NeSy); in addition, undulating
HREE profiles caused by relative enrichment of Tb and Dy in the Gd-Ho tetrad (Irber, 1999) and
slight Yb enrichment, are observed for the T2AfsSy, AHNS (excluding T1NeSy), PGD, granitic
dykelets and most MSD (Fig. 8.5a-d). The generation of undulating, M-shaped REE-profiles indicates
the presence of an aqueous-like fluid system during the latter stages of crystallisation (Irber, 1999).

Exception to this is SR376-1 marginal syenitic dyke crosscut by FQ-dykelet (SR376-2) and has extreme
LREE-enrichment with (La/Yb)cn of 67.8.
10
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However, the strong HREE-enrichment displayed by sodic amphiboles and pyroxenes of these rocks
(Ch. 7.1 & 7.2) may also cause these undulating REE profiles. Concentrations of La and Lu range
greatly from c. 26.1 to 3837 and 0.17 to 34.4 ppm respectively.
The AHTE and AHPD exhibit a range of trace element profiles (Fig. 8.5b). The AHPD resemble the
AHNS, with moderate to strong negative Ba, Sr, P, Eu and Ti anomalies and HFSE-enrichment,
indicative of plagioclase, apatite and Fe-Ti-oxide fractionation from the parental magma. Chondrite
normalised REE-profiles are LREE-enriched ([La/Yb]cn: 10.2-13.8; [La/Sm]cn: 6.46-8.04), with strong
negative Eu-anomalies (Eu/Eu*: 0.11-0.31) and flat, undulose HREE profiles ([Gd/Yb]cn: 0.89-.08).
This indicates that these phonolite dykes are finer-grained equivalents of the AHNS, and thus
sourced from the same parental melts as the AHNS. In contrast, the AHTE Immiscible Trachytic
Phonolite and Hybridised Foid Trachyte have a range of trace element profiles, from relatively
smooth, unfractionated primitive mantle normalised profiles to having moderate negative Ba, Sr,
P, Eu and Ti anomalies respectively (Fig. 8.5b). Indicating that these are more mafic, less evolved
magmas, presumably sourced from deeper level magma chambers. The presence of these negative
anomalies correlates with increased interaction (i.e. greater content of xenocrysts) of the
Hybridised Foid Trachyte with adjacent nepheline syenite material relative to the immiscibletrachytic phonolite. Chondrite normalised profiles of these mafite enclaves are have variable Euanomalies (Eu/Eu*: 0.21-1.15), are LREE-enriched ([La/Yb]cn: 15.0-16.2) with LREE-fractionated
profiles ([La/Sm]cn: 4.96-6.19), and slight HREE-fractionation ([Gd/Yb]cn: 1.49-1.75).
Compared to the MSD, the Marginal Volcanic Plug porphyritic trachyte (Fig. 8.6a) lacks negative Eu
and Ba anomalies, has moderate negative Sr, P and Ti anomalies, is relatively depleted in REE (∑REE:
225 ppm) and HFSE (∑Zr, Hf, Ta, Nb: 347 ppm), and has smooth, moderately fractionated REE
profiles ([La/Yb]cn: 14.0) without significant HREE-enrichment ([Gd/Yb]cn: 1.73). The trace element
signature of the Central Volcanic Plug nepheline microsyenite (Fig. 8.6a) is comparable to that of
the AHNS and AHPD Sodalite Phonolite.
8.4.1.2. Sedimentary Units
Variably bleached mudstones of the Isalo Group exhibit moderate negative Ba, Sr and P, slight
negative Ti, Nb and Ta anomalies, and HFSE enrichment relative to primitive mantle (Fig. 8.6b). The
negative Nb-Ta anomalies indicate derivation of these sediments form older crustal material. REE
patterns have negative slopes between La and Lu with [La/Yb]cn of 9.2 to 10.6, and are moderately
enriched relative to chondrite. Sample SR330 contains a thin AEQ dykelet (< 2 mm wide) that
comprises c. 2 vol. % of the sample analysed. This sample is strongly enriched in HFSE and REE
relative to those of mudstone alone.
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8.4.2. Tsarabariabe Intrusion
Alkali feldspar granite of the Tsarabariabe Intrusion have negative Ba, Sr, P, Eu and Ti anomalies,
although, with the exception of Ti, these elements are enriched relative to primitive mantle (Fig.
8.6c). The HFSE (Nb, Ta, Zr and Hf) have similar levels of enrichment as the LREE relative to primitive
mantle. Chondrite normalised REE profiles are characterised by strong negative Eu-anomalies
(Eu/Eu*: 0.13-0.19), LREE-enrichment ([La/Yb]cn: 11.3-15.8) with strongly fractionated LREE
([La/Sm]cn: 4.43-6.33) and slightly fractionated HREE profiles ([Gd/Yb]cn:1.53-1.60). The HREE
patterns have slightly undulose patters, like some of the AHNS.
Felsic trachytic and phonolite dykes also have negative Ba, Sr, P, Ti and Eu anomalies (Fig. 8.6c),
typically of greater magnitude than those of the alkali feldspar granite. Generally, the trachytic
dykes are enriched in HFSE (Nb, Ta, Zr and Hf) and depleted in U and Th compared to the alkali
feldspar granite. Chondrite normalised REE profiles of the felsic trachytic dykes exhibit moderate
negative Eu-anomalies (Eu/Eu*: 0.10-0.34) and LREE enrichment relative to HREE ([La/Yb]cn: 14.023.8) with strong LREE ([La/Sm]cn: 7.30-10.7) fractionation and flat to slightly fractionated HREE
([Gd/Yb]cn: 0.91-1.93) patterns. The phonolite dyke, although having the largest magnitude
negative Ba, Sr and P anomalies, has a small chondrite normalised Eu-anomaly (Eu/Eu*: 0.45)
compared to the felsic trachytic dykes, and exhibits moderate LREE fractionation ([La/Yb]cn: 15.0)
and slight HREE-enrichment ([Gd/Yb]cn: 0.85).
The lower magnitude of negative Sr and Ba and, to a lesser extent, P anomalies of the alkali feldspar
granite relative to felsic trachytic and phonolitic dykes indicates these plutonic rocks are the least
evolved units of the Tsarabariabe Intrusion.
8.5. Trace Element Trends
Fractionation of elements of similar ionic radius and charge can be used to monitor changes in melt
compositions during magma fractionation and differentiation and the transition to hydrothermal
conditions (e.g. Rollinson, 1993; Bau, 1996; Irber et al., 1997; Irber, 1999). Such element pairs
include the HFSE Zr-Hf, Nb-Ta and the LILE, such as, K-Rb. In addition, Eu/Eu* (Europium
𝐸𝐸𝐸𝐸

anomaly: 𝐸𝐸𝐸𝐸/𝐸𝐸𝐸𝐸∗ = �
� ) is a good indicator of the fractionation of plagioclase and other
((𝑆𝑆𝑆𝑆+𝐺𝐺𝐺𝐺)/2)
calcic-minerals (Ch. 2.2.3).

𝑐𝑐𝑐𝑐
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Figure 8.7. Bivariate plots of a) REE ppm vs. Zr + Hf ppm, b) Nb + Ta ppm vs. Zr + Hf ppm, c) REE ppm vs. Nb + Ta ppm, d)
Zr + Nb + Ta + Hf ppm vs. Eu/Eu*, e) REE ppm vs. Eu/Eu*, f) Zr/Nb vs. Zr ppm, g Zr/Hf vs. Zr ppm and Nb/ Ta vs. Nb ppm.
Note; R2 excludes mudstones and symbols used same as in Fig. 8.1.
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8.5.1. High Field Strength Elements
Concentrations of HFSE (including REE, Zr, Nb, Ta and Hf) vary by one to two orders of magnitude,
with concentration ranges of 102-13709 ppm Zr, 46.9-4858 ppm Nb, 0.44-436 ppm Ta, 2.52-342
ppm Hf and 110-16734 ppm ∑REE in the PGD (Fig. 8.7a-c). In general, Nb + Ta and ∑REE
concentrations exhibit a strong positive correlation (R2 = 0.96; Fig. 8.7c), whereas these elements
have weak positive correlations with Zr + Hf (R2: Nb + Ta = 0.46 and ∑REE = 0.40; Fig. 8.7a-b). These
poor correlations result from greater differences in the concentrations of these elements within
the most HFSE-rich PGDs. In addition, several AHNS appear to have experienced REE depletion
relative to Zr + Hf and, to a lesser extent, Nb + Ta. HFSE contents of mafic dykes analysed by Estrade
et al., (2014a) overlaps and exceeds most concentrations recorded for the T1AfsSy.
8.5.1.1. HFSE and REE Variation with Eu-anomaly (Fractionation)
Eu/Eu* is used to indicate the degree of plagioclase fractionation, with lower Eu/Eu* indicating a
greater degree of fractionation. Thus, the most evolved rocks should have the lowest Eu/Eu* values.
As HFSE and REE are incompatible phases, unless there has been extensive fractionation of HFSEminerals, they are concentrated in the residual melt during fractional crystallisation, and should
have the highest concentrations in the most evolved rocks with the lowest Eu/Eu*. In samples
investigated, both the HFSE (Zr, Nb, Hf and Ta) and REE increase with decreasing Eu/Eu* as would
be expected (trend 1; Fig. 8.7d-e), however at very low Eu/Eu* continuing to very high REE and
HFSE concentrations in the PGD without further Eu-depletion (trend 2; Fig. 8.7d-e). This suggests
that plagioclase and alkali feldspar fractionation influenced magmatic compositions throughout
much of the syenitic melt evolution, but did not continue during the differentiation of the PGD.
8.5.2. Zr/Nb, Zr/Hf and Nb/Ta Ratios
The trace element pairs Nb-Ta and Zr-Hf have similar charge and atomic radii, thus might be
expected to have coherent behavior in igneous systems (e.g. Linnen and Keppler, 2002; Ballouard
et al., 2016). However, non-chondritic ratios do occur and are used as tracers of petrogenetic
processes (Linnen and Keppler, 2002; Ballouard et al., 2016). In addition, Zr/Nb behavior is useful
for identifying less subtle variations in magmatic fractionation and differentiation.
Relative to chondrite Zr/Nb ([Zr/Nb]cn: 15.9), the majority of rocks of the Ampasibitika and
Tsarabariabe Intrusions have lower Zr/Nb ratios (Fig. 8.7f). This indicates that, relative to chondrite,
there has been enrichment in Nb or depletion in Zr. As these values are low for the most primitive
mafic dykes and Ankobabe Hybrid mafites of the Ampasibitika Intrusion (Zr/Nb:3.13-3.29), these
ratios may closely reflect parental melt composition, thus potentially reflect the source composition
and degree of partial melting. Plutonic syenites of the Ampasibitika Intrusion (AAFS and AHNS),
generally exhibit increasing Zr/Nb with increasing Zr; the T1AfsSy has the lowest Zr and Zr/Nb values
(102 ppm Zr, 1.97 Zr/Nb), and the highest Zr/Nb exhibited by the T3NeSy at high Zr (1024 ppm Zr,
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5.03 Zr/Nb). Although the T2NeSy with the greatest Zr content of the AHNS has a slightly lower
Zr/Nb value (1515 ppm Zr, 3.74 Zr/Nb), which may result from the interaction of this sample with
Immiscible Trachytic Phonolite. The highest recorded Zr/Nb for silica-undersaturated or –neutral
units is in the nepheline microsyenite of the Central Volcanic Plug (1172 ppm Zr, 6.97 Zr/Nb). There
is a greater variation in Zr/Nb ratios for the MSD and especially the PGD. Once Zr exceeds 8000
ppm, there is a variable and dramatic increase in Zr/Nb to levels above chondrite. Such increases
indicate that there has been either addition of Zr or removal of Nb. In the PGD, pyrochlore is present
in variable quantities, as a major host of Nb the presence or absence of this mineral may strongly
affect the Zr/Nb content. High initial Zr and Nb content of the PGD likely reflects the extreme
differentiation experienced by the parental melts. As Nb is typically more mobile in late fluids than
Zr, alteration of the PGD by late orthomagmatic or hydrothermal fluids may preferentially mobilise
Nb over Zr, resulting in the variable Zr/Nb ratios.
Most rocks of the Ampasibitika Intrusion have Zr/Hf ratios higher than chondrite values ([Zr/Hf]cn:
37.1; Fig. 8.7g). Fluid metasomatism has been invoked to explain non-chondritic Zr/Hf (Bau, 1996),
however differences in melt composition have a strong control on the fractionation of Zr and Hf
bearing phases, as well as the minerals these elements partition into (Linnen and Keppler, 2002). In
general, peralkaline melts can attain higher Zr/Hf ratios and higher overall Zr content relative to
metaluminous and peraluminous melts as Zr has enhanced solubility and zircon does not crystallise
as readily thus there is no strong fractionation of Zr relative to Hf. The predominantly peralkaline
AHNS have slightly higher Zr/Hf relative to the AAFS (Zr/Hf: AHNS 39.2-55.0; AAFS 37.1-43.9), likely
reflecting the increased solubility of Zr in peralkaline melts and the slight preferential fractionation
of Hf into clinopyroxene and amphibole (Linnen and Keppler, 2002; Möller and Williams-Jones,
2016a). Although not all syenitic rocks are peralkaline in composition their Zr/Hf ratios indicate that
they crystallised from peralkaline melts. The early nepheline-bearing syenites accumulated alkali
feldspar and partially lost their alkali component to the residual melt phase, resulting in their
metaluminous rather than peralkaline whole rock characters.
Considering the high Zr concentrations of the PGD, the respective Zr/Hf ratios are relatively low
(Fig. 8.7g). Eudialyte group minerals and zircon preferentially incorporate Zr relative to Hf (Möller
and Williams-Jones, 2016a), thus fractionation of these minerals would result in a depletion in Zr/Hf
in the residual melt but if crystallised would increase the whole rock Zr/Hf ratio. As both zircon and
eudialyte occur in variable but significant proportions in the PGD it would be expected that the
Zr/Hf ratios would be elevated. Experimental work on liquid immiscibility between silicate and salt
indicates Zr and Hf preferentially partition into silicate melt in silicate-chloride and -carbonate
systems, and into the salt melt in silicate-fluoride, -phosphate and -sulphate systems, although DZr
is consistently greater than DHf (i.e. slightly lower affinity of Zr relative to Hf for salt melt; Veksler et
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al., 2012). Thus, liquid immiscibility may also result in differential fractionation of Zr and Hf,
lowering the Zr/Hf ratios in salt-rich melts. If such salt-rich melts were the precursor phases of the
PGD, then potentially the PGD would initially have low Zr/Hf ratios.
Decreasing Zr/Hf with increasing Zr in the Tsarabariabe dykes and very low Zr/Hf at low Zr content
for the alkali feldspar granite, indicates that a Zr-rich mineral, such as zircon, is crystallising and
effectively removing Zr from the residual melt. These rocks are metaluminous, thus the strong
decrease in Zr/Hf at lower Zr likely reflects the lower zirconium solubility and strong fractionation
of Zr relative to Hf in magmatic zircon (Linnen and Keppler, 2002).
Most rocks of the Ampasibitika and Tsarabariabe Intrusion cluster around chondritic Nb/Ta values,
with values between 12.8 (T3NeSy) and 20.0 (MSD), although there is a slight preference for subchondritic values ([Nb/Ta]cn: 17.6; Fig. 8.7h). Igneous units with values that fall outside of this range
include the central nepheline microsyenite plug, most GR-II and GR-III PGD, and alkali feldspar
granite of the Tsarabariabe Intrusion. Much of the work done on Nb/Ta ratios has focused on
granitic rocks (Linnen and Keppler, 1997; Ballouard et al., 2016). Linnen and Keppler (1997)
predicted that all relevant accessory phases in peralkaline to peraluminous granite preferentially
incorporate Nb over Ta, resulting in enrichment of Ta relative to Nb in highly fractionated granitic
rocks. Processes invoked for the development of low Nb/Ta ratios include (Linnen and Keppler,
1997; Chevychelov et al., 2005; Ballouard et al., 2016):
1. Low temperature differentiation during which Nb and Ta are concentrated in residual,
evolved melts combined with preferential partitioning of Nb into fractionating accessory
(e.g. rutile, pyrochlore) or major minerals (e.g. biotite, muscovite) resulting in slower Nb
increase relative to Ta.
2. Nb-removal by high-temperature, F-bearing acidic fluid interacting with granitic melt.
3. Ta concentration in Nb-Ta-minerals during medium- to high-temperature post magmatic
alteration.
In hydrothermal solutions, Ta is generally less soluble than Nb (Zaraisky et al., 2010; Ballouard et
al., 2016). Therefore, Nb/Ta signatures of the PGD could represent a variety of processes including:
1. Initial decreasing Nb/Ta at relatively constant Nb resulting from fractional crystallisation.
2. Differentiation of Nb- and volatile-rich aqueous melts that are concentrated in Nb and Ta
but as Ta is relatively less soluble, thus Nb/Ta ratios increase as the melts evolve.
3. Alternatively, the opposite, the highly evolved PGD have experience Nb removal relative to
Ta resulting in decreasing Nb/Ta with increasing alteration or exsolution of F-rich fluids.
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8.5.3. K/Rb as a Monitor of Fractionation And Differentiation
The LILE pair K-Rb may be used to characterise the evolution of granitic melts as they differentiate.
Decreasing K/Rb indicates greater degrees of differentiation and very low K/Rb ratios of <150 are
proposed to result from partitioning of Rb between silicate melts and aqueous fluids (i.e.
hydrothermal-pegmatitic processes; Shaw, 1968). In rocks of the Ampasibitika Intrusion, the K/Rb
ratio ranges from 465 to 20.0. This ratio further extends the geochemical evolution trends of rocks
of the Ampasibitika Intrusion.
Comparing K/Rb with K₂O and Rb for rocks of the Ambohimirahavavy Alkaline Complex (Fig. 8.8 ab) it is clear that K/Rb generally decreases as the parental melts become increasingly evolved (i.e.,
with decreasing K₂O and/or increasing Rb). The AAFS and AHNS K/Rb values are consistent with
increasing fractional crystallisation of amphibole and the development of increasingly alkalienriched melts as Rb increases with decreasing K/Rb. The strong Na₂O enrichment at relatively high
K/Rb for some AHNS (Fig. 8.8c), is consistent with either the accumulation of nepheline and aegirine
without further fractionation of amphibole or interaction of these rocks with sodic melts/fluids.
Mafic dykes deviate from the trends displayed by other units of the Ampasibitika Intrusion, with
relatively low K/Rb, Rb, K₂O and Na₂O (Fig. 8.8a-c). Low initial K/Rb values in mafic, unfractionated
rocks indicates derivation from amphibole-bearing source regions, which agrees with suggested
origins of these melts by Estrade et al. (2014a). The increasing K₂O content that drives the K/Rb
ratio to higher values suggests that there may be some accumulation of K-rich phases or mixing
with more evolved melts.
Trends in ∑REE relative to K/Rb are comparable to those of Eu/Eu* (Fig. 8.8d), with the benefit that
there is a greater segregation between the AHNS and PGD, highlighting the enrichment of REE in
highly evolved PGD melts. In addition, enrichment of REE in the AHNS initially increases with
increasing K/Rb until c. 190 K/Rb below which REE decrease rapidly in the more evolved T3NeSy
(SR366) and unmingled T2NeSy (SR367) samples of the AHNS.
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A)

B)

D)

C)

Figure 8.8. Plots of K/Rb versus A) K₂O wt. %, B) Rb ppm, C) Na₂O wt. %, and D) REE ppm. Symbols used same as Fig. 8.1.

8.6. Constraints from Bulk Rock Geochemistry
Parental melts of the Ampasibitika Intrusion were derived from an enriched mantle source that
experienced negligible crustal contamination on ascent. Relatively uniform trace element
anomalies relative to chondrite and comparable Zr/Nb, Zr/Hf and Nb/Ta ratios indicate most units
are derived from a common parental magma that underwent varying degrees of fractional
crystallisation of plagioclase, apatite and Fe-Ti-oxides prior to or on emplacement at shallow crustal
levels.
Quantitative modelling of fractional crystallisation, and therefore degree of evolution of alkaline to
peralkaline plutonic rocks, is difficult due to the probable loss of alkali-rich fluid phases and meltcrystal sorting mechanisms in cumulate rocks. Consequently, whole rock compositions are unlikely
to represent primary melt compositions. However, trends in alkali content in whole rock and rock
forming minerals of the Ampasibitika Intrusion indicate that differences in major oxide
compositions are dominated by differing degrees of alkali feldspar fractionation and nepheline and
quartz accumulation in PGD (Section 8.2 & 8.3). The use of europium as a tracer of melt evolution
is inhibited by its low concentrations and lack of variation in Eu-anomaly magnitude in the AHNS
and PGD. However, K/Rb appears to better trace melt evolution, with lower K/Rb indicating greater
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degrees of fractional crystallisation and differentiation of parental melts. In addition, further
indicators of increasing melt differentiation include increasing silica over- or under-saturation in
the Marginal Dyke Swarm and AHNS series, respectively.
Trace element signatures, K/Rb and silica-saturation indicate that the silica-neutral AAFS are
derived from the least evolved parental melts of the Ampasibitika Intrusion. The T1AfsSy and
T2AfsSy have similar whole rock compositions but distinct trace element contents; with the T2AfsSy
exhibiting greater degree of alkali feldspar and apatite from the parental melt. Thus, it is inferred
that the T1AfsSy and T2AfsSy are derivatives of the same or similar parental magma that underwent
varying degrees of prior fractionation, with the T1AfsSy parental melt being relatively primitive
compare to that of the T2AfsSy.
The silica-undersaturated AHNS have a wide range of compositions, becoming increasingly
peralkaline and silica undersaturated with progressive melt evolution. K/Rb ratios indicate the
AHNS are intermediate to the AAFS and Marginal Dyke Swarm units in terms of magmatic evolution.
Major and trace element geochemistry indicates that the various nepheline syenites developed
because of magmatic differentiation processes (i.e. gravity settling and upwards migration of
residual melt), although late- to post-magmatic interaction with other melts/fluids may have
influenced some nepheline syenites samples. The T1NeSy are thought to be early fractionated
cumulates, whereas the T3NeSy are the product of evolved sodic melts that crystallised and
accumulated nepheline and aegirine. Although HFSE and REE become increasingly enriched in the
T1NeSy progressive geochemical evolution, there is no further REE enrichment in the relatively
more evolved T3NeSy.
The mafites of the Ankobabe Hybrids have two distinct sources: 1) The AHPD appear to be finegrained equivalents of the AHNS. 2) The AHTE Immiscible Trachytic Phonolite and Hybridised Foid
Trachyte are relatively primitive trachytic melts, source from depth, that have variably interacted
with nepheline syenite melts and crystal mushes. The geochemical signatures of these units are
consistent with mineralogical and petrographic features.
The Marginal Dyke Swarm units, on the basis of K/Rb and REE plus HFSE enrichment appear to be
the most evolved units of the Ampasibitika Intrusion. In granitic rocks, Al₂O₃ generally decreases
with evolution, thus this trend indicates the accumulation of increasingly K-poor phases (e.g
arfvedsonite, quartz). The abundance of K₂O and, to a lesser extent, Na₂O is variable within the MSD
at relatively constant SiO₂ and Al₂O₃ concentrations. These trends are not characteristic of fractional
crystallisation processes and potentially indicate that there has been removal of Na and K by other
means (e.g. metasomatic/hydrothermal alteration). It is thought that the strongly REE-enriched
character of the GR-II and GR-III PGD is unlikely to have developed from fractional crystallisation of
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a contaminated parental melt alone; possible mechanisms responsible for development of the PGD
are discussed in Ch. 9.3 & 9.4. Alteration by late magmatic and/or hydrothermal fluids is inferred
to have resulted in the variable redistribution of REE and Nb relative to Zr in the PGD (Fig. 8.7a-c).
Although there are only two samples available of the granitic dykelets, some inferences are
possible. It is apparent that the FQ dykelet has a geochemical signature that mirrors the GR-III PGD,
indicating a common origin of these dykes; this is consistent with quartz δ¹⁸O (Ch. 7.7.3.3) and
mineralogy (Ch. 6.3.2.2. & 6.3.3.1) of the FQ dykelet and GR-III dykelet. Exceptional REE enrichment
in the AEQ dykelet bearing mudstone sample relative to other mudstone samples reflects the
abundance of REE-rich phases in these dykelets. As such, although these are small volume intrusives
they are a potentially important REE source to subsequent weathered profiles.
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9. Evolution of the Ampasibitika Intrusion
This chapter integrates results and interpretations from prior chapters and literature on the
development of alkaline to peralkaline complexes to develop a conceptual model for the magmatic
and hydrothermal evolution of the Ampasibitika Intrusion.
9.1. Overview of the Ampasibitika Intrusion
The Ampasibitika Intrusion is characterised by a suite of alkaline extrusive and intrusive rocks
variably enriched in HFSE and REE. The relationship between the Central Caldera depression,
predominantly filled with volcaniclastic units, and surrounding Ampasibitika Annular Intrusion
syenites is indicative of caldera subsidence. These features are consistent with the intrusion of the
Ampasibitika Annular Intrusion as a ring dyke (Estrade et al., 2014a), the presence of a parental
magma chamber at depth, and are typical of extensional tectonic regimes (Bonin, 1986, 2007).
The erosion level in the area has exposed the sub-volcanic architecture of this alkaline to peralkaline
system, which includes the extrusive volcanic plugs and volcaniclastics of the Central Caldera and
intrusive syenitic to granitic units of the Ampasibitika Annular Intrusion and Marginal Dyke Swarm
(Ch. 5; Fig. 5.1). Summaries of textural, mineralogical and chemical characteristics of the main
intrusive lithologies, as described in the previous chapters, are given in Tables 9.1, 9.2, 9.3 and 9.4.
The sub-volcanic architecture is not exposed in many of the world’s well-studied alkaline to
peralkaline complexes, which typically represent deeper levels of intrusion (e.g. Gardar Alkaline
Province – Upton et al., 2003, 2013; Strange Lake – Siegel et al., 2018; Nechalacho, Blatchford Lake
Complex – Möller and Williams-Jones, 2016a, 2016b), or are yet to be exposed (e.g. volcanic alkaline
to peralkaline complexes of the East African Rift – Hutchinson et al., 2018; Longonot, Kenya –
Macdonald et al., 2014). The Poços de Caldas alkaline complex is another example of an exposed
sub-volcanic alkaline to peralkaline system, however silica-undersaturated rocks dominate this
complex (Schorscher and Shea, 1992) and it therefore lacks the lithological diversity of the
Ampasibitika Intrusion (Estrade et al., 2014a; Ch. 5.1).
A combination of the emplacement to sub-volcanic levels, and the extensive regolith cover, have
resulted in relationships between various units of the Ampasibitika Intrusion being obscured
(Ch. 5). However, the current positions of the Ampasibitika Intrusion units are likely a product of
the pre-emplacement magmatic evolution, parental magma chamber dynamics and emplacement
mechanisms.
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Table 9.1. Characteristics of syenitic units of the Ampasibitika Annular Intrusion
(Sub)-Unit
Lithology

Ampasibitika Alkali Feldspar Syenites (AAFS)
T1AfsSy

T2AfsSy

Textural Characteristics

Vari-Textured/Cumulate
Medium- to coarsegrained

Vari-Textured/Cumulate
Medium-grained to
pegmatitic

Early liquidus
assemblages

Afs + Hed + Fa₈₆ + MgtIlm + FAp

Afs

Interstitial phases

Aeg-Aug + Ktp + Ann +
FAp-Brt

Near solidus phases
Subsolidus/hydrothermal
phases
Classification

General REE behaviour in
minerals

Ann + Aeg + Ab + Qtz +
Cc + REE-FC + Aln
Idd/Fe-Ti-Ox + Qtz (after
Fa)

Ktp + AegAug + MgtIlm + FAp
Arf + Aeg +
Ann

Qtz + Cc +
Ab + Fl +
Aeg + Ann

Ankobabe Hybrid Nepheline Syenites (AHNS)
T2NeSy
T3NeSy
(* - mingled SR365)
VariVariVari-Textured/Cumulate/
Textured/Cumulate
Textured/Cumulate
Replaced
Medium- to
Fine- to
Medium- to coarse-grained
coarse-grained
medium-grained
Afs + Aeg-Aug +
Afs + Ne +
Afs + Hst + FAp ± Hed* ± Faᵃ
(?Amph)
(?Am/Cpx)
T1NeSy
(* - T1(A)NeSy SR381)

Ktp + Ne
Ti-Mgt + Aeg + Arf + Ntr +
Anl + FAp-Mnz

Cc-(Mn,Fe) + Ann + Stp +
As + Sp + Mgt + REE-FC +
Zrn + Pcl

Ca-Na-Zrs + Nbs + Mnz

Metaluminous
Silica-Neutral

Metaluminous/Peralkaline
Silica-Neutral

Metaluminous (Peralkalineᵃ)
Silica-Undersaturated

Significant REE in Ca and
Ca-Na Am + Px,
increasing in later Na-Ca
Am + Px.

Minor REE in Am + Px
phases, decreasing in later
Na-richer Am + Px. REE
and HFSE phases
associated with alteration.

Significant REE in Ca Am
(+ Px), decreasing in later
Na-richer Am + Px.
Increased in late
hydrothermal FAp/Mnz.

LREE
101 – 171 ppm
HREE + Y
21.4 – 34.7 ppm
REE(La/Yb)cn
12.1 – 13.9
Signature
1.58 – 1.94
(Gd/Yb)cn
Eu/Eu*
0.43 – 0.69
ᵃ Data for T-I Nepheline Syenite from Estrade et al. (2014a)

202 – 363 ppm
43.5 – 68.5 ppm
9.3 – 16.2
1.14 – 1.69
0.17 – 0.24

240* – 372 (663ᵃ) ppm
52.3* – 66.8 (142ᵃ) ppm
14.2* - 16.8
1.22* - 1.76
0.15 – 0.81*
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Ne + Ann + Ti-Mgt +
Aeg + Arf

Anl + Aeg + Arf +
Mnz
Peralkaline
SilicaUndersaturated
Minor REE in Ca-Na
Px, decreasing in
later Na-richer Am +
Px. Few observed
REE-mineral phases
except Mnz.
179 – 542* ppm
39.2 – 125* ppm
6.90 – 7.30*
0.84 – 0.93*
0.10 – 0.10*

Sdl + Eud + Ne + Afs
+ Aeg
Anl + Zrs + REE-FC +
Fl-(Y)
Anl + Mnz + Fl-(Y) +
Mn-Ox/Cb
Peralkaline Agpaitic
SilicaUndersaturated

MNeSy
Vari-Textured/Cumulate/
Replaced
Medium- to
coarse-grained
Afs + Ktp + Hed
-

Ne + Sdl + Anl + Fl + Ann
+ Aeg + Ilm + Ttn + Pcl +
Zrn + Brt
Peralkaline
Silica-Undersaturated

Minimal REE in Px.
Late magmatic Eud
(REE-poor),
hydrothermal Fl-(Y)
and Mnz.

Minor REE in silicate
phases, decreasing in
later silicate phases. Brt
present as late alteration
phase.

225 ppm
58.8 ppm
9.89
0.88
0.08

336 ppm
74.9 ppm
12.5
1.07
0.09
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Table 9.2. Characteristics of silica-saturated units observed in this study and previously by Estrade et al. (2014b).
(Sub)-Unit
Lithology

Peralkaline Granitic Dykes (PGD)
GR-I

(1)

GR-II(2)

(SR335*)

GR-III(1)

Granitic Dykelets
GR-IIIᵃ(3)

Rhythmically
layered:
Pegmatitic, aplitic,
and coarsegrained

FQ(3)

AEQ(3)

CZQ(3)

Aplitic
Fine-grained

Pegmatitic
Fine-grained

Pegmatitic
Fine-grained

Qtz + Lkt + Aeg

Qtz + Afs

Qtz + Afs + Aln +Ep

Qtz + Afs + Cc

Arf + Fe-Ox + Fl +
Ap + Pcl + Zrn +
Mnz + Brt + REE-FC

Cc + Pcl + Zrn + Fl +
Ilm +
uncharacterised
HFSE-phases

Fl + Zrn + Ttn + Aln
+ Ap + Brt + Ap

Some Aln
resorption.

Aln resorbed

NA
SilicaOversaturatedᵇ

NA
SilicaOversaturatedᵇ

Textural
Characteristics

Homogeneous,
medium- to coarsegrained.

Rhythmically layered:
Pegmatitic, aplitic, and
coarse-grained

Rhythmically layered:
Pegmatitic, aplitic,
and coarse-grained

Major Minerals

Qtz + Afs ± Arf ±
Aeg

Qtz + Afs + Arf ± Aeg

Qtz + Lkt + Aeg + Eud
+ Ab + Kfs

Minor Phases

Zrn + Pcl + Mnz +
Chv

Zrn + Pcl

Fl + Pcl + FAp

Cc + Fl + Zrn + Brt +
REE-FC

Qtz + Cc-(Mn, Fe) +
Fe-Ox + Ttn

Arf  Aeg
Qtz, Cc-(Mg, Fe) + Fe-Ox
Pseudomorphs
Zrn + Qtz,

NA

Brt  REE-FC

Peralkaline
Miaskitic
SilicaOversaturated

Peralkaline (Metaluminous)
Miaskitic
Silica-Oversaturated

Peralkaline Agpaitic
Silica-Oversaturated

Peralkaline
SilicaOversaturated

Alteration

Classification

MetaluminousPeralkaline (A.I.
0.01)
SilicaOversaturated

Unknown in
Aln and Brt main
Low REE content in Arf
Unknown in silicates.
REE hosted in
REE hosted in
REE hosted in
silicates.
REE-hosts.
REE hosted in REE/HFSEREE hosted in
REE/HFSE-phases.
REE/HFSE-phases.
REE/HFSE-phases.
REE hosted in
Some Ep HREE-rich.
phases.
REE/HFSE-phases.
REE/HFSE-phases.
LREE
473 – 1846 ppm
(878*) 1342 – 4748 ppm
12879 ppm
14817 ppm
9817 ppm
ᶜ545 ppm
HREE + Y
139 – 394 ppm
(155*) 397 – 1312 ppm
4537 ppm
1916 ppm
2776 ppm
ᶜ154 ppm
REE
NA
(La/Yb)cn
8.15 – 25.1
8.27 – 12.6 (15.9*)
9.06
4.61
5.07
ᶜ11.2
Signature
(Gd/Yb)cn
0.88 – 1.72
0.95 – 1.47 (0.99*)
1.52
1.48
1.43
ᶜ1.44
Eu/Eu*
0.07 – 0.23
0.08 – 0.15 (0.09*)
0.08
0.09
0.09
ᶜ0.34
(1) Description/data from Estrade et al. (2014b); (2) Description/data from Estrade et al. (2014b) and This Study; (3) Description/data from This Study
ᵃ This Study: GR-III sample SR663 – not of GR-II affinity and extreme REE enrichment therefore proposed to be of GR-III affinity (See Ch. Petrography, bulk rock geochemistry); ᵇ Classified as
silica-oversaturated due to granitic composition (abundant quartz); ᶜ Thin (< 2 mm wide) AEQ dykelet comprising c. 2 vol. % of mudstone dominated sample SR330.
General REE
behaviour in minerals
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Table 9.3. Characteristics of various AHTE, AHPD, MSD and mafic dykes observed in this study and by Estrade et al. (2014a).
(Sub-)Unit

Ankobabe Hybrid Trachytic Enclaves (AHTE)

Lithology

Immiscible Trachytic
Phonolite(1)

Textural
Characteristics

Vari-Textured:
Microlitic, porphyritic,
immiscible (ocelli)
Fine- to very finegrained

Mineralogy

Phenocrysts: Di + Afs
Groundmass: Ne +
Aeg-Aug + Ktp + Ttn +
Ann + Ti-Mgt + FAp
Ocelli: Ne + Sdl + Ttn +
Anl
Leucocratic Enclaves:
Ne + Sdl + Afs + Fl + Ktp
+ Ann + FAp + Ti-Mgt +
S
PeralkalineMetaluminous
Silica-Undersaturated

Hybridised Foid
Trachyte(1)
Vari-Textured:
Microlitic,
porphyritic –
enclosing xenocrysts.
Medium- to very
fine-grained

Ankobabe Hybrid Phonolite Dykes (AHPD)
‘T1NeSy’-Phonolitic
Equivalent(1)

Sodalite Phonolite(1)

Equigranular
Fine-grained

Microlitic,
porphyritic
Very fine-grained

Pheno/Xenocrysts:
Ne + Afs + Hst
Groundmass: Afs +
Cpx + Bt +
Other: Cc + Zeo

Early: Afs + Am + Ap
Late: Ne + Aeg + Ox
Alteration: Ccn +
Sericite

Phenocrysts:Afs
Groundmass: Sdl +
Ne + Afs + Aeg-Aug +
Ann + (Mn)-Mgt +
FAp
Alteration/Veins: Anl
+ Fl

Metaluminous
SilicaUndersaturated

Peraluminous
SilicaUndersaturated

Peralkaline
SilicaUndersaturated

Marginal Syenitic
Dykes (MSD)
Microsyenite
Dykes(1) (Various)
Vari-Textured:
Microlitic,
porphyritic to
trachytic
Fine- to very fine
grained

Phenocrysts:Afs
Groundmass: Afs +
Qtz + Fe-Ox + S + Zrn
+ REE-FC
Veins: Qtz + Cc + S

Mafic Dykes
Amygdaloidal
Lamprophyre(1)
Microlitic,
porphyritic,
amygdaloidal

Groundmass: Gdr
+ Afs + Qtz + Cc +
Ap + Ti-Mgt
Amygdales/Ocelli:
Gdr + Cc + Qtz

Metaluminous Metaluminous
Peraluminous
SilicaSilica-Oversaturated
Undersaturated
REE-FC occur in
General REE
REE enriched in Hst
Unresolved
Unresolved
Unresolved
interstitial
Unresolved
behaviour in minerals
xenocrysts.
assemblages.
372 – 803 (2520ᵃ)
LREE
210 ppm
154 – 157 ppm
305 ppm
424 ppm
213 ppm
ppm
HREE + Y
46.2 ppm
31.0 – 34.3 ppm
57.1 ppm
114 ppm
42.0 ppm
REE69.9 – 379 ppm
(La/Yb)cn
16.3
15.2 – 16.2
15.0
10.2
12.7
Signature
8.38 – 15.4 (67.8ᵃ)
(Gd/Yb)cn
2.52
1.72 – 1.76
1.49
0.90
1.08
1.10 – 1.45 (2.02ᵃ)
1.08
Eu/Eu*
1.07 – 1.15
0.21
0.18
0.11
0.07 – 0.17
(1) Description/data from This Study; (2) Description/data from Estrade et al. (2014a) - includes alkali basalt (AB), hawaiite (HW), mugearite (MG) and camptonite (CP).
ᵃ Microsyenite SR376-1 crosscut by FQ-dykelet, which is thought to have enhanced the REE budget of this sample.
Classification
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Mafic Dykes(2)

Microlitic,
porphyritic

AB: Cpx + Ol + Plg +
Afs + Fe-Ti-Ox
HW: Plg + Cpx + Bt +
Fe-Ti-Ox + Chl
MG: Afs + Cpx + FeTi-Ox + Cc + Chl
CP: Am + Cpx + Plg +
Fe-Ti-Ox
Metaluminous
Silica-Neutral
to -Undersaturated
Unresolved
128 – 348 ppm
36.1 – 74.9 ppm
12.4 – 22.1
1.96 – 3.50
0.93 – 1.01
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Table 9.4: Characteristics of various Central Caldera lithologies and Isalo Group country rock observed in this study and by Estrade et al. (2014a; 2019).
(Sub-)Unit
Lithology(s)
Textural Characteristics

Mineralogy/Clast Types

Central Volcanic Plug
Nepheline

Microsyenite(1)

Porphyritic, massive to
trachytic, fine-grained.

Afs + Ne + Cpx + Mnz

Marginal Volcanic Plug

Rhyolitic

Obsidian(2)

Volcaniclastics

Isalo Group Sediments

Porphyritic Trachyte

Lithic Lapilli Tuff

Mudstone/Marl

Glass

Porphyritic, massive to
trachytic, fine- to
medium-grained.
Xenolith bearing.

Mud/silt sediments with
rare subordinate sandrich layers. Variably
bleached.

Green glass

Groundmass: Afs + Hed
+ Am + Fe-Ti-Ox
Phenocrysts: Afs (Anenriched) + Fa₆₃ +
Di/Hed

Poorly sorted, angular to
sub-angular clasts,
massive ash matrix,
variably altered.
Matrix: Ash/tuff.
Clasts: Trachyte,
ignimbrite, limestone
(bioclastic and coral),
sandstone and
marl/mudstone.
Alteration: Chlorite.

Peralkaline
Peraluminous
Metaluminous
NA
Silica-Undersaturated
Silica-Oversaturated
Silica-Neutral
Fine-grained Mnz. Potentially
General REE behaviour
hosted in Cpx.
NA
Unresolved
Unresolved
Further characterisation
in minerals
required.
LREE
433 ppm
238 – 342 ppm
207 ppm
216 – 254 ppm
HREE + Y
88.1 ppm
133 – 133 ppm
45.1 ppm
79.2 – 109 ppm
REE(La/Yb)cn
13.8
12.6 – 20.5
14.0
6.64 – 7.97
Signature
1.07
1.36 – 1.48
1.73
1.10 – 1.22
(Gd/Yb)cn
Eu/Eu*
0.31
0.05 – 0.07
1.12
0.10 – 0.24
(1) Description/data from This Study and Estrade et al. (2019); (2) Description/data from This Study and Estrade et al. (2014a).
Classification
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Clay with variable Cacarbonate content.

NA
Unresolved
64.9 – 545 ppm
21.3 – 154 ppm
9.17 – 11.2
1.31 – 1.55
0.34 – 0.87
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9.2. Potential Mantle Sources, Parental Melts and Origin of Magmatism
The amalgamation of northern Madagascar culminated in the docking of the Bemarivo Belt during
the Neoproterozoic (Kröner et al., 2000; Collins and Windley, 2002). This set of arc terranes abuts
the Antananarivo Craton along the Sandrakota Shear Zone, which is inferred to have acted as a
magma conduit during both post-East African Orogeny (Goodenough et al., 2010) and Cenozoic
alkaline magmatism (Estrade et al., 2014a). The numerous terranes of northern Madagascar, its
location within the East African Orogeny of central Gondwana (Ch. 3.1; Fig. 3.1) and post-collisional
magmatism promoted by lithospheric delamination (Goodenough et al., 2010) have resulted in
multiple opportunities for the metasomatism and HFSE-enrichment of the sub-continental
lithospheric mantle (SCLM). Mantle upwelling during the development of the West Somali and
Mozambique Basins (c. 165 Ma), failed Somali Ocean rifting (c. 120 Ma) and the separation of India
from Madagascar and associated Cretaceous flood basalts (c. 88 Ma; Reeves, 2014) imply that the
SCLM of northern Madagascar has likely experienced multiple melting events. Mantle xenoliths
derived from Cenozoic volcanic rocks record this complex history of partial melting, metasomatism
and cumulus processes, which produced variably enriched- and depleted- lithospheric mantle
regions (Rocco et al., 2017). In the enriched mantle regions, the metasomatic agents are proposed
to be low-silica, highly alkaline and lacking a carbonatitic component (Melluso et al., 2016; Rocco
et al., 2017). Melting of these variably metasomatised lithospheric source regions resulted in the
generation of LILE- and HFSE-enriched magmas (Melluso et al., 2016). Parental magmas of the
Ampasibitika Intrusion may have potentially melted highly alkaline metasomatised sources, which
has not been erupted at other volcanic complexes of the Ampasindava Alkaline Province (Rocco et
al., 2017).
Magmas of the Ampasindava Alkaline Province are likely derived from decompression melting of
metasomatised lithospheric mantle, triggered by crustal thinning during Cenozoic extension in this
region (Melluso et al., 2007a, 2007b; Rocco et al., 2013, 2017; Estrade et al., 2014a; Cucciniello et
al., 2016). This is consistent with work by Michon (2016) on the Comoros Archipelago, who
interprets the cause of magmatism to be the result of lithospheric delamination in the general
context of the East African Rift. The coeval nature of magmatic activity of the Comoros Archipelago
and Ampasindava Alkaline Province indicates a common control on magmatism.
In the Ampasibitika Intrusion area, alkali basalts investigated by Estrade et al. (2014a) formed by
low degrees of partial melting of a metasomatised lithospheric mantle source containing residual
amphibole. Although alkali basalts are the most common mafic intrusive rocks observed across the
Ampasibitika Complex (Estrade et al., 2014a), it cannot be assumed that the parental melts of the
plutonic intrusive rocks were of alkali basaltic composition. During intra-continental rifting, the
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degree of partial melting generally increases with progressive lithospheric extension, resulting in a
progression from low-degree basanitic to higher-degree alkali basaltic melts (Kolb et al., 2012).
Melt evolution is amplified in less mature rifts with low magma flux (Hutchison et al., 2018). Such
melts are produced during the development of off-axis extensional anorogenic magmatism, and
are more likely to have their ascent inhibited by crustal structures (i.e. development of shallow
magma chambers) and should be prospective for REE deposits (Hutchison et al., 2018). The
entrapment of relatively small melt batches may explain the temporal distribution of the highly
differentiated, plutonic complexes of the Ampasindava Alkaline Province (Ch. 3.2; Table 3.1).
Tectonic uplift and erosion since the Cenozoic have resulted in the exposure of these shallow
magma chambers (e.g. Manongarivo Complex) and the volcanic-plutonic interface (e.g.
Ambohimirahavavy Alkaline Complex). Younger volcanic complexes, in which compositional
variation has been related to the degree of partial melting of a heterogeneous lithospheric mantle
rather than later differentiation processes (Cucciniello et al., 2016; Rocco et al., 2017), could
potentially be underlain by similarly differentiated magma chambers.
Consistently negative Ba, Sr, Eu, Ti and P anomalies (Ch. 8.4) and low MgO and CaO contents (Ch.
8.3) indicate that magmas of the Ampasibitika Intrusion underwent fractional crystallisation of
plagioclase, apatite and Fe-Ti-Oxides prior to emplacement. This, in addition to similar trace
element ratios (Ch. 8.5.2), is consistent with a common magmatic source for at least the AAFS,
AHNS and MSD units. Displacement of PGD trace element ratios from the main magmatic evolution
trend may indicate a different source or a variably contaminated parental magma (Estrade et al.,
2014a). However, the highly evolved nature of some of the PGD indicate that these trace element
ratios may have been influenced by the presence of silicate-salt immiscibility (Veksler et al., 2012)
and/or late orthomagmatic/hydrothermal alteration (Ballouard et al., 2016; Ch. 8.5.2).
9.3. Magmatic Evolution
From field relationships, it is evident that the current exposure of the Ampasibitika Intrusion
represents a sub-volcanic system (Ch. 5.3). The spatial association of the Central Caldera filled with
volcaniclastic material, surrounded by the relatively elevated syenites of the Ampasibitika Annular
Intrusion, indicates that the caldera collapsed during emplacement of the annular intrusion. As
such, it is envisaged that there was a parental magma chamber underlying the Ampasibitika
volcanic system. As the parental magma chamber is not exposed, early magmatic cumulates best
record the pre-emplacement magmatic evolution of the various syenitic units.
Disequilibrium late magmatic conditions are indicated by variable resorption of earlier magmatic
phases, including 1) katophorite to arfvedsonite overgrowths on early hastingsite (Ch. 6.2.1.2 & 7.2)
and 2) resorption and replacement of hedenbergite by aegirine (Ch. 6.1.2 & 7.1), as well as the
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development of fine-grained interstitial assemblages (Ch. 6.2.1.4). These textures are indicative a
change in composition of the crystallising magma, likely associated with the displacement of
variably crystallised syenitic crystal mushes and melts from a parental magma chamber to higher
crustal levels. This is further evident from the geometries of the AHTE. The development of discrete
rounded enclaves between the Immiscible Trachytic Phonolite (‘ocelli-rich’) and T2NeSy indicates
the mixing of two melt-dominated phases, whereas increasingly angular geometries of the
Hybridised Foid Trachyte (‘phenocryst-rich’) and T1NeSy indicates increased crystallisation of the
host magma (Ch. 5.2.1.2; Barbarin and Didier, 1992; Barbarin, 2005). These features are consistent
with the emplacement of a more primitive magma batch into a variably crystallised parental magma
chamber, leading to magma chamber evacuation and the emplacement of syenitic crystal mushes
to higher crustal levels (Section 9.7).
Networks of alkali feldspar are a ubiquitous feature of the AAFS and AHNS; however, the early
magmatic ferromagnesian silicates vary between syenite varieties (Table 9.1; Ch. 6.1 & 6.2); these
phases include hedenbergite + fayalite in the T1AfsSy, hastingsite + hedenbergite ± fayalite in the
T1NeSy (Estrade et al., 2014a), aegirine-augite in the T2NeSy and nepheline + aegirine in the
T3NeSy. Minor Eu-anomaly and high K/Rb values, silica-neutral, borderline metaluminousperalkaline and iron-rich (avg. Mg-number: 15.5) compositions of the T1AfsSy (Ch. 8) show this to
be the most primitive syenite sampled. The strongly iron-rich nature of this unit and presence of
fayalite in lieu of forsterite suggests that, although primitive in the context of the Ampasibitika
Intrusion syenites, the parental melt was Fe-, alkali- and HFSE-rich prior to emplacement and
experienced relatively limited fractional crystallisation. In contrast, the AHNS have experienced a
greater degree of fractionation of plagioclase, apatite and Fe-Ti-Oxides (Ch. 8.4) compared to the
AAFS (excluding T1(A)NeSy SR381). These nepheline syenites have diverse whole rock
compositions, becoming increasingly peralkaline and Mg-depleted (Mg-number: 12.2 to 1.69) with
increasing SiO₂ and decreasing K/Rb values. The crystallisation of sodalite and eudialyte as
intermediate magmatic phases in the T3NeSy shows that evolved silica-undersaturated melts had
elevated Zr and Cl activities, which enabled saturation of these phases in the melt.
Reducing early magmatic crystallisation conditions prevailed for syenites of the Ampasibitika
Intrusion, with crystallisation temperatures and ƒO₂ determinations of 1000 to 700°C and -0.4 to 0.8 ΔFMQ for the for T-I nepheline syenites (T1NeSy equivalent) and 860 to 570°C and -1.5 to -3.8
ΔFMQ for the AAFS (Estrade et al., 2014a). Mineral chemical constraints from this study also
indicate high crystallisation temperatures for these early syenites before recording a trend of
decreasing crystallisation temperatures and the influence of hydrothermal alteration (Ch. 7.4).
Furthermore, the aegirine-dominated character of the T3NeSy possibly suggests increasingly
oxidising melt conditions (e.g. Larsen, 1976; Möller and Williams-Jones, 2016a; further discussion
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section 9.7.1.1). The transition to the anhydrous mineral assemblage of the T3NeSy implies that the
volatile content (H2O, F⁻ etc.) of the residual melt increased with further fractional crystallisation,
which is corroborated by the presence of fluorite as a late magmatic to hydrothermal phase in the
T3NeSy (Ch. 6.2.1.4).
Progressive changes in early magmatic mineralogy and whole rock major oxide trends of the AAFS
and AHNS are consistent with changing melt compositions as a result of fractional crystallisation
within the parental magma chamber; with progressive alkali feldspar fractionation, nepheline
accumulation and decreasing SiO₂ content controlling the silica-neutral to –undersaturated melt
evolution (Ch. 8). The close spatial association of these diverse syenite varieties of the Ampasibitika
Annular Intrusion indicates that there has been extensive melt differentiation prior to emplacement
of the AAFS and AHNS crystal mushes to higher crustal levels. The juxtaposition of alkali feldspar
syenites and nepheline syenites in alkaline to peralkaline plutonic complexes is common. Examples
include the Rim Syenite and Nechalacho Layered Suite of the Blatchford Lake Igneous Complex
(Möller and William-Jones, 2016a) and the Augite Syenite and Agpaites of the Ilimaussaq Complex
(Marks and Markl, 2015). The development of adjacent syenitic rocks of variable silica-saturation
and peralkalinity may result from either fractional crystallisation at depth (Giehl et al., 2013, 2014;
Marks and Markl, 2015; Möller and Williams-Jones, 2016a) of a common parental magma or the
presence of distinct mantle magma batches derived from a heterogeneous source (Marks and
Markl, 2015; Möller and Williams-Jones, 2016a).
Experimental work by Giehl et al. (2013, 2014) showed that strongly peralkaline melts, under
reduced and dry conditions, could fractionate substantial amounts of alkali feldspar, hedenbergiterich clinopyroxene and fayalite-rich olivine plus minor amount of Ti-rich magnetite. With decreasing
temperature and increasing melt alkalinity, volatile content (Cl⁻, F⁻) and oxygen fugacity (ƒO₂),
aegirine-rich clinopyroxene and complex HFSE Ca-Na-silicates (e.g. eudialyte, aenigmatite) stabilise
(Giehl et al., 2014). The early magmatic mineralogy and relatively unfractionated nature of the
T1AfsSy is consistent with the early crystallisation of hedenbergite, fayalite and alkali feldspar from
a silica-neutral peralkaline melt (Giehl et al., 2013, 2014). Fractionation of early anhydrous minerals
results in increasing volatile content in the residual melt phases, which would promote the
crystallisation of early magmatic, hydrous, early mineral phases such as hastingsite of the T1NeSy
(Table 9.1; Ch. 6.2.1.1 & 6.2.1.2). With further fractionation of alkali feldspar and amphibole, the
residual melts became increasingly peralkaline, volatile (Cl, F) enriched and oxidised. Higher volatile
content would lower melt viscosity, further promoting the separation of cumulates and residual
melts, with melts rising upwards through the magma chamber (Fig. 9.1; Lange, 1994; Siegel et al.,
2018). This enabled the crystallisation of the agpaitic, sodalite- and eudialyte-bearing, T3NeSy.
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Thus, the AAFS and AHNS may represent the products of fractional crystallisation of a common
parental magma within a deeper crustal magma chamber.
Although basic to intermediate cumulate rocks are absent in the Ampasibitika Intrusion ring dyke,
plagioclase-rich mafic cumulates (likely gabbroic) are inferred to have fractionated from the
parental melts of the Ampasibitika Intrusion (Ch. 8). These likely developed either in the basal zone
of the parental magma chamber (Honour et al., 2018) or in an earlier staging chamber at deeper
crustal levels (Fig. 9.1; Möller and Williams-Jones, 2016a). Lower densities and crystallisation
temperatures of syenitic magmas compared to basic melts would promote the movement of
syenitic melts and crystal mushes to higher crustal levels, whilst the mafic cumulates remained at
depth (Lange, 1994; Siegel et al., 2018; Finch et al., 2019).
9.4. Marginal Dyke Swarm: Early or Late?
The outcrop pattern of the marginal dyke swarm indicates its emplacement as a series of concentric
sheets (Ch. 5). The PGD of the Ampasibitika Intrusion are considered to have been emplaced at
depths of 300 to 600 m (Estrade et al., 2014b, 2015). In contrast to the inferred emplacement as
crystal mushes of the AAFS and AHNS, the layered aplitic-pegmatitic textures of the PGD suggest
their emplacement as flux-rich melts (Estrade et al., 2014a, 2014b). Fine to medium-grained,
porphyritic and trachytic textures of the MSD (Ch. 5.2.1.2) indicate their intrusion as melts. Both of
these dyke sets have evolved compositions, with K/Rb generally less than 150 and strongly
fractionated normalised trace element profiles. Petrographic features of the MSD show these dykes
are affected by carbonate alteration and in extreme cases recrystallisation, indicating the alteration
of these dykes by a carbonate-rich fluid phase. Crosscutting relationships observed by Estrade et al.
(2014a) show that the PGD crosscut Quartz Syenite of the external portion of the syenitic ring dyke.
Therefore, these granitic dykes were proposed to be the latest intrusive phase of the Ampasibitika
Intrusion. However, the evolved nature of MSD of this study and Quartz Syenite of Estrade et al.
(2014a; Ch. 8) indicates that these may represent an earlier, melt-rich intrusive phase. Thus, it is
suggested that the Quartz Syenite of Estrade et al. (2014a) belongs to the Marginal Dyke Swarm
MSD rather than the AAFS; this is consistent with presence of quartz as a prevalent interstitial phase
in the Quartz Syenite and MSD. During caldera formation, the earliest intrusive and extrusive
features are typically the most evolved, as residual evolved melts generally coalesce in the upper
portions of magma chambers and are more mobile than crystal mushes (Cashman and Giordano,
2014; Kennedy et al., 2018).
In summary, although the PGD melts likely developed during the latter stages of magma chamber
evolution (section 9.6.2 for further discussion), these dykes and the associated MSD are thought to
be early intrusive phases of the Ampasibitika Intrusion. Dyke emplacement was potentially
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triggered during continued magma chamber growth, possibly resulting from the intrusion of new
primitive magma batches, which caused doming above the magma chamber and generation of a
concentric fracture network that the PGD and MSD parental melts utilised (Fig. 9.2a).
9.5. ‘Early’ Magmatic Silicate-Salt Melt Immiscibility? Direct and indirect evidence
The presence of late fluoride and volatile-rich silicate melts is evident from the entrainment of such
melts in the Immiscible Trachytic Phonolite, which contains abundant ocelli and leucocratic
enclaves with volatile-rich mineral phases (e.g. sodalite, fluorite; Ch. 6.2.2.1). These leucocratic
enclaves may be an analogue of the residual melts of the AHNS series resulting from the earlier
crystallisation of the T1NeSy. However, this immiscibility may simply reflect the exsolution of
fluoride-rich melt in response to heating during interaction with the hot trachytic melt batch or
decompression during ring dyke emplacement (Edmonds and Woods, 2018).
Recent studies have highlighted the potential importance of silicate-salt melt immiscibility on the
development of REE mineralisation in shallow alkaline intrusive systems (Lugin Gol – Kynicky et al.,
2019; Strange Lake – Vasyukova and Williams-Jones, 2014, 2016; Siegel et al., 2018). In these
systems, the REE have been concentrated in immiscible fluoride and mixed fluoride-carbonate
melts in silicate magmas. However, the rarity of natural silicate-salt immiscibility occurrences
indicates either these processes are uncommon or that direct evidence is obscured or destroyed
during further evolution.
Peralkaline rocks hosting economic REE mineralisation are typically agpaitic (Marks and Markl,
2017). However, although characterised as agpaitic, the T3NeSy and unaltered T2NeSy are
relatively depleted in REE relative to the peralkaline to metaluminous T1NeSy. Whole rock trace
element trends of the HFSE show a variation in Zr and REE behaviour from the T1NeSy to the
(unaltered) T2NeSy and T3NeSy, with the latter being relatively depleted in REE relative to Zr
(Ch. 8.5). The low REE concentrations in these samples may reflect the removal of REE from the
parental melt by fractionation of REE-rich phases (e.g. Kogarko et al., 2002; Pfaff et al., 2008;
Honour et al., 2018) or segregation of melts/fluids that sequester REE from the silicate melt phase
(e.g. Vasyukova and Williams-Jones, 2016; Kynicky et al., 2018).
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Figure 9.1. Proposed development of the Ampasibitika Intrusion parental magma chamber (See sections 9.4. to 9.7).
Note: This is a simplified depiction of potential processes influencing the evolution of the Ampasibitika Intrusion parental magma chamber. Recent reviews in volcanology suggest that magma
chambers beneath calderas are comprised of multiple lenses of melt and crystal mush (Cashman and Giordana, 2014; Kennedy et al., 2018). Underplating of these lenses by new, how
mafic/primitive melt batches may cause destabilisation of these melt lenses and overturning, as well as promoting volatile exsolution. A full review of caldera forming processes is beyond the
scope of this study; however, it is clear that these processes controlled the distribution of intrusive units across the Ampasibitika Intrusion.
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Experimental studies show that fluorine acts as a depolymerisation agent in nepheline syenite
melts, enhancing the solubility of Zr and REE; however, Zr, unlike the REE, does not form melt
complexes with fluorine (Ponader and Brown, 1989a, 1989b; Farges, 1996). As such, the different
behaviour of REE relative to Zr + Hf in the more evolved nepheline syenites (T2NeSy, T3NeSy) may
reflect the coexistence of an immiscible fluoride-rich melt phase that sequestered REE (Veksler et
al., 2012). The lack of mineral phases that strongly fractionate the REE in investigated nepheline
syenites (Ch. 6.2.1) as well as the abrupt transition from increasing REE to depletion (Ch. 8.5) and
decreasing Li content in clinopyroxene (Ch. 7.1.3) with inferred melt evolution suggest the loss of
REE to a residual or immiscible melt phase. Thus, the segregation of a volatile/ligand-rich (F⁻, Cl⁻,
CO₃²⁻, OH⁻, etc.) melt phase is the preferred explanation for the decrease in REE in AHNS crystallised
from evolved melts.
The development of strongly REE-enriched residual/immiscible melts from the crystallisation of
agpaitic nepheline syenites within the Ampasibitika Intrusions parental magma chamber provides
a potential source of volatile-rich melt that could subsequently form the silica-oversaturated PGD
and MSD (See section 9.6.2). A lack of increasingly negative Eu-anomalies in the PGD (Ch. 8.4 & 8.5)
indicates fractional crystallisation of feldspar is no longer the principal control on REE enrichment
in the residual melt phase. This is consistent with the generation of immiscible REE-enriched, likely
oxidised (Eu in 3+ state preventing further fractionation), melts that sequester REE from the
magmatic cumulates (e.g. AHNS & AAFS). Further indirect evidence of immiscible salt melts is
potentially indicated by the initial Zr/Hf ratios of the PGD, resulting from greater DZr relative to DHf
during silicate-salt melt partitioning (Veksler et al., 2012; Ch. 8.5.2). A similar mechanism was
suggested for granitic pegmatites associated with the Nechalacho Layered Suite (Möller and
Williams-Jones, 2016b). However, whether the nepheline syenites investigated are direct
precursors for the development of melts that went on to form the PGD because of immiscibility
within the parental magma chamber (See section 9.6.2), or if these simply underwent immiscibility
at higher levels within the ring dyke because of decompression, resulting in similar mineral and
compositional features, is unconstrained.
9.6. Crustal Contamination: Major or Minor Influence?
Crustal contamination has been proposed as an explanation for coexisting silica-oversaturated and
silica-undersaturated intrusive units of the Ampasibitika Intrusion (Estrade et al., 2014a). This
contamination was inferred to be silica-rich, influencing both mineral compositions and radiogenic
isotope signatures (Estrade et al., 2014a). Crustal contamination may occur by several mechanisms:
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1. Early crustal contamination: assimilation of crustal material into primitive magma, which
subsequently undergoes extensive fractional crystallisation evolving toward peralkaline
compositions.
2. Late crustal contamination: assimilation of crustal material by evolved melts during stoping
of magma chamber roof or interaction with wall rocks.
3. Crustal fluid contamination: Influx of crustally derived fluids derived from the dehydration
of the surrounding country rock during heating by adjacent magma.
Quartz syenites and PGD investigated by Estrade et al. (2014a) have radiogenic ⁸⁷Sr/⁸⁶Sr and
¹⁴³Nd/¹⁴⁴Nd ratios indicative of the assimilation of crustal material, whereas for alkali feldspar (AAFS
equivalent) and nepheline syenites (AHNS equivalent) these radiogenic isotope ratios indicate
minor to negligible crustal assimilation. Elevated clinopyroxene and calculated melt δ¹⁸O values of
the T1AfsSy may be explained either by assimilation of a high δ¹⁸O crustal material or the
fractionation of δ¹⁸O during magmatic processes (Ch. 7.7). However, very high δ¹⁸O values of
country rock limestone analysed indicate that if contamination did occur it was either minor or by
a lower δ¹⁸O contaminant. The segregation of carbonate and amphibole δ¹⁸O analysed in the
T2AfsSy indicates fractionation of ¹⁸O between these melt/fluid phases. Magmatic fractionation of
¹⁸O is proposed as a mechanism for the development of variable δ¹⁸O of the Blatchford Lake
Complex (Möller and Williams-Jones, 2016b). A lack of crustal contamination prior to emplacement
would be consistent with mantle to crustal level parental melt pathways exploiting pre-existing
lithospheric lineaments; as such direct melt pathways would inhibit assimilation of crustal material.
9.6.1. Source of Carbonate of the AAFS
There is some ambiguity in the source of carbonate in rocks of the Ampasibitika Intrusion, with a
high potential for crustally derived carbonate resulting from its abundance in the surrounding Isalo
Group sedimentary units. However, the carbonate stable isotope ratios predominantly indicate a
magmatic source (Ch. 7.7.3.2). Gradual decrease in δ¹⁸O from the T1NeSy to T3NeSy and T1AfsSY
to T2AfsSy may be associated with alkali feldspar fractionation decreasing δ¹⁸O of the differentiated
melts. Furthermore, the development of miarolitic carbonate-filled cavities (Ch. 6.1.2) indicates a
positive fluid pressure within the AAFS that would inhibit late fluid infiltration; this suggests that if
the source of carbonate was external then assimilation occurred prior the onset of AAFS
crystallistation. It is inferred that the generation of very low δD values (Ch. 7.7.2.1 & 7.7.3.1) of the
T1NeSy and T2AfsSy represents a change to oxidising conditions during the latter stages of
magmatic evolution (Section 9.8.1.1). In the T2AfsSy, the development of low δD is coupled with
the segregation of carbonate-rich fluids, derived either internally sourced from the parental melt
or externally from dehydration of the surrounding country rock; however, these fluids did not
significantly influence the trace element signature of the AAFS. Instead, these fluids, in addition to
226

9. Evolution of the Ampasibitika Intrusion
the change in crystallisation conditions (Section 9.8.1), promoted oxidation and the exsolution of
CH4 already present in the syenitic parental melts (Section 9.8.1.1).
In summary, in the syenites investigated in this study crustal assimilation is inferred to have played
a minor role. The interaction of crystallising melt of the AAFS with country rock derived carbonaterich fluids cannot be excluded; however, these fluids did not strongly affect the early magmatic or
silicate mineralogy of these syenites.
9.6.2. Development of the Silica-Oversaturated Series
The development of strongly silica-oversaturated peralkaline rocks is generally attributed to either
assimilation of crustal material by nepheline syenitic magmas or extreme differentiation of basaltic
melts (Marks et al., 2011; Ch. 2.4.4.2). At the Ampasibitika Intrusion, the development of the silicaoversaturated intrusive rocks has been attributed to crustal assimilation (Estrade et al., 2014a;
2018). However, interaction of melts with crustal material may occur at several points during
magmatic evolution: 1) early assimilation into hot parental melts, 2) assimilation during fractional
crystallisation and differentiation, and 3) interaction of evolved differentiated melts during
interaction with crustal material in the roof zone.
As previously discussed (section 9.5), mineralogy of the Immiscible Trachytic Phonolite foidolitic
ocelli indicates elevated F¯ and Cl¯ activity in the evolved silica-undersaturated melts within the
parental magma chamber. This is supported by the presence of sodalite and fluorite in the AHNS
T3NeSy and AHPD Sodalite Phonolite, which are inferred to represent the products of crystallisation
of highly evolved, volatile-rich melts of the silica-undersaturated series. The depolymerised
structure of nepheline syenite melts promotes the solubility of volatiles, carbon-species and HFSE
in the melt phase (Ponader and Brown, 1989a, 1989b; Blank and Brooker, 1994; Farges, 1996). Such
volatile-rich melts may migrate through crystal mushes and coalesce in the upper portions of the
magma chamber (Möller and Williams-Jones, 2016b; Parmigiani et al., 2016; Edmonds and Woods,
2018), forming a low-density isolated magma lens in the roof zone of the intrusion (e.g. Motzfeldt
‘Hot Sheeted Roof’ model – Finch et al., 2019). Silica-saturation of these evolved volatile-rich melts
may result from 1) re-melting of previously crystallised roof cumulates (Möller and Williams-Jones,
2016a, 2016b) or 2) assimilation of country rock (Estrade et al., 2014a, 2018). The source of the
volatile rich-fluids is envisaged to be linked to the progressive fractional crystallisation of sodic
nepheline syenites and the enrichment of volatiles (Cl¯, F¯, CO₃²¯) in the residual melt/fluid phase.
Although carbonate may be sourced from the assimilation of limestones and marls of the Isalo
Group (Ch. 5.2.1), stable isotope ratios of carbonates from the granitic dykelets are comparable to
magmatic values, suggesting that there has been either minimal crustal assimilation or extensive
reequilibration with magmatic fluids (Ch. 7.7). Quartz stable isotope ratios of the PGD and Granitic
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Dykelets may also indicate only minor crustal contamination, with elevated δ¹⁸O representing the
predominance of quartz, which has an affinity for ¹⁸O (Ch. 7.7.3.3).
Repeated intrusion of syenitic melts into the volatile-rich roof zone may account for the mixed
granitic and syenitic Marginal Dyke Swarm of the Ampasibitika Intrusion (Finch et al., 2019). Further
work is necessary to assess the validity of these inferences; however, minor late crustal
contamination in the roof zone is thought to be most compatible with the development of strongly
HFSE enriched pegmatitic-hydrothermal melts/fluids in the upper portions of the magma chamber.
9.7. Caldera Collapse and Ring Dyke Emplacement
The annular geometry of the Central Caldera and surrounding Ampasibitika Annular Intrusion is
indicative of caldera collapse during the expulsion of melt from a parental magma chamber.
Extensive volcaniclastic cover across both the Ampasibitika and Tsarabariabe Intrusions indicates
that the emplacement of the various plutonic units was likely synchronous with pyroclastic
eruptions of volcanic breccias, tuffs and ignimbrites (Ch. 5). Volcanic plugs within the Central
Caldera have a variety of compositions representing primitive trachytic and evolved
phonolitic/rhyolitic melts:
1. Marginal Volcanic Plug: Porphyritic trachyte hosting relatively forsterite-rich fayalite and
anorthite-rich alkali feldspar phenocrysts (Ch. 7.3 & 7.4), which lacks a Eu-anomaly and has
a high K/Rb value (Ch. 8). These features attest to the hot, primitive nature of the parental
trachytic melt. Possibly derived from the same relatively primitive trachytic melt that
formed the AHTE.
2. Central Volcanic Plug: Mixed nepheline microsyenite and rhyolitic obsidian (Estrade et al.,
2014a). Nepheline microsyenite has elevated REE and HFSE content, which coupled with a
K/Rb value of 172 and elevated peralkaline composition, indicated that this volcanic plug
tapped evolved silica-undersaturated melt of the parental magma chamber.
The late intrusion of primitive trachytic melts is also apparent in the Ankobabe Hybrids, with the
presence of the AHTE Immiscible Trachytic Phonolite enclaves hosted by the T2NeSy. Trace element
compositions of the Immiscible Trachytic Phonolite enclaves are similar to the Marginal Volcanic
Plug porphyritic trachyte (Ch. 8.5). Differences in major oxide compositions, with elevated alkalis
and lower FSSI of the Immiscible Trachytic Phonolite relative to the Marginal Volcanic Plug
porphyritic trachyte (Ch. 8.2), reflect the presence of foidolite ocelli and enclaves in the former.
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Figure 9.2. Schematic diagram depicting Ampasibitika
Intrusion caldera formation.
a) Emplacement of evolved PGD and MSD melts,
concentrated in the upper protions of the magma
chamber, and emplacement as concentric dyke
swarm.
b) Destabilisation of magma chamber and
overturning results in caldera collapse and
displacement of mixed crystal mush and mafic melts
into the ring dyke. 1) The crystal mushes were variably
crystallised on emplacement, evident from the
variable geometries of associated AHTE (Section 9.8).
Sodalite Phonolite dykes, derived from the silicaundersaturated series, are strongly enriched in
volatiles and caused sodic-metasomatism of
surrounding host syenite (Ch. 6.2.1.5). Volcanic plugs
extruded either syn- or post-caldera collapse.
Marginal Volcanic Plug fed by primitive, mafic melts
and the Central Volcanic Plug tapped evolved silicaundersaturated melts from the upper portion of the
underlying magma chamber.
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The presence of foidolitic ocelli and enclaves within the Immiscible Trachytic Phonolite coupled
with the variable geometries of the different AHTE varieties is consistent with the intrusion of
primitive melts into a variably crystallised, differentiated parental magma chamber (Fig. 9.2b(1);
Ch. 5.2.1.2; Barbarin and Didier, 1992; Barbarin, 2005). Therefore, the intrusion of relatively
primitive trachytic melts at the base of the parental magma chamber is proposed to have triggered
magma chamber overturning, eruption of the Ampasibitika Intrusion volcaniclastic units and
emplacement of the syenitic ring dyke. Caldera subsidence along ring faults enables the
incorporation of a wide range of materials within ring dykes as a result of the development of
vortices in the marginal zones of magma chambers and the trapping of mushy magma between the
magma chamber wall and subsiding block (Kennedy and Stix, 2007; Kennedy et al., 2018). This
would lead to the lithological heterogeneity characteristic of the Ampasibitika Intrusion and the
juxtaposition of the silica-undersaturated AHNS and silica-neutral AAFS crystal mushes.
Crystallisation of trapped melt within these crystal mushes continued post-emplacement to higher
crustal levels, which resulted in highly variable late magmatic evolution at relatively small scales
(see section 9.8).
9.8. Magmatic-Hydrothermal Evolution
Petrographic, mineralogical and isotopic data show that intrusive rocks of the Ampasibitika
Intrusion were subject to significant late magmatic to hydrothermal modification. Fluid exsolution
or development of a magmatic-hydrothermal system during these late crystallisation stages
resulted in the variable alteration of both rock forming silicate minerals and accessory HFSE-mineral
phases. This alteration manifests as:
1. Replacement of calcic amphibole and pyroxene with increasingly sodic assemblages in the
AAFS and AHNS (Ch. 6.1, 6.2, 7.1 & 7.2).
2. Replacement of eudialyte by Na-Ca-Zirconosilicate-rich hydrothermal assemblages and
development of late analcime-filled veins in the T3NeSy (Ch. 6.2.1.4).
3. Carbonate alteration of earlier magmatic assemblages in the T2AfsSy (Ch. 6.1.2).
4. Replacement of eudialyte with zircon and quartz in the GR-II PGD (Estrade et al., 2014b,
2018).
5. Development of granitic dykelets variably enriched in allanite, titanite and zircon
(Ch. 5.2.1.2, 6.3.3, 7.5.2 & 7.5.3), potentially derived from fluids exsolved or altering the
PGD (Section 9.8.2).
As discussed in the previous sections, the Ampasibitika Intrusion is inferred to have been emplaced
as a variety of volatile-rich melts and variably crystallised crystal mushes during caldera formation
event. The two potential end-member situations for the timing of magmatic-hydrothermal
alteration of the various intrusive rocks of the Ampasibitika Intrusion are 1) pre-emplacement of
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ring dyke, i.e. development of magmatic-hydrothermal system within parental magma chamber,
and 2) post-emplacement of ring dyke. Due to this multi-stage and variable evolution of the
Ampasibitika intrusive units, the timing and triggers of possible liquid immiscibility, late fluid
exsolution and interaction of externally derived hydrothermal fluids is ambiguous. As such, it is
probable that the confining pressure during crystallisation and the development of a magmatichydrothermal system varied greatly. Stable isotope signatures of silicate and carbonate mineral
phases indicate the following melt/fluid sources for units of the Ampasibitika Intrusion (Ch. 7.7):
1. AHNS: Magmatic origin potentially derived from increasingly aqueous residual melts
resulting from extensive fractional crystallisation or fluid exsolution in response to cooling
of the magmatic system.
2. AAFS: Mixed origin that may include internally derived magmatic fluids, externally derived
crustal fluids and externally magmatic/mantle fluids from adjacent lamprophyres.
3. PGD and Granitic Dykelets: Predominantly of magmatic origin with possible minor crustal
interaction.
The potential for interaction with meteoric waters is greater in the near surface volcaniclastics and
volcanic plugs. The development of hydrothermal circulation in the central caldera is evident from
hydrothermal alteration of lithic lapilli tuff (Ch. 5.2.1.3).
In alkaline to peralkaline systems, late to post magmatic alteration is a common feature (Ch. 2.4.4.2
& 2.4.4.4) and may result in a variety of metasomatic events (Salvi and Williams-Jones, 1996; Gysi
et al., 2016). In highly evolved melts, the behaviour of elements that are compatible at early stages
of magmatic crystallisation may be reversed, with Ca2+ becoming enriched in late melts or fluids as
a result of their evolved compositions or changing physio-chemical conditions (Möller and WilliamsJones, 2016a). In rocks of the Ampasibitika Intrusion, in addition to the typical increase in Na⁺ and
Fe³⁺, indicated by the predominance of aegirine and/or analcime as the latest magmatichydrothermal phases (Table 9.1), there is variable crystallisation of carbonate minerals during the
latter stages of melt evolution (Ch. 6.7). Furthermore, the abundance of late fluorine (e.g. fluorite),
chlorine (e.g. sodalite, eudialyte) and phosphate (e.g. monazite) minerals in late magmatic
assemblages and rock derived from evolved melts indicates that F¯, Cl¯ and PO₄³¯were also enriched
in the late stage melts and/or fluids.
9.8.1. Open- Versus Closed-System Late Magmatic to Hydrothermal Evolution
Simple crystallisation from a discrete fluid phase is not consistent with textural relationships
observed in the AHNS T1NeSy and T2NeSy. In these syenites, early magmatic phases are variably
replaced by later magmatic and hydrothermal generations including:
1. T1NeSy: Late magmatic - rounded hastingsite overgrown by katophorite followed by
arfvedsonite and resorption of hedenbergite by aegirine. Hydrothermal - Replacement of
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alkali feldspar, nepheline and natrolite by analcime and development of interstitial
analcime + aegirine interstitial assemblage; corroded, REE-enriched overgrowths on early
magmatic concentrically zoned apatite; occurrence of very late Na-Ca-zirconosilicate, Nbsilicate and monazite after analcime crystallisation.
2. T2NeSy: Late magmatic - development of annite + titanomagnetite + nepheline.
Hydrothermal – Interstitial assemblages of aegirine + arfvedsonite/nybøite + analcime.
Extensive replacement of early-magmatic phases in the T1NeSy and T2NeSy indicates that
alteration occurred under open-system conditions, i.e. late Na-rich melts were derived externally
and flushed through this assemblage resulting in the addition and removal of ions. Aegirine and
analcime can crystallise over a range of temperatures, however the presence of early zeolite phases
(e.g. natrolite) indicates that alteration began at relatively high (mesothermal) temperatures and
continued as the system cooled (Schilling et al., 2011). Depending on whether replacement of
nepheline by analcime is mass- or volume-conserving influences the evolution of the residual
melt/fluid phase (Markl and Baumgartner, 2002). If mass conserving then analcime formation
progresses without Na release or consumption and no pH change in the fluid, if volume conserving
then Na is released from nepheline resulting in Na/Cl and pH increases in residual fluid (Markl and
Baumgartner, 2002). Open system condition during T1NeSy alteration may have driven the
alteration of nepheline (and alkali feldspar) by increasing H₂O activity; however, the extensive
crystallisation of analcime would result in increasing volatile (Cl¯, F¯) in the residual melt by the
removal Na and H₂O.
Unlike the T1NeSy and T2NeSy, the T3NeSy is not characterised by a late magmatic-hydrothermal
sodic alteration overprint, as it is already strongly sodic. The fine-grained nature of the aegirine +
nepheline + alkali feldspar + eudialyte interstitial and vein assemblages of the T3NeSy (Ch. 6.2.1.4),
indicates its crystallisation from a volatile-rich melt. Localised clusters of Ca-Na-zirconosilicate,
fluorite-(Y) and REE-fluorcarbonate supersede late magmatic eudialyte:
Eudialyte + Fluid A  Ca-Na-Zirconosilicate + REE-FC + Fluorite-(Y) + Analcime + Fluid B
Fluid A is proposed to represent a F¯- and CO₃²¯-enriched residual melt or exsolved fluid phase
produced at the final stages of crystallisation of the T3NeSy. Fluid B released during the alteration
of eudialyte would be relatively Cl- rich. Furthermore, the development of late analcime + Mncarbonate + fluorite-(Y) veins hosting monazite indicate that the REE were mobilised in late
hydrothermal fluids exsolved during the crystallisation of the T3NeSy. Thus, in contrast to the
T1NeSy and T2NeSy, the T3NeSy did not experience an extensive through-flow of late magmatic to
hydrothermal melt/fluid; instead, it is inferred that the exsolution of F¯- and CO₃²¯ during the latter
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stages of crystallisation resulted in localised autometasomatism, with excess fluid directed along
late analcime veins.
Alteration in the AAFS late magmatic mineral assemblages are consistent with the development of
aqueous- and volatile-rich, and increasingly peralkaline residual melt during progressive
crystallisation. The transition from the T1AfsSy to T2AfsSy is recorded by distinct changes in trace
element geochemistry and mineralogy. However, the difference in whole rock composition is
limited. Whole-rock trace element geochemistry (Ch. 8.6), alkali feldspar (Ch. 7.4) and early
magmatic apatite (Ch. 7.5.1 & 7.5.4) compositions indicates that the T2AfsSy was derived from a
similar, albeit more evolved, parental melt relative to the T1AfsSy. The irregular occurrence and
variable textures of the T2AfsSy within the T1AfsSy in TAND097 (Ch. 5.2.1.1 & Appendix IV) indicates
that their parental crystal mushes mixed with one another on emplacement into the ring dyke or
that the T2AfsSy developed in pockets syn- or post-emplacement.
Rapid changes in crystallisation conditions, inferred to result from the high-level emplacement of
the AAFS crystal mushes to higher crustal levels during ring dyke emplacement (section 9.7), is
recorded in the T1AfsSy by the destabilisation of fayalite, replacement of hedenbergite by aegirineaugite and development of katophorite + annite dominated interstitial assemblages. Increasing REE
content in late magmatic clinopyroxene (Ch. 7.1) and the development of britholite mantling
apatite (Ch. 6.1.1) was likely promoted by the entrapment of increasingly REE-rich residual melt
during the latter stages of crystallisation. In the T2AfsSy, the emplacement to high crustal levels
appears to have promoted the segregation of sodic-silicate and carbonate-dominated melt/fluid
phases, resulting in the two distinctive interstitial assemblages of this syenite (Ch. 6.1.2). Amphibole
compositions seem to monitor the development of this late-stage liquid immiscibility, with rapid
increases in Na content not mirrored by increasing Si expected during the evolution of a single
miscible melt (Ch. 7.2). Although the source of carbonate in the T2AfsSy is ambiguous, it is inferred
to have exsolved from the interstitial melt of the crystal mush (section 9.6.1), crystallising to form
the carbonate-filled miarolitic cavities as well as causing alteration of surrounding silicate
assemblages.
Textural relationships of interstitial mineral assemblages in the AHNS and AAFS indicate that late
magmatic evolution of these syenites occurred under relatively open and closed-system conditions
respectively. However, the extent and type of late magmatic to hydrothermal alteration
experienced by the various lithologies of the AHNS and AAFS is highly variable.
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9.8.1.1. Evolving Oxygen Fugacity: Potential Influence on Late Magmatic-Hydrothermal Fluid
Composition.
Although ƒO₂ values are not constrained in this study, the influence of oxygen fugacity on the
development of mineral assemblages in alkaline to peralkaline rocks has been extensively discussed
in the literature. As such, it is appropriate to qualitatively comment on the possible influence of
oxygen fugacity on the evolution of the Ampasibitika Intrusion. Evolutionary trends in alkaline
magmatic systems typically begin with highly reduced conditions at magmatic stages that evolve
toward relatively oxidised during hydrothermal stages (e.g. Marks et al., 2004a, 2004b; Mann et al.,
2006; Markl et al., 2010; Marks and Markl, 2015). If the low δD values of amphiboles of the T1NeSy
and AAFS result from interaction of early-crystallised amphibole with D-depleted fluids derived
from the oxidation of internally generated CH4 at a late magmatic-hydrothermal stage (Ch. 7.7),
then the oxygen fugacity at the latter stages of crystallisation would have to increase to enable:
𝐶𝐶𝐶𝐶4 + 2𝑂𝑂2 ↔ 𝐶𝐶𝐶𝐶2 + 2𝐻𝐻2 𝑂𝑂

However, if oxygen is consumed in another mineral reaction and oxidation inhibited (e.g. alteration
of arfvedsonite to aegirine) then CO2 formation will be superseded by higher hydrocarbon species
via reactions such as (Vasyukova et al., 2016):
4𝐶𝐶𝐶𝐶4 + 𝑂𝑂2 ↔ 2𝐶𝐶2 𝐻𝐻6 + 2𝐻𝐻2 𝑂𝑂

In both cases, oxidation of CH4 to CO2 or higher hydrocarbons results in the development of a Ddepleted fluid, which causes the low δD value in amphibole by secondary H-isotope exchange, as
suggested by Marks et al. (2004b) for amphiboles of the Ilímaussaq Complex. Late stage oxidation
of previously generated CH4 is consistent with increasingly oxidising conditions during cooling in
alkaline to peralkaline systems (Markl et al., 2001; Marks et al., 2004b). In such systems, CH4 may
be of magmatic (Marks et al., 2004b) or hydrothermal (Salvi and Williams-Jones, 2006) origin. Thus,
although the crystallisation of late magmatic to hydrothermal aegirine and to a lesser extent
arfvedsonite may drive residual melts/fluids to increasingly reducing conditions, the Na-rich, late
magmatic-hydrothermal melts/fluids from which they crystallised may be relatively oxidised in
comparison to the melts that crystallised the early magmatic assemblage. The presence of relatively
oxidised late-stage magmatic-hydrothermal conditions is further indicated by the positive
correlation between increasing Li+ and Fe3+ content in amphiboles of the AHNS (Ch. 7.2.5).
The development of relatively oxidised late magmatic-hydrothermal melt/fluid conditions is likely
promoted by increasing Fe2O3/FeO ratios in residual melts by the removal Fe2+ through fractional
crystallisation of Fe2+ dominated mafic minerals (e.g. hedenbergite, hastingsite). The possibility of
varying melt/fluid ƒO₂ suggests that the evolution of melts and fluids of the Ampasibitika Intrusion
is quite complex and does not follow simple increasingly reducing or oxidising trends. Oxidation of
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early-reduced carbon species and development of carbonate-enriched residual melt and/or
exsolved melt or fluid phases is consistent with the development of late carbonate-rich
assemblages in rocks of the Ampasibitika Intrusion and the initial retention of carbon species and
volatiles in peralkaline melts (Möller and Williams-Jones, 2016a, 2016b).
9.8.2. Shallow Crustal Differentiation and Fluid/Melt Expulsion: REE Mineralised Granitic Dykelets
Mineralogy (Ch. 6.3.3, 7.5.5 & 7.5.3) and available whole rock geochemistry (Ch. 8) of the granitic
dykelets clearly indicates high REE concentrations. These dykelets are predominantly found in the
Marginal Dyke Swarm and appear to originate from the REE-mineralised PGD (Estrade et al., 2015).
The FQ-dykelets contain blue sodic amphibole, pyrochlore and late zircon, and thus are similar to
the GR-III of the PGD, albeit further enriched in quartz, HFSE- and REE-phases. Additional similarities
between the GR-III PGD and FQ-dykelets include elevated REE content with similar chondrite and
primitive mantle normalised profiles (Ch. 8.6; Fig. 8.5) and overlapping δ18O quartz from these units
(Ch. 7.7.3.3; Fig. 7.19). The crystallisation of fluorite, REE-fluorcarbonate and monazite indicates
that this melt was enriched in F¯, CO₃²¯ and PO₄³¯. This suggests that precipitation of REE-phases in
this rock was triggered by an elevation in REE-binding ligands (F¯, CO₃²¯ and PO₄³¯) or loss of REEtransporting ligands (Cl¯, SO₄²¯), increase in pH (Estrade et al., 2015) and/or decreasing
temperature (Migdisov et al., 2016). Therefore, the FQ-dykelets are suggested to represent an
extension of the PGD as a highly differentiated (distal) product of these evolved granitic pegmatitic
melts (Fig. 9.3; Estrade, 2014a,b).
The AEQ and CZQ dykelets contain high proportions of allanite and, to a lesser extent, titanite
respectively (Ch. 6.3.3). Similar δ18O quartz values for the AEQ, CZQ and GR-II PGD indicate that this
melt/fluid was derived from or extensively interacted with the PGD (Ch. 7.7.3.3; Fig. 7.19). In
addition, a magmatic origin of these dykes is suggested by late calcite having a magmatic carbonate
stable isotope signature (Ch. 7.7.2.2 & 7.7.3.2). Therefore, the AEQ and CZQ dykelets are inferred
to represent the final aqueous volatile-rich melt or fluid phase exsolved during the alteration of the
GR-II PGD (Fig. 9.3). This is consistent with the development of allanite-(Ce) after eudialyte and
ferriallanite-(Ce) + calcite mantling pyrochlore in the GR-II PGD observed by Estrade et al. (2014b),
showing that these late alteration melts/fluids have the ability to form allanite-rich assemblages.
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Negligible

Figure 9.3. Possible relationships of the various PGD and Granitic Dykelets. Blue arrows indicate pathways of exsolved or orthomagmatic alteration fluids.
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9.9. Magmatic to Sub-Volcanic Evolution
To attempt to explain the wide range of igneous rock compositions and varying conditions during
melt evolution and emplacement, the following conceptual model for the Ampasibitika Intrusion is
proposed:
1. Low degree partial melting of a metasomatised, enriched mantle source produced an alkali
basaltic/basanitic parental melt (Section 9.2).
2. Alkali and HFSE-enriched parental melts experienced moderate plagioclase fractionation
and negligible crustal contamination prior to emplacement in a shallow crustal magma
chamber (Section 9.2).
3. Within the shallow crustal magma chamber, fractional crystallisation of alkali feldspar led
to the development of increasingly peralkaline and volatile-rich evolved melts (Section 9.3).
Coalescence of these (immiscible) volatile-rich melts in the uppermost portions of the
magma chamber resulted in interaction with previously crystallised cumulates/assimilation
of country rock and the development of the silica-saturated series (section 9.4, 9.5 & 9.6).
4. Intrusion of a concentric dyke swarm tapped melts from this upper part of the magma
chamber, resulting in the intrusion of the volatile-rich MSD and PGDs (Section 9.4). The PGD
continued their evolution on emplacement including: a) the development of the FQdykelets as distal expressions of the GR-III, and b) alteration of the GR-II by orthomagmatic
fluids and escape of these fluids into surrounding country rock to form the AEQ- and CZQdykelets (Section 9.8.2).
5. Major eruptions, promoted by the intrusion of mafic melts and overturning of the stratified
parental magma chamber, led to sinking of the magma chamber roof and caldera
formation. At this time, emplacement of alkali feldspar-rich crystal mushes into ring
fracture formed the Ampasibitika Annular Intrusion (Section 9.7).
6. Localised fractional crystallisation, differentiation and development of liquid immiscibility
in residual melts within the high-level, ring dyke intrusion (Section 9.8.1).
7. Late -stage melts and magmatic-hydrothermal fluids caused alteration of primary magmatic
minerals (Section 9.8.1) and initiation of hydrothermal system in the Central Caldera facies
(Section 9.8).
This model does not explain by any means all features of the Ampasibitika Intrusion; however, this
model places some constraints on the relationships between rocks of the Ampasibitika Intrusion.
Understanding these relationships is key to evaluating the processes responsible for the lithological
heterogeneity and varied REE mineralisation across the Ampasibitika Intrusion.
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9.10. REE Deportment and Availability for Ion Adsorption Ores of the Ampasibitika Intrusion
It is apparent from the prior discussion that the magmatic to hydrothermal evolution of the
Ampasibitika Intrusion has resulted in the development of highly heterogeneous intrusive
lithologies that exhibit a range of REE signatures (Table 10.1, 10.2, 10.3 & 10.4).
9.10.1. General REE-Enrichment
The concentration of REE within rocks of the Ampasibitika Intrusion varies by up to two orders of
magnitude (Fig. 9.4), with the highest concentrations recorded in the GR-III and FQ granitic dykelets
(Table 9.2). In the AAFS and AHNS, increasing REE content is generally coupled by increasing degrees
of alkali feldspar (± plagioclase) fractional crystallisation experienced by the parental melt (Ch. 8;
sections 9.2 & 9.3). The strong REE-enrichment of the PGD is inferred to result from the coalescence
of immiscible/residual salt-rich melts, which sequestered REE from the magmatic cumulates (e.g.
AAFS & AHNS), in the magma chamber roof zone (see sections 9.5 & 9.6.2). With the development
of progressively Na-dominated early magmatic assemblages in the AHNS unaltered T2NeSy and
T3NeSy (Ch. 6.2.1, 7.1 & 7.2) there is a decrease in REE content (Fig. 9.4). This is consistent with the
development of an immiscible salt- and volatile-rich melt, which sequesters the REE, at the late
stages of crystallisation of these lithologies (Section 9.5).
Although strong REE-enrichment in rocks increases the total concentration of REE available, for the
development of ion adsorption ores the REE must be released from their host minerals during
supergene processes (Ch. 2.5.3).

Figure 9.4. Whole-rock primitive mantle normalised trace element patterns for data on representative samples from this
study and Estrade et al (2014a, b). Arrows show direction of increasing melt evolution/differentiation for the AAFS (purple),
AHNS (blue) and PGD (red). From these data it is apparent that REE increase with further melt evolution in the AAFS and
PGD and decrease in the AHNS. *denotes fields containing data from Estrade et al. (2014a, b).
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9.10.2. REE-Host Minerals
With the exception of apatite and eudialyte, HFSE- and especially primary REE-mineral phases are
generally accessory or late-magmatic phases in the AAFS, AHNS and MSD. Only in the PGD and
granitic dykelets are REE-mineral phases major rock-forming or early-crystallised components (Ch.
6.3.2 & 6.3.3). Early magmatic REE-host phases of the AAFS and AHNS appear to be calcicclinopyroxene (hedenbergite; Ch. 7.1), calcic-amphibole (hastingsite; Ch. 7.2) and apatite (Ch.
7.5.1). REE-enriched amphibole and pyroxene are inferred to be favourable REE-source minerals
for ion adsorption ores, as during intense chemical weathering these minerals decompose to form
clay minerals (Ch. 2.5.3.1; see Ch. 10.3; Wilson, 2004; Anand, 2005). Subsequent late magmatic
development of interstitial mineral assemblages has a variable effect on the distribution of REE.
In the AHNS, the development of increasingly sodic clinopyroxene (aegirine) and amphibole
(katophorite + arfvedsonite) is coupled with decreasing REE-content in these mineral phases. The
concentration of REE in late magmatic to hydrothermal fluids resulted in hyperagpaitic conditions
and REE-enrichment in corroded apatite rims during the latest stages of hydrothermal evolution in
the T1NeSy (Ch. 6.2.1.2), and the occurrence of hydrothermal monazite as the only discrete REE
mineral observed in the T2NeSy (Ch. 6.2.1.3). Thus, during late magmatic to hydrothermal evolution
replacement of early calcic-amphibole and -clinopyroxene with increasingly sodic varieties
decreases the favourability of these minerals as sources of REE for ion adsorption ores. In addition,
the development of monazite as a late magmatic REE-mineral phase is generally unfavourable for
the formation of ion adsorption ores (Ch. 2.5.3).
In the AHNS T3NeSy, late fluid exsolution has resulted in the development of REE-fluorcarbonate in
lieu of eudialyte, although earlier magmatic evolution of this agpaitic syenite has resulted in a
relatively REE-poor whole-rock composition. Although eudialyte may also decompose during
weathering, studies have found that the alteration products include HFSE- and Feoxides/hydroxides, which may bind the REE too strongly for leaching using weak electrolyte
solutions (Ch. 2.5.3.1; Valeton et al., 1997). However, the development of REE-fluorcarbonates is
inferred to be beneficial for the development of easily leachable REE deposits (Sanematsu and
Watanabe, 2016).
In the AAFS, the deportment of REE in the T1AfsSy and T2AfsSy contrasts greatly. Inferred closedsystem early to late magmatic evolution of the T1AfsSy results in the concentration of REE in
increasingly sodic aegirine-augite and katophorite after early magmatic hedenbergite, this REEenrichment in the residual melt is also indicated by the development of britholite mantles on early
apatite. In the T2AfsSy, the concentration of REE in amphibole and clinopyroxene decreases rapidly
with increasing Na content (Ch. 7.1). Instead, REE host phases include late magmatic to
239

9. Evolution of the Ampasibitika Intrusion
hydrothermal REE-fluorcarbonate, zircon and pyrochlore, and minor early magmatic apatite (Ch.
6.1.2). The development of REE-fluorcarbonate is thought to reflect the development of the
segregated carbonate melt/fluid (Section 9.8.1). Apparent infiltration of this carbonate fluid into
the T1AfsSy has resulted in the variable replacement of late magmatic britholite by REEfluorcarbonate (Ch. 6.1.1). Thus, in the AAFS the REE are generally concentrated in late magmatic
to hydrothermal mineral phases. The development of REE-rich amphibole and clinopyroxene,
britholite and hydrothermal REE-fluorcarbonates, which are all susceptible to decomposition during
weathering, in the T1AfsSy is favourable for the development of ion adsorption ores. In the T2AfsSy,
the development of REE-fluorcarbonate, and to a lesser extent pyrochlore, is beneficial for the
release of REE during weathering, whereas zircon hosted REE are unavailable.
Only in the PGD does there appear to have been extensive redistribution of REE from earlycrystallised mineral phases (Ch. 9.11; Estrade et al., 2014b, 2018), with the proposed development
of the AEQ and CZQ granitic dykelets from alteration fluids effecting the GR-II PGD (Ch. 9.9.2). The
metamict nature of pyrochlore present in the dykelets is inferred to aid the dissolution of this phase
during weathering (Ch. 6.3.3). In addition, REE-rich allanite and titanite (Ch. 7.5.2 & 7.5.3) are
relatively susceptible to breakdown and are proposed to be REE-source minerals of other ion
adsorption deposits (Sanematsu et al., 2013, 2016). Thus, although alteration has resulted in the
development of insoluble zircon + quartz assemblages in some of the PGD, redistribution of some
of the REE-budget into the CZQ and AEQ granitic dykelets means a portion of the REE remain
available for release during supergene processes. The development of networks of these thin
dykelets results in great heterogeneity in the potential ion adsorption ore protoliths, with the
presence of the AEQ and CZQ dykelets providing a concentrated source of easily degradable REE
minerals in otherwise relatively REE-poor country rocks.
In summary, the REE are generally concentrated in residual or highly evolved melt phases, thus
discrete REE minerals are generally only developed form these highly REE-enriched melts. Late
magmatic to hydrothermal evolution results in a variety of alteration assemblages, with REE hosted
in mineral phases of variable stability during weathering. Alteration melts/fluid may either cause
localised alteration without significant REE transport or transport the REE away from their original
magmatic host; these melts/fluids may either be sourced internally (i.e. development of immiscible
melts/fluids during crystallisation of the parental melt) or externally (i.e. circulation of melt/fluid
derived fluid exsolution from other magmatic units).
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Part 2: Weathering Evolution of Regolith Profiles
Part 2 of this thesis is focussed on the regolith profiles developed across the Ampasibitika Intrusion
that host variable quantities of ion exchangeable REE (Gilbertson, 2013; Desharnais et al., 2014;
Estrade et al., 2019). This is divided into two sections, with Ch. 10 reviewing and describing data
collected by previous workers and our SoSRARE project work on the regolith and associated REE
mineralisation across the Ampasibitika Intrusion, and Ch. 11 analysing the results of stable isotope
analyses on clay minerals done as part of this study. The characteristics and interpretations from
this body of work are then used to assess the bedrock control on ion adsorption ore formation in
the synthesis Ch. 12 of this thesis.

10. Characteristics of Regolith of the Ampasibitika Area
At the start of this section, a review of previous work done on the ion adsorption ores of the
Ambohimirahavavy Alkaline Complex is provided. Following this review, key results and
descriptions of the regolith profiles investigated by WP2 of the SoSRARE project are given. Although
Dr Guillaume Estrade (University of Brighton/Géosciences Environnement Toulouse) was the
leading researcher on the characterisation of the ion adsorption ores, I was involved in the
sampling, field descriptions and some mineralogical characterisations of the regolith material.
These data provide useful context for the clay mineral stable isotopes study (Ch. 11), which assesses
the weathering conditions operating during the formation of these regolith profiles. Full
characterisation of regolith profiles investigated and possible constraints on the REE distribution
within these profiles is discussed by Estrade et al. (2019).
10.1. Lateral Distribution of REE in Regolith
The plan view of the regolith-hosted base case resource of total REE₂O₃ excluding cerium was
determined by Desharnais et al. (2014; Fig. 10.1). Tantalus Rare Earths AG defined five prospect
areas based on historical exploration and airborne geophysics data (Gilbertson, 2013). The most
detailed work took place in the Ampasibitika, Ampasibitika South and eastern portion of the Caldera
prospects.
A notable feature of the distribution of REE mineralisation in the regolith is the heterogeneity.
Apparent ‘hotspots’ of REE mineralisation can be approximately correlated to specific bedrock
units, in particular alkali feldspar syenites of the ring dyke, granitic pegmatitic dykes of the marginal
dyke swarm and nepheline microsyenite of the Central Volcanic Plug. There is also a small hotspot
in the area overlying nepheline syenite in the northern portion of the Caldera prospect. However,
there are some caveats to using this base case estimate to indicate which bedrock is best for the
development of ion adsorption ores:
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1. Base case resource estimate was determined using regolith samples.
•

Sampling requires the presence of regolith, in areas where there is limited regolith
(e.g. Ankobabe nepheline syenite boulder field; Ch. 5.2.1.2) there may be a lack of
sample material or the weathering profiles present are not advanced enough for
the accumulation of REE.

2. This base case resource shows the total REE present within the regolith and not the amount
of ion exchangeable REE present.
•

Thus, areas of very high REE in the regolith may simply represent accumulations of
REE-bearing minerals resistant to weathering rather than accumulations of REE
adsorbed to clay minerals.

Metallurgical test work to determine the proportion of ion exchangeable REE was undertaken by
Moldoveanu and Papangelakis (2013) for Tantalus Rare Earths AG. The results of this study showed
that the proportion of ion exchangeable REE varies between samples (Table 10.1). Differences
between the percentage extraction between the (NH₄)₂SO₂ and NaCl lixiviants may indicate that
the (NH₄)₂SO₂ has extracted REE from carbonate host minerals as well as the ion exchangeable REE
fraction (Estrade et al., 2019). Limitations to this study include limited test material (5 samples) and
negligible geological context.

Figure 10.1. Adapted after Desharnais et al. (2014): SGS NI 43-101 plan view of base case* REE₂O₃ (excluding Ce) resource
in the regolith developed upon the Ambohimirahavavy Alkaline Complex. Hatched areas define the distribution of the
Peralkaline Granitic Dykes defined by Estrade et al. (2014a). *This is the total REE2O3 content and does not account for
recovery losses.
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Table 10.1. Results of Moldoveanu and Papangelakis (2013) test work for Tantalus Rare Earths AG
reported in Desharnais et al. (2014).
% extraction of total REE [1]
Sample
TREO
Sample Code
Prospect
Material
depth
(wt. %) (NH₄)₂SO₂[2]
NaCl[3]
MC1/I618258
Caldera
6.50 – 7.00
Saprolith
0.295
62.4
46.0
MC2/I618440
Caldera
5.50 - 6.00
Saprolith
0.235
63.0
44.1
MC3/L546213
Caldera
4.00 - 4.50
Saprolith
0.468
76.1
44.0
Weathered
MC4/L546571
Befetina
7.00 - 7.50
0.093
23.4
bedrock (syenite)
MC5/L547432
Befetina
5.00 - 5.50
Saprolith
0.125
59.4
40.2
[1] Base line conditions: solid/liquid = 50 g sample/100 mL lixiviant, room temperature (22°C), and initial test
duration of 1 hour. Sample and lixiviant mixture stirred for 30 minutes to ensure suspension of solids.
[2] 0.5M (NH₄)₂SO₂ lixiviant at pH c. 5.4
[3] 1M NaCl lixiviant at initial pH c. 5.0 adjusted with 0.1M HCl to avoid REE loss via hydrolysis.

10.2. Characterisation of Regolith Profiles by SoSRARE
Selection of regolith profiles from the Ampasibitika Intrusion was guided by previous exploration
work done by Tantalus Rare Earths AG (Fig. 10.1). The company have collected regolith and bedrock
material from 4412 pits and 359 boreholes resulting in a geological and geochemical data set for
the Ambohimirahavavy Complex, which enabled the development of a 3D geological model and
mineral resource estimation (Gilbertson, 2013; Desharnais et al., 2014). On the basis of the
geological and resource models regolith samples were obtained from four boreholes (TAND007,
TAND044, TAND097 and TAND109), two road cuts, 6 pits and 1 surface saprock sample SR603, all
located in the eastern portion of the Intrusion and associated with a variety of lithologies (Fig. 5.1.;
Table 10.2; Estrade et al., 2019). Surface saprock sample SoSRARE0603 was collected primarily for
laboratory weathering experiments to monitor the degradation of REE phases during weathering
under controlled conditions; these experiments are in progress at the British Geological Survey
(Nottingham).
10.2.1. Regolith Mineralogy
Estrade et al. (2019) described the mineralogical composition of regolith of the Ampasibitika
Intrusion. X-Ray diffraction reveals that major regolith components include kaolin-group clays
kaolinite and halloysite, gibbsite and quartz. Haematite and goethite are minor phases (<5%) and
zircon locally occurs. In general, the proportion of gibbsite to kaolin-group clays and the proportion
of kaolinite to halloysite decreases with depth. This is consistent with the formation of these phases
during lateritic weathering, where with increased weathering intensity in the pedolith kaolin group
minerals are transformed to gibbsite and kaolinite is relatively stable compared to halloysite (Ch.
2.5.3.1 - Fig. 2.12; Anand, 2005). The presence of quartz may either reflect the development of
secondary silica or residual quartz derived from the protoliths. The distribution and variety of REEbearing phases of the regolith profiles and associated protolith was assessed using scanning
electron microscopy by Estrade et al. (2019). Regolith material amenable for such analyses was
limited to borehole TAND044, Pit BTPIT-IIII and surface saprock sample SR603.
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The mineralogy of REE-bearing phases changes with depth in the regolith profiles and with different
protoliths. Zircon is the predominant residual mineral phase in the pedolith of TAND044. Unusual
dendritic textured zircons in the ferruginous pedolith are similar to those of the GR-II PGD (Estrade
et al., 2014b), suggesting that the protolith at this regolith level is a GR-II dyke. With increasing
depth, pyrochlore becomes a more prevalent phase; in saprock material, pyrochlore Pb enrichment
occurs adjacent to fractures, indicating that this mineral phase is reactive during weathering
processes. In the deepest saprock samples, REE-fluorcarbonates occur alongside Fe-oxides and
(Mn, Fe)-bearing carbonate phases; these assemblages are similar to those described in
microsyenite dykes of the marginal dyke swarm (Ch. 6.3.1), thus may represent the primary
mineralogy rather than the products of weathering. Regolith material from BTPIT-1111 contains an
unidentified Ca-REE-phosphate as the predominant REE-mineral phase, which Estrade et al. (2019)
proposed was a weathering product of monazite.
Mineralogical analysis of surface saprock sample SR603 is courtesy of Dr Alicja Lacinska (BGS).
Surface saprock sample SR603 is predominantly comprised of alkali feldspar, amphibole
(arfvedsonite/katophorite) and clinopyroxene (aegirine-augite), which are variably altered.
Accessory phases included include (Fe, Ti)-oxides, Cr-oxides, apatite, REE-fluorcarbonates, allanite,
niobate and trace zircon. Apatite and allanite are typically <50 µm and occur as euhedral crystals
hosted by amphibole or alkali feldspar crystals, whereas REE-fluorcarbonate minerals occur as
coatings on larger grains. These mineralogical and textural characteristics are similar to those
described for the AAFS T1AfsSy (Ch. 6.1.1).
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Regolith

et al., 2019]

Bedrock

Regolith

Table 10.2. Descriptions of regolith material collected from profiles across the Ampasibitika Intrusion and analytical techniques applied to samples from these profiles.
Sample Set
Description
Techniques applied
BOREHOLES
• XRD
Pedolith (0.0 – 1.25 m): Brick red with some saprock clasts, inferred mudstone precursor.
Saprolite (1.25 – 3.0m): Yellow brown to brownish-white, with mottled blue-grey material close to
• Ammonium sulphate leach.
pedolith-saprolite transition, some red (iron) stained bands, inferred mudstone precursor.
• Whole rock major and trace
TAND007
Saprock (3.0 – 3.5 m): Low-density pale brown with dark-grey to black staining (manganese). Initially
element analyses.
[BH4 in Estrade
fragmented becoming increasingly intact with depth, inferred mudstone precursor.
• δ¹⁸O kaolinite (Ch. 11).

TAND044

Bedrock

[BH1 in Estrade
et al., 2019]

Mudstone intruded by granitic and trachytic/syenitic dykes of the marginal dyke swarm. Near surface
material comprised of altered mudstone with millimetric AEQ granitic dyklets.
Pedolith (0.0 – 7.75 m): Brown red soil with plant matter transitions downwards into brick-red ferricrete
with white patches and relic grains of quartz and amphibole grains (1 – 2 mm), inferred syenitic precursor.
Between 5.25 and 6.5 m brick-red laterite without relic grains, inferred mudstone protolith.
Saprolite (7.75 – 9.25 m): Very pale-pink to red, low-density fractured saprolite material, inferred
microsyenite precursor.
Saprock (9.25 – 11.25 m): altered microsyenite with thin (mm to cm) crosscutting granitic dyklets between
9.25 and 10.0 m.
Weakly weathered bedrock (11.25 – 12.0 m): White-grey-pink syenite dominated by alkali feldspar,
altered interstitial amphibole (1-4 mm) with interstitial assemblages of Mn-Fe-carbonate.
Un-weathered bedrock is comprised of mudstone crosscut by granitic and syenitic dykes of the marginal
dyke swarm. Granitic dykes and dyklets present are of GR-II, AEQ and CZQ varieties. Microsyenitic and
trachytic dykes are comprised of alkali feldspar ± quartz with interstitial assemblages dominated by
carbonate and Fe-Ti-Mn oxide assemblages with sporadic fine-grained sulphide (pyrite/sphalerite) grains
and strings.
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•

Data presented in Ch. 5 to Ch. 8.

•
•
•
•
•

XRD
Ammonium sulphate leach.
Magnesium chloride leach.
Whole rock major and trace
element analyses.
δ¹⁸O and δD kaolinite (Ch. 11).

•

Data presented in Ch. 5 to Ch. 8.
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[BH3 in Estrade
et al., 2019]

RS1

[RS1 in Estrade
et al., 2019]

RS2

[RS2 in Estrade
et al., 2019]

Bedrock

TAND109

Underlain by T1AfsSy and T2AfsSy syenites of the Ampasibitika Annular Intrusion. Type-1 alkali feldspar
syenite with minor carbonate-vug fill present near surface. Lamprophyre and trachyte dyke/block present
at depth (60 m).

Regolith

[BH2 in Estrade
et al., 2019]

Description
Pedolith (0.0 – 2.75 m): Brick red to brown soil material with abundant relic feldspar and other precursor
minerals, plus organic matter. With depth pedolith becomes slightly mottled.
Saprolite (2.75 m – 4.25 m): Altered syenite (kaolinised) with red iron and black manganese staining.
Humus/organic matter ‘wash-down’ material in fractures and pore space. Feldspar pseudomorphs visible.
Saprock (4.25 – 8.0 m): Altered syenite.

Pedolith (0.0 – 2.25 m): Brick red clay rich material with some small saprock clasts (3 mm) with mottled
appearance closer to pedolith-saprolite transition.
Saprolite (2.25 – 3.0 m): Laminated texture present within clay-rich material.
Saprock (3.0 – 4.0 m): Weathered mudstone material.

Bedrock

TAND097

Regolith

Table 10.2. cont.
Sample Set

Bedrock material available at depths > 24 m. Mudstones are variably bleached/altered and are crosscut
by network of mm to cm wide AEQ and CZQ dyklets and carbonate veins.

ROAD SECTIONS
Weathered road cut. Relationships of now weathered felsic and mafic dykes crosscutting mudstone are
apparent from colouration and textural differences across the road cut. Regolith material varies from pedolith
to saprolite, no saprock or bedrock material observable.
Inferred protolith: Mudstone crosscut by felsic and mafic dykes.
Weathered road cut located above Ampasibitika Annular Intrusion, thus precursor material proposed to be
alkali feldspar/quartz syenite. Orange-red pedolith and pink saprolite separated by layer of mottled yellowgreen pedolith material.
Inferred protolith: Alkali feldspar ± quartz syenite of the Ampasibitika Annular Intrusion.
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Techniques applied

•

XRD
Ammonium sulphate leach.
Whole rock major and trace
element analyses.
δ¹⁸O and δD kaolinite (Ch. 10).

•

Data presented in Ch. 5 to Ch. 8.

•
•
•

XRD
Ammonium sulphate leach.
Whole rock major and trace
element analyses.

•

Data presented in Ch. 5 to Ch. 8.

•
•
•
•

XRD
Ammonium sulphate leach.
Magnesium chloride leach.
Whole rock major and trace
element analyses.
XRD
Ammonium sulphate leach.
Magnesium chloride leach.
Whole rock major and trace
element analyses.

•
•
•

•
•
•
•
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Table 10.2. cont.
Sample Set

BTPIT-1111

[Pit 2 in Estrade
et al., 2019]

Pit 1

[Pit 1 in Estrade
et al., 2019]

Pit 2

Pit 3

[Pit 3 in Estrade
et al., 2019]

Description

PITS

Pedolith/Saprolite: Aluminosilicate and chlorite alteration products after primary alkali feldspar and
ferromagnesian minerals.
Inferred protolith: Peralkaline microsyenite volcanic plug containing fine-grained monazite.

Pedolith (0.0 – 4.5 m): Homogeneous organic matter- and clay-rich material transitions into locally mottled
zone occurs at 1.25 to 2.0 m. Below mottled zone pedolith is relatively stiff/consolidated becomes increasingly
rich in resistant mineral grains with depth.
Saprolite (4.5 – 6.5 m): Pink-orange saprolite transitions downwards into increasingly consolidated yelloworange saprolite.
Inferred protolith: Peralkaline microsyenite volcanic plug.
Very shallow regolith developed on alluvial terrace. Boulders occur at shallow depths and water table reached
at 1 m below surface. Pedolith (0.0 – 0.75 m): Topsoil underlain by dark-brown clay rich material, present at
shallow depths and in space between syenitic boulders.
Inferred protolith: Mixed alluvial terrace material.
Pedolith (0.0 - 3.75 m): Orange-brown clay-rich material that containing increasing quantities of scattered
saprolitic patches from 1.75 m downwards. Horizon at 1.5 to 1.6 m rich in quartz and secondary white and black
(manganese) mineral grains. Colour becomes paler and proportion of saprolitic material increases in proximity
of pedolith-saprolite boundary.
Saprolite (4.0 – 4.25 m): Top of saprolite, mottled white-brown clay rich material with original syenite texture
becoming increasingly apparent.
Saprock (4.25 – 4.3 m): blocks of white altered syenite transitions downwards into increasingly consolidated
saprock.
Inferred protolith: Alkali feldspar ± quartz syenite of the Ampasibitika Annular Intrusion.
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Techniques applied
•
•
•
•
•
•
•
•
•
•
•
•
•

•
•
•
•

XRD
Ammonium sulphate leach.
Magnesium chloride leach.
Whole rock major and trace
element analyses.
SEM BSE imagery and EDX spectra.
XRD
Ammonium sulphate leach.
Some magnesium chloride, acetic
acid, hydroxyl-ammonium chloride
and hydrogen peroxide leaches.
Some whole rock major and trace
element analyses.
δ¹⁸O and δD kaolinite (Ch. 11).
XRD
Ammonium sulphate leach.
Whole rock major and trace
element analyses.
XRD
Ammonium sulphate leach.
Some whole rock major and trace
element analyses.
δ¹⁸O and δD kaolinite (Ch. 11).
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Table 10.2. cont.
Sample Set

Pit4

Pit 5

[Pit 4 in Estrade
et al., 2019]

SR603

Description
Pedolith (0.0 – 1.0 m): Red clay-rich material with small (up to 3 cm) yellow and pink clasts of altered
mudstone.
Saprolite (1.0 – 2.5 m): Consolidated dark-red clay-rich saprolite with patches of pink-purple, yellow-orange
and grey material. Suspected millimetric dyklets/veinlets present at 1.75 m depth. Below 2.25 m saprolite
changes to light-grey material with syenitic texture, that is variably stained red-orange.
Inferred protolith: Mudstone with thin dyklets crosscut by microsyenite dyke of the marginal dyke swarm.
Heterogeneous regolith comprised of alternating pedolith-saprolite horizons.
Pedolith (0.0 – 1.0 m): Moderately stiff orange-brown clay with patches of yellow material. Block of white
weathered syenite saprock present at edge of pit at 0.75 m.
Saprolite (1.0 – 1.25 m): White clay-rich saprolite, inferred syenite precursor.
Pedolith: (1.25 – 2.5 m): Stiff orange-brown clay with saprolitic patches and small quartz grains. Inferred
mudstone precursor.
Saprolite (2.5 – 2.75 m): Light coloured medium-grained altered syenite with stiff orange-brown clay present
in fractures between clasts.
Saprock (2.75 – 3.5 m): White medium-grained syenite saprock.
Inferred Protolith: Mudstone crosscut by syenite dykes of the marginal dyke swarm.
SURFICIAL MATERIAL
Weakly weathered alkali feldspar syenite from outer slope of Ampasibitika Annular Intrusion. Primary
magmatic textures still apparent.

Techniques applied
•
•
•

XRD
Ammonium sulphate leach.
Some whole rock major and trace
element analyses.

•
•

XRD
δ¹⁸O and δD kaolinite.

•

Magnesium chloride, acetic acid,
hydroxylammonium chloride and
hydrogen peroxide leaches.
Whole rock major and trace
element analyses.
SEM BSE imagery and EDX spectra.

•
•
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10.2.2. Distribution of REE within Regolith Profiles
Desharnais et al. (2014) and Gilbertson (2013) describe the distribution of REE mineralisation within
the regolith profiles as erratic. In spite of this, there are some trends present, with REE content
generally increasing with depth then decreasing when approaching un-weathered bedrock material
(Gilbertson, 2013; Desharnais et al., 2013). Estrade et al. (2019) describe similarly erratic REE
distributions in regolith profiles. In addition, Estrade et al. (2019) determined the percentage of ion
exchangeable REE within the regolith profiles and observed the following features:
 Extraction of REE by the lixiviant ammonium sulphate (ion exchangeable) varies in both
absolute concentration and proportion relative to whole rock REE content (Fig. 10.2a).
 There is no consistent correlation between regolith horizon and the concentration of REE,
although generally REE content increases with depth (Estrade et al., 2019).

Figure 10.2. Bivariate plots showing concentration of ion exchangeable REE extracted using ammonium sulphate versus
whole rock for: a) Total REE plus Y and excluding Ce, B) LREE excluding Ce, C) HREE and Y, and D) Ce in ppm. Lines show
the percentage recovery of ion exchangeable REE relative to whole rock. Data source: Estrade et al. (2019).
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 The LREE are typically more amenable to extraction by ammonium sulphate relative to the
HREE+Y (Fig. 10.2b-c).
 Cerium behaves differently to the other LREE and exhibits more limited ion exchangeable
behaviour (Fig. 10.2d). Chondrite normalised profiles have positive or neutral Ce-anomalies
in the upper pedolith that progress to negative anomalies in deeper horizons.
 Regolith with low total REE content may have a high proportion but low concentrations of
ion exchangeable REE.
 Regolith with high total REE content may have a low proportion of ion exchangeable REE,
although the concentration of ion exchangeable REE may still exceed that of less REEenriched regolith with higher proportions of ion exchangeable REE.
10.3. Proposed Controls on REE Distribution within Regolith Profiles
The erratic distribution between and within regolith profiles is proposed to result from both
lithological heterogeneity of the protoliths and hydrological variability between the pedolith and
saprolite (Estrade et al., 2019). From our work and previous studies of ion adsorption deposits (Ch.
2.5), it is evident that the availability of REE for ion adsorption ores is controlled by the presences
of REE-minerals susceptible to dissolution in acidic soil water (Table 10.2; Ch. 2.5.3.1), rather than
the total REE-content of the protolith. Hydrothermal and autometasomatic alteration are
considered as key processes in the development of REE-phases susceptible to dissolution for several
ion adsorption deposits (Ch. 2.5.3). In contrast, at Ampasibitika, alteration of earlier REE-bearing
phases (e.g. eudialyte) in the peralkaline granitic dykes has resulted in the development of
secondary zircon (Estrade et al., 2014b, 2018). Zircon is resistant to dissolution, and thus the REE
unavailable for ion adsorption.
From the study of Estrade et al. (2019) it is apparent that hydrothermal and autometasomatic
alteration of protoliths controls the availability of REE for subsequent adsorption to clay minerals.
During such hypogene alteration, major rock-forming minerals also decompose to weathering
products. In the following chapter, the conditions of regolith formation are assessed using stable
isotope techniques.
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Table 10.3. Assessment of susceptibility to dissolution of selected mineral phases during the weathering and the development of regolith profiles.
Mineral
Susceptibility to dissolution?
Observed in regolith profiles of SoSRARE study?
Notes (see Ch. 2.5.1.3 & 9.10)
Accessory REE-host Minerals
Yes: dendritic and euhedral zircon observed. Appears
Zircon
Strongly Resistant
Metamictisation may increase dissolution susceptibility.
unaffected by supergene alteration processes.
Strongly to Moderately
Yes: Partially altered pyrochlore present in saprock. PbPyrochlore
Metamictisation likely increases dissolution susceptibility.
Resistant
enrichment along fractures.
No: possible zircon + quartz pseudomorphs after
Degrades to Fe-, Mn- and HFSE-oxide/hydroxides. Limited
Eudialyte
Weakly Resistant
eudialyte observed but no evidence of eudialyte
information available on degradation during weathering.
decomposition observed.
Moderately Resistant - may
Solubility increases with decreasing pH in weathering
Observed in weakly weathered saprock (SR603).
Apatite
form secondary
environment. Possible development of secondary
Otherwise not observed in regolith.
REE-phosphate phases
phosphate minerals unfavourable for ion adsorption ores.
Forms REE mineral sand placer deposits. Does
Strongly-Moderately Resistant
decomposed during intense lateritic weathering but
No: Secondary Ca-REE-phosphate minerals proposed to
Monazite
- may form secondary
development of secondary phosphate minerals
be alteration products.
REE-phosphate phases
unfavourable for ion adsorption ores.
Britholite
Weakly Resistant
No: not observed in regolith.
Unstable in weathering environment.
Titanite
Weakly Resistant
No: not observed in regolith.
Metamictisation may increase dissolution susceptibility.
Allanite
Weakly Resistant
No: not observed in regolith.
Metamictisation may increase dissolution susceptibility.
Weakly Resistant - may form
REEYes: Observed in saprock – may potentially represent
Generally considered important REE-source mineral for
secondary REE-fluorcarbonate
fluorcarbonates
primary magmatic phase or a product of weathering.
ion adsorption ores.
phases
Major Rock Forming Minerals
Generally completely degraded to clay minerals by
Relatively rapidly degradation to clay mineral phases (e.g.
Alkali Feldspar
Weakly Resistant
saprolite-pedolith level in regolith profile.
kaolinite, halloysite; Fig. 2.12).
Generally completely degraded to clay minerals and/or
Degrades to clay mineral phases (Fig. 2.12). Prior
Amphibole
Moderately-Weakly Resistant oxide/hydroxide phases by saprolite-pedolith level in
hydrothermal/deuteric alteration likely increases rate of
regolith profile.
degradation.
Generally completely degraded to clay minerals and/or
Degrades to clay mineral phases (Fig. 2.12). Prior
Pyroxene
Moderately-Weakly Resistant oxide/hydroxide phases by saprolite-pedolith level in
hydrothermal/deuteric alteration likely increases rate of
regolith profile.
degradation.
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11. Stable Isotope Analyses from Regolith of the Ampasibitika Intrusion
In this chapter, the primary objective is to use the stable isotopes of oxygen, hydrogen and carbon
to evaluate the formation conditions of regolith-hosted kaolinite to which REE may be adsorbed to
form ion adsorption ores. The results directly pertain to Objective 4 ‘determination of the
weathering conditions during the formation of regolith profiles of the Ambohimirahavavy Complex
using stable isotope techniques’ and therefore the assessment of Hypothesis 2 ‘Clay minerals that
host adsorbed REE are formed by the weathering of a variety of different igneous rocks in temperate
to tropical climates’.
In the regolith profiles, clay minerals and residual quartz (Ch. 7.7) have been analysed. Clay minerals
may form during hypogene and supergene processes. In the Ampasibitika area, sub-tropical climatic
conditions and high annual rainfall favour the formation of kaolinite. However, regolith in the area
is developed upon a range of bedrock lithologies, which have experienced a variety of magmatic
and hydrothermal processes, which may have contributed clay minerals formed in hypogene
conditions (Ch. 9.9).
11.1. Regolith Formation of Clay Minerals and Application of O and H Stable Isotopes
Within regolith profiles, clay minerals may form in situ by neoformation (direct precipitation from
solution) and/or transformation (alteration product of precursor silicate or clay minerals without
dissolution), or can be inherited (transported from source area to the site of deposition; Galán and
Ferrell, 2013). Work by Estrade et al. (2019) indicates that the kaolinite and halloysite are the
dominant clays in regolith material in the Ampasibitika area. Typically, kaolinite forms during the
intense weathering of stable landscapes with warm-humid ambient conditions (e.g. Chamley, 1989;
Fernandez-Caliani and Cantano, 2010, Galán and Ferrell, 2013), although there is evidence for
kaolinite genesis in cold-wet climates (Bird and Chivas, 1989). Halloysite typically develops as a
neoformed mineral in regolith material derived from acidic volcanic rocks (Galán and Ferrell, 2013).
Within clay minerals, there are two oxygen sites and a single hydrogen site. In addition, adsorbed
hydroxyl complexes occur on the outer surfaces of clay minerals. Oxygen isotope compositions of
pedogenic minerals are inherited from the soil water composition, which itself is related to the
isotopic composition of local meteoric precipitation (Savin and Epstein, 1970; Lawrence and Taylor,
1972). The ratio of D/H and 18O/16O is a function of the temperature during formation and the
isotopic composition of the aqueous fluid in the mineral-water system during clay mineral
formation (Savin and Epstein, 1970; Sheppard and Gilg, 1996). Unless exposed to extreme
metamorphic or diagenetic processes or unusual local conditions, evidence of post-formation
isotopic exchange of 18O/16O and D/H in clay minerals (illite, smectite, kaolinite and likely halloysite),
is typically lacking (Sheppard and Gilg, 1996; Hoefs, 2015). Therefore, clay minerals record
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information of the environment in which they formed and thus can be used to indirectly determine
the composition and therefore source or temperature of the aqueous fluid present during clay
mineral formation (Taylor, 1977; Sheppard and Gilg, 1996; Hoefs, 2015).
Oxygen and hydrogen stable isotope ratios of minerals formed in equilibrium with meteoric waters
at supergene temperatures plot along equilibrium lines approximately parallel to the Global Mean
Meteoric Water Line (GMWL; e.g. Savin and Epstein, 1970; Lawrence and Taylor, 1972; Bird and
Chivas, 1989; Vitali et al., 2001). The equilibrium mineral-water fractionation factors determine the
degree of offset of the mineral line relative to the GMWL or measured meteoric water. Thus, the
relationship between δ¹⁸O and δD values of kaolinite formed in equilibrium with meteoric water
can be modelled using the isotope fractionation factors for O and H in kaolinite relative to water of
Sheppard and Gilg (1996) and the procedure outlined by Faure and Mensing (2005):
𝑘𝑘
Oxygen: 103 ln 𝛼𝛼𝑤𝑤
=

2.76 × 106
𝑇𝑇 2

𝑘𝑘
Hydrogen: 103 ln 𝛼𝛼𝑤𝑤
=

− 6.75 [eqn. 11.1]

−2.2 × 106
𝑇𝑇 2

− 7.7 [eqn. 11.2]

In which, T is in kelvin. Combining the fractionation factors for the temperature required with the
equation:
𝑘𝑘
𝛼𝛼𝑤𝑤
=

𝛿𝛿 18 𝑂𝑂𝑘𝑘 + 103

𝛿𝛿 18 𝑂𝑂𝑤𝑤 + 103

[eqn. 11.3]

results in the following equations describing the behaviour of δ¹⁸O and δD in kaolinite relative to
temperature:
𝑘𝑘
𝛿𝛿 18 𝑂𝑂𝑘𝑘 = 𝛼𝛼𝑤𝑤
(𝛿𝛿¹⁸𝑂𝑂𝑤𝑤 + 103 ) − 103 [eqn. 11.4]
𝑘𝑘
𝛿𝛿𝛿𝛿𝑘𝑘 = 𝛼𝛼𝑤𝑤
(𝛿𝛿𝛿𝛿𝑤𝑤 + 103 ) − 103 [eqn. 11.5]

Fractionation factors are not defined for halloysite; however, comparison of δ¹⁸O and δD for
halloysite and kaolinite formed in weathering environments by Sheppard and Gilg (1996) showed
that, if temperatures of formation are similar, O and/or H fractionation factors of halloysite-water
are slightly smaller than those of kaolinite-water.
Studies of intracrystalline O isotope fractionation between hydroxyl and non-hydroxyl sites indicate
that relative to bulk kaolinite hydroxyl oxygen has lighter δ¹⁸O values (depleted in ¹⁸O; Hamza and
Epstein, 1980; Girard and Savin, 1996; Savin and Hsieh, 1998), although conclusions of these studies
are inconsistent to one another (Girard and Savin, 1996; Savin and Hsieh, 1998). For kaolinites
studied by Girard and Savin (1996) an intracrystalline fractionation factor (αnon-OH/OH) of 1.0272 ±
0.0007 at 20°C ± 10°C was calculated. Intracrystalline fractionation measurements were not carried
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out in this study; however, possible implications of this fractionation on δ¹⁸O values obtained are
evaluated.
In regolith profiles, soil water is mainly derived from meteoric water, thus the isotopic composition
of water in equilibrium with clay minerals within regolith profiles is assumed to be that of meteoric
water at the weathering site (Savin and Hsieh, 1998). However, studies of soil water show that there
are isotopic differences between meteoric and soil water, and that soil water isotopic compositions
alter with depth due to fractionation resulting from evaporation and transpiration (c.f. Savin and
Hsieh, 1998). Hsieh et al. (1998) studied the temporal and spatial variability of soil-water δ¹⁸O in
Hawaii and noted the following effects: 1) Evapotranspiration increases the soil water δ¹⁸O value
and decreases the soil water volume, 2) Input of δ¹⁸O-depleted meteoric water lowers the soil water
δ¹⁸O value and increases the soil water volume, and 3) these effects are most prominent at the
surface of the regolith profile and decrease downwards.
As outlined in the previous paragraphs, numerous natural processes may influence δ¹⁸O and δD
obtained from kaolinite mineral separates. In addition, possible contamination of mineral separates
with other O and/or H rich phases may result in spurious δ¹⁸O and δD values. Thus, evaluation and
interpretation of these data must therefore consider a range of effects that may have influenced
or altered the δ¹⁸O and δD values.
11.2. Formation Conditions of Regolith Material of the Ampasibitika Area
As the δ¹⁸O and δD isotopic compositions of clay minerals is intimately related to the clay mineral
species and the temperature and isotopic composition of the aqueous fluid present during
formation, the following variables have been assessed for the study area:
1. Meteoric water compositions and trends for Madagascar based on data from the Global
Network of Isotopes in Precipitation (GNIP) database.
2. Isotopic compositions of waters collected from the Ambohimirahavavy region and
Ampasibitika area, with kaolinite-water fractionation modelled for a range of
temperatures.
3. Mineral contents of the regolith pre- and post- physical and chemical separation of purified
kaolinite separates.
These are given prior to the results of kaolinite δ¹⁸O and δD, which are interpreted/discussed
relative to the factors that may have influenced the perceived isotope fractionation.
11.2.1. Sample material
Samples for δ¹⁸O and δD determination were selected from a variety of regolith material including
pedolith, saprolite and saprock. In addition, samples were sourced from a range of regolith profiles
including boreholes TAND044, TAND097 and TAND109 and pits 1, 3 and 5, which are developed on
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a range of protoliths (Table 10.2). As TAND044 was the focus of much of the preliminary
characterisation work on ion adsorption ores of the Ampasibitika Intrusion, sampling for isotope
analysis of kaolinite concentrated on this profile to evaluate changes in isotopic compositions with
depth and regolith material. Samples from the other boreholes and pits were selected to evaluate
the variation in isotopic compositions of kaolinite in regolith material spatially across the
Ampasibitika Intrusion and with changing protoliths.
Kaolinite mineral separates were obtained using physical and chemical treatments described in Ch.
4.2.5 and Appendix II.1.3. Result of XRD analyses used to check sample mineralogy are given in
section 11.4, this enables inferences to be made on the potential affects of the kaolinite separation
method on the δ¹⁸O and δD values obtained.
Water samples were collected for rivers and boreholes across the Ambohimirahavavy Complex
Area. These were analysed for δ¹⁸O and δD to provide an approximation of meteoric water isotope
compositions.
11.2.2. Meteoric Water Composition in North West Madagascar
Both modern and Cenozoic isotopic compositions for meteoric water in northwest Madagascar are
uncertain. Modern δ¹⁸O and δD of precipitation in Madagascar has been recorded from 1966 to
2016, although breaks in recordings occurred from 1967 to 1971 and 1976 to 2008. These data
were collected inconsistently on a monthly basis, thus the number of analyses collected in a given
month from 1961 to 1975 and 2009 to 2016 varies from 1 to 7. Waters analysed were collected in
Antananarivo, within the Central High Plateau zone of Madagascar that has a distinctly different
climate and elevation to northwest Madagascar. Antananarivo is situated in a sub-humid to subarid region at an elevation of 1276 m, with dry winters (12-15°C) and wet summers (19-23°C), and
rainfall

between 1200-1400

mm/annum

(Davies,

2008, 2009).

In comparison,

the

Ambohimirahavavy Complex is at much lower elevation (sea level to 713 m; Gilbertson, 2013) and
located in the North-Western Lowland Zone that experiences lower rainfall of c. 1500 mm/annum
and higher average temperatures (20-27°C; Davies, 2008, 2009). Seasonal variation also affects the
δ¹⁸O and δD of precipitation. Madagascar experiences a hot rainy season from November to April
and a cold dry season from May to October, which is reflected in the average monthly δ¹⁸O and δD
values recorded in Antananarivo (Fig. 11.1). The linear trend line for modern δ¹⁸O and δD of
precipitation in Antananarivo (eqn. 11.1) is similar to that of the global meteoric water line (eqn.
11.2; 11.1.).
Antananarivo: 𝛿𝛿𝛿𝛿 = 8.2𝛿𝛿 18 𝑂𝑂 + 14.1 [eqn. 11.6]

GMWL: 𝛿𝛿𝛿𝛿 = 7.96(±0.02)𝛿𝛿 18 𝑂𝑂 + 8.86(±0.17) [eqn. 11.7]
255

11. Stable Isotopes Analyses of Regolith
Since 1961, the average δD and δ¹⁸O for the Antananarivo area are -32.3 ‰ and -5.7 ‰ respectively.
However, monthly averages range from δ¹⁸O -2.0 ‰ and δD -1.8 ‰ in October to δ¹⁸O -9.3 ‰ and
δD -60.5 ‰ in February.

Figure 11.1. Variation in average monthly air temperature, δ¹⁸O and δD of precipitation collected in Antananarivo for the
years 1961-66 plus 1972-1975 and 2009-2016. Only a single data point was collected in August for the 2009-2016 period,
this analysis had anomalously low δ¹⁸O and δD and is inferred to be a poor analysis. Data source: IAEA/WMO (2018).
Global Network of Isotopes in Precipitation. The GNIP Database. Accessible at: https://nucleus.iaea.org/wiser.
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11.2.3. Ambohimirahavavy Water δ¹⁸O and δD Isotopic Results
Water samples collected during this project from rivers, boreholes and wells across the
Ambohimirahavavy Complex provide an indication of the isotope composition of modern meteoric
waters in the area. The δ¹⁸O and δD values for water samples from the Ambohimirahavavy area are
listed in Table 11.1. δ¹⁸O values range from -4.6‰ to -2.9‰ and δD values range between -22.1‰
and -13.2‰. These values mostly plot along the trend line defined by Antananarivo waters, with
the exception of samples SR626, SR678 and SR679 (Table 11.1; Fig. 11.2). These samples diverge
from the Antananarivo water trend, probably indicating that a small degree of evaporation has
affected these samples. This seems more likely for samples SR678 and SR679 as these are derived
from rivers (surface samples).
11.3. Modelling with Modern Meteoric and Surface Water
As stated in section 11.1, mineral lines can be constructed using fractionation factors of δ¹⁸O and
δD in minerals relative to meteoric water. These have been calculated for kaolinite- GMWL water
at 15°C and 50°C, and gibbsite- GMWL water at 20°C, 27°C and 50°C. In addition, kaoliniteAmbohimirahavavy waters have been calculated at 20°C, 27°C and 50°C and the intersection of
Ambohimirahavavy waters with the gibbsite-GMWL water lines given. Kaolinite lines were derived
using the kaolinite-water oxygen and hydrogen fractionation equations of Sheppard and Gilg (1996;
eqn. 11.1 & 11.2). Gibbsite lines were determined following the method of Vitali et al. (2001) using
the fractionation factor of gibbsite-water for O defined by the equation:
𝐺𝐺𝐺𝐺
Oxygen: 103 ln 𝛼𝛼𝑤𝑤
=

2.04 × 106
𝑇𝑇 2

−

3.61 × 103
𝑇𝑇

+ 3.65 [eqn. 11.8. ]

and the equation for the isotopic compositions of clays of Savin and Epstein (1970) where the claywater fractionation factor for oxygen and hydrogen has been substituted for the gibbsite-water
𝑂𝑂
𝐻𝐻
fractionation factor (𝛼𝛼𝐺𝐺𝐺𝐺
and 𝛼𝛼𝐺𝐺𝐺𝐺
for O and H respectively):

𝛿𝛿𝛿𝛿 = 8 �

𝐻𝐻
𝐻𝐻
𝛼𝛼𝐺𝐺𝐺𝐺
𝛼𝛼𝐺𝐺𝐺𝐺
𝐻𝐻
18
𝛿𝛿
𝑂𝑂
+
1000
�
�8
�
𝑂𝑂
𝑂𝑂 � − 6.99𝛼𝛼𝐺𝐺𝐺𝐺 − 1� [eqn. 11.9]
𝛼𝛼𝐺𝐺𝐺𝐺
𝛼𝛼𝐺𝐺𝐺𝐺

11.4. Regolith Material Mineral Contents: X-Ray Diffraction

Detailed XRD work on regolith samples from across the Ampasibitika Intrusion by Estrade et al.
(2019) reveal that the pedolith is principally comprised of kaolin-group minerals (kaolinite,
halloysite), gibbsite and (in most cases) quartz. In the saprolite, K-feldspar is a common additional
phase (Estrade et al., 2019). Minor phases in both the pedolith and saprolite include Fe-oxide
(haematite), Fe-hydroxide (goethite) and rare zircon (Estrade et al., 2019).
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Table 11.1. δ¹⁸O and δD values of modern water samples collected from across the Ambohimirahavavy
area.
δ¹⁸OSMOW (‰)
δDSMOW (‰)
Sample
Origin
Notes
SR559A
SR560a
SR561a
SR610
SR619
SR626
SR678
SR679

Betaimboay
Betaimboay
Betaimboay
Ankatafa
Antsirabe*
Antsirabe*
Berondra River
(S.E. of Tsarabanja)
Tsarabanja

Ampasibitika Area
River water
Groundwater from Pit 2
Borehole water
River water
Borehole water
Borehole water
Tsarabariabe Area

-4.4
-4.4
-4.6
-4.1
-4.4
-3.1

-17.4
-19.8
-22.1
-19.3
-22.4
-18.4

River water

-3.3

-17.2

River water

-2.9

-13.2

*Ansirabe is outside of area shown on geological map (Ch. 5). This village is situated to the south of Betaimboay on
the track linking the main Ambanja Road and the Betaimboay Field Camp (see Appendix III for location coordinates).

Figure 11.2. Plot of δD versus δ¹⁸O showing isotopic compositions of meteoric waters from Antananarivo (GNIP Database),
waters collected from the Ambohimirahavavy Area including borehole, river, and ground water. Lines present indicate
GMWL, linear trend line of Antananarivo waters and modelled gibbsite-water and kaolinite-water fractionation at a range
of temperatures using GMWL. Grey fields indicate modelled gibbsite-water and kaolinite-water fractionation at a range
of temperatures with waters of the Ambohimirahavavy Area.
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X-ray diffraction spectra, obtained at the University of Brighton (Ch. 4.3.4), for powdered regolith
material, untreated clay mineral fractions and treated clay fractions of samples SR220 and SR227
are given in Fig. 11.3; these spectra highlight the effects of the clay mineral treatments. For
untreated regolith material, the XRD spectra exhibit strong peaks for kaolinite and minor peaks for
gibbsite; with the presence of Fe-oxides inferred from the upwards sloping baseline. Subsequent
chemical treatment (for method see Ch. 4.5.2.; Appendix II.1.3) resulted in an increase in the
kaolinite peak intensity (Fig. 11.3). With the removal of the iron oxide and hydroxide, in addition to
the loss of goethite and haematite peaks in some samples, there was also a flattening of the
baseline spectra. The aluminium hydroxide gibbsite is unaffected by the treatments used, thus it is
concentrated in the kaolinite mineral separate and its presence must be considered in the following
discussion. Quartz, unless physically separated during centrifugation, will remain unaffected by the
chemical treatments.

Figure 11.3. XRD spectra of untreated, centrifuged clay fraction and chemically purified kaolinite separates for samples
SR220 and SR227. Abbreviations: Ka, Kaolinite; Gb, Gibbsite.
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Figure 11.4. XRD spectra for orientated clay samples of purified kaolinite separates analysed for δ¹⁸O and δD.
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11.4.1. Kaolinite Mineral Separate XRD Analysis
XRD spectra of the treated clay material used in this isotopic study were used to determine the
mineralogy of samples subsequently used for isotopic analysis. The samples analysed have
relatively consistent mineralogy, with kaolinite (± halloysite) dominating with minor gibbsite (Fig.
11.4). Although the mineralogy is similar, the peak intensity varies greatly between samples, and
typically peak intensity decreases with depth in the profile as the profile transitions from pedolith
to saprolite to saprock. Quartz and alkali feldspar were not removed from all samples, and distinct
XRD peaks for these minerals occurred in samples SR238 and SR573 (Fig. 11.4). K-feldspar remains
in a single saprock sample SR238. This lithified sample was exposed to ultrasonic treatment to
extract its clay particle size fraction; it is probable that the K-feldspar component was liberated into
the clay fraction at this time.
11.4.2. δ¹⁸O of Quartz in Regolith
With the exception of sample SR597, quartz is a minor phase in the treated samples; however, its
presence may affect δ¹⁸O values of analyses. δ¹⁸O values of regolith derived quartz was described
in Ch. 7.7. Those pertaining to kaolinite separates under investigation are given in Table 11.2.
11.5. Gibbsite Contamination: Stepwise Hydrogen Extraction
Within the kaolinite sample, gibbsite is a potential contaminant that may influence the δD value
obtained. Therefore, stepwise δD extraction (Method: Ch. 4.5.2.3) was done to assess the δD of
hydrogen aliquots outgassed over a range of temperatures. The dehydroxylation of gibbsite and
kaolinite occurs at different temperatures (Fig. 11.5), with gibbsite generally decomposing at lower
temperatures relative to kaolinite. Thus, δD values and mole fractions of hydrogen recovered from
lower temperature aliquots can be used to assess the impact of gibbsite contamination on the bulk
kaolinite sample. Results of stepwise δD extraction for sample SR275 are given in Table 11.3. The
δD value of hydrogen outgassed at up to 250°C is -80.3 ‰; however, the mole fraction of hydrogen
outgassed at this stage is small relative to the whole sample, which has a δD value of -51.1 ‰ overall
and -44.9‰ for the interval 400 to 1000°C (accounting for c. 80% of all H outgassed).

Figure 11.5. Dehydroxylation reactions of
gibbsite and kaolinite. From: Girard and Savin
(1996) after Deer et al. (1962a, 1962b) and Sato
(1959).
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Table 11.2. δ¹⁸O values of quartz separated from
regolith material (also given in Ch. 7.7).
Sample
Regolith Portion
δ¹⁸OSMOW
SR211
Pedolith
7.8
SR220
Pedolith
7 - 7.5
SR227
Pedolith
6.9 – 7.5
SR231
Mottled pedolith
6.8
SR238
Saprolite/Saprock
6.7
SR275
Saprolite
9.1

Table 11.3. δD values and conditions derived from incremental heating and dehydroxylation of purified
mineral separate sample SR275
Mass
δDSMOW
Interpolated
Temperature
Yield
H2 (µmol)
%H2O
X(H)”
mg*
(‰)
δDSMOW (‰)
200
16.1
11.0
0.52
-77.7
0.03
-80.3
250
12.7
8.4
0.41
-83.7
0.04
300
19.0
13.2
0.64
-76.4
0.05
-73.5
350
30.1
21.6
1.04
-71.7
0.08
37.3
400
69.8
51.5
2.49
-60.6
0.19
-44.9
c. 1000
219.6
164.6
7.94
-39.9
0.60
SR275 Calc.
367.3
276.1
13.04
-51.1
Bulk
*Sample mass after outgassing in vacuum at 200°C for 2 hours.
“X(H) = the hydrogen recovered up to 250°C as a mole fraction of the total hydrogen in the sample.

Table 11.4. Bulk δ¹⁸OSMOW and δDSMOW values determined from purified mineral separates of regolith
material.
Sample
Borehole/Pit, initial material (depth)
δ¹⁸OSMOW (‰)
δDSMOW (‰)
TAND-044, fine grained brown-red pedolith
SR211
18.6
NA
(2.25 m)
TAND-044, brick-red pedolith with white patches
SR220
19.1 ±0.1 (3)
-49.1
(4.50 m)
SR227
TAND-044, brick-red pedolith (6.25 m)
19.8
-49.8 ±2.4 (2)
SR231
TAND-044, mottled pedolith (7.25 m)
18.9
-57.6
TAND-044, saprock – microsyenite precursor (9.00
SR238
13.5 ±0.3 (2)
-45.4
m)
TAND044, saprock – microsyenite precursor (12.00
SR246
10.8 ±0.85 (2)
NA
m)
SR275
TAND-097, red-brown pedolith (2.25 m)
21.5
-50.6 ±0.7 (2)
SR279
TAND-097, saprolite (3.25 m)
19.9 ±0.6 (2)
-36.3 ±10.0 (2)
SR306
TAND-109, saprock – mudstone precursor (3.75 m)
17.2
NA
SR573
Pit 1, saprolite (5.75 m)
20.2
-24.7
SR586
Pit 3, orange saprolitic-pedolith (1.75 m)
18.2
-41.5
SR597
Pit 3, saprolite (4.75 m)
17.1 ±0.6 (2)
-42.8 ±2.5 (2)
SR611
Pit 5, saprolite – syenite precursor (1.0 m)
18.4 ±1.0 (3)
-50.6
SR617
Pit 5, saprolite – mudstone precursor (2.0 m)
18.4
NA
SR624
Pit 5, saprock – syenite precursor (3.25)
19.0
-32.8
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If gibbsite were a major phase forming concomitantly with kaolinite in the regolith, there would be
a shift in isotope composition toward more negative δD values. Thus, in SR275 gibbsite is not a
major contributor of hydrogen to the overall yield. Although there are a range of δD values recorded
during the stepwise extraction, the final δD value is dominated by hydrogen released from clays at
temperatures over 400°C, where yields are in excess of 1.00 %H2O. Therefore, it is expected that
the bulk δD values measured for samples with outgassing at 200°C and dehydroxylation at 1000°C
will relate to that predominantly of kaolinite and not contaminant phases.
11.6. Mineral (Kaolinite) δ¹⁸O and δD Isotopic Results
Results of oxygen isotope analyses of 11 samples with associated δD and 4 without are listed in
Table 11.4, and shown relative to depth and horizon from which samples were derived in Fig. 11.6.
For pedolith samples δ¹⁸O varies between 18.2‰ and 21.5‰ (average 19.3‰), with yields of 13.8
to 17.0 µmol/mg (average 16.7 µmol/mg). Saprolite δ¹⁸O ranges from 16.7‰ to 20.3‰ (average
18.7‰) with yields from 13.7 to 20.3 µmol/mg (average 18.7 µmol/mg). Saprock samples have δ¹⁸O
values ranging 9.9 to 19.0‰ with yields of 13.2 to 16.2 µmol/mg (average 14.9 µmol/mg). Average
yields for pedolith and saprolite material exceed the ideal kaolinite O2 yield of c. 15.5 µmol/mg,
indicating either remaining OH post-outgassing or contamination by O-rich phases (e.g., gibbsite,
quartz).
Isotope results from pedolith samples show that δD varies between -41.5‰ to -57.6‰ with an
average of -49.9‰ (7 analyses). Sample SR586 is an outlier, with δD of -41.5 δD, this sample is
pedolith with a saprolitic component. Saprolite δD values average -38.9‰. However, there are two
groups of values between -41.0‰ and -50.6‰ and those from -24.7‰ to 29.2‰. The two saprock
samples analysed for δD have values of -32.8‰ and -45.5‰.
11.7. Comparison of modelled and measured δ¹⁸O and δD
The majority of pedolith and saprolite samples analysed fall in the range of predicted kaolinitewater O and H compositions for the modern Ambohimirahavavy water samples (Fig. 11.7). These
water samples were collected during September to October, thus, based on the trends of δ¹⁸O and
δD for Antananarivo waters (Fig. 11.2), may be relatively δ¹⁸O and δD enriched for the area annually.
Thus, the expectation is that regolith hosted kaolinite from the Ambohimirahavavy area could have
equilibrated with more δ¹⁸O and δD depleted waters than those sampled.
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Figure 11.6. δ¹⁸O isotope compositions of samples relative to A) depth and B) horizon type (pedolith, saprolite and saprock)
in regolith profiles.

There are differences in the apparent temperatures of formation recorded by the clay mineral
separates analysed. In general, the pedolith falls in the range between c. 20 and 30°C. As the NorthWestern Lowland Zone, in which the Ambohimirahavavy Complex is situated, has average
temperatures of 20 to 27°C (Davies, 2008, 2009), clay mineral formation temperatures plotting to
the left of the 27°C kaolinite-water fractionation line are inferred to be of mixed hypogenesupergene origin. With increasing depth and transition into saprolite material, the clay minerals
exhibit increasingly varied δ¹⁸O and δD values:
 SR586 and SR597 plot close to the supergene-hypogene boundary for Ambohimirahavavy
modern waters – apparent temperature c. 40-50°C.
 Saprolite SR573 and saprock SR624 have depleted δD values compared with samples of
similar δ¹⁸O. One analysis of SR279 also exhibits this depleted δD signature; however, a
duplicate of this sample plots within the modelled range of kaolinite-Ambohimirahavavy
waters.


Saprock SR238 is relatively δ¹⁸O depleted relative to samples of similar δD.
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These variations could result from several factors:
1. Real changes in the temperature conditions in which the kaolinite equilibrated with
meteoric waters of the Ambohimirahavavy area. Mixing of kaolinite formed during higher
temperature hydrothermal processes and those formed during lower temperature
weathering processes.
2. Changes in the water source with which the kaolinite equilibrated.
3. Contamination of the sample with other O and/or H bearing phases (e.g. quartz, gibbsite,
alkali feldspar).
11.8. Conclusions of Kaolinite Stable Isotope Analyses
This is a relatively restricted data set, owing to the difficulty of obtaining uncontaminated samples
of regolith material. However, some general inferences can be made.
Isotopic compositions of pedolith samples from the boreholes (TAND044 and TAND097), which are
dominated by kaolinite and have the best XRD peak intensity, lie in the range 19-28°C for
temperature of formation if equilibrated with waters from the Ambohimirahavavy Complex (Table
11.5). Estrade et al. (2019) noted that halloysite content generally increases with depth in regolith
profiles of the Ampasibitika area. Thus, there may be a shift in recorded δ¹⁸O and δD toward
‘heavier’ values as O and/or H fractionation factors for halloysite-water are inferred to be slightly
lower than that of kaolinite-water. However, this shift would be small and for kaolinite-dominated
samples, the main δ¹⁸O and δD signature would still favour the kaolinite. There are however
differences within and between regolith profiles.
In TAND044, although pedolith δ¹⁸O and δD values indicate that kaolinite present is of lowtemperature origin, saprock and saprolite kaolinite indicates high (hypogene) temperature
kaolinite. This is likely due to the presence of sericitised alkali feldspar from the microsyenite
protolith of the saprolite and saprock. This high temperature signature is not translocated into the
overlying saprolite and pedolith, which is consistent with the change in protolith lithology from
microsyenite to mudstone with granitic dykes and dykelets. Although these units may have
undergone a degree of hydrothermal alteration, the lower proportion of alkali feldspar would
reduce the availability of hypogene kaolinite.
Both pedolith and saprolite investigated from TAND097 have relatively high formation
temperatures, suggesting mixed hypogene-supergene conditions of formation.
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Figure 11.7. a) δD versus δ¹⁸O values obtained for kaolinite mineral separates analysed relative to water samples and modelled kaolinite-water and gibbsite-water fractionation lines (see Fig.
11.2). Amphibole field shown to indicate magmatic δ¹⁸O and δD range (data source: Ch. 7.7). b) Inset of (a), arrows indicate decreasing depth from surface, i.e. transition from saprock to saprolite
to pedolith.
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The low intensity of the spectra of Pit 1 may indicate that the kaolinite crystallinity is distinct from
other samples analysed across the Ampasibitika Intrusion. The location of this sample from regolith
above the Central Volcanic Plug means that there could have been circulation of heated meteoric
water through fractures forming kaolinite with a hotter signal. This is consistent with the relatively
high formation temperature recorded for kaolinite from this pit.
However, saprolite samples from Pit 1 and Pit 3 indicate higher temperatures of formation.
Saprolite and pedolith of Pit 3, which is developed upon alkali feldspar syenite protoliths of the
AAFS, have relatively high formation temperatures. This may be explained by either the
contamination by residual quartz resulting in anomalously low δ¹⁸O values (quartz in the area has
δ¹⁸O values in the range 6.7 to 10.4‰) or the presence of relic hydrothermal kaolinite from the
protolith.
Pit 5 records a mixed supergene-hypogene signature, which is consistent with the extensive
alteration of microsyenite dykes (Ch. 6.3.1) from which this regolith profile is predominantly
derived.
In summary, regolith across that Ampasibitika Intrusion records a variety of kaolinite formation
temperatures. Although, some of these data may been influenced by contamination of low δ¹⁸O
mineral phases, there is commonly a mixed supergene-hypogene signature for the regolith profiles
investigated.
11.9. Correlation of Regolith Formation Conditions and the Development of Ion Adsorption Ores
The clay mineral stable isotope results presented show that Hypothesis 2 (Ch. 1.4) is correct to a
certain extent, as a significant proportion of the clay minerals in regolith profiles of the Ampasibitika
Intrusion were formed during low temperature alteration of a variety of igneous rocks. However,
in addition to clays generated by weathering processes there is a variable higher temperature clay
component, indicating that hydrothermal alteration has assisted clay mineral formation in some
regolith profiles. Evidence of a hydrothermal component ties in with the Hypothesis 1 (Ch. 1.4) that
some metasomatic/hydrothermal pre-alteration of the protolith has occurred, which may aid the
breakdown of REE-minerals in the subsequent regolith.
In Fig. 11.8a-b, the quantity of whole rock and easily leachable REE are shown relative to the
estimated temperature of formation for each sample (Table 11.5). Overall, there is no apparent
relationship between the amount of REE, whole rock or easily leachable, and the proportion of
supergene and hypogene clay minerals. There is a weak correlation between the development of
mixed hypogene-supergene clay mineral signatures and the presence of ion adsorption ores in
regolith material from TAND097, Pit 1 and Pit 5 (Fig. 11.8c). In TAND044, the high REE content of
pedolith sampled coupled with low percentages of easily leachable REE is consistent with residual
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HFSE- and other resistant minerals hosting REE in this regolith profile (Estrade et al., 2019).
However, there is no consistent correlation between the development of mixed supergenehypogene kaolinite signatures and the presence of ion adsorption ores (Fig. 11.8c; Table 11.5) or
elevated easily leachable REE content in regolith profiles investigated. Therefore, the presence of
clay minerals of hypogene origin does not appear to increase the likelihood of ion adsorption ores
formation. Thus, hydrothermal alteration may not always enhance the development of these ores
partially refuting Hypothesis 1 or indicating other processes have resulted in the removal of easily
leachable REE from the regolith profiles (e.g. hydrological constraints).

Figure 11.8. Comparison of estimated formation temperatures of clay minerals and a) whole rock REE content (excluding
Ce), b) concentration of easily leachable REE extracted using ammonium sulphate, and c) the percentage recovery of easily
leachable REE, which if greater than 50% indicates presence of ion adsorption ore.
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Table 11.5. Compilation of data showing (where available) estimated formation temperatures, whole rock and easily leachable REE content, % recovery and ion adsorption ore
classification (yes/no). For those samples used for stable isotope analysis that lack REE concentration data adjacent samples are shown. S and H refer to supergene and
hypogene respectively, with S/H indicating a mixed signature.
(NH4)2SO4 Leach
Ion
Estimated Formation
Whole-rock
Location:
TREE (excluding Ce)
Adsorption
Borehole/ Pit Sample Depth (m)
Material [Protolith]
Temperature (°C)
TREE (ppm)
Bedrock
Ore?
Equilibration with SR560a water
(excluding Ce)
(ppm)
% Recovery

TAND044

TAND097

TAND109

Pit 1

Pit 3

Pit 5

SR211
SR219
SR227
SR231
SR238
SR246
SR275
SR276
SR279
SR280

2.25
4.25
6.25
7.25
9.00
12.00
2.25
2.50
3.25
4.50

SR306

7.00

SR570
SR573
SR576
SR584
SR586
SR597
SR611
SR615
SR617
SR624

5.25
5.75
6.50
1.50
1.75
4.25
1.00
1.75
2.00
3.00

Seaward Slope:
Marginal dyke
swarm

Ridge: AAFS

Pedolith
Saprock
[Microsyenite]
Pedolith
Saprolite

Seaward Slope:
Marginal dyke
swarm

Saprock [Mudstone
+ Granitic Dykelets
(AEQ/CZQ)]

Central caldera:
Central Volcanic
Plug

Saprolite

Ridge: AAFS
Seaward Slope:
Marginal dyke
swarm

Pedolith
Saprock
Saprolite

30.5
26.0 to 27.9
26.7
62.6
19.1 to 19.6
30.0 to 38.2
-

S/H
S
S
H
S
S/H
-

228
1004
1282
3656
1682
448
120
410

45.9
763
339
290
572
117

-

-

39.5
39.2
42.9 to 45.1
32.8
40.5

S/H
S/H
S/H
S/H
S/H
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335

20.2
75.9
26.4
7.9
34.0
26.1
45.9
81.9

No
Yes
No
No
No
No
Yes
Yes

3406

2283

67.0

Yes

320
390
67
73
252
264
429

172
188
229
7.97
5.76
2.76
66.9
115
118
277

53.7
58.7
11.8
3.8
26.6
43.3
64.5

Yes
Yes
No
No
No
No
Yes
Yes

54.9
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12. Synthesis: Controls on the Formation of the Ampasibitika Ion Adsorption
Ores
As discussed in Ch. 9, the Ampasibitika Intrusion has had a variable magmatic to hydrothermal
evolution. The presence of ion adsorption ores in regolith across the area results from the interplay
of protolith composition, topography and hydrology (Estrade et al., 2019). Estrade et al. (2019)
concluded that the principal control on the development of ion adsorption ores was not the
concentration of REE in the protolith, but the nature of the bedrock and the REE-hosting mineral
phases. This is supported by the observation that the highest percentages of easily leachable REE
occur within regolith derived from protoliths containing weatherable REE-mineral phases (e.g. REEfluorcarbonates, allanite). Therefore, although the magmatic evolution (i.e. fractional crystallisation
and differentiation) controls the abundance of REE in the protoliths of the Ampasibitika Intrusion,
it is apparent that the late magmatic to hydrothermal evolution influences the development of REEphases amenable to degradation during weathering. This thesis complements the study of Estrade
et al. (2019) and adds further information on the magmatic and magmatic-hydrothermal alteration
processes that operated to form the protoliths. This has enabled further suggestions of conditions
favourable for the development of ion adsorption ores.
Another major factor that may influence the development of ion adsorption ores is hydrology,
which is affected by the interplay of geology, topography, climate and vegetation. Although, not all
these factors have been explicitly studied in this thesis, some comments on these aspects are made
to place the results of this study in context.
12.1. Protolith Evolution Control on Ion Adsorption Ore Formation
12.1.1 Influence of Magmatic to Hydrothermal Evolution on REE-Source Minerals
Generally, the concentration of whole rock REE increases with progressive magmatic evolution
(Ch. 9.10). Exceptions to this are the most evolved AHNS, which exemplify that extensive magmatic
differentiation does not always result in higher REE content (Ch. 8.5 & 9.10; Fig. 9.4). However, this
does not mean that the REE are unavailable as they may have been concentrated in residual
melt/fluid phases that go on to form strongly REE-enrich units (e.g. PGD) or in earlier cumulate
phases. Whether these phases are exposed at the surface is dependent on emplacement processes,
which control the intrusion of melts and crystal mushes to higher crustal levels or their retention in
the parental magma chamber.
A surprising outcome of the chemical analysis of amphibole and clinopyroxene of the AAFS and
AHNS was the relatively high concentrations of REE in calcic varieties of these phases (Ch. 7.1 &
7.2). Both amphibole and clinopyroxene typically degrade to clay minerals (e.g. kaolinite, smectite),
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and goethite during intense chemical weathering (Fig. 2.12; Anand, 2005). Thus, these minerals are
considered favourable source minerals for the subsequent development of ion adsorption ores.
Alteration of early-crystallised mineral assemblages has a variable effect on the subsequent
distribution of REE (Ch. 9.10), resulting in the development of REE-host minerals either more (e.g.
REE-fluorcarbonate) or less susceptible (e.g. zircon, monazite) to dissolution during weathering.
Even if alteration does result in an increase in the likelihood of mineral dissolution, the character of
the weathering products may also influence the adsorption ability of REE on to clay minerals. From
this study, it is evident that the magmatic and hydrothermal evolution of the Ampasibitika Intrusion
has had a strong influence on the type of REE-host minerals, which has been variably beneficial and
detrimental for the subsequent development for ion adsorption ores.
12.1.2. Formation of clay-rich regolith
Stable isotope ratios show that the majority of kaolinite hosted in regolith is mostly of supergene
origin with a variable, minor hypogene component (Ch. 11.8). The presence or absence of a
hypogene component does not appear to correlate with the development of ion adsorption ores of
the Ampasibitika Intrusion (Ch. 11.9). Thus, although there has been some hydrothermal alteration
of the protolith, clay minerals that host ion exchangeable REE appear to be predominantly of
supergene origin, suggesting that intense chemical weathering is a necessity. The presence of clayrich layers does not necessarily mean there is strong REE-enrichment in the regolith; as regolith
REE-enrichment is controlled by the availability or REE from the protolith (section 12.1.1) and the
hydrological conditions operating within the regolith profile (section 12.1).
12.1.3. Comparison to ‘classical’ ion adsorption deposit protoliths
Previous studies of ion adsorption REE deposits around the world indicate that the REE-signature
of the protolith controls the REE distribution in the subsequent weathered ore (e.g. Li et al., 2017;
Xu et al., 2017). The majority of economic ion adsorption ores are hosted in regolith developed
from peraluminous to metaluminous granitic plutons that have undergone variably degrees of
metasomatic alteration (Ch. 2.5). In contrast, the Ampasibitika Intrusion is a highly heterogeneous
sub-volcanic complex that has experienced a varied pre- and post-emplacement magmatic and
hydrothermal evolution, which resulted in variably REE mineralised protoliths with a wide range of
REE-host minerals. In comparison, most protoliths of economic ion adsorption ores appear to have
relatively simplistic REE-host mineral assemblages (Ch. 2.5).
The Ampasibitika Intrusion is not comparable to the granitic pluton protoliths of most ion
adsorption deposits. The high-level emplacement, volatile-rich character and extensive
differentiation has resulted in the development of a wide range of lithologies and REE-host mineral.
The late magmatic and hydrothermal evolution of the Ampasibitika Intrusion does not consistently
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produce easily weatherable REE minerals (e.g. zircon pseudomorphs) and, on occasion, there has
been some REE-redistribution (e.g. granitic dykelets). In addition, the REE appear to be ‘hidden’ in
early-crystallised rock-forming minerals (e.g. hastingsite, hedenbergite) in some intrusive units (e.g.
T1NeSy, T1AfsSy). In summary, the varied magma and fluid evolutionary pathways that have
resulted in the spectacular variety of silica-undersaturated to –oversaturated, metaluminous to
peralkaline and miaskitic to agpaitic rocks of the Ampasibitika Intrusion have resulted in numerous
REE-mobilisation pathways. In turn, the evolutionary history of these intrusive rocks not only
controls the ease of REE release during weathering; it also controls the topography, and thus
resulting hydrology, as well as the weathering products for subsequent adsorption. All of these
factors, and likely others not investigated here, have combined at the Ampasibitika Intrusion and
resulted in the heterogeneous character of REE enrichment and leachability of the regolith.
12.2. Potential Influence of Topographic, Climate and Vegetation on the Distribution of Ion
Adsorption Ores
Topographic variability of the Ampasibitika Intrusion area is strongly controlled by the underlying
geology. Globally, the development of ion adsorption ores is favoured on slopes of < 30° (Li et al.,
2017). In such gently sloping to flat areas, regolith profiles may mature, and supergene processes
redistributing and concentrating of REE into ion adsorption ores can proceed in situ. In contrast,
the Ampasibitika Intrusion area is characterised by an annular ridge, underlain by syenites,
surrounding an undulating central caldera with flat areas underlain by volcaniclastics and rises that
delineate the presence of dykes and volcanic plugs. The outer slopes of the annular ridge have
variable slopes, are incised by rivers, and have escarpments formed by dykes of the marginal dyke
swarm. Where there are rocks outcropping there is an absence of regolith material. Thus, even if
the geology of the area is enriched in REE or contains weatherable REE-phases, if regolith profiles
do not develop then ion adsorption ore formation is inhibited.
The current Köppen-Geiger classification for much of Southern China is temperate without a dry
season and warm to hot summers (Peel et al., 2007; Beck et al., 2018). In contrast, the Ampasindava
Peninsula has a tropical monsoonal climate, with distinct cold-dry and hot-wet seasons, with
precipitation in the driest month < 100 mm (Peel et al., 2007; Beck et al., 2018). The formation of
regolith is promoted in warm to hot and wet climates where chemical weathering is enhanced (Ch.
2.5 – Fig. 2.9). However, the torrential nature of rainfall in northern Madagascar would also
promote the erosion of unconsolidated material. The removal of unconsolidated material is
particularly apparent on the outer slopes of the annular ridge of the Ampasibitika area, where
bedrock and saprock material is exposed at the surface. Removal of this material is likely enhanced
by extensive slash and burn agriculture in this area, which destroys primary vegetation and
increases surface erosion (Wiersum, 1984; Soto et al., 1995; Vågen et al., 2006).
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Like other ion adsorption ores (Ch. 2.5; Fig. 2.13) there is a general trend of increasing overall and
ion exchangeable REE content with depth, however the concentrations of ion exchangeable REE in
these lower horizons does not exhibit extreme enrichment relative to the inferred protoliths
(Estrade et al., 2019; Fig. 12.1). This contrasts with classical models of ion adsorption ore formation,
in which adsorption processes operating in clay-rich horizons concentrate the REE (Ch. 2.5;
Sanematsu and Watanabe, 2016). This feature may possibly relate to the maturity and
heterogeneity of regolith profiles investigated. Regolith profiles investigated as part of the SoSRARE
project did not exceed 12 m (Estrade et al., 2019). In addition, some regolith profiles exhibited
extensive internal variation resulting from protolith heterogeneity. As such, the development of
‘simple’ regolith profiles with discrete horizons and decreasing weathering intensity with depth is
not appropriate for these profiles.
In summary, the interaction of climate and topography resulted in a varied hydrological system in
the Ampasibitika area. Immature or strongly leached regolith profiles that form in dynamic
hydrological environments are unfavourable for the development of ion adsorption ores, as
oxidising conditions and/or short formation times inhibit the accumulation of REE in clay rich layers.
Slash and burn agriculture may have locally influenced the stability of regolith profiles. Thus, at
Ampasibitika, although the conditions of regolith development appear unfavourable for the
formation of ion adsorption ores, the presence of strongly REE-enriched protoliths enables some
regolith profiles to host ion adsorption ores. A more detailed investigation of the controls of the
climatic, topographic, hydrological and vegetation controls on the development of ion adsorption
ores is beyond the scope of this study. This work demonstrates that there is a requirement for
future studies to place greater emphasis on the interaction between protolith, on the
geomorphology and hydrology of areas hosting ion adsorption ores to understand the potential for
REE resources.
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Figure 12.1. Adapted after Fig 16. from Estrade et al. (2019). Schematic representation of approximate locations of regolith profiles investigated by the SoSRARE project. Profiles show
concentration of REE from whole rock and ammonium sulphate extractions as well as percentage REE recovery. Data source: Estrade et al. (2019) and unpublished data of the SoSRARE project.
Note: Extractable REE concentrations of over 500 ppm are mined in areas of Southern China.
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12.3. Ion Adsorption Ores or Something Else?
Using the sensus strico definition of ion adsorption ores some regolith profiles investigated by the
SoSRARE project may be defined as ion adsorption ores, i.e. greater than 50% of the REE are hosted
in an ion exchangeable form and extractable using dilute electrolyte solutions (Sanematsu and
Watanabe, 2016). However, the regolith profiles investigated do not show the characteristic
adsorption-desorption controlled REE-enrichment proposed in classical ion adsorption ore
formation models (section 12.1.3; Sanematsu and Watanabe, 2016). Furthermore, there is a
disparity between regolith profiles (Fig. 12.1), with those characterised as ion adsorption ores
containing lower concentrations of ion exchangeable REE (e.g. Pit 1, TAND007) compared to those
with similar or higher concentrations but lower percentages of ion exchangeable REE (TAND044).
Thus, the development of high concentrations of ion exchangeable REE is not restricted to regolith
profiles with the highest percentages of ion exchangeable REE.
In summary, although there are ion adsorption ores present in the regolith profiles of the
Ampasibitika area, the presence of these ores is not consistent. Furthermore, the presence of
strongly REE-enriched protoliths does not consistently result in the development of strongly REEenriched ion adsorption ores. However, low percentages of ion exchangeable REE do not preclude
the presence of relatively high absolute concentrations of ion exchangeable REE. Thus, ammonium
sulphate leach solutions may extract significant quantities of REE from regolith profiles even if only
a small percentage of the REE are liberated.
It is suggested that the high concentrations of ion exchangeable REE in regolith of the Ampasibitika
Intrusion are primarily related to the occurrence of weatherable REE-bearing phases in the
protoliths (Estrade et al., 2019), rather than the result of REE concentration by leaching and
adsorption processes during pedogenesis (Sanematsu and Watanabe, 2016). Regolith hosted REE
at Ampasibitika do not fulfil all the criteria of the sensu stricto ion adsorption ore definition
(Sanematsu and Watanabe, 2016), although they do contain potentially economic concentrations
of ion exchangeable REE.
12.4. Concluding Statement
The initial premise of this study was that if ion adsorption ores can develop from relatively REEpoor granites in temperate climates, then these ores should develop and be potentially more REE
enriched in areas with thick regolith profiles derived from strongly REE-enriched protoliths. This
premise was challenged early on in the project (Ch. 1.4) with the observation that, although ion
exchangeable REE are present in the regolith at Ampasibitika, the concentrations and percentages
of ion exchangeable REE are highly variable within and between regolith profiles (Estrade et al.,
2019; Ch. 10). This heterogeneity is the product of numerous factors including the magmatic to
275

12. Synthesis
hydrothermal evolution of the Ampasibitika Intrusion (Ch. 9) and the subsequent weathering
evolution driven by the interplay of climate and topography resulting in a varied hydrological
system (section 12.2).
At Ampasibitika, the degree of enrichment of REE within the protolith is controlled by the magmatic
evolution including low degree partial melting of a metasomatised mantle source (Ch. 9.2),
fractional crystallisation, melt differentiation (Ch. 9.3) and melt immiscibility (Ch. 9.5). However,
the development of discrete REE phases typically occurs during late magmatic to hydrothermal
stage of protolith evolution (Ch. 9.8 & 9.10). These late magmatic to hydrothermal processes
variably affect the type of REE-phases formed (Ch. 9.10; section 12.1.3), with some alteration
pathways resulting in resistant REE-host minerals (e.g. zircon) and others producing easily
degradable REE-phases (e.g. REE-fluorcarbonate, allanite etc.). As such, the ability of REE to be
released during weathering to form ion adsorption ores is strongly controlled by the evolution of
the protoliths. However, favourable weathering conditions and the development of stable regolith
profiles is necessary for enrichment of REE hosted in the regolith relative to the protolith (section
12.2). Thus, the development of thick regolith profiles on strongly REE-enriched protoliths (e.g. PGD
– TAND044) does not necessarily result in the development of strongly REE-enriched ion adsorption
ores.
Understanding the petrogenesis and mineralogy of protoliths is important for creating robust
models for the development of ion adsorption ores. However, ion adsorption ores appear to be
fickle deposits that require a suite of favourable conditions to form. Developing clear and robust
models for these deposits is important for the sustainable economic, social and environmental
extraction of REE from these ores.
12.5. Recommendations for Further Study
Although the ion adsorption ores of the Ampasibitika Intrusion are highly heterogeneous and do
not show the extreme REE-enrichment exhibited by some classical Chinese deposits (Ch. 12.3), the
presence of high concentrations of ion exchangeable REE (Ch. 10.2.2) indicates that ion adsorption
ores have the potential to develop from alkaline to peralkaline igneous protoliths. However, in
contrast to the heterogeneous Ampasibitika Intrusion, intrusions likely need to be homogeneous in
composition with widespread rather than localised alteration to be favourable for ion adsorption
ore formation. It would be prudent to investigate regolith developed upon other complexes of the
Ampasindava Alkaline Province or global occurences, potentially those eroded to a deeper level
(e.g. magma chamber), located in tropical to temperate climates (e.g. Poços de Caldas, Brazil).
Favourable alteration products are REE-fluorcarbonates, rather than phosphate-minerals (e.g.
monazite) or zircon, thus alteration by carbonate-rich fluids is likely beneficial. Alteration of the
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Ampasibitika Intrusion appears to have a strong carbonate signature. Therefore, due to the
susceptibility of carbonate phases to dissolution during weathering, further investigation of the
source of carbonate using a larger number of stable isotope analyses would be useful (Ch. 7.7.3.2).
The heterogeneity of the protoliths and regolith of the Ampasibitika Intrusion has made it
challenging to identify the exact source minerals of ion exchangeable REE. The variety of possible
‘exotic’ REE mineral phases (e.g. eudialyte, britholite etc.) makes it highly likely that multiple
mineral phases are contributing REE to the regolith; as such, it would be of interest to define the
supergene alteration pathways of these minerals to determine if their weathering products are
favourable or detrimental to the development of easily leachable REE ores. In addition to accessory
‘exotic’ REE-minerals, the presence of strongly REE-enriched calcic amphibole and pyroxene within
the AHNS and AAFS demonstrates that these minerals are potentially important contributors to ion
adsorption ores. Thus, in future studies of ion adsorption ore protoliths it would be useful to assess
the contribution of these major rock-forming minerals to the resultant REE ore.
The geological model for the evolution of the Ampasibitika Intrusion shows that REE-enrichment of
such high-level intrusions is a product of processes occurring in the parental magma chamber and
parental melt source (Ch. 9). This work suggests there may be an important role of salt-silicate melt
immiscibility for the development of strongly REE and HFSE peralkaline granitic melts, however
further work is required to assess the validity of this hypothesis. For this to be tested it would be
useful to investigate a range of peralkaline granite hosting alkaline to peralkaline intrusions at
different erosion levels from near surface (i.e. Ampasibitika Intrusion) to deeper levels (e.g.
Nechalacho, Blatchford Lake Complex).
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