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Abstract

Molecular formulae used to recalculate nepheline analyses generally have different numbers of oxygens (e.g. NaAlSiO, (Ne), KAISiO,,
(Ks), CaALSi,05 (An) and SiO, (Q)). A 32 oxygen cell has 16 T cations and 8 cavity sites, but ideal nepheline stoichiometry is not
necessarily followed. Ca end-member [I“*CaALSi,O, (CaNe) and excess silica end-member [1%'i,0, (Q’) calculation requires inclusion
of both vacancy species as cavity cation values. Q parameter calculations can involve different assumptions and four parameters are
described: Q*%; Q% Q®4Y; and Q°*%; these should have closely similar values for high-quality, stoichiometric analyses.

Representative published compositions are recalculated to assess whether authors followed ideal nepheline stoichiometry. Phenocrysts
from peralkaline rocks and nephelinites typically exhibit Al deficiencies reflected in negative A(Al - cavity cation) parameters (AAL®),
negative ‘normative’ corundum (Al,Os, Cn), and anomalously low or negative Q* parameters; for such rock types Q"4 provides a
better estimate of excess silica contents. A AT-site (cation charge) parameter (AT™*¢), is closely coupled to AAI and end-member
NaAlSiO, has a AAISS/ATP8¢ ratio of 1.4296; the derivation of this value is controlled by strict stuffed-tridymite, unit-cell constraints.
Natural nephelines all contain excess silica with a mean AAI“/AT®*'® of ~1.134 reflecting their Si/Al ratio being > 1.

Nepheline analyses with relatively low Al and Si and high Na (also Ca) contents are common; this might reflect the presence of small
amounts (up to ~5%) of cancrinite as an alteration phase or perhaps even in solid solution. The compositions of alteration lamellae of
Ca-rich cancrinite in altered nepheline phenocrysts in phonolites from the Marangudzi alkaline complex, Zimbabwe, are used to define
diagnostic parameters for recognising such non-stoichiometry. These alteration lamellae formed hydrothermally from Ca-rich and K-
poor fluids.

An EXCEL file is provided to help researchers to standardise calculation of nepheline end-member molecular proportions.
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Introduction oxide components in terms of the end-member mineral mole-
cules: nepheline (NaAlSiO,4, Ne); kalsilite (KAISiO,4, Ks); quartz
(Si0,, Q); and anorthite (CaAl,Si,Og, An), and reported these
as Ne-Ks-Q and Ne-Ks-An-Q compositions; although these
were given as weight percentages (wt.%) they were not identified
as such. These nepheline compositions were plotted together with
those for analysed coexisting alkali feldspars and bulk rock com-
positions (potential magmatic liquids?), as wt.% values, in ‘petro-
geny’s residua system’ (i.e. with the end-member components
Ne-Ks-Qz; Schairer and Bowen, 1935). For many years it was
reported that natural nephelines have a rather restricted compos-
itional range falling within the Morozewicz-Buerger region (e.g.
Tilley, 1954). The International Mineralogical Association
(IMA) commission on new minerals, nomenclature and classifica-
tion (CNMNC) (Halenius et al., 2018) have recently redefined the
formula Na;KALSi,O4 as that for ‘ideal’ nepheline, rather than
anchester ac.uk the previously recommended NaAlSiO,, however in this paper
This paper is dedicated to my friends, colleagues and collaborators D.L. Hamilton (Dave), it will be shown that high quality analyses show a wider range
W.S. MacKenzie (Mac), J.V. Smith (Joe) and J.B. Dawson (Barry) all of whom had died ~ of compositions than that implied by this formula.

before I got really interested in nepheline stoichiometry; I needed to talk to them about all With the advent of the electron microprobe, analyses of coex-

the ‘wrinkles’ posed by this challenging topic. isting minerals became more common and many authors contin-
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813-838. https://doi.org/10.1180/mgm.2020.78 mineral compositions as wt.% proportions of end-members and

While preparing a paper on the mineralogy of differentiated rocks
in the Marangudzi sub-volcanic syenite complex, Zimbabwe, it
became clear that different authors use different calculation pro-
cedures to consider the compositional variations for nepheline.
Most authors now use a 32 oxygen basis equivalent to the unit
cell that contains 8 formula units of the fundamental nepheline
end-member NaAlSiO, (Ne); however, calculating values for cho-
sen end-member molecular ‘mineral’ formulae is where differ-
ences emerge.

In a seminal paper Tilley (1954; but also see 1958 and Tilley
and Gittins, 1961) reported classical wet-chemical analyses of
nephelines from various alkaline rocks and recalculated analysed
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plotted the data in Ne-Ks—-Qz and other experimentally deter-
mined systems (e.g. Wilkinson, 1965; Henderson and Gibb,
1972; Rock, 1978; Mitchell and Platt, 1979a; Mitchell and Platt,
1982; Wilkinson and Stolz, 1983; Henderson et al., 1989; Brotzu
et al., 1997; Melluso, 2012; Zhu et al., 2016). Note that Ne-Ks-Q
proportions for nepheline were originally given as wt.% values
by Deer et al. (1963, 1966, 1992) and were referred to as
‘normative percentage’; in effect, their mineral wt.% proportions
are the same as CIPW values where normative albite (Ab,
NaAlSi;Og), orthoclase (Or, KAISi;Og) and leucite (Lc,
KAISi,Og) are recast into the equivalent Ne and Ks values with
the amounts of released SiO, summed to provide the excess Q
component of the nepheline.

Other authors chose to report nepheline end-member propor-
tions on a molecular per cent basis (e.g. Dollase and Thomas,
1978; Mitchell and Platt, 1979a; Henderson and Gibb, 1983;
Henderson and Gibb, 1987; Flohr and Ross, 1990; Wilkinson
and Hensel, 1994; Wittke and Holm, 1996; Concei¢do et al,
2009; Blancher et al., 2010; Henderson et al., 2012; Chakrabarty
et al., 2016). However, some authors (e.g. Dollase and Thomas,
1978; Henderson and Gibb, 1987; Wilkinson and Hensel, 1994;
Mann et al, 2006; Moller and William-Jones, 2016) obtain
much higher end-member molecule estimates for the per cent
excess Q component and much lower estimates for the An mol-
ecule for similar bulk composition samples than other authors
(e.g. Mitchell and Platt, 1982; Flohr and Ross, 1990). Although
the calculation methods are not declared in these papers, all cal-
culations provide mole % data and it is shown here that not all the
procedures followed ideal nepheline stoichiometry.

Several different approaches have been made in the past to
define the ideal stoichiometry of nepheline in relation to its crystal
structure. Thus, although it had been known for some time that
natural nepheline was more siliceous (Si/Al > 1) than the theoret-
ical end-member (Morozewicz, 1930). Bannister and Hey (1931)
speculated that the nepheline framework might have a structure
derived from that of high-temperature tridymite with Al replacing
Si and alkalis occupying the ‘gaps’. This was subsequently con-
firmed by Buerger (1954) who classified nepheline (and kalsilite)
as being ‘stuffed tridymite’ derivatives and carnegieite (high-
temperature NaAlSiO,) as being a ‘stuffed cristobalite” derivative;
both of these pure-silica phases have polymerised network struc-
tures of linked six-rings of SiO, tetrahedra. Donnay et al. (1959)
revisited the atomic formula for natural nephelines and adopted
the idealised formula:

KiNa, Ca g (xty+2)[ Al y+20Sit6—(x4y+22O32]

where [] defines the vacant cavity cation sites; square brackets to
enclose the tetrahedral aluminosilicate framework have been
added here.

Barth (1963) suggested that the nepheline structure could be
considered as containing four mineral molecules plus ‘holes’
(vacant interframework cavity sites) all of which were defined
using the same number of oxygens in their tetrahedral frame-
works; the total of framework plus cavity cation sites plus holes
is 24 sites per 32 oxygens as follows:

24 Ne (nepheline, NaAlSiO4) — Na,;NagAlgSigOs;

24 Ks (kalsilite, KAISiO4) — K;KgAlgSigOs;

https://doi.org/10.1180/mgm.2020.78 Published online by Cambridge University Press

C. Michael B. Henderson

24 An’(20 An anorthite, CaAl,Si,Og + 400)
— |:|2|:|2Ca4Algsigo32

24 Q/(16 Q tridymite, SIOZ + SD) —> DgSigSigO32

Two cavity cation sites were used to represent the presence of two
distinct interframework cations in natural nepheline (e.g. Hahn
and Buerger, 1955; Dollase, 1970). Barth pointed out that the
‘holes’ are potential sites for cavity cations and that these “will
be reckoned as cations and included in the equivalent molecular
percentages” however he didn’t always follow that ‘rule’. In
addition, Barth (1963; his fig. 2) used the quaternary system
Ne-Ks-Q'-An’ to define a triangular “compositional plane for
natural nephelines” with corners defined by the components
NagK,AlgSigOs3,, Nag[,AlgSi; 003, and NayCay[1,AlgSigOsy;
that figure correctly shows the second and third components at
Ne;sQ’5s and NesoAn’sy, respectively, consistent with their
vacancy contents.

Rossi et al. (1989) gave another version of the nepheline ideal
formula as:

KpNas—p-24-n Cagign [Alis—nSics+n 103

where exchange of K for Na is denoted p, Ca+[] for 2Na is g, and
r denotes the excess of Si exchanged for Al. The work of Donnay
et al. (1959) and Barth (1963) showed that the entry of Ca into the
cavity sites is matched by entry of a linked vacancy and that the
excess of Si (Si*) in the framework is accompanied by half of
that value ‘entering’ the cavity site. The Rossi et al. (1989) formula
shows these requirements clearly. In their authoritative text on
feldspathoids (Deer et al., 2004) they changed from the wt.%
basis used in their early books to a mol.% basis. Although they
give the end-member Ne-Ks-An-Q compositions on a molecular
basis, they do not explain the procedure used; however, it is pos-
sible that they followed the Barth (1963) method. The most recent
student text (Deer et al., 2013) also gave end-member data as
mol.% values though some of the end-member calculations are
unreliable (this work).

It is not straightforward to decide on how best to calculate end-
member components as mol.% values to follow ideal nepheline
stoichiometry. In this paper first principles are used to convert
ideal nepheline atomic formula for the Ne-Q series, the Ne-An
series, and ternary compositions in the system Ne-Q-An to obtain
wt.% bulk compositions of oxides. These wt.% oxide values are
used to develop the protocols to calculate unit cell (32 oxygen)
atomic formulae and hence molecular data of the correct form;
some potential difficulties will emerge here regarding other pro-
posed procedures. These methods will be used to assess represen-
tative published compositional data in a newly assembled
database of ~310 published microprobe nepheline analyses, and
to decide on the most appropriate methods to recommend for deal-
ing with chemical and microprobe analyses of this mineral type.

Nepheline stoichiometry and structure; a review of earlier
approaches

Key background compositional information is summarised here
with more detail provided in the Supplementary materials, section
S.2 (see below).
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In an early paper, Bannister and Hey (1931) deduced that the
unit cell atomic formulae should be calculated to 32 oxygen
atoms. They found that Si+Al averaged 15.995 (range 15.83-
16.13), consistent with 16 framework cations per unit cell and
with the number of Al atoms matching the sum of cavity site ele-
ments (2Ca+Na+K). Their Si/Al averaged 1.10 showing that nat-
ural nepheline is consistently more siliceous than the (Na,K)
AlSiO4 composition with ~10 atom% of excess silica. Bowen
(1912a) reported a mean formula of (Na,K)gAlgSiyO34 and he
was the first to attribute this to the solid solution of albite
(NaAlSi;Og) in nepheline. Greig and Barth (1938) subsequently
determined that the limit of solid solution of albite at 1 bar pres-
sure dry is ~33 wt.% (Neg;Abss, wt.%), which is equivalent to
NegsQz;5 (wt.) and Neg3;Qz;; (mol.%). The literature survey of
nepheline compositions in Bannister and Hey (1931) commonly
shows the presence of a significant Ca component whereas their
new nepheline analyses showed a range of CaO from 1.99 to
2.51 wt% (~10-12.5 wt.% An). Bowen (1912b) had already
demonstrated experimentally at 1 bar that the maximum amount
of solid solution of An in nepheline is ~35 wt.% (7.5 wt.% CaO).
See the Supplementary files for more information on Ca contents.

Smith and Sahama (1954) used synthetic Ne-Ks solid solu-
tions together with analyses of natural nephelines to develop a
powder X-ray diffraction method (202 and 210 peaks) for obtain-
ing compositions for unanalysed samples. For the natural nephe-
lines their table III gives calculated [(Na+Ca) x 100]/T and K x
100/T atomic ratios where T = Y2(Si+Al+Fe+Mn+Mg+Ti). In effect
they assumed that Fe, Mn, Mg and Ti joined Si and Al in the
tetrahedral framework and it is clear that one half of the sum
of the T sites (ideally 16 for 32 oxygen, strict nepheline
stoichiometry) provides estimates of the number of cations in
the cavity sites (ideally 8). Thus, these values provide values for
the occupancy of the cavity sites and the deficit from 100 provides
an estimate of the vacancies in those sites. Also they show (their
table IIT) percentages for the excess Si present in solid solution for
the natural nephelines. Thus, based on numbers of atoms: %
excess Si=(total Si — T') x 100/T. This calculation provides the
% of total excess Si relative to the occupancy of the cavity site,
however, nepheline stoichiometry shows that the vacancy asso-
ciated with the excess Si molecule is actually half of the total cal-
culated excess Si. Thus, the breakdown of the cavity site occupants
is not shown correctly for the Smith and Sahama calculation. For
example, the Dunedin phonolite sample 63197 (Tilley, 1954)
would have a cavity site occupancy for Q (vacancies associated
with excess Si) of 8.3% rather than 16.9 as shown by Smith and
Sahama (1954) in their table III. This new value shows much bet-
ter agreement with their reported vacant alkali site value of 6.2%.
Smith and Sahama (1954) also report that the determinative
graphs show changes of slope at a ratio of 0.25 for K/(K+Na
+Ca) (atomic), and Smith and Tuttle (1957) later confirmed
such discontinuities using cell parameter data.

Donnay et al. (1959) subsequently used powder X-ray diffrac-
tion (XRD) methods to assess changes in hexagonal unit-cell
parameters in four series of synthetic nepheline-structured solid
solution series: Ne-Ks, Ne-Ab, Ne-An, and Ne-CaAl,O,4; note
that solid solutions in the Ne-Ab series and in the Ne-An series
will both have cavity cation site vacancies. It is clear that any Fe**
present would substitute for Si and Al in tetrahedral coordination
to form an iron nepheline component and Donnay et al. (1959)
suggested that the small amounts of Mg, Mn and Ti that might
be present within the nepheline structure could substitute for
Na, K, or Ca, rather than being in impurity mineral phases (see
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Dollase and Thomas, 1978). Shortly after the Donnay paper,
Hamilton (1961) and Hamilton and MacKenzie (1960) reported
on the results for the experimental determination of nepheline
compositions in petrogeny’s residua system at 1 kbar Py,o as a
function of temperature and defined limits of solid solution of
albite in nepheline. They report one ternary composition as hav-
ing the formulae Ne;35Ksy;5Qzs0 (Wt.%), Nez24Ks1050Q7037
(mol.%) and Nas¢;Ks; 4 1939Al75,S153903, (Hamilton and
MacKenzie, 1960). Note the much higher molecular per cent con-
tent of Qz compared to the equivalent wt.% value; it is clear that a
molecular weight of 60 for Si was used to convert weight to
molecular amounts for the excess Q component (denoted here
as Q™). That protocol is also used by Dollase and Thomas
(1978). Based on Q* having the same number of oxygens as
Ne (ie. Si,O4) and a molecular weight of 120, this Hamilton
and MacKenzie composition would be Ne;s ;Ks»05Qz4 ¢ (molecu-
lar per cent).

Hamilton and MacKenzie (1960) drew the join from
NagK,AlgSigOs3;, to a point at 40% of the Q component that is
incorrectly labelled Nag[], (i.e. Nag[],AlSi;003,) on the
NagAlgSigO3, (8Ne) - 8SiO, join on a mol.% version of the
Ne-Ks-Q system. Note that the number of oxygens of the Q cor-
ner is half of that defined for a 32 oxygen unit cell. Dollase and
Thomas (1978) also discuss the join NagK,AlgSigOs3,-
Nag[1,AleSi;9O3,, which is one of the side-lines of Barth’s “com-
positional plane for natural nephelines”, and show it on the sys-
tem NaAlSiO,-KAISiO4-SiO, (mol.%) without labelling the end
points of the join. The terminations of the join are shown at
25% Ks and 40% of Q. Henderson and Gibb (1983) and
Wilkinson and Hensel (1994) followed Dollase and Thomas in
plotting the ‘join” in a NaAlSiO4-KAISiO4-SiO, (mol.%) triangle,
but incorrectly label the ends of this join. The rigorous way of
displaying ideal nepheline stoichiometry is to define each of
the end-members on a 32 oxygen basis, i.e. NagAlgSigOs,—
KgAlgSigO3,-[1sSi;6032; the composition Nag[ ],AlsSi; 003,
would then plot at 75% and 25% of the Na- and Si- end-members
of the join rather than the 60% and 40% proportions implied by
Henderson and Gibb (1983). These differences result from the Q
component having half the number of oxygens required for ideal
nepheline stoichiometry; note that Blancher et al. (2010) show the
correct geometry in their figure 8 (see Supplementary material,
section S.2 for related information).

Natural nephelines crystallise with hexagonal symmetry (P6,
space group) and have stuffed-tridymite structures with the Na,
K, Ca and associated vacancies occupying the cavity cation sites
that are defined by the holes in the six-ring, polyhedral frame-
work. All natural nephelines have two distinct cation sites with
Na tending to occupy the smaller, and K and vacancies ([]) the
larger sites (e.g. Hahn and Buerger, 1955; Dollase, 1970); the
Ca position is not clear (Hahn and Buerger, 1955). The presence
of iron as Fe’" substituting for Al in the tetrahedral sites is well
established in framework silicates and it is usually reported as
such in microprobe analyses of nepheline. Wet-chemical analyses
of nepheline separates sometimes contain very small amounts of
Mg, Fe**, Mn and Ti, although these components probably result
from the presence of grain impurities and/or alteration products
(Dollase and Thomas, 1978). However, synthetic leucite analogues
are known to contain large amounts of divalent cations (e.g. Mg,
Zn, Co, Fe*", Cd) in the polymerised framework of general formu-
lae K,M>*Si2" Oy, (e.g. Roedder,1951; Torres-Martinez and West,
1989; Henderson et al., 1998, 2017) involving the coupled substi-
tution 2AI>" — M*' +Si*". Roedder reported the synthesis of
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hexagonal nepheline-like phases of composition K,[MgSi;Og]
(Roedder, 1951) and K,[Fe**Si;Og] (Roedder, 1952, 1978; also
see Buerger, 1954). Other ‘exotic’ synthetic silicate phases also
have stuffed-tridymite frameworks that contain divalent cations
and Si in separate tetrahedral sites, e.g. BaMSiO, with M = Co,
Zn, Mg (Liu and Barbier, 1993). Inclusions and composite grains
can be avoided using the electron microprobe (Dollase and
Thomas, 1978) and, if found using high-quality microprobe ana-
lysis, it is possible that small contents of Mg, Mn and Ti might
occupy the nepheline framework, and that all Ca replaces Na in
the cavity sites. In addition, Dollase (1998) showed that Mg,
Zn, Co and Cd occurred in tetrahedral coordination in stuffed
cristobalites, whereas complete solid solutions in the system
SrAl,0,-BaAl,O, show that Sr and Ba occupy cavity sites in
kalsilite-like structures that have stuffed tridymite topology
(Henderson and Taylor, 1982). Thus, in the following sections
of this paper it will be assumed that smaller divalent cations
(Mg, Mn etc) and Ti will replace Si in the tetrahedral framework
whereas larger cations Ca, Sr and Ba and Rb (Roux, 1974) will
replace K and Na in the cavity sites. The calcic molecule will be
referred to as CaNe (calcium-Ne, formula []§2Ca, sAlSiO,) rather
than An’ (Barth, 1963) and total excess silica as Q*° [Si* + [,
where Si*® is the excess Si within the framework and [%
(= Si*/2) is the cavity site vacancy associated with the excess Si].

Calculation of nepheline end-member molecules.

For calculating molecular proportions from analyses of nephelines
it appears that two approaches have been used. The values
reported by Dollase and Thomas (1978), Henderson and Gibb
(1983) and Wilkinson and Hensel (1994) used the atomic formu-
lae of end-members as NAISiO,4 (Ne), KAISiO, (Ks), CaAl,Si,Og
(An) and SiO, (Qz) in which different components are defined
using different numbers of oxygens. If ideal nepheline stoichiom-
etry is to be followed then all end-members should be defined in
the same manner and conform to a 32 oxygen unit cell: in that
case the simple formula units (Z=8) should be based on
NaAlSiO,4, KAISiOy4, Cags5AlSiO4 and Si,Oy, respectively. In this
paper the ‘symbols’ Ne and Ks (as before), CaNe (calcium neph-
eline) and Q* (‘excess’ silica = [ + Si*®) will be used. On that
basis the molecular weights of the four components are Ne
142,05, Ks 158.16, CaNe 139.10 and Q™ (=[1%Si,O4) 120.16.
The molar amount of CaNe is defined as containing only half a
calcium atom (i.e. Cag5AlSiO,), thus on an ideal nepheline stoi-
chiometry basis the proportion of CaNe is calculated as 2 x the
Ca atom number (which has the same value as the sum of Ca
atoms plus the same number of associated vacancies; i.e. 4 of
each per unit cell). The proportion of [1* is half of the total
excess Si** in the framework, which matches the number of
Si,O4 molecules per unit cell (i.e. 8).

The first step is to develop the approach for the solid solution
series for Ne-Q, Ne-Ca, sAlSiO,, and Ne-Ca(sAlSiO4-Q separ-
ately, on the basis of a 32 oxygen, stuffed-tridymite tetrahedral
framework, starting with numbers of constituent cation numbers
and including the vacancies required to match the proportions of
Ca and excess Si. Examples for each of the three systems are
shown in Table 1. In each case hypothetical compositions are
used to clarify the principles of the site occupancy calculations;
thus some of the compositions shown will be outside the natural
nepheline composition ranges expected. Selected compositions
for each of the systems will be discussed to establish the most sig-
nificant aspects of the compositional and structural features. In all
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cases, the starting point is to display the site occupancies of atom
species on the basis of 32 oxygen cells. The same equations are
used to define end-member proportions for each of the systems
and the different equations will be explained for the first system
(i.e. Ne-Q). Note that for these three model systems Barth’s
An’ and Q’ terms are used initially (rather than CaNe and Q™
as defined here) to be consistent with earlier notation.

Ne-Q solid-solution series

Compositions are chosen with some at 10% Q intervals with
others having integral numbers of cavity site vacancies. The
unit cell with 32 oxygen cations has 24 sites of which 16 are tetra-
hedral cations in framework sites and 8 are cavity cations and
vacancies occupying the interframework (cavity) sites.

Five representative examples for this solid-solution series will
be discussed here. Thus the top five rows of data in Table 1
show atomic occupancies for the two end-members 100Ne
(NagAlgSigOs,) and 100Q ([JsSi;605,), and for three intermediate
compositions: 87.5Nel2.5Q ([J;Na,Al;SisO3,); 70Ne30Q (.4
Nas ¢Als6Si104035); 50Ne50Q ([4NayAl,Si;;03,). The first col-
umn shows the number of vacancies in the cavity sites for each
sample; in this system all of the vacancies result from the presence
of the excess Si component of the solid solution. The next column
is not relevant for this system. The third column shows the num-
ber of Na atoms present in the cavity sites for each sample. The
fourth column is not relevant for this system. Column 5 shows
the atoms of tetrahedral Al for the Ne component and column
6 shows the tetrahedral Si contents for Ne. Column 7 gives the
tetrahedral Si contents (Si*®) for the excess Q™ component
where the excess silica molecule is defined as Si,O4 (see
Blancher et al., 2010; Hamada et al., 2019) to keep the same num-
ber of oxygens as for the other end-members. Thus, the number of
silicons associated with the excess Q*° molecule is double the num-
ber given in column 7 and that molecule has a molecular weight of
120.16 rather than 60.08. Note that the tetrahedral Al+ Si always
total 16 and that the cavity sites total 8, which includes both Na
cations and vacancies associated with the presence of the excess
Q’; the total of cations plus vacancies is always 24. Two important
features are defined here: the number of vacancies in the cavity site
™ is exactly half of the excess Si*® value and matches the
amount of the Si,O, molecule; no vacancies are associated with
the Na component. These features are fixed by the unique neph-
eline stoichiometry and structure. Column 9 shows the % of Ne
component; this is calculated following Barth (1963):

%Ne = (3 x atoms of Na) x 100/24

where stoichiometric Ne has equal numbers of Na, Al and Si
atoms so the total cations in Ne can be calculated as 3 x the Na
value. As expected the top five bulk compositions are simply
100% Ne, 87.5%, 70%, 50% Ne and 0% Ne; the same result
would be obtained by simply taking the number of Na atoms in
each sample and relating that to the total number of cavity sites
in the structure, ie. 8.

In columns 10 to 14 the calculations for obtaining values for
Barth’s An” and Q (¢f. CaNe and Q*) components are shown;
columns 10 and 11 are not relevant to the Ca-free compositions
nevertheless several problems would emerge for Ca-bearing sam-
ples. Thus, column 10 shows Barth’s (1963) equation for calculat-
ing the Ca end-member for natural nephelines and it is necessary
to explain the protocol here. The atomic proportions for An were
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Table 1. Occupancies of cavity and framework sites in model stoichiometric nephelines, mol.% end-members and wt.% oxide compositions.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Bulk compos. Cation Cation Na Ca Al Si ExcessSiin O Correct Ne  An’ Barth 63 Correct Excess Si Q? Correct Q° Na,0 Ca0 Al,O03 SiO,
(molecular) vacancy vacancy framewk. Barth 63 An’=CaNe Barth 1963 wt.%  wt%  wt% wt.%
From Si From Ca Ne An Ne,An Ne,An Si*® Cag sAlSiO, Q=S+ 7% or
0% =Si"/2 [J°=Ca 8xNaAlSiO, 8x CagsAlSiO, 8 x Si,0, Q®=15x5P
Molecular wt. 142.05 139.10 120.16 (3Na x 100)/24 (5Cax100)/ (6xCax100)/24 Q* Total excess % (24 - 3Na - 6Ca) x 100/24
and Barth (1963) 24 Barth  or 2Ca x 100/8 (24 - 3Na - or (Si - Na - 2Ca) x
formulae or (Na = 100)/8 (1963) 5Ca) x 100/24 100/16 or (8 - Na -
2Ca) x 100/8 Also
(Si-Al) x 100/16
100Ne 0 0 8 0 8,0 8 0 32 100 0 0 0 0 21.82 0 35.89 42.30
87.5Nel2.5Q 1 0 7 0 7 7 1 (Siz)& 32 87.5 0 0 Q’ 12.5% 12,5 19.45 0 32.02 48.52
ie 2Si Si* 8.34
O 4.17
70Ne30Q 24 0 5.6 0 5.6 5.6 24 (Siy)¥ 32 70 0 0 Q’ 30% 30 16.01 0 26.34 57.65
i.e. 4.8 Si Si*® 20
05 10
50Ne50Q’ 4 0 4 0 4,0 4 4 (Siy)® 32 50 0 0 Q’ 50% 50 11.82 0 19.44 68.74
i.e. 8Si Si*® 33.33
1% 16.66
100Q’ 8 0 0 0 0,0 0 8(Si,) & 32 0 0 0 Q' 100% 100 0 0 0 100.00
ie 16 Si Si*® 66.66
1% 33.33
100Ne 0 0 8 0 8,0 8 0 32 100 0 0 0 0 21.82 0 35.89 42.30
90Nel0An 0 0.4 7.2 0.4 7.2,08 8 0 32 90 8.33 10 1.67 Dca 0 19.67 1.98 35.96 42.47
80Ne20An 0 0.8 6.4 0.8 6.4,16 8 0 32 80 16.66 20 333 Dca 0 17.52 3.96 36.04 42.56
50Ne50ANn’ 0 2 4 2 4.4 8 0 32 50 41.67 50 8.33 0 11.02 9.97 36.63 42.74
100AN’ 0 4 0 4 0,8 8 0 32 0 83.33 100 16.7 Dca 0 0 20.16 36.65 43.19
40Ne40ANn’20Q’ 1.6 1.6 3.2 1.6 3.2,3.2 3.2,32 1.6 (Siy) 32 40 33.33 40 Q7 26.67 20 9.08 8.22 29.88 52.82
i.e 3.2Si Si*® 13.33
% 6.67
O“ 667
20Ne30AN’50Q’ 4 1.2 1.6 1.2 1.6,24 1.6,2.4 4(Siy) 32 20 25 30 Q’? 55.0 50 4.76 6.46 19.57 69.21
ie. 8Si Si*° 33.33
1% 16.67
o s.0
50Ne20AN30Q’ 2.4 0.8 4 0.8 4,16 4,16 2.4 (Siy) 32 50 16.67 20 Q7 33.33 30 11.49 4.16 26.45 57.90
i.e. 4.8 Si Si 20
05 10
%333

Total cation sites per 32 O =24; Total cavity sites per 32 0=8; An’ is effectively Ca-nepheline (Cao sAlSiO,) rather than anorthite (CaAl,Si,0s); S = excess Si in framework; (1% =silicon vacancies in cavity cation site; total excess Q** =i’ +[3%; [(I°®

calcium vacancies in cavity cation site; ® Si atoms =" Si,0, to maintain same number of oxygen atoms in each nepheline end-member component.
Italics indicate equations used to calculate nepheline end-member components in analysed nephelines on a 32 O basis
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based on the stoichiometric formula CaAl,Si,Og and Barth
defined the anorthite proportion as 5x Ca (i.e. Ca+2Al+2Si).
Because Ca is absent in the Ne-Q samples, zero An is reported
for all five Ca-free samples, but the wrong An contents would
have been reported if Ca had been present. Column 11 gives
the correct equation for calculating the An’ (CaNe) component;
this equation includes the cavity site vacancy associated with
the Ca component.

The Si™ present in the tetrahedral framework of any nepheline
solid solution is most simply calculated as the excess after the Si
associated with the other nepheline end-members has been sub-
tracted from the total number of Si atoms in the cell formula;
note that one of the Blancher et al. (2010) calculations defined
a value for the excess Si vacancy as 7% = (Si**! - Al)/2. For recal-
culating nepheline analyses Barth (1963) appears to have used the
calculation Q=24 - 3Na - 3K - 5Ca with the result shown in
Table 1, column 12; note that Q’ refers to the total excess Si mol-
ecule that takes account of the cavity site vacancies associated with
both excess Si and Ca. For the top five rows in Table 1, column 12
shows that the total Si excesses are correctly calculated for all
compositions. As expected, this calculation has provided the
total Q’ value, which includes both the actual Si**, which is a
framework component, and the associated cavity cation site
vacancies ([(%). Using the numbers of framework Si atoms and
associated Si vacancies defined in Table 1 the separate Si*® and
1% values are 8.34 and 4.17% for Ne87.5Q12.5, 20 and 10%
for Ne70Q30, 33.33 and 16.66% for Ne50Q50 and 66.66,
33.33% for 100Q. Thus [T is exactly half of the excess Si*,
though that has been defined for ideal nepheline stoichiometry.
The Barth calculation only works here because no Ca component
is present for this binary solid-solution series. Column 13 in
Table 1 gives rigorous definitions of how to calculate excess Si
values for Ca-bearing compositions. Thus this equation gives
the correct total proportion for Q™. Another relationship given
in Column 13 defines the vacancy proportion in the cavity cation
sites directly: [1%=((8 - Na - 2Ca) x 100) / 8 and this also pro-
vides the correct value for Q*°. The most direct equation for cal-
culating the total excess Si component is also shown in Column
13 where the total number of Si atoms minus the Si atoms con-
tributed by the different nepheline components divided by 16
(the total tetrahedral cations) provides the required total Q; the
fact that the number of excess Si atoms is normalised to 16 rather
than 24 means that it is not necessary to consider the presence of
any vacancies in the cavity sites. The equation Q= ((8 - Na -
2Ca) x 100)/24 gives the proportion of [J* in the bulk compos-
ition equivalent to Q’/3, which leads to a framework excess Si pro-
portion of 25Q’, as required for ideal stoichiometry. Finally, a
value for the total excess Si content can also be calculated as
(Si*°! — Al) x 100/16 as Ne is defined to have exact stoichiometry.

All these examples are defined with ideal nepheline stoichiom-
etry, however, analyses of natural minerals would be subject to
analytical error and the equation Q*° = (24 - S$i**"* - Al - Na -
K - 2Ca)x100/8 would provide a value for excess Q™ that
would include most of the analytical errors (see below).

Solid solutions in the system Ne-An

At this stage to be consistent with published nomenclature the
Ca-component will be referred to as An’. The five middle rows
of Table 1 give atomic occupancy of compositions for 100Ne
together with 90Nel0O, 80Ne20, 50Ne50An and 100An. Note
that the vacancy associated with the presence of Ca exactly
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matches the Ca content (columns 2 and 4) and column 5
shows the Al associated with both Ne and An with the former
value first. All the solid solutions would contain 8 Si atoms per
32 O (Table 1, column 6); no excess Si is present. The Ne contents
are shown correctly in column 9. The data in column 10 shows
how Barth (1963) calculated the Ca end-member; however, for
the Ne-An samples shown, the An proportions calculated are 0,
8.33, 16.66, 41.67 and 83.33% rather than 0, 10, 20, 50 and
100%, respectively. Even though Barth (1963) stressed that the
vacancy contents must be treated as ‘cations’ this was not followed
in his calculation (see his tables 1 and 3). In column 11 the
correct calculation is shown for the 24 cation basis that uses the
term 6 x Ca that includes the appropriate associated Ca vacancy
and this gives the correct An’ values; this calculation could also
be defined as (5 x Ca + []°*) x 100/24. Indeed, the Ca component
can also be defined in terms of the cavity cation contents only,
giving (Ca +[J“°) x 100/8 that is the same as 2Ca x 100/8 as by
definition for nepheline stoichiometry Ca=[]%, and this step
defines the naming of the simplest Ca component as
[152Ca, sAlSiO, (CaNe, unit cell [],CasAlgSigOs,). Data derived
for apparent excess Si*® using the equation defined in column
12 shows that the deficiency for An’ in column 10 is indeed
accounted for by Ca vacancies, which would show as excess
Si using Barth’s calculation. For the Ne-An series column
13 shows correctly that no excess Si is present.

Clearly the doubled Ca term involved in this calculation is
related to the divalent character of Ca** that replaces two sodiums
in cavity sites, which in turn is reflected in the fact that the end-
member CagsAlISiO,4 has an atomic formula defined by half a Ca
atom so that a given fraction of Ca atoms (in this case on a 4 O
basis) leads to a doubled Ca fraction for the CaNe component.

Nephelines in the ternary system Ne-Q-An

The atom occupancy data for three ternary solid solution compo-
sitions are given in the lower part of Table 1. The first five col-
umns have similar information to that provided above, though
column 6 now shows the Si contents for both Ne and An (in
that order). Column 9 again shows that the proportion of Ne
can be calculated directly from the Na value either on a 24 cations
or an 8 cavity cation basis. Column 10 again gives An’ contents
that are %Ca too low whereas column 11 gives the correct An’
values; the An’ deficit shown in column 10 can again be identified
as the []°® values in column 12. In addition, column 12 now
shows that the total excess Si values are too high by that same
amount and that the sum of the apparent Si** and [* now
gives the correct Q™ content. It is clear that the Barth (1963) cal-
culation only provides the total amount for the two vacancy types;
Barth (1963) does suggest that the ‘holes’ could be considered as
separate components, but this is not considered to be a reasonable
suggestion as the An content would always be underestimated and
the Q™ content overestimated. Equations to calculate the correct
amounts for Q® are shown in column 13 on both 24 and 8 cation
bases; correct values would also be obtained using the relation-
ships:  (Si-Al) x 100/16; 1.5 x Si** x 100/24; 0.5 x Si** x 100/8;
and [1* x 100/8.

Dealing with other calculation protocols and nepheline
components

The Barth (1963) approach is followed for defining all of the
nepheline end-member molecules on a 32 oxygen basis. Based
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on the section above, it is now clear that the main requirement in
calculating molecular/atomic compositional parameters following
ideal nepheline stoichiometry are that the vacancies associated
with the entry of both Ca and excess Si into the structure must
be counted as cavity cations. Naturally occurring nephelines con-
tain significant amounts of kalsilite and the formulae developed
so far will simply require the addition of a Ks component.
Bannister and Hey (1931) and Dollase and Thomas (1978)
stressed that high-quality analysed nephelines samples should
have the stoichiometry parameters (Si+ Al+ Fe**) = 16.000
(within error) and (Na + K + 2Ca) = (Al + Fe**) within error (see
below). Depending on such considerations it is possible to stand-
ardise calculations by assuming exactly 24 total cations and
exactly 8 cavity sites as required by symmetry and chemistry;
alternatively, the former might be corrected to the analysed cation
total for Si, Al, Fe, Ca, Na, K plus vacancies (which should be
close to 24 per 32 O) and for the analysed total for Na, K, Ca
plus vacancies (which should be close to 8 per 32 O).
Application of these rules to recalculating formulae for natural
nephelines is assessed in the next section and will be applied to
representative published analyses.

Other researchers [Peterson (1989) and Worley and Cooper
(1995); Rossi et al. (1989); and Hamada et al. (2019)] have used
different oxygen bases and/or end-member components. Thus
Peterson (1989) used an 8 oxygen basis to define the end-member
components Ne (Na,Al,Si,0g), Ks (K,AlL,Si,05), Nf (Na,Fe3*
Si,Og) (i.e. iron nepheline), An (CaAl,Si,03), Qz (SigOs), and Cn
(Aly6/30g); the last component (in effect a theoretical corundum
content) was introduced in an attempt to account for analyses
so rich in Na and K that deficiencies were reported for both Al
and Si. Rossi et al. (1989) used a 32 O basis and end-members
K,NagAlgSigOs,, Na,NagAlgSigOs, and  Ca[]“*NagAlsSigOs,
and, more recently, Blancher et al. (2010) reported nepheline end-
members based on 4-oxygen cells as NaAlSiO4, KAISiOy,
151,04, and [J§2CagsAlSiOy. Finally, Hamada et al. (2019)
also reported nepheline end-members based on 4-oxygen cells
as NaAlSiO,, KAISiO,, [1%Si,0,4 and [J53(Ca,Mg)osAlISiO;
note that the last component assumes that Mg occupies the cavity
sites that is considered to be unlikely (see above). Dealing with the
same end-member compositions standardised to any chosen
number of oxygens would provide the same results, however
application of the Peterson and Hamada approaches could lead
to either problems or possibly errors; such problems are discussed
in the following section.

Assessment of igneous rock nepheline component
calculations.

Criteria for assessing analysis reliability and end-member
calculation protocols

Section S.3 in the supplementary files gives a more detailed treat-
ment of how earlier workers have assessed the reliability of neph-
eline analyses. In this paper the approaches of Bannister and Hey
(1931) and Dollase and Thomas (1978) have been extended to
show reliable nepheline analyses must have coupled AAI®Y <@tion
[AfAl+Fe }-{Na+K+2Ca})] and AT¥8¢ [{(Al+Fe**) x3+
(Si+Ti) x4} - {16 x measured mean tetrahedral charge}] para-
meters. For the analyses given by Bannister and Hey (their table
1) AAI would have a mean value -0.011 and AT"*®¢ a mean
value of —0.017. The average AAI®/AT"*"€ ratio for their samples
is 1.17 (range 1.01 to 1.24); the AAI“/AT™® ratio must reflect a
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Si/Al ratio > 1 as expected for natural nephelines. For exact neph-
eline stoichiometry (unit cell 32 oxygens, 16 T atoms, 8 cavity
sites, Si=Al) AAI and AT both equal 0. For departures
from these ‘ideal’ values, delta parameters would be coupled
with either positive or negative values, though both should have
the same sign and have similar values in the absence of significant
analytical errors. On the basis of the formulation used to define
the delta values, an increase of the T site cation total to > 16.00
would lead to negative AT values (coupled to negative
AAI) and if the T cation site total is < 16.00 the AT
would be positive (cf. +ve AAL®).

More than half of the compositions discussed by Bannister and
Hey (1931) show an excess of cavity cations over trivalent
framework components. This excess positive charge could be
neutralised by the Si component of the framework (cf. the natural
mineral natrosilite, B-Na,Si,Os) but that implies breaking Si-O-Si
framework bonds). However, it is also possible that the charge for
a small excess alkali content could be neutralised by the presence
of large anions (e.g. CO3, Cl) as in cancrinites (see
Supplementary material, section S.3); this is dealt with in more
detail below.

The fact that natural nephelines mostly have Si/Al ratios >1.0
has been accounted for by the presence of a feldspar-like compo-
nent and the same could be said for an anhydrous analcime com-
ponent (NaAlSi,Og); such solid solutions would of course have
stuffed tridymite frameworks (see above). Usin§ ‘nepheline’ 32
oxygen unit-cell stoichiometry, AAI™ and AT'®¢ parameters
for ideal NaAlSiO,4, NaAlSi,Og and NaAlSi;Og should have zero
values for both delta parameters for each of these three end-
members with the different Si/Al ratios of 1, 2 and 3, respectively.
A ratio for AAI“/AT®™%€ cannot be calculated for zero delta
values, however by allowing a very small degree of non-
stoichiometry for the Si, Al or Na components, the estimated
AAI/AT7E ratios are close to 1.143, 1.091 and 1.067, respect-
ively (Supplementary section S.3); analyses of natural minerals
confirm these AAI/ATP*%¢ ratios (Table S.1). Note that the
size of the delta values relative to zero reflects their departure
from ideal nepheline stoichiometry. Thus compositional varia-
tions within natural nephelines would be expected to show at
least this range of AAI/AT"8 ratios for acceptable nepheline
analyses. At this stage, the Dollase and Thomas (1978) approach
of defining a range of +0.25 for both AAI® and AT will be
adopted for now, nevertheless the importance of these values
being coupled is stressed. In addition, the AAI“/AT*"° range
from 1.0 to 1.2 is used here to define acceptable analyses.

On the basis of these criteria, the compositions shown in table
6 of Deer et al. (2004) have 32 of 39 analyses falling within this
acceptable range for both AAI® and AT 25 of the 39 analyses
have AAI“/AT"*®° ratios within the range 1.0 to 1.2 (22 of these
in the narrow range 1.120 to 1.142), and 33 of the analyses have T
atom totals within the range 15.9 to 16.1 atoms per 32 O. Any
major differences between the two delta parameters must reflect
either non-stoichiometry and/or significant analytical errors for
one or more of the analytical values.

Table 2 summarises the equations used in this paper to calcu-
late nepheline end-member proportions on the basis of 32 O cell
formulae and on the simple formulae: NaAlSiO,4 (Ne), KAISiO,
(Ks), [152Caq5AlSiO, (CaNe), and [1%8i,0, (Q’). Equations 1
and 2 define the excess Si (Si*) and, following Barth (1963), equa-
tions 3, 4, 5 and 6 define the proportions of Q*, Ne, Ks, and
CaNe taking account of essential vacancies in the cavity cation
sites. Equation 7 provides another estimate of total excess silica
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Table 2. Equations for calculations based on a 32 oxygen nepheline structure
unit cell.

Equation
Basis Formulae number
Excess Si Si*° Sil=si? - Na - K - 2Ca 1
Sixsz - Sitotal — Al 2
Total sites, 24 Q"% = (24 - 3Na - 3K - 6Ca) x 100/24 3
Ne% =3Na x 100/24 4
Ks% = 3K x 100/24 5
CaNe% =6Ca x 100/24 6
KsM% = 6M>" x 100/24 14
Framework sites Q5% = Si*** x 100/16 7
only, 16
QA =52 x 100/16 8
Cavity sites only, 8 Q9% =(8 - Na - K - 2Ca) x 100/8 9
Q290 = (24 - total Si - Al - Fe®* - Na - 10
K - 2Ca) x 100/8
Ne% = Na x 100/8 11
Ks% = K x 100/8 12
CaNe% =2Ca x 100/8 13

(Q) that is based on a 16 T-atom framework; note that the actual
per cent of Si in the framework is given by Si** = (Sijora - Na - K -
2Ca) x 100/24 and the amount of vacancy associated with the
excess Si component |:|Si: (8 - Na - K - 2Ca) x 100 / 24. The
relative proportions of these Si parameters are 3:2:1, which is
fixed by the ideal nepheline stoichiometry and structural sym-
metry. Equation 8 defines a fourth estimate for the total excess sil-
ica (Q®AY) and this is also defined on a 16 T-atom framework;
this parameter does not depend on the reliability of analyses for
the cavity cations.

Of course, all of these end-member parameters can also be
defined from the occupancy of the cavity cation sites alone (equa-
tions 9, 11, 12 and 13) and these provide the same numbers as
equations 3, 4, 5 and 6. Equation 10 provides an additional esti-
mate of the total excess silica proportion (Q“'?) based on the
total cations; this value uses the proportion of vacancies in the
cavity site corrected for the presence of divalent Ca. For ideal stoi-
chiometry all calculated total excess silica values should be iden-
tical; different values will depend on the scale of
non-stoichiometry and/or the presence of analytical errors. In
addition the second value defined for Q" would be influenced
by any analytical error for Al (equation 10). Blancher et al.
(2010) calculated excess Q simply as 0.5(Si" — Al) x 100/8 (cf.
Table 2, equation 8) whereas their most complex method involved
using least squares fitting to minimise the function

R?> = (Na — Ne)? + (K — Ks)? + (Ca — An/2)?
+ (Al — Na — Ks — An)? 4 (Si — Na — Ks — An — 2Q')

where Na, K, Ca, Al, and Si are numbers of atoms per 4 oxygens
and Ne, Ks, An and Q are mole fractions of the chosen end-
members per 4 O.

The values calculated here for the chosen nepheline end-
members CaNe (An’) and total excess Si (Q™°) for the 39 analyses
quoted by Deer et al. (2004, their table 6) are given in the
Supplementary material (Table S.2; these are referred to here as
‘DHZ values’) and show significant differences to those given in
the original source. For Ca-free nepheline analyses the CaNe
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and Q™ values calculated here match those in the original source,
but for Ca-bearing samples the new calculations generally have
higher CaNe and lower excess Q values than the DHZ values.
Thus, it is probable that the DHZ values were calculated using
the Barth (1963) procedure where their An content determination
did not take account of the vacancy associated with the presence
of Ca; this results in An contents that are %6Ca too low and excess
Q™ values that are %Ca too high. Tables S.2 (Supplementary file)
and Table 4 (main paper) also show values for a new nepheline
end-member defined by its content of a divalent tetrahedral com-
ponent of formula KgMj3'Si;;O3,; note that M = Mg+Fe**+Mn
(see above) where Mg tends to be the largest divalent component
reported in natural nephelines. On the basis of the simplest for-
mula for this component of KMp5Si; sO, (8 per equivalent neph-
eline unit cell) the proportion of the KsM molecule would be
based on 0.5 atoms of M>" and calculated from % KsM = 6M x
100/24 (Table 2, equation 14). It is probable that the most reliable
data for this component comes from electron microprobe analyses
(e.g. Dawson et al., 1995; analysis # 34) as the older ‘wet’ chemical
analyses of mineral separates might have such components
reflecting the presence of impurity mineral phases. Calculation
of the excess Q™ is not affected by incorporation of this KsM
component as the total K, Si-equivalent is subtracted from the
analysed Si.

The end-member molecules calculated for natural nephelines
by Peterson (1989) give values for both excess and deficient Si
and Al molecules which, based on the 32 O cell used here, have
the ideal formulae [JgSi;03;, and [, 666Al21.333032; the percent-
age values for these are simply calculated as [(total Si - Na - K -
2Ca) x 100] / 16 and [(Al - Na - K - 2Ca) x100] / 21.333,
respectively. The concept of an excess or deficient content of Al
(+ Ee*h) compared with that associated with Na, K and Ca is
not straightforward crystal chemically. Analytical error is prob-
ably an important factor with an excess of Al related to alkali
‘loss’ in the electron microprobe if a defocussed beam or raster
scan is not used (Morgan and London, 2005; Henderson and
Pierozynski, 2012); a lower-than-normal beam current is also
essential. If the analysis conditions are optimal, an excess end-
member alumina (Al,O3) content implies that this component
has a framework structure with both tetrahedral and octahedral
Al sites, perhaps similar to an anhydrous, hexagonal kappa- or
chi-alumina phase (Okumiya and Yamaguchi, 1971; Levin and
Brandon, 1998). Though the presence of a small amount of
such a molecule in solid solution might be possible, the occur-
rence of significant interstitial octahedral Al cations is more prob-
lematical. The presence of some CaAl,O, in solid solution might
be possible (Goldsmith, 1949; Donnay et al., 1959) but that would
not explain a deficiency in the A(Al - cations) parameter. Perhaps
it is possible that a small amount of an alkali-rich and Al- and
Si-poor alteration phase is present in such natural nephelines.
The most probable alteration mineral would be cancrinite as
this has a hexagonal structure with six-rings of tetrahedra similar
to those of nepheline, although the linkages of these units are
different in the two mineral groups. The general formula for
the cancrinite group is (Na,K)sCa,[(ALSi);,0,4](CO3,S0,,Cl,
OH),-nH,O, which on a 32 O basis would be (Na,
K)gcaz.sé[(Al,Si)lso:;z](CO3,SO4,C1,OH)2_66'nHzo. This is com-
positionally similar to nepheline but is structurally different
with the extra Na, Ca and large anions occupying ‘cancrinite
cages’ and large continuous channels (Deer et al., 2004; their fig-
ure 245); note that entry of any extra Ca with its anion would not
be associated with entry of an equivalent vacancy in a cavity site.
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Some cancrinite species are possibly stable at high temperatures
(Larsen and Foshag, 1926) and Edgar (1964). Indeed, Sirbescu
and Jenkins (1999) have investigated the system Na,O-CaO-
Al,03-Si0,-CO,-H,0 at 2 kbar and reported a triple point
involving nepheline, cancrinite and silicate melt at ~950°C. It
appears that no-one has studied the possibility of some solid solu-
tion between nepheline and cancrinite.

A new database of published nepheline analyses

For this paper a database of 310 published nepheline analyses as
up-to-date as possible has been assembled. Table 3 shows a list of
source publications and the following treatment is based on these
data, together with other papers referred to in the text. The sum-
mary comments made in Table 3 are supplemented in the follow-
ing text. The representative published analyses shown in Table 4
were chosen to reflect nepheline compositions from a range of
magmatic rock types where the original authors might have
used different protocols for calculating CaNe (An’) and excess
Q’. Thus, Table 4 shows the calculations of the formula units
based on the 32 oxygen cell; the CaNe component was defined
by multiplying the number of Ca atoms by 6 and the total Q™
is calculated from equation 3 of Table 2; an excess Q value
based on the total Si atoms (Q*) is calculated using equation 7
of Table 2. Table 4 also gives two further estimates for excess
Q’, the third defined above as Q" (equation 9 or 10) and the
fourth which is based on the excess of Si over that for Al alone
(QSAD; Table 2 equation 8). All four excess Q estimates should
be similar for acceptable analyses and would have identical values
for ideal nepheline stoichiometry. Fourteen of the 16 analyses
shown in Table 4 have AAI® and AT within +0.25 and
represent ‘acceptable’ analyses, whereas compositions 15 and 17
fall outside the acceptable range. In addition, 13 have AAI*/
AT within the narrow range 1.07 to 1.14 with analyses 13,
15 and 18 having significantly lower values of 0.65, 0.73 and
0.75, respectively (see below). Significant differences between
the four Q" values mark a departure from ideal stoichiometry
although analytical errors could be partly responsible; as a ‘rule
of thumb’, a AAI™ value of 0.25 would lead to a difference of at
least 10% (relative) between the values for Q*° and Q.

In Table 4, column 1 shows data from Barth (1963) for his
Sample 1 (his tables 2 and 4); calculations of atoms per 32 oxy-
gens only differ slightly from his, presumably reflecting the differ-
ent atomic weights used. Note that Barth recorded the proportion
of ‘holes’ (cavity site vacancies), which includes components from
both the presence of Ca and excess Si. Data in column 2 show the
new calculations of molecular end-members for the total CaNe
and Q, which both include their vacancy contributions. It is
clear that the total for CaNe and Q™ matches Barth’s total for
An’+ Q+‘holes’. The next column shows data for the hypothetical
70Ne-20Q-10CaNe composition; as expected the ideal nepheline
stoichiometry for this composition and the reliability of the equa-
tions used for calculating composition parameters deliver zero
values for the AAI® and AT terms and identical values for
the four different ways of calculating excess Q values. The cation
total is 22 atoms leaving 2 of the 24 sites vacant consisting of 0.4
vacancies associated with Ca and 1.6 with the excess Q. These
vacancies together with the cavity cations Na and Ca are located
in the 8 cavity sites and give occupancies for CaNe of (0.4Ca
+0.4[0%") x 100/8 =10% and for Q of 1.57% x 100/8 = 20%,
which are identical to the values shown for the same parameters
in Table 4 reflecting the ideal stoichiometry for this composition.
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Analysis 4 is for a disequilibrium synthetic nepheline (Dollase
and Thomas, 1978); analyses 5, 6 and 7 are for nephelines in alka-
line basaltic rocks (respectively: Henderson and Gibb, 1983, Gibb
and Henderson, 1978, Wilkinson and Hensel, 1994), and analysis
11 is from a nepheline syenite (Dollase and Thomas, 1978). For
these five samples calculations all show high Q* contents but
these are ~Y3 smaller than those quoted in the original papers;
in addition the CaNe content given here for analysis 5 is approxi-
mately double the An value quoted by Henderson and Gibb
(1983) (see earlier comments). Clearly the present calculations
use a different procedure and it seems that the higher Q™ and
lower CaNe values obtained in the original publications were
most probably obtained using the following procedures:

% excess Qz = (Sitora1 — Na — K — 2Ca)
x 100/[Na + K + Ca + (Sitota1 — Na — K — 2Ca)]

% An (CaNe) = Ca x 100/(Sitota — Na — K — 2Ca)

The original An value calculated is much smaller than that calcu-
lated here for CaNe because the vacancy associated with Ca was
not included in the numerator whereas the denominators in
both equations are too small because the total excess Si was sub-
tracted instead of half of this value, which defines the vacancy in
the cavity sites related to the excess Si present (i.e. % = $i*%/2).
Note that for small Ca contents the denominator is little different
from the value for total Si atoms per 32 O. By following a proced-
ure similar to the early stages of calculating a CIPW norm, and
taking the residual mole proportion of SiO, after subtracting
the Si components contained in Ne, Ks and An, and combining
this with moles of Ne (2 moles from Na,O), Ks (2 moles from
K,0), and An (1 mole from CaO), provides very similar molar
Ne-Ks-Q™ values to those reported by Dollase and Thomas
(1978). Using the new calculations, the effect of departure from
nepheline stoichiometry using the data in columns 4 and 5 can
be considered as follows; for sample 4 AAI“=0.041; Q* =22.1;
Q% =21.9. Equivalent values for column 5 are: 0.19, 17.33 and
16.5, respectively; the very small AAL® for sample 4 is matched
by the almost identical excess Q values, whereas the larger
AAI*® for sample 5 leads to a Q™ vs. Q% difference of ~5.5% of
the excess Si present reflecting a combination of analytical error
and/or minor non-stoichiometry in the latter sample.

The nepheline compositions shown in columns 7 and 8-14
include analyses from rock types varying from pyroxenites (8) to
theralites (7, 9) to nepheline syenites (10-14). The published end-
member data for two samples (columns 8 and 12) were given as
wt.% values but the mol.% values given here are directly compar-
able to these values and simply reflect the different molecular
masses of the end-members (assuming a molecular weight of
120 for the excess Si component). For nepheline analyses published
by the Mitchell and Melluso groups the data presented here show
similar nepheline end-member compositions to the published
values suggesting that the calculation protocols are similar and reli-
able. However, differences for other samples, particularly for the
Q™ values, are difficult to reconcile with the analytical data pub-
lished, but excess Q values from Worley and Cooper (1995),
Wittke and Holm (1996), Brotzu et al. (1997) and Zhu et al
(2016) match Q' better than Q™ values. For this range of natural
rock data CaNe and Q™ values vary from 0 to 12.9% and ~3 to
20% though there does not seem to be a clear relationship with
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Table 3. Summary of papers dealing with nepheline compositions in natural rocks.

Source Molecular norm
Dollase and Thomas Key paper identifying degree of excess silica solid solution (Qxs) in nepheline. Samples range from very silica-rich synthetic to nepheline
(1978) in syenites, (SiO, 43.37 to 53.44 wt.% and Na,0 15.95 to 20.32). Most have low CaO. Mol.% Ne, Ks, Q range ~ 1 to 37% excess Qz with

the most silica-rich samples plotting in the nepheline plus albite stability field in Ne-Ks-Qz. Calculation not specified but appears to
represent a molecular norm involving end-members SiO, and An with 2 and 8 oxygens compared with Ne and Ks with 4. Acceptable
analyses A(Al-cats) +0.25 / 32 O.

Concerned with nepheline, plagioclase-, alkali-feldspar and analcime in differentiated alkaline basic rocks. Calculation not explained but
followed D&T. Microprobe 15 kV beam, 3 nA beam current and defocussed beam (3-5 um) to minimise alkali loss. Qz range 11-29 mol.%
and An ~ 1-7 mol.%. (CaO ~ 0.3-3.0 wt.%). AAl +0.08 to +0.20. Felsic mineral magmatic history interpreted in Ne-Ks-Qz, NegoKs40-An-Qz,
and An-Ab-Or. Metastable silica-rich interstitial primary nepheline altered to analcime sub-solidus.

Differentiated alkali basaltic rocks used to assess compositional variation of nepheline and analcime. Mol.% end-members Ne, Ks and

Henderson and Gibb
(1983)

Wilkinson and Hensel

(1994) Qz plotted in system NaAlSiO, - KAISiO, - SiO,. These compositions were calculated on the same bases as D&T and H&G but no mention
is made of the Ca component. AAl -0.09 to +0.129; A®*™ +0.53-1.65. Most nephelines are Si-rich with a maximum excess Q’ of ~34
mol.%.

Source Wt.% nepheline end-members

Mitchell and Platt (1979b) Intercumulus nepheline in malignite. AAl -0.05 to -0.37, A***™ 0.08 to 0.47; wt.% end-members calc with vacancies for Ca-phase and Q**
which is consistent with nepheline stoichiometry.

Early-formed and evolved nepheline syenites, pegmatites, and recrystallised syenite. Typically altered to natrolite. Stoichiometry
reported wt.%. AAl -0.14 to +0.13, 2 samples with -0.34 and +0.42; A®°™ (.55 to 0.94.

Oldoinyo Lengai ijolite, nepheline syenite xenoliths. Nepheline analyses EMP focussed beam. Some nephelines altered to vishnevite-like
phase AAl -0.80 to +0.29, A*°™ —0.58 to -0.010; wt.% Ne, Ks, Q.

Calcic alkaline lavas and dykes. Groundmass nepheline associated melilite and haliyne. AAl -0.06 to + 0.08, also -1.9 (see text) and +0.30,
AP™S 0.20 to 0.94 wt.%. Ne, Ks, Q with Q" calculated including vacancy; match the wt. calculations. No Ca end-member given.
Silica-undersaturated syenites. Nepheline analyses. AAl +0.14 to 1.67, A**°™ 0.16 to 1.37. Generally poor stoichiometry low alkalis? wt.%
NeKsQ*® match our wt.% stoichiometry nepheline calculations.

Foyaitic and granular nepheline syenite AAl -0.20 to +0.14, A**™ 0,06 to 0.66; wt.% NeKsQ’ end-members match our wt.% values
Ultramafic to nepheline syenite ‘ring’ complex. AAl neph analyses -0.23 to + 0.09, A*°™ 0,04 to 1.15. Wt.% NeKsQ** match our
calculations. Good nepheline stoichiometry.

Source Molecular % nepheline end-members

Mitchell and Platt (1979a) Xenolith in nepheline syenite, nepheline intergrown feldspar AAl -0.10 to +0.41, A*°™ (.76 to 1.10. Mol.% Ne,FeNe,Ks,An, Q*° match
calculations in this work; [JCa, [JSi used.

Microprobe analyses (beam current 4 nA, spot 1-2 um) of nepheline phenocrysts from nephelinite and phonolite. AAl +0.042 to +0.54;
A?™S 40,25 to +0.85. Nepheline partly altered to veins/patches of zeolite/analcime. Phonolitic nephelinite has microphenocrysts

(0.5 mm) of vishnevite-cancrinite.

Alkaline ring complex. AAl -0.2 to +0.52, A®™°™ 0.27 to 1.04 poor stoichiometry. Mol.% end-members Ne,FeNe,Ks, An,Q’, match ours;
[JCa and []Si included in stoichiometry nepheline calculations.

Nepheline syenite complex. AAl -0.24 to +0.22, A*°™ 0.23 to 0.56. Mol. end-members same as Peterson plus Sr and Ba molecules. Good
calculations.

Nephelinites, groundmass nepheline AAl -1.18 to +0.04, A*™™ 0.41 to 1.92; although stoichiometry claimed, poor for groundmass
samples. Low Al?

ljolite and nepheline monzonite. AAl -0.07 to +0.72, A**™ 0.53 to 1.22. Some poor stoichiometry, Q*° suspect. Unclear re calculations
High Ca but no end-member calculations.

Nepheline syenite, AAl -0.03 to +0.59. A®°™ 0.52 to 0.68. Poor stoichiometry, uncertain Q™ content. Nepheline typically altered to
cancrinite.

Mafic to alkaline complex. AAl -0.07 to +0.22, A**™ 0.59 to 0.96. Good stoichiometry, Mol.% Ne (+5%), Ks (+1.5), An (+2), Q*° (+1.5). High
An decreases as Qz’ increases.

Agpaitic nepheline syenite AAl -1.03 to +0.38, A®°™ —0.13 to +0.40. Poor stoichiometry? Low Ca. Mol.% NeKsQ** match our calculations.
Late-stage nepheline altered to sodalite, analcime, natrolite.

No nepheline end-member calcs

Agpaitic and miaskitic nepheline syenites AAl -0.23 to +0.16; A™°™ 0.062 to +0.78. Shows alteration to cancrinite.

Probe analyses and single-crystal XRD structures, 10 samples from 5 localities; urtites, ijolites, pegs, Some associated with cancrinite.
AAL -0.27 to +0.045; A*™S _0.23 to +0.16. Mol.% Ne 74.3 to 82.1. Satellite peaks in all samples reflect incommensurate structures
Miaskitic and agpaitic nepheline syenites from alkaline ring complex. EMP 1 um spot, 15 nA current AAl -0.35 to -0.054; A®*°™ -0.017 to
+0.85. Mol. Ne 75-77, An 0-0.5.

Mitchell and Platt (1982)
Dawson et al. (1995)
Melluso et al. (1996)
Brotzu et al. (1997)

Zhu et al. (2016)
Melluso et al. (2012)

Donaldson et al. (1987)

Flohr and Ross (1990)
Worley and Cooper (1995)
Trupia and Nicholls
(1996)

Wittke and Holm (1996)
Conceigéo et al. (2009)
Blancher et al. (2010)
Chakrabarty et al. (2016)
Source

Moreau et al. (1996)

Vuli¢ et al. (2011)

Andersen et al. (2017)

AAl=atoms (Al + Fe**) minus (Na + K+ 2Ca) per 32 0; A™*°™ =24 minus (total all other atoms) per 32 0. D&T and H&G refer to references Dollase and Thomas (1978) and Henderson and Gibb
(1983), respectively.

the rock type other than the indications are that the highest Q™
values are shown by nepheline crystallising metastably as late-

make no sense and, although some errors could be recognised,
the calculation method followed could not be deduced.

crystallising groundmass phases in basaltic differentiated sill
rocks and that the higher Ks contents reflect the co-precipitation
with alkali feldspars (cf. Gibb and Henderson, 1978; Henderson
and Gibb, 1983, 1987; Wilkinson and Hensel, 1994). In some
papers (e.g. Balassone et al, 2014; Valentin et al., 2020) it is
clear that the Ca content and its associated cavity site value were
not used together in the calculation of A-site vacancies, which in
turn would lead to a Q estimate that is too high. In another very
recent paper (Vrublevskii et al, 2020), although the microprobe
analyses look reliable, the calculated Ne, Ks, An and Q values
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However, in a more reliable paper, Blancher et al. (2010)
described a detailed study of nepheline compositions from the
differentiated sub-volcanic ring-complex of Messum, Namibia.
Nephelines from the rock series theralite-diorite-monzonite-
syenite-nephelinite and peralkaline syenite were assessed in
terms of their compositional variations within the quaternary sys-
tem Ne-Ks-An-Qz (all defined on a 4 oxygen basis), on projec-
tions into the Barth ‘composition plane of natural nepheline
compositions’, and their crystal-liquid fractionation trends pro-
jected onto the experimental Ne-Ks-Qz system at 1 kbar water


https://doi.org/10.1180/mgm.2020.78

ssaud Aussaaun aBpuquied g auijuo paysiiand 8/ 020z wbw/ogL 1 01/610°10p//:sdny

Table 4. Recalculation of nepheline atomic and molecular formulae for published analyses based on ideal nepheline stoichiometry.

This work,
Barth Barth This work D&T H&G G&H W&H Mellus Bl et al. D&T H&G M&P Zetal. Ander Dawsoetal D&H Peters. Hamad et al.
Cax5 Cax6 Ne70 Syn Crinan  Crinan  Theral  Pyrox Ther NeSy NeSy NeSy Ne Sy Ne Sy ljolite Neph Neph Nephelinite
(1] (2] (3] (4] (5] [6] (7] (8] [9] [10] [11] (12] (13] [14] [15] [16] (17] (18]
Wt.%
SiO, 42.85 52.48 53.44 49.8 50.3 51.82 44.34 42.34 4488 43.8 45.10 42.79 45.65 42.1 40.3 41.80 42.56
Al,O5 33.36 29.69 29.19 30.9 30.5 29.81 32.31 34.38 34.00 34.1 33.30 32.62 31.48 28.6 28.0 31.54 32.27
Fe,05 0.10 n.a. 0.3 n.a. 0.40 0.69 0.36 0.45 0.12 0.20 2.13 1.06 5.2 8.02 2.62 1.07
MgO n.a. 0.04 0.02 0.33 n.a. 0.12
Cao 1.42 2.04 n.a. 0.6 0.18 b.d.l 0.99 3.16 0.55 2.3 1.20 0.11 b.d.l 0.06 b.d.l 0.20 0.15
Na,0 15.00 15.79 16.93 16.0 16.7 16.65 15.67 14.95 15.95 14.7 15.10 16.52 16.54 15.6 15.2 16.21 14.32
K,0 5.81 1.06 2.6 2.24 2.15 4.64 4.20 5.82 4.6 5.10 6.28 5.39 7.07 8.30 8.15 9.00
Total 98.54 100.00 100.62 100.2 99.92 100.83  99.16 99.40 101.65 99.62 100.00 100.56 100.04 98.96 99.82 100.52 99.58
Atoms/32(0)
Si 8.34 8.333 9.600 9.740 9.245 9.340 9.514 8.543 8.141 8.441 8.359 8.566 8.252 8.713 8.377 8.101 8.184 8.332
Al 7.67 7.646 6.400 6.270 6.761 6.675 6.450  7.337 7.791 7.537 7.670 7.455 7.414 7.082 6.707 6.634 7.278 7.445
Fe3* 0.015 0.042 0.055  0.100 0.054 0.064  0.017 0.029 0.309 0.152 0.779 1.213 0.386 0.158
Mg 0.011 0.006 0.098 0.035
Ca 0.29 0.296 0.400 0.119 0.036 0.204 0.651 0.111 0.470 0.244 0.023 0.013 0.042 0.031
Na 5.67 5.655 5.600 5.983 5.759 6.012 5.927  5.854 5.573 5.816  5.440 5.561 6.177 6.121 6.018 5.924 6.153 5.435
K 1.44 1.441 0.246 0.616  0.531 0.504 1.140 1.030 1.396  1.120 1.236 1.545 1.312 1.795 2.129 2.036 2.248
X cations 2341 23.39 22.000 22.239 22541 22594 22449 23.236 23.239 23.365 23.077 23.090 23.742  23.39 23.787 24.002  24.079 23.697
A(Al-cats) -0.020 -0.028 0 0.041 0.189 0.060 0.075 -0.082 -0.061 0.166 0.187 0.198 -0.044 -0.200 -0.353 -0.206 -0.61 -0.14
AT vatency) 0.035 -0.025 0 0.037 0.169 0.054 0.068 -0.073 -0.054 0.146  0.165 0.175 -0.068 -0.189 -0.484 -0.181 -0.54 -0.18
Mol.%
Ne 70.8 Ne 70.51 70.0 74.78 71.46 75.16 7339 7192 68.99 7191 67.78 69.15 73.35 74.61 65.50 58.89 72.09 65.91 (67.94)
Nf Nf 0.18 0.52 0.69 1.25 0.67 0.80 0.22 0.36 3.86 1.90 9.73 15.16 4.82 2.03 (1.98)
Ks 18.0 Ks 18.02 3.08 7.70 6.63 6.29 14.26 12.88 17.46 14.00 15.45 18.90 16.26 19.99 26.61 25.44 27.22 (27.25)
Kmg Kmg - 0.41 0.14 2.45 0.88
CaNe 6.0 (An) CaNe 7.40 10.0 2.98 0.90 6.56 16.27 2.77 11.76 6.11 0.57 0.32 1.05 0.789 (1.63)
Q 2.7 Qe 3.89 20.0 22.13 17.33 17.32 19.62 6.01 1.18 7.07 6.25 8.94 291 7.08 2.02 -0.7 -3.41 3.18 (3.16)
Cn Cn -0.13 0.19 0.93 0.28 0.36 -0.39 -0.29 0.78 0.88 0.93 -0.21 -0.94 -1.66 -1.0 -2.86 -0.65 (-0.72)
[ ‘Holes’ 2.5 Si 4.03 20.0 21.94 16.45 17.03 19.27 6.40 1.47 6.29 5.37 8.01 3.06 8.00 3.36 0.3 -0.56 3.72 (3.72)
cavity 3.98 20.0 22.01 16.74 17.13 19.39 6.27 1.38 6.55 5.66 8.32 2.94 7.68 2.51 -0.02 -1.51 3.39
Q(Si’AU 4.20 20.0 21.69 15.26 16.66 18.80 6.91 1.85 5.25 4.20 6.77 3.34 9.25 5.59 1.59 3.25 4.58
Ne Ne 76.34 77.78 74.78 74.20 75.83 74.08 78.31 83.26 74.78  T77.05 74.03 77.97 76.62 77.37 72.42* 72.83* 69.1 (69.1)
Ks Ks 19.46 3.08 7.93 6.69 6.29 15.26 15.38 17.95 15.86 16.45 19.09 16.29 20.56 26.02* 24.09*  27.7 (27.7)
Q Qe 4.20 22.22 22.14 17.87 17.47 19.62 6.44 141 7.27 7.08 9.52 2.94 7.09 2.07 1.56* 3.08* 3.2 (3.2)
Cavity site only
Ne Ne 76.34 77.78 74.78 74.20 75.83 74.08 78.31 83.20 74.78 77.05 74.05 77.66 76.51 75.47 73.57% 75.5% 68.5 (69.1)
Ks Ks 19.46 3.08 7.93 6.69 6.29 15.26 15.38 17.95 15.86 15.87 19.42 16.41 22.51 26.43%  245% 28.3 (28.6)
QJ Q- 4.20 22.22 22.14 17.87 17.47 19.62 6.44 141 7.27 7.08 7.08 2.92 7.08 2.02 3.2 (2.3)
Corrected for Na**
Ne 76.0 75.2 76.3 76.4 75.8 77.8 82.1 76.5 79.2 76.1 7.4 4.7 76.6 72.0 71.6 67.8
Ks 19.5 3.1 7.91 6.7 6.3 15.0 155 179 15.8 16.4 19.5 16.5 20.7 26.7 259 28.7
Q 4.5 21.7 16.0 16.9 18.9 7.2 2.4 5.6 5.0 7.5 3.2 8.9 2.8 1.3 2.5 3.5
Na-cancr. 0.2 -0.4 -1.5 -0.5 -0.6 -0.4 1.0 1.4 -1.5 -1.6 0.3 1.6 1.0 1.7 5.0 11

auiznboy joa160jpIaUIN

Abbreviations in top row: b.d.l. below detection limit; n.a. not analysed; Syn = synthetic; Crinan. = crinanite’ Theral / Ther = theralite; Ne Sy = nepheline syenite; Nephel = nephelinite. *Calculation for Q" values; * -ve Q recalculated Ne and Ks
References and sample numbers: [1] Barth (1963), table 2, sample (#) 1; [4] Dollase and Thomas (1978), table 2, # 1; [5] Henderson and Gibb (1983), table 1, # g; [6] Gibb and Henderson (1978), table 1, # AC490; [7] Wilkinson and Hensel (1994), table 2, #
1; 8. Melluso et al. (2012), table 6, # J56, includes Sr 0.064 atoms; [9] Blancher et al. (2010), table 1, # 5; [10]. Dollase and Thomas (1978), table 2, # 4; [11] Henderson and Gibb (1972), table 2, Average of 5; [12] Mitchell and Platt (1979a), table 1, # 14; [13]
Zhu et al. (2016), table 11, # 11SM17, includes Ti 0.009, Mn 0.005 atoms; [14] Andersen et al. (2017), supplementary appendix 1 Nepheline folder Analysis 17/1; [15] Dawson et al. (1995), table 2, # 16; [16] Dawson and Hill (1998), table 1, # 5; [17] Peterson
(1989), table 3, # SH43; [18] Hamada et al. (2019), table 1; includes Ti 0.009, Cr 0.005 atoms.
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vapour pressure (Blancher ef al., 2010). Thus the trend of decreas-
ing Ca and increasing excess Si in nepheline with magmatic dif-
ferentiation is well established for this well-characterised
complex. This type of interpretation requires access to high qual-
ity analyses and rigorous nepheline end-member calculation. The
data published by Blancher et al. (2010) includes 40 samples from
representative rock types and all analyses fall within the recom-
mended AAI™ monitor ranging -0.25 to +0.25. All 40 samples
are included in the new database and 37 of these fall within the
range A(T™%%) -0.25 to +0.09 with the other three having
A(T78%) values of -0.33, -0.30 and -0.27. All 40 samples define
a linear equation y (A(T*8%) = 0.82x (AAI) - 0.102 (R’=
0.703). In addition, note that for the 40 analyses the average
AAI/ATE ratio is 1.136 +0.003; this very tight ratio for
such a range of nepheline compositions from the same magmatic
complex is a good example of a high quality dataset. The mol.%
proportions calculated here for Ne and Ks are very close to
those reported by Blancher et al. (2010) but the agreement for
the CaNe and Q values fluctuates, total CaNe+ Q generally
being slightly larger than the Blancher et al. values. The fluctu-
ation of CaNe values reflects whether the Blancher factor to con-
vert atoms Ca per to mole fraction CaNe is greater or less than the
standard equivalent value used by us (i.e. 6 for 32 O atoms atomic
proportions).

The parent rock types for nepheline analyses in columns 4-12
are all metaluminous (Al > Na+K+2Ca) but have nephelines with
positive or very small negative AAI™ parameters and have AAL®/
AT ratios within the narrow range 1.10 to 1.13 pointing to
the charge distribution of the cavity cations matching that for
the framework composition. The positive AAI® parameters are
accompanied by small positive excess alumina parameters quan-
tified here as % Cn values (‘normative’ corundum values;
Table 4, cf. Peterson, 1989). Analyses 14 to 17 are from peralka-
line parent rocks and are distinguished by having significant nega-
tive AAI® parameters (range -0.15 to -0.61); the column 13
nepheline analysis is from a slightly peralkaline rock type and is
intermediate with a negative AAI“ parameter of -0.044. These
negative AAI™ values point to the presence of excess Na (Na™)
in nephelines from these rocks. It seems that the nepheline com-
positions in both the metaluminous rocks and the peralkaline
silica-undersaturated syenites reflect the chemical affinity of the
parental magmas and to the best of knowledge this has not
been recognised before. Columns 15 and 16 show nepheline ana-
lyses from rocks occurring in the Oldoinyo-Lengai nephelinite-
natrocarbonatite volcano, Tanzania (Dawson et al, 1995;
Dawson and Hill, 1998); these microprobe analyses are charac-
terised by high Si+Al contents. In addition analysis 15 has a
higher Mg content than most natural nephelines and this is
equivalent to 245 mol% KsM nepheline end-member
(KMg 5Si; 504). Microprobe Mg analyses are usually much smal-
ler than this value (<0.1 wt.%) and might usually be ignored
nevertheless Mg and Mn should be included in the list of ele-
ments analysed by microprobe. The different Q’ values for the
nephelines from an Oldoinyo Lengai ijolite (Table 4, column
15) vary in the range 2.02 to 5.59 reflecting non-stoichiometry;
however, the full nepheline dataset given in Dawson et al
(1995) shows a much wider variation with AAI® in the range -
0.35 to +0.29 (20 of the 27 having negative values) with Q™ ran-
ging from -0.84 to 7.5 (3 negative); QA values are generally
higher varying from 1.0 to 6.7 mol.%. The fact that the 20 peralka-
line compositions all give positive Q®4D concentrations suggests
that these estimates are more reliable than the Q*° values.
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The analyses shown in columns 15 to 18 provide some extra
insight about dealing with apparent nepheline non-stoichiometry.
Peterson (1989) reported nepheline phenocrysts in nephelinites
from Shombole (five rocks), Kenya, and Oldoinyo-Lengai
(four rocks), Tanzania; all have negative Cn contents from -0.7
to -3.7 mol.% and some had small negative Q* values (-0.6 to
-1.6 mol.%) whereas others ranged from 0 to 4.7 (mean 1.3 +
1.0 mol.%). Analysis 17 from Shombole volcano (Peterson,
1989) has high delta monitor values (~ -0.6) and high negative
Cn and Q. The high negative AAI is due to Na+K+Ca totalling
8.23, larger than the 8 cavity sites available in the nepheline struc-
ture. For nepheline analyses returning negative Q values it might
be preferable to define the excess Q’ parameter as (sitt! - Al)/16;
clearly this estimate does not depend on Na, K and Ca analyses.
Thus, Table 4 includes calculated excess Q" for all the ana-
lyses; for most of them the agreement between the different Q’
values is reasonably good. In particular, the Q®*" values for
the nephelinite nephelines are now sensible, small and positive,
rather than non-physical negative values. The final analysis in
Table 4 (column 18, Hamada et al, 2019) shows a similar level
of Al deficiency; note that the small KsM component quoted
for analysis 18 reflects the assignment of M>* in that analysis to
a framework site rather than to a cavity cation site together
with Ca, which also accounts for the smaller CaNe (An) given
here compared with the Hamada et al. analysis.

The significance of the AAIC/AT"®™9¢ ratio
The full nepheline database of 310 analyses has been used to
explore the significance of variation for the coupled AAI“ and
AT parameters and this variation is plotted in Fig. 1 using
the same symbol for each separate analysis; most of the analyses
plot on the same linear trend described by the linear fit
ATh"8e = 0. 8928 x AAI - 0.0072 (R?=0.992). The slope of this
line is equivalent to a mean AAI/AT® ratio of 1.12. The
full dataset has some analyses with AAI“/AT*'®° ratios differing
widely from this mean and removal of ~35 analyses by only
including those with ratios from 1.0 to 1.2 gives a trend with
the equation AT = (0.8896 x AAI) — 0.0020 (R?=0.9987)
and a mean AAI“/AT™ ratio of 1.130+0.022 that is very
close to the average of 1.136 £ 0.003 for the 40 nepheline analyses
reported by Blancher et al. (2010) for the Messum magmatic
complex. It appears that this approach could provide another reli-
able method for assessing the quality of analyses however the fun-
damental significance of the value provided by this ratio must be
assessed. For example, in a strict stoichiometric composition both
individual delta parameters are zero and the ratio has no mathem-
atical meaning. However a tiny variation from exact end-member
stoichiometry (e.g. NagAlgSig 000001032) provides a ratio that is
close to a theoretical value of 1.42857 whereas NagAlgSig 9901032
and NagAlgSig o, O3, are little different at 1.42856 and 1.142755.
On the basis of the concept of the end-member stoichiometric
nepheline having a stuffed tridymite unit cell with 32 oxygens, 16
T atoms and exactly 8 interframework cavity sites for Na, it is
clear that once one quadrivalent Si atom is replaced with one tri-
valent Al atom that must be accompanied by the entry of one Na
atom into a cavity site. For all atomic substitutions that retain
strict nepheline stoichiometry the crystal chemical ‘die is cast’
(“Alea iacta est” Julius Caesar, January 10, 49 BC). Thus it should
be possible to define the delta parameter ratio in terms of the Al
(+Fe*") and Si atoms alone (Kevin Knight pers. comm., July 4,
2020).
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Delta (Al - cavity cats)

The following stages show how such a relationship could be
developed: let N, K, C, A and S represent the numbers of atoms
of Na, K, Ca, Al (or Al +Fe’") and Si, per 32 O unit cell, respect-
ively. Charge balance requires the constraint N +K+2C +3A
+4S = 64. It has been shown above that AAI“=A - 2C - N -
K, from the charge balance constraint AA=-64 +4S +4A and
this definition is used here as it contains the same variables as
AT Total charge =4S + 3A; total charge per T-site unit =
(4S+3A)/(S+A); ideal charge per T-site unit (4S+3A)/16.
AT s defined above as the difference in total charge from
the ideal charge and the total charge per T-site unit. Thus,

ATcharge _ 16((45 + 3A)/16 — (4S + 3A)/(S + A))
= (45 +3A)(1 — 16/(S + A))
= ((4S+3A)((S+A)—16))/(S+A)

The next step is to calculate the ratio (AA/AT) (defined above as
AA]CC/ATchargE):

(AA/AT) = (=64 +4S+4A)/((45 4 3A)((S+ A) — 16)) /(S + A))
(AA/AT) = ((—64 4 4S + 4A)(S + A))/((4S + 3A)(S + A — 16))

(AA/AT) = (—64S — 64A + 4S% + 4SA + 4SA + 4A?)/
(4S% + 4SA — 64S + 3SA + 3A% — 484)

AA/AT = (—64S — 64A + 4S* + 8SA + 4A%)/
(—64S — 48A + 48> + 7SA + 3A%)

and this leads to a key equation:

(AAI®/AT8) — (645 + 64A — 45 — 8SA — 4A?)/
(64S + 48A — 4S? — 7SA — 3A%)
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that have been used to determine crystal structures by X-ray dif-
fraction; points falling clear of the linear trend are considered to
have unreliable compositions. See text for further detail.

This expression can be recast in terms of S and the difference
between S and A. Let S — A =39, therefore A=S - & Thus,

(AA/AT) = (64S + 64(S — 8) — 45 — 8S(S — d) — 4(S — d)?)/
(64S + 48(S — 8) — 4S% — 78(S — &) — 3(S — 8)?)

(AA/AT) = (1285 — 168* — 43 + 1658 — 643) /(1128 — 145>
—33% + 1358 — 48d)

leading to another key equation:

AAI® /AT — (1285 — 165> + 1658 — 645 — 48%)/(112S
— 148% + 1388 — 485 — 33?)

For the relationships: & is small, S & A, S ~ 8, 1285 ~ 165> and
112 ~ 14S% §° is small enough to be ignored and & can be can-
celled in the numerator and denominator:

Thus, AAI/AT8 ~ (128-64) / (104-48) = (64 / 56) = 8/7 =
1.1429

Even though the individual AAI® and AT"*" parameters are
each effectively zero, the strict nepheline stoichiometry still deli-
vers a AAIS/AT¥ ratio of 1.1429 for end-member NaAlSiO,.

In the context of a strict stuffed-tridymite stoichiometry defin-
ing the nepheline unit cell, the integers 64 and 8 can be rationa-
lised as referring to the ideal tridymite cell that has a total charge
of 64 for 16 quadrivalent silicons (total S=16) in the 32 O unit
cell. The unit cell has 8 [1%i,0, ‘nepheline’ molecules and
thus 64/8 = 8 per unit molecule. The integers 56 and 7 refer to the
NagAlgSigOs, species (8 NaAlSiOy per unit cell) where the T site
total is 56 (8 x4 + 8 x 3) and 56/8 = 7. Following the same logic,
an albite molecule expressed as having 32 O cell would have
the formula NayAlSi;,O0s, (total T charge (12x4+4x3)=
60) and 60/8 =7.5; an anhydrous analcime would have the for-
mula Nas333Al53335110667032 (total T charge (10.667 x4 +
5.333 x 3) =58.667) and 58.667/8 = 7.3334. These values lead to
AAIY/AT 8 ratios of 8/7.5 (1.0667) and 8/7.333 (1.0909),
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respectively; see the values given earlier. The three end-members
all have ideal stoichiometries and would have zero values for each
delta parameter so the presence of excess silica in nephelines is
not a sign of non-stoichiometry. The equivalent AAI®/AT""&
ratios for tridymite and the extreme alumina ‘nepheline’ end-
member Cn molecule would be 1.000 and 1.3333. Departures
from such ideal nepheline stoichiometry would allow delta ratios
to deviate from these ‘standard’ values as would the presence of
analytical errors. However, it is clear that the AAI“/AT"e
ratio is a direct monitor of how much a nepheline analysis devi-
ates from the model, stuffed-tridymite unit cell and we will exploit
this concept in dealing with the nepheline database. Indeed using
the AAI“/AT"*"8 values for albite, analcime and leucite gives the
determinative equation for calculating a Si/Al ratio from the
AAIC/AT8 obtained from a nepheline analysis or from any
average nepheline value as follows:

Si/Al = 289.89(AAI®/AT8)> — 66.84(AAI /AT &%)
+384.44 (R =1)

Deviation of nepheline compositions from ideal stoichiometry
The AAI vs. AT""¢° values for all the analyses in the new data-
base (310 microprobe analyses) are plotted in Fig. 1. The individual
analyses nephelines have AAI® and AT ranging from ~ +1.7 to
-1.9, far exceeding the values assumed to define acceptable ana-
lyses (+0.25). Of these analyses ~80% fall within +0.5 and ~46%
have negative ratios. Whether or not a new extended range for
the AAI“/AT®'® ratio could be adopted to select reliable
microprobe data as long as care was taken to avoid Na loss (i.e.
low sample current, defocussed beam) must be assessed.

The end-member albite, anhydrous analcime and nepheline
compositions calculated on an ideal nepheline stoichiometry all
plot at the 0,0 point on Fig. 1 and the overall trend of points
passes through this zero point; 55 of the full dataset of 310 ana-
lyses have delta values within a AAI“ and AT range of
+0.05. Positive delta values have excess alumina over cavity
cations and T sites totalling > 16.000 atoms per 32 O; negative
delta values have excess cavity cations (mainly Na and K) over
alumina and T sites totalling <16.000 atoms per 32 O, in effect
these nephelines are ‘peralkaline’ in bulk composition. Some ana-
lyses plot off this main trend or at surprisingly high or low points
on the trend; all of such data points for each of those data sources
are plotted over the main set of points with clearly different data
symbols. Thus, the groundmass nepheline analyses from Trupia
and Nicholls (1996) (blue open triangles in Fig. 4) all fall below
the main trend suggesting that multiphase groundmass grains
were analysed in that work. Four of the analyses from Brotzu
et al. (1997) are deficient in cavity cations with AAI* values
higher than +0.5; this might be due to Na loss in the electron
beam. Analyses with excess alkali are more common (AAI™
more negative than -0.5) as shown by some of the data points
from Melluso et al. (1996, 2012) and Chakrabarty et al. (2016).
Although most analyses appear to pass the tests for acceptability
it should be remembered that calculating nepheline analyses on
an ideal 32 oxygen basis alongside expecting Si+Al+Fe’* to
total close to 16.000 with fixed numbers of cavity cation sites
(8) and total cation sites (24) and fixed end-member stoichiom-
etry, all place constraints on the end data calculated. Indeed, the
excess Q' proportions in particular are essentialy dependent on
a fixed cavity site of 8 or a total cation sum of 24. Small analytical
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errors for Si, Al or Na would have the largest effect on the calcu-
lations and it seems that, in general, such errors cause the calcu-
lated points to move very slightly along or very close to the main
linear trend with the main difference showing up for the excess Q’
values. Because of this particular result, it is necessary to choose
the best possible protocol for calculating end-member mineral
proportions, in particular excess silica (Q’). Nevertheless, based
on the fact that a very large proportion of the analyses plot in a
concentrated band defining the linear trend of coupled delta
values it seems that a range +0.6 for both AAI“ and AAI®*e
could be used as a criterion to accept analyses.

The compositions for nephelines that have been used for X-ray
single-crystal or powder structure determination (large orange
open triangles) are also shown on Fig. 1. The synthetic samples
are reported to have exact nepheline stoichiometry or to have
very small delta parameters (Gregorkiewitz, 1984; Hippler and
Bohm, 1989; Dollase and Thomas, 1978), whereas natural sam-
ples usually have very small delta parameters (Dollase, 1970;
Dollase and Peacor, 1971; Hassan et al., 2003; Tait et al., 2003;
Antao and Hassan, 2010). However, the sample from Kola (Tait
et al., 2003) has excess cavity cations and delta parameters close
to -0.5 but plots on the main trend (Fig. 1). The formulae
given for samples studied by Foreman and Peacor (1970) and
Simmons and Peacor (1972) appear to have been recalculated
on the basis of Si+Al =16.000 and give zero AT values but
non-zero AAI* values of +0.25 and +0.72 respectively; such values
would suggest a mismatch of charges between cavity cations and
the framework. It is clear that the analytical data for these samples
are not complete or are in error as it is essential that acceptable
nepheline analyses should show closely coupled AAI® and
ATE valyes.

It is clear that the Si/Al ratios of the analysed nephelines
influences the values of the delta parameters though the tight
stoichiometric controls imposed for the ideal nepheline cell
also requires that both parameters are zero for analyses with T
atoms totalling 16.000 irrespective of the Si/Al ratio (cf. end
members NaAlSiO4, NaAlSi,Og, and NaAlSiz;Og all have zero
AAI* and AT values, see above). Thus Fig. 2 is used to
show how the AAI“/AT"*'8° ratio varies as a function of Si/Al
ratio; the full database of analyses shows that the large majority
define a linear trend showing only a small variation from AAI“/
AT ~1.10 over the Si/Al range from 1.0 to 1.6.
Approximately 30 analyses scatter around this trend, mainly
with lower delta ratios. Some analyses are anomalously far-
removed from the main trend and these are mainly due to ana-
lyses with close to 16.000 atom totals; for these analyses the
AT values tend to be smaller than for analyses with lower
Si+Al totals, and thus have less reliable delta ratios. Most of
the ‘scattered’” analyses are from a few of the data sources and
all of those are identified with different symbols in Fig. 2a.
Figure 2b shows the analyses which all fall within the AAI®/
AT*™8 range from 1.0 to 1.25 and all of these are considered
to be acceptable analyses. The main trend is defined by ~250
analyses of which ~200 are concentrated between AAI®/
AT values of 1.144 and 1.125 over the Si/Al range 1.0 to
1.15. The Messum igneous complex nephelines (Blancher
et al., 2010) show the clear dependence of how the delta ratio
decreases with increasing Si/Al. The points falling off this
main trend tend to be from a few of the data sources and
these are identified with different symbols in Fig. 2b. All of
the analyses shown fall in the acceptable category though the
ones showing the largest departures from ideal nepheline
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stoichiometry are easily identified (Fig. 2b) from those defining
the main linear trend.

Significance of ‘nepheline’ analyses with high excess Na
contents

Although small amounts of an excess alumina component might
occur in nepheline it is more probable that low Na microprobe
analyses are the main explanation of positive AAI® values
(Morgan and London, 2005). However, the occurrence of appar-
ently reliable nepheline analyses showing significant cavity cation
excesses over Al+Fe’* and the extension of the trend towards high
negative delta values must be considered further. The presence of
a small amount of an alteration phase containing low Si and Al
and high alkalis (particularly Na) would produce the small nega-
tive AAI“ values shown by some analyses. Cancrinite-group
minerals commonly occur as alteration phases of nepheline and
sodalite groups of minerals in nepheline syenites as well as in
hydrothermal veins associated with such rocks (e.g. Deer et al.,
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Paslick et al. (1996); Trupia = Trupia and Nicholls (1996);

Zhu = Zhu et al. (2016).

2004, Moreau et al., 1996). The cancrinite-group mineral vishne-
vite is characterised by having lower Si and Al than nepheline
with significantly higher Na contents in sodic varieties, and com-
parable Na contents and higher Ca occurs in cancrinite itself
(Grundy and Hassan, 1982; Hassan and Grundy, 1984, 1991).
Those authors have shown that Na and H,O are located within
three-fold symmetry cancrinite ‘cages’ defined by top and bottom
6-rings of ordered SiO4 and AlO, tetrahedra, whereas Na, Ca,
OH~, CI7, CO? (or SO%) occur in large, continuous pseudo-
hexagonal channels bounded by puckered 12-rings of tetrahedra;
the two sites occupied by Na are structurally distinct. Note that
end-member hydroxy-cancrinite (Nag[AlsSicO,4](OH),-2H,0)
has only hydroxyl as the anion in the large channel.

The overall effect of the compositional differences shown by
Na-rich, low-Ca nephelines (e.g. Peterson, 1989) would be that
~5% of a sodic cancrinite impurity phase, perhaps concentrated
in cleavage cracks or occurring as inconspicuous fine alteration
products, would produce the level of non-stoichiometry discussed
above for the nephelines occurring in peralkaline rock types and
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some nephelinites (Table 4). However, the absence of any features
associated with such an alteration process together with the data-
base having many recent, apparently reliable, microprobe analyses
of primary nepheline with coupled AAI and AT parameters
significantly more negative than -0.25 supports the possibility
that such nepheline composition samples might show a small
degree of solid solution of an alkali-rich molecule with cancrinite-
like characteristics. Perhaps some embryo cage-like modifications
might occur in the large hexagonal channels within the six-ring
nepheline structure that might contain the excess alkalis in
some nephelines? Indeed it is well known that many natural
nephelines show features such as satellite diffraction peaks indica-
tive of an incommensurate structure (Sahama, 1958; McConnell,
1962, 1981; Parker, 1972; Hayward et al, 2000; Hassan et al.,
2003; Antao and Hassan, 2010). Friese et al. (2011) have
re-determined the incommensurately modulated structure of
one of the original nephelines studied by McConnell (1962)
(Ko.54Na354Cag 03Al; 84514.16016) using superspace crystallography
that was developed to study periodic structures that show
long-range order but which lack translational symmetry. They
found that all atoms are displacively modulated with amplitudes
<0.1 A and that Na fills the smaller (oval) channels, whereas K,
Na and Ca and vacancies occupy the larger (hexagonal) channels
in a highly disordered manner. A large proportion of the frame-
work oxygens show split-atom modulations and these effects are
coupled to the occupational modulations of the cations (and
vacancies) in the large channels. Perhaps this disordered local
geometry could allow access of ‘additional’ small cations (Na
and Ca) into the large nepheline channels to extend the effects
of non-stoichiometry in natural nephelines.

The presence of a cancrinite-like molecule in nepheline
would imply the presence of large anions and hydrous species
associated with the extra Na. Small amounts of structural
‘H,O’ (up to ~0.5 wt.%) have been reported in nepheline for
many years (Barth, 1963; Beran, 1974; Balassone and Beran,
1995). Beran and Rossman (1989) studied doubly polished
slices of clear (non-turbid) single-crystal nephelines using con-
trolled temperature infrared (IR) spectroscopy and reported
the presence of 2 to 3 absorption features over the range
~3500 to 3630 cm™'. These were identified as fundamental
OH-stretching bands due to the presence of molecular water
occupying the large, K-rich cavity sites; Belassone and Beran
(1995) confirmed these IR results using nephelines from
Monte Somma, Italy, and reported that the amount of water
present was related to the proportion of vacancies present in
the large B site in nepheline that contains all the K, Ca, vacancies
and some of the Na. Yesinowski et al. (1988) reported similar IR
features and in addition used MAS proton nuclear magnetic res-
onance (NMR) to show a sharp main central peak close to 0 kHz
with a small feature on the flank nearest to the 0 kHz point;
much less intense spinning side bands cover a frequency range
of 50-60 kHz. Yesinowski et al. (1988) concluded that IR and
"H-NMR are consistent with two distinct water molecules in
nepheline (cf. Beran, 1974), however, the NMR spectrum for
analcime is distinctly different with a sharp central band close
to 0 kHz with two pairs of spinning side bands, of similar
intensities to the central band flanking it, and other weaker
ones which cover a frequency range of ~100kHz. Simakin
et al. (2008) found similar IR results for clear nepheline single
crystals with 0.20 £0.05 wt.% H,O (SIMS) but then also used
"H NMR pulse spectrometry at 200 MHz that showed a central
peak at 0 kHz with a PWHH of ~20 kHz and broad shoulders
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on the flanks at~+20 and -20 kHz. It is possible that the
OH-stretching bands in nepheline suggest that Na could be asso-
ciated with both OH and water molecules; the Na-cancrinite
vishnevite ((Na,Ca,K);_g[AlgSig0,4](SO0,C0O;,ClL,)-2H,O  has
also been reported to show this structural environment for spe-
cies in the large channel (Ventura et al., 2007). In addition, there
might be some similarities for H,O/OH speciation in nepheline
to those in hydrous silicate glasses. For example, McMillan et al.
(1983) studied clear hydrous albite glasses using Raman spec-
troscopy and reported the presence of a broad absorption
band from ~3400 to 3600 cm™' due to O-H stretching and
Stolper (1982), based on IR and NIR spectroscopy of volcanic
and synthetic hydrous silicate glasses, concluded that hydroxyl
was the main species up to ~0.5 wt.% water content, though
above that amount molecular H,O became more important.
Kohn et al. (1989) studied hydrous albite glasses by multinuclear
NMR (*’Si, ’Al, **Na and 'H) and suggested that Na(OH) com-
plexes may be present with the polar hydrogen of the molecular
water — Na complex linked to the residual charge of a framework
oxygen (their fig. 8). It seems that there might be some prima
facie evidence for a small amount of a cancrinite-like Na-H,O
complex in nepheline.

The high-Na content of nephelines from peralkaline rocks
could suggest the presence of ~5% of a cancrinite-like phase.
Nepheline phenocrysts from Shombole and Oldoinyo Lengai car-
bonatite volcanoes (E. Africa; Peterson et al., 1989) have high
negative delta parameters; for example, analysis 17 (Table 4) has
AAI*-0.61 and AT®€_0.54; the excess Na must be of the
order of 0.5 to 0.6 atoms per 32 O, which is ~10% of the total
Na content. Assuming that this nepheline has the typical water
content of ~0.4 wt.% H,O this would be equivalent to ~0.52
molecules of OH per 32 O; the similarity of the Na and OH con-
centrations could be significant! In addition, Dawson et al. (1995)
reported the presence of vishnevite in the Oldinyo-Lengai host
rock BD875 of nepheline analysis 15 (Table 4), while
Donaldson et al. (1987) gave analyses for coexisting phenocrysts
of nepheline and vishnevite from an Oldinyo Lengai nephelinite
(BD51; see their fig 1); that nepheline analysis has delta values
close to zero (0.08 and 0.08, respectively). If the coexisting
nepheline and vishnevite in BD51 are in equilibrium it is reason-
able to assume that the nepheline would be saturated in a
vishnevite-like molecule. However, in a very recent investigation
of Oldoinyo-Lengai samples, Berkesi et al. (2020) describe the
compositions of melt inclusions found within nepheline
phenocrysts that point to the coexistence of quenched, Na-rich
immiscible, silicate- and carbonate-melt phases. It is suggested
that these immiscible melt phases also coexisted with a separate
peralkaline, fluorine-rich aqueous fluid phase. Note that an
analysis of a parent nepheline grain that is contaminated by the
presence of associated Na-rich silicate glass and/or trapped
peralkaline fluid would have a composition similar to a cancrinite
phase. Other researchers may wish to further consider this
possibility.

The possible relationship between nepheline and coexisting
cancrinite is considered in the next section of this paper assuming
either a primary solid-solution origin or a late-magmatic/post-
magmatic, hydrothermal alteration origin. Analyses used are for
coexisting nepheline and cancrinite in undersaturated dyke-rock
phonolites from the Marangudzi ring complex, Zimbabwe, a
protocol will be developed for dealing with the compositions of
cancrinite-bearing mixtures by calculating all compositions on
the basis of a 32 O nepheline unit cell.
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Nepheline-cancrinite compositional and textural
relationships in undersaturated igneous rocks

The silica-undersaturated syenites from the Marangudzi ring com-
plex contain nepheline as an essential mineral together with minor
amounts of sodalite; both generally occur as late magmatic phases
coexisting with interstitial to lath-shaped crystals of alkali feldspar
in the syenitic rocks. Post-magmatic, alteration phases consist of
patches of cancrinite, analcime and other zeolites in some rocks.
The nature of nepheline in porphyritic phonolites differs by it
occurring as phenocrysts together with cryptoperthitic alkali feld-
spars; some nepheline phenocrysts show blebs of a phase that
was originally thought to have exsolved from the original nepheline
phenocryst. However, other phonolites are distinctive by containing
nepheline phenocrysts (usually up to 3 mm) that show a well-
developed prismatic cleavage with some grain orientations display-
ing a lamellar feature of alternating ‘stripes’ of clear nepheline and a
pale brown Ca-bearing phase. Such compositional features of
nephelines for two phonolites, samples A22 and A24, are described
here; analyses were obtained by both wavelength dispersive
(WD; Cambridge Instruments Microscan 9, Sheffield Geology
Department; Geoscan 2 and Cameca Camebax, Manchester
Geology Department) and by energy dispersive analysis (ED,
Cambridge Instruments Geoscan fitted with a Link Systems
869-500 ED analyser, Manchester Geology).

Figure 3 shows an optical micrograph (black and white, plane
polarised light) with the nepheline phenocryst displaying lamellar
features with the ~5-10 um pale-brown ‘stripes’ showing slightly
darker greys. The dark spots mark beam-damaged regions ana-
lysed by WD methods using a 5 um beam on low-angle traverses
across the lamellar stripes; adjacent double spots show where two
sets of analyses were obtained. Table 5 has representative analyses
showing these compositional features together with average ana-
lyses for the most sodic and calcic compositions. On the traverses,
individual spot analyses varied from Ca-poor (~0.5 wt.% CaO,
Table 5 analyses 1 and 4) to Ca-rich (~6 wt.% CaO, Table 5 ana-
lysis 6); other analyses showed intermediate Ca contents reflecting
mixtures of phases (Table 5, analysis 5). This is consistent with the
electron beam straddling the interfaces between lamellae but also
with the beam penetrating and sampling regions below the surface.
It is clear that the two phases are nepheline and a Ca-rich cancri-
nite. Compositional traverses show very irregular compositions for
adjacent spots reflecting these textural features but also probably
affected by compositional heterogeneities within each lamella.
On the basis of the traverse analyses, Fig. 3a and b show compos-
itional data for individual spots and averages together with exam-
ples of cancrinite compositions taken from Deer et al. (1963 and
2004); note that the points shown for such cancrinites and ana-
Icime are recalculated to 32 oxygens so that the plotted composi-
tions are directly comparable to those of the parent nepheline and
its alteration products. The analytical spots for nepheline in all the
traverses are shown in the Ca vs. Na panel (Fig. 3b) with the aver-
age data for the parental (low-Ca) nepheline shown with a large
symbol to signify error bars. The compositions of the ‘mixed’
phase analytical spots are shown trending in a scattered manner
towards the compositions of a Ca-rich cancrinite composition.
The Ca vs. Al panel (Fig. 3a) shows the point for the average
low-Ca nepheline together with the individual points for the
mixed phase and the highest Ca-points observed for the traverses;
note that vishnevite variety cancrinites (DHZ4 and BD875) plot
alongside some of the more calcic A22 lamella analyses but
these vishnevites have low K contents (BD875=1.31 wt.%;
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Fig. 3. Micrograph of a nepheline phenocryst from a phonolitic dyke (sample A22)
from the Marangudzi ring complex, Zimbabwe. The striped structure shows the dis-
tribution of Ca-rich cancrinitic zones (darker grey) alternating with Ca-poor nepheline
regions (pale grey). The darker spots (~5um diameter) mark the spots damaged by
the electron microprobe beam; these are on traverses at low angles across the stripes
and some double spots show adjacent spots from repeat traverses.

DHZ4 =1.29 wt.% K,0) compared with those for the A22 cancri-
nite lamella compositions (average 6.2(1) wt.%). The groundmass
cancrinite compositions for Marangudzi phonolites G53 and
A24 also have very low K contents below the detection limit
(<~0.05 wt.% K,0O); also see Henderson and Ezepue (1989). In
Fig. 3a it is clear that two of the altered nepheline points have
lower Ca and Al and trend towards the composition of analcime.
The presence of a proportion of analcime in the alteration regions
containing cancrinite would also explain some of the scatter of the
Ca-bearing altered nephelines.

Figures 3c and d show the results of ED analyses of the neph-
eline phenocrysts in A22; all of these analyses were carried out
manually to place the beam at the chosen positions. Defocussed
electron beams (10 and 30 um diameter) were used to analyse
grains without lamellae. Grains with alteration lamellae were ana-
lysed using 5 um spots and representative low-Ca spot analyses;
the average low-Ca analysis are given in Table 5 (columns 2
and 3). The defocussed beam and normal beam average low-Ca
nepheline analyses are shown in Figs 3c and d with the defocussed
beam data having only a slightly more sodic composition indicat-
ing that the smaller beam did not result in significant diffusion of
Na from the sample. The analyses of ‘mixed region’ and brown
lamellae spots (e.g. Table 5, columns 5-9) are shown in both
the Al vs. Na and Ca vs. Na panels (Fig. 3c and d); in the former
all the data plot in a simple band from the parent nepheline,
through the ‘mixed’ samples to the cancrinite compositions
with only small displacements towards an analcime composition.
The Ca vs. Na plot (Fig. 3d) is more informative and displays a
clear trend towards cancrinite for some altered nepheline spots
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Table 5. Analyses of nepheline, cancrinite and analcime from Marangudzi phonolite dykes and published cancrinites from Deer et al. (1963, 2004) and Dawson et al. (1995). All analyses are calculated to 32 oxygens on
the stoichiometric nepheline basis.
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[1] [2] (3] [4] [5] (6] [7] (8] 9l [10] [11] [12] [13] [14] [15] [16] [17] [18] [19]
A22 A24
DHZ 4 DHZ 16 BD875 VU30
Pale lam. Pale Pale Pale Mixed sple.  Bn lam. Gdm., bn
Trav., lam., lam. lam. Trav., Trav, Bn lam. Bnlam. Bnlam. Pale lam. Pale lam. Bn lam. alt. patch Neph?
spot A 5 um Av. 8 Av. 19 spot P spot L 5um Av. 5 High Ca Av. 7 Av. 7 Av. 6 Gdm.  Analc f.g. Cancr. Cancr.  Vish. gdmas.
WD ED ED WD Trav. WD Trav. WD ED ED ED ED WD ED WD WD ED
Wt.%
Sio, 42.77 44.3 447 43.32 41.71 39.6 39.3 35.5 35.5 43.08 43.6 38.9 353 53.9 30.5 34.0 30.9 34.7 42.76
Al,O5 33.75 32.7 328 34.06 32.60 311 29.2 29.2 29.6 33.60 34.2 30.9 28.6 23.8 16.4 29.1 26.0 28.5 30.01
Fe,03 0.35 0.43 0.43 0.36 0.35 0.60 0.35 0.34 b.d.l 0.38 0.40 0.45 b.d.l b.d.l 1.14 b.d.l n.a. 0.67 231
Ca0 0.43 0.36 0.24 0.45 2.83 6.22 5.27 133 141 0.45 0.54 7.73 8.76 n.a. 23.9 4.80 13.54 4.57 8.83
Na,O 16.16 16.1 16.2 16.04 15.7 14.8 14.4 13.1 134 15.98 16.7 14.5 15.8 13.7 6.4 18.69 9.94 19.7 12.01
K,0 6.27 5.60 5.8 6.02 6.00 5.55 5.27 5.3 5.67 6.59 6.40 6.11 0.04 0.13 2.8 0.64 5.11 1.31 3.35
S < 0.08 < 0.08 < 0.08 <0.1 <0.05 <0.05 0.88
cl < 0.09 < 0.09. < 0.09 <0.1 <0.05 <0.05 0.21
Total 99.62 99.5 100.1 100.47 99.19 97.6 96.0 96.7 98.3 100.09 101.8 98.6 89.14 91.57 82.3 87.22 85.46 89.45 99.33
Atoms/32(0)
Si 8.513 8.515 8.545 8.287 8.163 7.958 7.999 7.409 7.335 8.296 8.258 7.816 7.693 10.569 7.599 7.506 7.638 8.314
Al 7.691 7.404 7.389 7.678 7.519 7.377 7.464 7.365 7.202 7.626 7.637 7.320 7.513 5.496 7.672 6.882 7.394 6.877
Fe** 0.051 0.062 0.063 0.052 0.053 0.053 0.092 0.054 0.055 0.058 0.068 0.111 0.189
Ca 0.089 0.074 0.033 0.092 0.593 1.340 1.148 2.979 3.122 0.093 0.109 1.666 2.011 1.15 3.528 1.078 1.871
Na 6.058 6.018 5.987 5.966 5.938 5777 5.674 5.288 5.350 5.967 6.118 5.671 6.658 5.203 8.104 4.687 8.408 4,527
K 1.548 1.374 1.404 1.514 1.506 1.423 1.367 1.401 1461 1.619 1.547 1.569 0.011  0.033 0.183 1.585 0.368 0.831
Xcations 23.683 23.447 23.421 23.588 23.774 23.928 23.744 24.500 24.470 23.656 23.727 24.110 23.886 21.301 24708 24.189 24.997 22.758
A(Al-cats) -0.041 -0.073 -0.006 0.066 -1.06 -2.45 -2.16 -5.23 -5.85 -0.092 -0.188 -3.18 -3.18 0.261 -2.91 -6.45 -3.43 -1.89
ATyateney)  -0.036 -0.114  -0.013 0.058 -0.93 -2.16 -2.70 -4.10 -4.10 -0.081  -0.165 -2.80 -2.79  0.238 -255 -568 -3.00 -167
Mol.%
Ne 75.7 74.4 74.1 74.6 74.2 72.2 70.9 68.1 66.9 74.6 76.3 70.9 83.2 65.4 101.3 58.6 103.7 56.6
Ks 19.3 17.7 17.6 18.9 18.9 17.8 17.1 17.6 18.3 20.2 19.3 19.6 0.14 0.41 2.28 19.8 4.60 10.4
CaNe 2.23 1.85 0.83 231 14.8 35.5 28.7 74.8 78.1 2.33 2.72 41.7 50.28 0 28.8 88.2 27.0 46.8
Q* 2.72 5.75 6.78 4.20 -7.91 -23.5 -16.7 -58.1 -66.6 2.84 147 -32.1 -33.65 346 -32.3 -66.6 -36.6 -13.8
Cn -0.19 -0.34 -0.03 0.31 -4.97 -11.5 -8.4 -24.5 -27.4 -0.93 -0.88 -14.9 -14.9 1.2 -13.7 -30.2 -16.1 -8.9
Si 291 6.10 6.80 3.27 -2.94 -12.0 -8.37 -32.8 -35.8 3.27 2.35 -17.2 -18.7 335 -18.7 -36.4 -20.6 -4.93
QSi-AY 3.26 6.6 6.9 3.48 3.69 3.30 2.97 -0.07 0.83 3.84 3.52 2.68 218 317 -046 +39 +0.83  +6.88
Mol.%
Ne 17.4 76.6 75.5 76.3 76.7 T7.4 77.9 79.5 7.7 76.4 78.6 76.1 98.2 65.0 97.8 71.2 95.0 76.6
Ks 19.8 17.5 17.7 19.4 19.5 19.1 18.8 20.5 21.3 20.7 19.9 21.0 0.2 0.4 2.2 24.1 4.2 141
Q 2.8 5.9 6.8 43 3.8% 3.5% 3.3% & 1.0% 291 1.51 2.9% 26% 346 _& 4.7% 0.8% 9.3%

Abbreviations: & Ne-Ks-Q’ proportions calculated using the Q’(Si-Al) value rather than Q*°; Trav. =traverse; av. = average; sple =sample; Bn =brown; lam.=lamella or lamellae; Gdm. = groundmass; f.g. = fine grained; Analc. = analcime; Cancr.=
cancrinite; Vish. = vishnevite (cancrinite group); others defined in text.

Reference and sample number of analyses: [1 to 12] this paper; [13-14] Henderson and Ezepue (1989); [15] A24 Groundmass, this paper; [16] Cancrinite DHZ4, Deer et al. (1963), table 39 analysis 4; [17] Cancrinite DHZ16, Deer et al. (2004), table 19,
analysis 16 (Balliarano et al., Amer. Mineral., 81, 1003-1012); [18] Vishnevite BD 875, Dawson et al. (1995), table 3, analysis 8; [19] Melloso et al. (1996), analysis of groundmass phase identified as nepheline, also contains SrO 0.29 wt.%, 0.033 atoms

added to Ca, Fe reported as FeO but recalculated as Fe,0s.
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and a less populated trend towards analcime. Other spots reflect
the presence of both cancrinite and analcime in the alteration
domains. Fewer analyses are available for the lamellae in nephel-
ine phenocrysts in phonolite A24 (Table 5, columns 10-12) but
the general trends are identical to those described above for
A22 (Fig. 3e and f).

The totals found for both the WD and ED analyses have not
been considered so far. In general the totals are close to 100%
for the pale spot analyses and generally range from ~96 to 98%
for the brown lamellae, which seems somewhat high for a cancri-
nite that should contain other components such as OH, Cl, CO;,
and S or SO, complexed mainly with Ca. Totals for groundmass
cancrinites are generally much lower at ~90%. However, in some
sets of analyses for sample A22, Cl was looked for (detection
limit ~0.5%) because of the possible presence of sodalite, though
it was never detected. In WD analyses of sample A24 both S and
Cl were analysed but were rarely detected above a two sigma
error of 0.06 wt.%; indeed the highest S detected for a groundmass
cancrinite in A24 was 0.18 wt.%. It is concluded here that Cl and S/
SO, are not significant components, suggesting that only hydroxy-
and carbonate-anion complexes might be present with the former
being the more likely occurring as a hydroxy-cancrinite molecule
(see above). Edgar (1964) showed experimentally that carbonate-
and hydroxy-cancrinite were stable up to ~800°C at 1.3 kb Py, 0.

The primary nepheline, 32 oxygen recalculation spreadsheet
was used to calculate ‘working atomic formulae’ for the associated
cancrinite and analcime. Inspection of the output points to the
scale of departure from stoichiometric nepheline compositions
(Table 5). Thus the parental low-Ca nepheline compositions for
sample A22 (Table 5 columns 1-4) have nepheline monitor para-
meters AAI” and AT well within the range +0.25 with similar
values. These analyses show only small Cn values (usually small -
ve) and similar values for Q*° and Q% excess quartz values con-
sistent with these compositions conforming to nepheline stoichi-
ometry. The analyses showing intermediate Ca contents (i.e.
‘mixed’ spots, Table 5 column 5) have higher delta values, higher
negative Cn values and negative Q’ values with Q™ and Q% show-
ing large differences. With increasing Ca content in the cancri-
nites (Table 5, columns 6-9) these trends continue with the
analysis having 14 wt.% CaO showing the highest departures
from nepheline stoichiometry (see column 9, Table 5). The
same relationships are clear in the A24 sample (Table 5, columns
9-12) and the published cancrinite compositions (Table 5, col-
umns 16-18) and in these cases the key parameters clearly reflect
the characteristic compositional features of Ca-rich cancrinites
and higher Na and Ca components could reflect their association
with large anions (e.g. OH™, CI-, CO3", SO3"). The negative AAI®
values are anomalously high in the cancrinite-bearing composi-
tions because much of that Ca must be complexed with large
anions and should not be considered a part of the basic nepheline
framework (see below). In the last section of this paper the nega-
tive compositional parameters, which reflect the presence of
‘extra’ alkalis and Ca in the cancrinite cages, will be dealt with
by correcting the data for the natural cancrinites for their content
of ‘cage cations’ associated with carbonate, sulfate and chloride.
However, at this stage the simpler definition of an excess Q" com-
ponent by using the relationship Q’ = (Si-Al) x 100/16 (Table 2,
equation 8 QY is used; this simply models the composition
of the framework of a cancrinite-bearing phase and is independ-
ent of the cavity cation and ‘cage-cation’ content. Table 5 shows
that the calculated Ne-Ks-Q’ compositions of the cancrinite-
bearing samples now give formulae for nepheline-like framework
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compositions with reasonable excess Q’ values ranging from 0 to
6% (average 3 +2%) although the Ne contents must be anomal-
ously high because all of the Na content was used to calculate
the Ne component.

Although other minerals with similar chemical features to can-
crinite (e.g. nosean, sodalite) would show similar trends, the fact
that nepheline and cancrinite have more similar structural and
chemical properties based on the lack of Cl and S and on the pres-
ence of 6-ring tetrahedral units puts the present interpretation
onto a stronger footing. It is also suggested that the groundmass
calcic nepheline (8.83 wt.% CaO) analysis reported by Melluso
et al. (1996) undoubtedly contains cancrinite as a significant
alteration product and data for that analysis are also given in
Table 5 (column 19).

It is concluded that the alteration of the primary nepheline, pre-
sent both as phenocrysts and groundmass phases, took place during
the deuteric cooling of the Marangudzi rocks by Ca-rich hydrother-
mal fluids gaining access to the nepheline phenocrysts via the well-
defined prismatic cleavages. The alteration lamellae seem to have
been able to maintain fairly well-defined margins following the ori-
ginal cleavage boundaries. The groundmass cancrinite is charac-
terised by a relatively low K-content presumably reflecting the low
K activity of the fluids, though the altered nepheline regions in
the phenocryst generally retained a significant amount of the pri-
mary K content. Indeed, the brown cancrinite lamellae have very
similar Ne/Ks ratios irrespective of the Ca contents (Table 5, col-
umns 4 to 9). The formation of the analcime phase probably
occurred at relatively low temperatures, perhaps ~500°C
(Henderson et al., 2014) following the earlier formation of cancri-
nite just below the solidus temperature (Edgar, 1964).

Returning to the Ca-rich nepheline analyses discussed above, it
is necessary to assess which have compositions consistent with a
primary origin. The Marangudzi altered sample with 2.8% CaO
(Table 5, analysis 5) has AAI“ and AT values of 1.06 and
0.93 clearly indicating deviation from nepheline stoichiometry;
the negative excess Q™ and QY values also indicate this feature.
By contrast, nepheline compositions from other rock types and
complexes, for example, analysis 9 (Table 4, Blancher et al,
2010) has 3.16% CaO with much lower A values (~ -0.06) and
significant Q™ contents; these features are consistent with a pri-
mary nepheline origin. It is also possible that the Ca-rich nephel-
ine analysis with 2.76 wt.% CaO (Rossi ef al., 1989) is a reliable
‘primary’ nepheline with AAI® and AT“**"¢° values of -0.10 and
-0.09 and calculated CaNe and Q* of 14.1 and 2.3 mol.%,
respectively. The Marangudzi cancrinite-bearing nephelines all
have SiO, and AL,O; concentrations ~2% smaller than primary
nephelines and it is that feature, together with the presence of
excess Ca complexed with large anions rather than entering as a
CaNe molecule, that leads to the higher negative AAI“ and
lower excess Q™ content. The key discriminator of the pres-
ence/absence of alteration to cancrinite is placed at a AAI®
of ~-0.3. On that basis, it seems that nepheline analyses from
Oldoinyo Lengai and Shombole (Peterson, 1989; see his table 2,
columns 15 and 17) might have included a very small proportion
(perhaps up to 5%) of a cancrinite alteration product, presumably
occurring as an unobtrusive, very fine grained material and
located in cleavages and/or cracks. If there is no sign of such alter-
ation, the possibility that primary nepheline could contain a very
small amount of solid solution with a cancrinite-group mineral
must then be considered. That possibility would benefit from a
limited experimental investigation with a hydrated (NaAlSiO,4
gel or glass starting material plus ~10% CaCO;) enclosed in
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Fig. 4. Electron microprobe analyses of altered nepheline phenocrysts and groundmass cancrinites from Marangudzi phonolites A22, A24 and G53. In all six panels
the large red square symbols mark the analyses of the primary low-Ca nephelines; some of these analyses were obtained with defocussed beam spots (diameter up
to 30 um) and these compositions are little different from those obtained from 5 um spots. Also shown are the compositions of Marangudzi groundmass grains of
Ca-rich cancrinite; typical Na-rich vishnevites BD875 (Dawson et al., 1995) and DHZ 4 (Deer et al., 1963); Ca-rich cancrinite DHZ 16 (Deer et al., 2004); and
Marangudzi groundmass analcime. (a) Ca vs. Al data for WD traverses in A22; (b) Ca vs. Na data for WD traverses in A22; (c) Al vs. Na ED analyses for A22; (d)
Ca vs. Na analyses for A22; (e) Al vs. Na WD analyses for A24; (f) Ca vs. Na WD analyses for A24.

sealed capsules and run in a cold-seal pressure vessel at ~100 MPa
pressure and 700°C; unfortunately this is beyond the hands-on
experimental capability of the present author.

Criteria for assessing reliability of nepheline analyses

It has been shown that departures from ideal nepheline stoichi-
ometry lead to differences between the calculated excess values
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Q°, Q% Q and Q®"AD. Section S.4 in the accompanying
Supplementary material assesses formulation of delta parameters
of the form A(Q" - Q?). For ideal nepheline stoichiometry A(Q™ - Q%,
AQ* - QD) AQ*® - Q™), and A(Q¥ — Q™) all reduce to
the relationship AQ’ =16 — i — (Al + Fe>*) however analytical
errors and the departure from ideal stoichiometry give each Q’
a different value. In this final section the use of the parameter
AQ® - Q%) =16 - Na - K - 2Ca - Si*®®? is advocated as another
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way of discriminating the acceptability of nepheline analyses
together with AAI® and AT<"&¢,

Figure 5a shows a plot of the AAI® term against the chosen
A(Q™ - Q%) parameter, with the latter values calculated from
the differences between mol.% values for Q and Q' multiplied
by 24/100 to make the atom numbers directly comparable to
those used to calculate AAL®. Although acceptable nepheline ana-
lyses are generally required to fall within the AAI® +0.25 range,
the database of published nepheline analyses shows that ~85%
of these points define a very tight band over the range +0.8 for
both AAI® and A(Q™ - Q%) (i.e. the database of 310 nepheline
analyses shows a linear fit with slope 1.12 and R*=0.99); ~35
of this database had AAI* significantly outside the +0.25 range.
The 15% of analyses separate from the main trend include three
from Brotzu et al. (1997) which appear to have anomalously
low alkali contents, and one analysis each from Trupia and
Nicholls (1996), Melluso et al. (1996) and Chakrabarty et al.
(2016). In addition, four analyses from Mitchell and Platt
(1979b) define the group of points plotting just above the main
nepheline band. It is clear that although ideal nepheline stoichi-
ometry defines zero values for both of these parameters, coopera-
tive compositional variations in both of the delta values occur
within the nepheline structure and it seems that use of this
approach allows the range of acceptable analyses to be substan-
tially widened, perhaps to + 0.8. Note that the new low-Ca ana-
lyses of nepheline phenocrysts from Marangudzi phonolite
dykes fall within the acceptable nepheline trend.

The trend of analyses towards more negative delta values
shows the compositions of cancrinites and nepheline that might
have been partially altered to cancrinite (see above); all of these
analyses were recalculated on a 32 oxygen basis together with
the nepheline analyses discussed here. This trend reflects the pres-
ence of alkalis and Ca complexed with large anions (CI", OH",
CO?% and SO%) present in either the cancrinite cages or in the
large channel. Also shown in Fig. 5a are analyses for sodalite,
nosean and hatiyne (Deer et al., 2004) that fall on the same 32
oxygen trend as cancrinite reflecting the same compositional dif-
ferences, note though that these feldspathoids all have totally dif-
ferent aluminosilicate frameworks from those of nepheline and
cancrinite. For each of cancrinite, haiiyne and nosean the more
negative delta values are shown by the samples with the highest
Ca/Na ratios. Analcime compositions are not shown in Fig. 5
but would all plot very close to the zero delta point.

Figures 5b and c explore the variations in composition in more
detail especially for the nepheline analyses showing cancrinite-
type compositional affinities. In Fig. 5b the extension of the A
(Al - cations) trend to high negative values reflects the presence
of Na and Ca large anion complexes in the cancrinites. For the
analyses with very low excess Si’ values, which are subject to
large errors, this means that such samples could have either
high +ve or -ve (Q* - Q%/Q* values both of which suggest
the presence of a cancrinite component in the analyses. Fig. 5¢
shows that the excess Na and Ca estimates in the DHZ cancrinite
analyses have been corrected for on the basis of their analysed car-
bonate, sulfate and Cl contents; anions were complexed with Ca
first and then with Na if required. The remaining cavity cation
species were then used to calculate the AAI® parameter. For the
Marangudzi high-Ca nepheline analyses the CaO content has
been decreased to 0.8 wt.% CaO, which is assumed to be the prob-
able primary CaO content of the parent phenocrystic nepheline.
On the basis of this diagram all analyses falling away from the
main nepheline trend are thought to have a cancrinite component

lCC
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either as a nepheline alteration product or possibly due to the
presence of a small amount of cancrinite in solid solution in
the nepheline.

It is clear the presence of excess alkalis has a significant effect
on the excess silica content calculated if equations equating all of
the cavity cations (mainly Na) are assumed to be present within
the stoichiometric Ne, Ks and CaNe end-members (ie. Table 2,
equations 1, 3-7 and 9-13). It was suggested above that the excess
silica should be calculated using QEI-AD Zgjotal _ (A] 4 Fe*) x
100/16 (cf equation 8, Table 2) to avoid this problem. For cancri-
nite analyses it was shown above that analyses of the large anions
associated with the excess Na (or Ca) could be used to complex
the excess alkalis present in the channels. Another approach
that might be feasible with alkali-rich nepheline analyses is to cal-
culate the Na atoms within the Ne component using a modified
equation 9 which is based on the occupancy of the cavity cation
site including the vacancies associated with the CaNe and excess
Q®AD contents, thus:

Na in Ne = 8 — K — 2Ca — (Si*" — Al)/2

The excess Na content (denoted Na*) is then calculated by sub-
tracting the corrected Na (Na®™") from the original Na®®. On the
basis of the protcol used above for dealing with the Na™ in can-
crinite analyses, this excess Na* should be neutralised within any
large anion - Na* molecular complexes present in the large,
B-site nepheline cavities, and it is necessary to renormalise the
atomic proportions of the remaining components to 32 oxygens.
The recalculated atomic proportions for all the atomic species,
including the new Na®™" value, would then be used to define
new values for Ne, Ks and CaNe proportions for the remaining
calculations. In addition, the Na* value could be used to estimate
the proportion of a cancrinite-like component in the nepheline
cell, ie,, Na™ x 100/2.666 (cf. the hydroxycancrinite 32 oxygen
end-member Nag[AlgSigOs;,]-(NaOH), ¢66.#H,0). In the section
above on ‘Assessment of igneous rock nepheline component cal-
culations’ the analyses with an excess of Al+Fe’* over Na + K +
2Ca were considered to have a corundum component (denoted
Cn); such compositions would have a negative Na™ value follow-
ing the calculations described above and with Na®" the same
amount larger than the original Na atoms per 32 O. Although
some of the low Na nepheline analyses might reflect loss of Na
during microprobe analyses, the possible presence of an excess
Al nepheline molecule should still be considered. The same calcu-
lation can be used to deal with very Ca-poor cancrinites though
those with major Ca contents might generally be expected to
have little or no Ca within the nepheline framework, and effect-
ively all the Ca would be in the large channels complexed with
large anions; in that case none of the Ca can be assumed to
occur in cavity cations sites and the calculation is not reliable!
The full 310 analysis nepheline database has been used to cal-
culate the corrected nepheline end-member parameters and Fig. 6
shows the new plots for the AAI vs. AP and Si/Al vs. AAI/
ATP*8 relationships. It is clear that the trends displayed show
none of the scatter of analyses shown by the original data (cf.
Fig. 6a with Fig. 1; and Fig. 6b with Fig. 2a); in addition, the
AAI” and A®*'8 values are much smaller than before and the
separate values calculated for QA *, Q% Q" for each ana-
lysis are now very similar. The slope of the linear plot in Fig. 6a is
equivalent to a mean AAI“/AT"*"° ratio of 1.134, which is a typ-
ical value for a silica-rich natural nepheline. All of these
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‘improvements’ result from the model corrections made to sub-
tract the excess Na™ or excess Cn contents; both of these can
be considered to be non-nepheline components. However, these
are model values and time will tell how useful they are. The
Ne-Ks-Q’ percentages for the new calculations are given at the
bottom of Table 4 together with the estimated amounts for a pos-
sible hydroxycancrinite component; these values are most useful
for the most alkali-rich compositions from Oldoinyo-Lengai
and Shombole ultra-alkaline volcanic and related rocks where
they suggest the presence of ~5% cancrinite component that
matches the earlier estimates. This ‘corrected’ dataset gives very
similar Ks values and the Ne values are within 1-2% of the pre-
viously adopted values in Table 4 with no consistent pattern of the
differences being consistently higher or lower; in any case, 1-2%
differences on total Ne contents of 75 to 80% is the expected ana-
Iytical error. However, the Q’ differences of ~0.5 to 2% on a Q
content <5% is a more serious error. Individual authors would
need to decide which calculation protocol would be the most reli-
able. To support this initiative an EXCEL file is supplied with the
Supplementary material to expedite and standardise these calcula-
tions, which researchers can download and utilise.

Conclusions

Molecular proportions for nepheline solid solutions have been
calculated on a 32 oxygen unit-cell basis and on end-members
of formulae NagAlgsi8032 (Ne), K8A188i8032 (KS), D4C34A188i8
O3, (CaNe), and [sSi;603, (Q*°) where ideal stoichiometry and
crystal structure define a unit cell with 16 framework cations and
8 cavity sites. This calculation requires proportions of both filled
(Ca) and vacant ([J°®) sites to be included to calculate CaNe
and of all the [ sites to calculate Q**.

Based on Barth (1963) and following nepheline stoichiometry,
molecular proportions of main end-members are initially calcu-
lated as follows: Ne=3 xNa / 24; Ks=3xK / 24; CaNe =6 x
Ca / 24; and Q®=(24 - 3Na - 3K - 6Ca) / 24. Alternative
ways of calculating the excess Si end-member are: Q% =Si* /
16; Q™" = (24 - total Si - Al - Fe’* - Na - K - 2Ca) / 8 and
Q' AV = (si*! _Al) x 100/16. High quality analyses of stoichio-
metric nephelines have closely similar Q™, QY Q%1% and Q-4
values.

‘Stuffed-tridymites” with nepheline/kalsilite-type structures are
known with M** + Si** replacing 2 AI’" in the tetrahedral frame-
work are also known with M = Mg, Fe**, Co, Zn (Roedder, 1951,
1952; Liu and Barbier, 1993). High quality microprobe analyses
with minor amounts of Mg and Mn are also known and could
form small amounts of the kalsilite analogue KM?2%Si; sO,. Such
a component is calculated as KsM =6 x M atoms per 32 O / 24.

A database of 310 published microprobe nepheline analyses is
used to assess the criteria for acceptability of analytical data.
Departures from stoichiometry are assessed using the parameters
AAI* and AT®'®, The values for these parameters are closely
coupled for reliable analyses and acceptable analyses are defined
as having values within +0.6 for both AAI® and AT"*¢¢ para-
meters, and within the range 1.0 to 1.25 for the coupled AAI®/
T ratio. Many high quality nepheline analyses have AAI*/
T values of ~1.134.

Other criteria used to select reliable analyses are that the CaO
concentrations should be <3.5 wt.%; that 32 O cell formulae
should have tetrahedral atom totals within the range 15.9-16.1;
and also should show only limited differences between excess
Q*, Q%, QY and Q®AY parameters.
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Good analyses of nepheline phenocrysts from nephelinites and
peralkaline igneous rocks associated with Na-rich carbonatites
commonly show Al deficiencies reflected in negative AAI* para-
meters, (i.e. negative ‘normative’ corundum, Al,O;), and anomal-
ously low or negative excess Q parameters. The relatively low Al
and Si and high Na (also perhaps Ca) contents suggest the pres-
ence of a small amount (~5%) of cancrinite as an alteration phase
or perhaps even in solid solution within the late-magmatic neph-
eline. For such nephelines the presence of excess cavity cations
over (Al+Fe®*) suggests that the QA calculation might provide
the most reliable excess silica estimate.

The compositional characteristics of alteration lamellae of
Ca-bearing cancrinite present in nepheline phenocrysts in phono-
lites from the Marangudzi sub-volcanic alkaline complex,
Zimbabwe, are used to define the diagnostic parameters for recog-
nising such non-stoichiometry in nepheline. These alteration
lamellae have wt.% CaO varying from ~3 to 14 wt.% with K/Na
ratios showing little change from the primary nepheline value.
The alteration lamellae are believed to have formed during
high-temperature deuteric alteration involving hydrothermal fluids
rich in Ca and low in K.

The IMA have recommended that ideal nepheline should be
considered as having the formula Na;KALSi;O:6 (ie. the
so-called Buerger composition) rather than the previously used
NaAlSiOy: this makes sense for natural Na-rich nephelines but
all reliably analysed natural nephelines have Si/Al > 1 (cf. the
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Morozewicz formula). In this work we have found an average
AAI®/ AT = 1134 +0.022. Using the formula deduced to
describe the relationship between AAI®/ AT and Si/Al (Si/
Al = 289.89(AAI/AT"8%) %66 84(AAI/AT*"e) + 384.44) the
average Si/Al ratio for the natural nepheline database described
here would be 1.167. This ratio together with retaining a Na/K
ratio of 3 (see above) would give an ‘ideal’ formula for natural
nephelines of Na, 75K 92Al3 6951431016 assuming strict stoichiom-
etry; note that the mean value calculated for 280 reliable analyses
in the current database is Na, 940K 669Al3 722514 223 that has Si/Al
=1.135 and Na/K=4.41.

Finally, it is recommended that other researchers should rou-
tinely use the approach presented here to recalculate standardised
nepheline end-member components. The proportions of the
Ca-rich and excess-Si end-member components calculated by dif-
ferent authors would then be directly comparable, allowing mag-
matic and post-magmatic trends shown by nepheline and
associated feldspars to be more easily compared for
silica-undersaturated complexes world-wide. An EXCEL file is
supplied in the Supplementary material to allow researchers
expedite and standardise these calculations.
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