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Abstract: Chromatographic interaction between infiltrating solutions of racemic mixtures of
enantiomers and enantiomorphic minerals with chiral excess has been proposed as a scenario for the
emergence of biomolecular homochirality. Enantiomer separation is supposed to be produced by
different partition coefficients of both enantiomers with regard to crystal faces or walls of capillary
tubes in the enantiomorphic mineral. Besides quartz, nepheline is the only common magmatic mineral
with enantiomorphic symmetry. It crystallizes from SiO2-undersaturated melts with low viscosity and
is a promising candidate for chiral enrichment by autocatalytic secondary nucleation. Under liquidus
conditions, the dynamic viscosity of silicate melts is mainly a function of polymerization. Melts with
low concentrations of SiO2 (<55 wt%) and rather high concentrations of Na2O (>7 wt%) are only
slightly polymerized and hence are characterized by low viscosities. Such melts can ascend, intrude or
extrude by turbulent flow. Fourteen volcanic and subvolcanic samples from alkaline provinces in
Africa and Sweden were chemically analyzed. Polished thin sections containing fresh nepheline
phenocrysts were etched with 1% hydrofluoric acid at 20 ◦C for 15 to 25 min. Nepheline crystals
suitable for a statistical evaluation of their etch figures were found in four samples. Crystals with
chiral etch figures are mainly not twinned. Their chiral proportions in grain percentages of single
crystals are close to parity in three samples. Only one sample shows a slight chiral excess (41.67%
L-type vs. 58.33% D-type) but at a low level of significance (15 vs. 21 crystals, respectively).
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1. Introduction

Extraterrestrial scenarios for chiral enrichment [1,2] have recently been favoured by the scientific
community because of experimental evidence for enantiomeric excesses induced by circularly
polarized light [3], and because of the fascinating challenge of the cometary mission Rosetta and its
enantiomer-separating Cometary Sampling and Composition (COSAC) experiment onboard the Philae
lander [4–8]. Nevertheless, chiral enrichment of enantiomers by natural chromatographic processes
on the early surface of planet Earth is still a matter of debate. One of us (E. Hejl) [9] has proposed
a new hypothesis for enantiomer separation in the course of chemical etching of nuclear particle
tracks originating from spontaneous or induced fission of 238U or 235U, respectively. The hypothesis
relies on the principle of liquid chromatography, i.e., on partition of dissolved molecular species
between the walls of capillary tubes and a liquid mobile phase. When such tubes or pores occur in
an enantiomorphic crystal they are expected to produce a slight separation of dissolved enantiomers.
This process can be amplified in the course of downhill infiltration of seepage water.
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Chromatographic enantiomer separation requires different partition coefficients of both
enantiomers relative to an enantiopure or chirally enriched stationary phase. In the scenario proposed
by HEJL [9], enantiomorphic minerals in the subsoil of an early Precambrian mainland form the
stationary phase for infiltrating fluids. Chromatographic separation of dissolved enantiomers might
occur either by selective partition on grain boundaries, cracks and cleavage planes, or in tubular
cavities produced by natural etching of nuclear particle tracks. This process necessitates a preexisting
chiral enrichment of enantiomorphic minerals in a certain volume of rock or soil.

On Earth, only two enantiomorphic mineral species are quite common components of magmatic
rocks: quartz and nepheline. These two minerals may be completed by the SiO2-modification tridymite
which could have been more frequent on the early Earth, and was recently discovered on planet
Mars by the rover Curiosity of the Mars Science Laboratory [10]. Furthermore, the most frequent
enantiomorphic mineral besides quartz and tridymite is nepheline. It belongs to the hexagonal
system (hexagonal-pyramidal class, with a polar axis of hexagonal symmetry) and to the space-group
P63 [11,12].

Nepheline has been ignored for enantioselective crystallization in general, and for the emergence
of biomolecular homochirality in particular. More than 130 years after the discovery of its
enantiomorphism [13], nothing is known about the chiral proportions of nepheline in magmatic
rocks or on a global scale. This lack of information might be due to the fact that nepheline is optically
not active [14], and that both enantiomorphs cannot be distinguished under polarized light. In this
context it is important to notice that nepheline crystallizes in a single space group (P63)—in contrast to
quartz which belongs to a pair of space groups, P3121 (right-handed screw) and P3221 (left-handed
screw), i.e., space groups with screw axes of opposite handedness.

Determination of the absolute structure of enantiomorphic crystals (including handedness) is
still a great challenge for experimental crystallography. Among other methods, X-ray diffraction with
dispersion correction has been applied to this problem, and also resonant X-ray diffraction techniques
have made some progress during the last decades [15]. TANAKA et al. [16] have studied structural
chirality by use of circularly polarized resonant X-ray diffraction. They could demonstrate that the
measurement of only one space-group forbidden reflection is sufficient to determine the chirality of
α-quartz or berlinite (AlPO4). The term “absolute structural chirality” refers to space groups having
screw axes labeled right-handed or left-handed. This concept does not apply to nepheline whose two
enantiomorphs belong to the same space group (P63).

Based on crystal morphology and optical activity, many investigations were dedicated to chiral
proportions of quartz in nature, as for example in graphic granite [17], but strong chiral excess of
quartz was neither found on a worldwide nor on a regional scale [18,19]. Because of its occurrence in
alkaline rocks having crystallized from SiO2-undersatureated low-viscosity melts, nepheline is a more
promising candidate for chiral enrichment by autocatalytic secondary nucleation (seeding) than quartz
which mainly crystallizes from melts with higher viscosity.

Spontaneous crystallization of almost enantiopure crystals was indeed observed under laboratory
conditions [20,21]. Dissolved sodium chlorate NaClO3 is not chiral, but its crystals are optically active
and occur in two enantiomorphs. When such crystals precipitate from an aqueous solution of sodium
chlorate, they can be either left-handed or right-handed, with corresponding opposite optical activities.
In case of precipitation from a stationary—not flowing—solution, almost equal numbers of crystals of
both enantiomorphic configurations are formed [20]. On the other hand, when the solution is stirred
with a magnetic stirrer during crystallization, it was found that more than 99% of the crystals had the
same handedness. The direction of enantiomorphic excess (either L- or D-crystals) was unpredictable
and obviously not controlled by the direction of stirring. KONDEPOUDI et al. [20] have argued that
the enantiomorphic excess is due to autocatalytic secondary nucleation and by the suppression of
nuclei of the opposite handedness in the course of a competitive nucleation. Analogous seeding effects
were observed for stirred solutions of NaBrO3, and for the crystallization of chiral hydrocarbons from
a melt [21].
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If autocatalytic secondary nucleation [20,21] also occurs in magmatic crystallization, we can expect
that a turbulent magmatic flow of low viscosity has a better chance to produce chiral excess than a gentle
flowing magma with high viscosity. Nepheline, which crystallizes from SiO2- undersaturated magmas
with rather low viscosity, is a potential candidate for enantioselective crystallization. Transition from
laminar to turbulent flow is more easily achieved in alkaline or carbonatitic melts than in silica-enriched
magmas with high viscosity. The present investigation is a first test for an eventual chiral enrichment
of nepheline in alkaline magmatic rocks.

2. Viscosities, Ascent Rates and Flow Patterns of Magma under Natural Conditions

Flow patterns of magma depend on viscosity and density as substantial properties of the magma
itself, on magma’s velocity or ascent rate relative to a solid frame of reference, and on the geometry of
the walls that confine the magmatic flow. In contrast to magma densities, which are usually between
2000 and 3000 kg/m3, viscosities of magma can vary by several orders of magnitude. Magmatic
viscosity depends on temperature, the amount of fractional crystallization within the magmatic flow,
and on the chemical composition of the molten fraction. The dynamic viscosity (η) connects the
shear stress (τ) to the strain rate of a fluid (δv/δy = velocity gradient perpendicular to planes of
equal flow velocities). Silicate melts mainly behave as Newtonian fluids [22], i.e., they show a linear
relationship between shear stress and shear rate for any given temperature and pressure (δv/δy = τ/η).
Above liquidus boundary conditions, the dynamic viscosity of a silicate melt is mainly a function of its
polymerization [23,24]. In silicate minerals as well as in silicate melts, the Si4+ ions occur in tetrahedral
coordination with oxygen over a wide range of temperature and pressure. Each of these oxygen atoms
has the potential of bonding to another Si4+ ion which can result in chains, sheets or three-dimensional
networks of connected SiO4 tetrahedrons. Such linking of silicate tetrahedrons has been referred to as
polymerization [23,24]. The equilibrium between various types of oxygen atoms in a silicate melt can
be described by the following reaction:

Si-O-Si + M-O-M = 2(Si-O-M) (1)

where M is a cation other than Si4+, and the oxygens of the three terms of the equation are called
bridging, free and non-bridging oxygens. This equilibrium between oxygen types can be shortly
written as

O0 + O2− = 2O− (2)

Equilibrium conditions can be associated to the equilibrium constant K

K =
(O−)2

(O0)(O2−)
(3)

where the terms in brackets refer to activities or, in the case of an ideal solution, to molar concentrations
of the oxygen species in the melt. A melt with K = 0 would be one with no reaction between
molten SiO2 and molten metal oxide to form non-bridging oxygen. On the other hand, a melt
with K = ∞ is given when in reaction (1) all the silica or all the metal oxide is consumed to form
non-bridging oxygen. Silicate magmas with a higher equilibrium constant K contain less bridging
oxygen, are less polymerized and less viscous than melts with a small K. For a given pressure,
temperature, and composition, the polymerization equilibrium of a silicate melt is realized when the
distribution of oxygen species (O0, O2−, O−) minimizes the free energy of the solution [24].

Such estimations were calculated for binary systems of SiO2 on the one hand and FeO, MnO, CaO,
and Na2O on the other hand [24,25]. All curves (Gibbs free energy vs. molar concentration of SiO2)
show minimum free energies in the vicinity of about 40% molar concentration of SiO2. For any given
concentration of SiO2, the free energy is highest for the system FeO-SiO2, and becomes smaller in the
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order of MnO-, CaO-, and Na2O. Consequently, a Na2O-SiO2 melt is always less polymerized and
less viscous than a FeO-SiO2 melt with the same SiO2 concentration. In general, melts with cations
of high ionization potential are expected to be more polymerized than melts with cations of low
ionization potential, as for example Na+ or K+. This theoretical implication is well tested by X-ray
diffraction studies and NMR spectroscopy of silica glass [26]. At higher pressures (>6 GPa), the degree
of polymerization is further complicated by the formation of new oxygen clusters, including 5- and
6-coordinated Si and Al which result in a decrease of non-bridging oxygen [27,28].

Dynamic viscosities of fresh lava flows can be measured with a portable, motor-driven,
rotating shear vane that records torque and rotation rate. Alternatively, open magma channels can be
used as natural viscometers. Viscosities are calculated from the channel’s slope and depth, as well as
from flow velocity and density of magma. Both methods were successfully applied to alkali carbonatite
lavas of the 1988 eruption of Oldoinyo Lengai, Tanzania [29].

Flow velocities of effusive lava can be determined by observations on the spot [29]. Emplacement
velocities of magma injections into fractures or dykes, as well as magma transport rates in volcanic
ascent channels can be derived from seismic data. The rate of stress release depends on the viscoelastic
properties of rocks and on the rate of magma flow compensating extensional failure in sills or dykes.
Seismic model calculations [30] have shown that at a differential pressure of 1000 bars, basaltic magma
must be injected at 1000 m/s in a 1 m thick extensional dyke in order to produce a magnitude
5 earthquake. Magmatic flow velocities between 1 and 100 m/s are quite common when the injected
volume and the dimension of extensional failure are smaller.

Transition from laminar to turbulent flow depends on the fluid’s density and its dynamic viscosity,
as well as on the flow velocity and a characteristic linear dimension of the flow (for example the
diameter of a pipe or the depth of a flow with an open, unconstrained surface). The dimensionless
Reynolds number (Re) helps to predict flow patterns for different flow situations:

Re = ρ.v.L/η (4)

with ρ = density of the fluid (kg/m3)
v = flow velocity (m/s)
L = hydraulic diameter (m)
η = dynamic viscosity (Pa.s)
Figure 1 is a double-logarithmic cross plot of dynamic viscosity vs. hydraulic diameter,

with characteristic Reynolds numbers of 500 and 2500 for various flow velocities. Transition from
laminar to turbulent flow usually occurs at a threshold between these Re values. The hydraulic
diameter is either the diameter of a cylindrical pipe or the thickness of a dyke. Figure 1 is valid for a
magma density of 2800 kg/m3 (basalt and nephelinite).

By consideration of published dynamic viscosities of various types of magma above liquidus
conditions [22,31], and of reasonable dimensions of magmatic channels, critical flow velocities for
the transition from laminar to turbulent flow can be predicted in a semi-quantitative way (Figure 1).
Low-viscosity melts of carbonatite or nephelinite (η < 10−1 Pa.s) can exhibit turbulent flow even
at very low flow velocities of less than 1 cm/s in a dyke or vent with hydraulic diameters above
10 m. Basaltic melts (η > 10 Pa.s) have a lesser probability of turbulent flow, which may only occur at
higher flow velocities and/or in very large volcanic vents. Dry SiO2-rich melts (rhyolite with η > 108

Pa.s) can never reach turbulence under realistic flow conditions. These predictions are supported by
volcanologic field observations [29,32].

Chiral enrichment by seeding [20] requires not only turbulence but also unconstrained dispersion
of crystalline nuclei within the entire magmatic volume. This is only possible when the enantiomorphic
crystalline species precipitates early from the melt (Figure 2a), and not late under eutectic conditions
(Figure 2b). In the latter case, any seeding will be restricted to the interstitial space of individual
liquid pores between already crystallized minerals. The same is the case for crystals in individual
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magma droplets suspended in a gaseous phase of a rapidly expanding explosive eruption (Figure 2c).
Mutual catalytic influence between liquid interstices or droplets is impossible.Symmetry 2018, 10, x FOR PEER REVIEW  5 of 16 
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Figure 2. Schematic representation of crystallization under different magmatic conditions. (a) Early
unconstrained crystallization in a mainly liquid environment. (b) Late interstitial crystallization in the
pores between earlier crystallized phenocrysts. (c) Crystallization in liquid droplets of an expanding
current of hot volcanic gas (ignimbrite or pyroclastic flow). Bold circular arrows symbolize turbulent
mixing; dashed circular arrows symbolize low probability of turbulence.

Phase relations and the shape of the liquidus surface in the compositional triangle
SiO2-NaAlSiO4-KAlSiO4 [33–36] help to predict the crystallization behavior of alkaline melts. Figure 3a
shows the liquidus temperatures (isothermal lines) for various compositions at 1 bar (=105 Pa)
water-vapor pressure. Early and unconstrained crystallization of nepheline from the melt can
only occur in a defined compositional field between the binary eutectic lines in the central part
of the diagram and the NaAlSiO4 corner—without the carnegieite field (Figure 3b). Melts with
bulk compositions in the nepheline field at some distance from the binary lines will first crystallize
nepheline, and by fractional crystallization the composition of the remaining melt will approach the
binary eutectic lines. Alkaline rocks with bulk compositions in the quoted nepheline field should have
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porphyritic phenocrysts of nepheline in a finer-grained matrix with a composition that is closer to
eutectic conditions.Symmetry 2018, 10, x FOR PEER REVIEW  6 of 16 
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Figure 3. Phase relations in the system NaAlSiO4-KAlSiO4-SiO2. The relative proportions of
components represent mass concentrations (wt%). (a) Phase relationships with corresponding liquidus
temperatures at 1 bar water-vapour pressure according to [34–36]. (b) Compositional areas with specific
crystallization of nepheline (i.e., early, eutectic, or interstitial).

3. Occurrence, Etching Behavior and Chiral Proportions of Nepheline in Alkaline Igneous Rocks

Several SiO2-undersaturated magmatic rocks from various alkaline provinces in Africa and
northern Europe were chosen for the present investigation. Twelve volcanic rock specimens together
with thin sections were provided by curator Epifanio Vaccaro from the Natural History Museum (NHM)
of London, another two samples from Namibia were provided by courtesy of Robert Trumbull from the
GFZ Potsdam. The absolute structure of nepheline (including handedness) cannot be determined by
X-ray diffraction because both enantiomorphs belong to the same space group. For the present study,
we decided to determine chiral proportions of polycrystalline nepheline by a statistical evaluation of
etch figures on intersecting planes subparallel to the c-axis.

The 14 samples are mainly of volcanic or sub-volcanic origin, two are plutonic rocks, and one is
a nepheline-bearing carbonatite (Table 1). Sample no. 1 (BM.1953, 133(2)) is a phonolite from Homa
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Montain (Kenya) which consists of a central area of concentric carbonatite dykes and breccia, and some
subordinate plugs of phonolite to nephelinite. K-Ar ages of whole rocks and biotite range from 1.3 to
12 Ma [37]. Sample no. 2 (BM.1965, P19 (6)) is a phonolitic nephelinite from the Dorowa complex in
Zimbabwe. This complex is intruded into Archaean granitic gneiss and is mainly composed of syenitic
fenite with minor plutonic to subvolcanic intrusions of foyaite, Ijolite, and carbonatite [38]. Sample no.
3 (BM.1968, P37 (401)) is a phonolite from the Namangali hill in southern Malawi. It is composed
of phonolitic and feldspathic breccia which forms vents in fenitized gneisses and in Precambrian
basement rocks. Both fenites and vent rocks are cut by phonolitic dykes and small carbonatite
veins [39]. Samples no. 4, 5, and 6 (BM.1980, P31 (2, 24, 27)) are alkaline volcanic rocks from the
Tundulu complex in southern Malawi. Its central subvolcanic area, which comprises carbonatite,
agglomerate, trachyte, nephelinite, and phonolite, is surrounded by a broad aureole of fenitized
Precambrian basement [40]. Sample no. 7 (BM.1981, P14 (440)) is a nepheline carbonatite from the
Alnö complex at the eastern coast of central Sweden. It intruded the Precambrian basement in Late
Ediacarian times [41]. Sample no. 8 (BM.1981, P3) is a phonolitic nephelinite from Mt. Etinde in the
vicinity of Limbe (Cameroon). Etinde is a steep-sided Late Cenozoic volcano composed of various
kinds of nephelinites and nephelinitic tuffs. K-Ar ages of Etinde’s volcanic rocks range between
0.065 and 6.3 Ma [42,43]. Samples no. 9 and 10 (BM.1995, P6 (40, 43)) are phonolitic nephelinites
from Kerimasi in northern Tanzania. Kerimasi is a Quaternary volcanic cone that rises approximately
1000 m above the Serengeti Plain. It is mainly built up by nephelinites, corresponding tuffs and
agglomerates [44]. Samples no. 11 and 12 (BM.2004, P12 (28, 75)) are from Oldoinyo Lengai which
is situated immediately north of Kerimasi. Because of its natrocarbonatite lavas of extremely low
viscosity, Oldoinyo Lengai is one of the most prominent carbonatite volcanoes of the world. Besides
carbonatite, it is composed by nephelinites, agglomerates, and tuffs [43,45–47]. It has a Quaternary age
and is still active. Samples no. 13 and 14 (KF 85 and KF 88) are nepheline syenites from the Kalkfeld
ring complex in northwestern central Namibia. This bimodal carbonatite-alkali silicate complex
belongs to the Damaraland Igneous Province which formed in the Early Cretaceous, between 137
and 124 Ma [48]. The Kalkfeld ring complex is hosted in granitic and metasedimentary rocks of the
Pan-African Damara System. BÜHN & TRUMBULL [48] have found that the Kalkfeld silicate magma
fractionated alkali-feldspar and nepheline in a CO2-dominated, F- and Ca-poor system, and that
euhedral nepheline phenocrysts are rare compared to predominant alkali-feldspar.

Table 1. Rock types and locations of investigated samples.

No. Sample Code Rock Type Location Coordinates Ref.

1 BM.1953, 133 (22) Phonolite Homa Montain, Kenya 0◦23′ S; 34◦30′ E [37]
2 BM.1965, P19 (6) Phonolitic nephelinite Dorowa compl., Zimbabwe 19◦04′ S; 31◦45′ E [38]
3 BM.1968, P37 (401) Phonolite Namangali, Malawi 15◦49′ S; 35◦35′ E [39]
4 BM.1980, P31 (2) Aegirine biotite phonol. Tundulu complex, Malawi 15◦32′ S; 35◦48′ E [40]
5 BM.1980, P31 (24) Nephelinite Tundulu complex, Malawi 15◦32′ S; 35◦48′ E [40]
6 BM.1980, P31 (27) Phonolite Tundulu complex, Malawi 15◦32′ S; 35◦48′ E [40]
7 BM.1981, P14 (440) Nepheline carbonatite Alnö, Sweden 62◦24′N; 17◦28′ E [41]
8 BM.1981, P3 Phonolitic nephelinite Limbe (Victoria), Cameroon 4◦04◦N; 9◦08′ E [42,43]
9 BM.1995, P6 (40) Phonolitic nephelinite Kerimasi, Tanzania 2◦52′ S; 35◦57′ E [44]

10 BM.1995, P6 (43) Phonolitic nephelinite Kerimasi, Tanzania 2◦52′ S; 35◦57′ E [44]
11 BM.2004, P12 (28) Phonolitic nephelinite Oldoinyo Lengai, Tanzania 2◦46′ S; 35◦55′ E [45–47]
12 BM.2004, P12 (75) Phonolitic nephelinite Oldoinyo Lengai, Tanzania 2◦46′ S; 35◦55′ E [45–47]
13 KF 85 Nepheline syenite Kalkfeld, Namibia 20◦48′ S; 16◦07′ E [48]
14 KF 88 Nepheline syenite Kalkfeld, Namibia 20◦48′ S; 16◦07′ E [48]

Aliquots of samples no. 1 to 12 were ground to a fine powder in an agate mill. Chemical analyses
were conducted by classical XRF methods on lithium tetraborate glass beads and pressed powder
pellets using a Bruker Pioneer S4 crystal spectrometer at the Department for Chemistry and Physics
of Materials, University of Salzburg. Obtained net count rates on single X-ray lines were recast
into concentration data (wt% and ppm) based on an in-house calibration routine that involves
measurements of ~30 international geostandards (USGS and GSJ). The calibration relies on the Bruker
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AXS software SPECTRAplus FQUANT (v1.7) and corrects absorption, fluorescence and line overlap
effects. In addition, a monitor standard (GSJ Granodiorite JG-1a) was measured together with the
samples. Analytical results of Table 2 include information on detection limits and typical analytical
uncertainties for single elements. Reported errors are conservative and refer not only to the XRF
counting statistics, but consider also the uncertainty of the linear fit of the calibrations. Loss on
ignition (LOI) was determined gravimetrically after heating the dried samples to 1050 ◦C for two
hours. Samples no. 13 and 14 had been already analyzed by BÜHN & TRUMBULL [48].

Table 2. Chemical compositions of investigated samples. L.O.I. = loss on ignition; bdl. = below
detection limits. Total iron is given as Fe2O3. The CIPW Norm (cf. text) was calculated with an
assumed ratio of Fe3+/(total iron) = 0.5.

No. 1 2 3 4 5 6 7 8 9 10 11 12

Major elements (wt%)

SiO2 52.04 45.71 53.82 51.45 34.99 46.87 18.75 45.25 47.65 46.49 48.32 45.67
TiO2 0.52 0.65 0.75 0.42 3.10 1.22 1.31 1.11 1.21 1.48 1.06 1.02
Al2O3 19.95 16.03 19.89 19.06 10.32 19.24 8.89 19.05 15.92 17.51 17.17 17.05
Fe2O3 6.28 7.46 3.81 5.71 11.05 5.93 9.17 6.74 9.68 8.82 7.52 7.27
MnO 0.30 0.15 0.19 0.44 0.19 0.21 0.30 0.37 0.28 0.24 0.22 0.21
MgO 0.33 3.60 0.88 0.16 14.72 1.29 1.30 1.23 1.07 1.63 0.42 0.42
CaO 1.97 7.64 2.16 1.63 12.18 3.82 33.46 6.32 8.07 6.93 3.97 5.26
Na2O 6.40 11.55 9.96 7.51 3.00 8.68 2.95 8.10 8.54 9.29 10.05 9.51
K2O 7.19 1.62 5.72 7.97 3.21 7.43 1.56 6.09 5.31 4.99 5.88 5.71
P2O5 0.08 1.21 0.20 0.17 1.12 0.25 1.89 0.16 0.34 0.46 0.14 0.61
SO3 0.12 0.44 0.25 0.10 0.39 0.11 0.21 0.29 0.05 0.11 0.22 0.17

F 0.17 0.20 0.20 0.22 0.43 0.31 0.18 0.32 0.18 0.21 0.27 1.25
L.O.I. 4.77 3.64 1.66 4.35 4.83 3.70 18.91 3.51 1.16 1.26 4.04 5.06

Total 100.12 99.90 99.49 99.19 99.53 99.06 98.88 98.54 99.46 99.42 99.28 99.21

Trace elements (ppm)

Ba 2272 980 705 286 2986 1942 1055 3370 1760 1333 1716 1923
Ce 248 39 273 375 232 185 1284 212 270 246 249 115
Cl 626 146 1739 90 173 886 71 2619 231 1184 1491 319
Co 5 20 8 4 57 8 17 8 9 15 9 8
Cr 8 32 28 8 384 28 26 14 22 70 10 3
Ga 40 20 25 42 13 26 10 26 32 28 30 33
La 122 20 169 167 123 112 647 175 161 143 156 98
Nb 278 55 193 749 99 202 528 343 190 156 159 132
Nd 41 11 51 bdl. 84 22 525 4 69 83 65 15
Ni 9 26 13 10 399 20 13 9 13 14 8 8
Pb 37 24 20 30 5 6 bdl. bdl. 29 22 25 8
Rb 186 36 165 222 104 160 14 192 131 95 125 97
Sr 777 837 511 871 2267 2847 6205 6184 1539 1660 2201 1862
Th 89 bdl. 33 107 5 9 38 bdl. 29 26 28 7
U 13 bdl. bdl. 47 bdl. 15 bdl. 10 5 bdl. 7 8
V 87 101 42 31 258 91 241 242 189 146 179 172
W 11 16 17 21 7 19 12 17 14 11 19 13
Y 29 12 30 45 25 23 59 26 33 36 31 45

Zn 246 114 153 338 101 145 91 210 203 166 187 198
Zr 985 168 882 4512 287 815 312 875 587 408 494 516

Except the carbonatite (no. 7, BM.1981, P14 (440)), all samples have low to intermediate SiO2

contents between 34.99 and 53.82%. The nephelinite of sample no. 5 (34.99% SiO2) and the carbonatite
of sample no. 7 (18.75% SiO2) are ultrabasic by definition (<45% SiO2). All samples are undersaturated
in silica (without normative quartz). With regard to molar proportions, 10 samples (except no. 1,
5, 7, and 14) have Al2O3 < (Na2O + K2O), and can be classified as subaluminous to peralkaline in
composition—depending on their mafic minerals. In the classification scheme of COX et al. [49],
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all samples—except of the carbonatite (no. 7)—are in the compositional range of phonolite, phonolitic
nephelinite and nephelinite. Normative nepheline contents range between 12.46% (no. 5) and 36.84
(no. 2). Samples no. 5, 6, 7, 8, 9, 10, 11, and 12 exhibit normative leucite (up to 23.55% in sample no.
6). Twelve samples (except of no. 5 and 7) have normative orthoclase (up to 50.65% in sample no.
14). Eight samples (except of no. 6, 8, 9, 10, 11, and 12) have normative plagioclase (up to 23.31% in
sample no. 1). Except no. 14, all samples have normative diopside (up to 23.99% in sample no. 2).
Most samples (except of no. 1, 5, 7, and 14) have normative aegirine (up to 14.06 in sample no. 9).
The higher normative aegirine contents (>8%) coincide quite well with observed aegirine augite in
the thin sections. Thus, a certain amount of Na2O has been consumed by the growth of pyroxene
and cannot be considered for the weight proportions in the system NaAlSiO4-KAlSiO4-SiO2 (phase
relationships of Figure 3). In this context it is important to note that powdered aliquots of sample no.
3, 9, 10, 11, and 12 melted during the determination of the loss on ignition. Thus, the bulk composition
of the felsic components of sample no. 3, 9, 10, 11, and 12 must be very close to the ternary eutectic in
the system SiO2-NaAlSiO4-KAlSiO4 (cf. Figure 3a).

After careful examination under a petrographic microscope (cf. Figure 4), polished thin sections
of 10 samples were chosen for chemical etching. Sample no. 3 (phonolite) was rejected because it
contains no nepheline phenocrysts; sample no. 7 (carbonatite) was rejected because its nepheline is
altered and not idiomorphic; samples 13 and 14 were rejected because they either contain no nepheline
phenocrysts (no. 13) or only few interstitial phenocrysts of nepheline (no. 14).
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Figure 4. Thin sections of nephelinite samples in transmitted light. (a) Strongly altered nepheline
crystals (Ne) in nephelinite from the Tundulu Complex in Malawi; sample no. 6; BM.1980, P31 (27).
(b) Porphyric nepheline (Ne) and green aegirine augite (Aeg) in a dark cryptocrystalline matrix;
Kerimasi, Tanzania; sample no. 9; BM.1995, P6 (40). (c) Porphyric nepheline (Ne) and green aegirine
augite (Aeg) together with fine-grained sanidine in a dark cryptocrystalline matrix; Kerimasi, Tanzania;
sample no. 10; BM.1995, P6 (40). (d) Porphyric nepheline (Ne) and green aegirine augite (Aeg) in
fine-grained to cryptocrystalline matrix (mainly sanidine); Oldoinyo Lengai, Tanzania; sample no. 11;
BM.2004, P12 (28). Scale bars correspond to 500 µm.
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Etch figures on prism or pyramidal faces of nepheline are highly asymmetric but they have the
same orientation as other etch figures of the same crystallographic face [9,13,14,50,51]. Such etch
figures can be produced with strongly diluted hydrofluoric acid at room temperature and are often
depicted in mineralogical textbooks as an example for enantiomorphism (Figure 5). Nepheline can
occur as compound twins, the twinning planes being the base and/or a second order prism [14].
In the course of etching, the shape of the etch figures evolves in a characteristic manner. Initial etch
figures are asymmetric triangles. They become arcuate with progressive etching, and finally exhibit a
drop-shaped form with strong asymmetry. The evolution schema of Figure 6 is a compilation from
BAUMHAUER [13,50], TRAUBE [14], and observations of HEJL [9,51].
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Figure 6. Typical shapes of asymmetric etch figures on prism faces of nepheline, depending on the
handedness of the crystal [13,14,50,51].

Thin sections of 10 samples (i.e., all samples of Tables 1–3, except no. 3, 7, 13, and 14) were
step-etched with 1 wt% HF at 20 ◦C for 20 to 35 min. Etch figures of nepheline in the thin sections
no. 9, 10, 11, and 12 became visible after 15 min and were almost perfect after 25 min of etching.
Etching of thin section 1 was terminated after 20 min because no typical etch figures became visible
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on the fine grained and partly altered nepheline. Etching of thin section no. 2 did not produce any
etch figures after 35 min. Etching of thin Sections no. 4 and 5 was terminated after 20 min because
only indistinct etch figures became visible. Etching of thin section no. 6 was etched for 35 min and
did not exhibit any etch figures. Thin Section no. 8 was etched for 20 min; it exhibits few and mainly
indistinct etch figures. Thus, characteristic asymmetric etch figures could only be produced in the thin
sections of four samples (Table 3). Such etch figures at various stages of development are shown in
Figure 7. They can be easily identified as either left-handed or right-handed by comparison with the
development sequences of Figure 6.Symmetry 2018, 10, x FOR PEER REVIEW  11 of 16 
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Figure 7. Etch figures on nepheline crystals from East African nephelinite samples. (a) Left-handed
etch figures (type a) in sample no. 9, BM.1995, P6 (40). (b) Left-handed etch figures (arrow: type b)
in sample no. 9. (c) Left-handed etch figures (mainly type c) in sample no. 9. (d) Left-handed etch
figures (arrow: type d) in sample no. 11, BM.2004, P12 (28). (e) Right-handed etch figures (mainly type
c’) in sample no. 9. (f) left-handed (L) and right-handed (D) etch figures (type f and f’, respectively)
in a twinned crystal of sample 10, BM.1995, P6 (43). Scale bars correspond to lengths of 10 µm (a,c–f),
and 20 µm (b).
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Table 3. Chiral proportions of nepheline crystals in investigated samples.

No. Remarks
Counting Statistics

Indistinct Twins L-Type D-Type Total

n % n % n % n % n %

1 fine-grained matrix with few altered
phenocrysts of nepheline and sanidine — — — — — — — — — —

2 fine-grained matrix with some small nepheline
phenocrysts; no etch figures — — — — — — — — — —

3 sanidine phenocrysts (>5 mm) in fine-grained
matrix; no neph. phenocrysts — — — — — — — — — —

4 altered phenocrysts of sanidine and aegirine in
a fine-grained matrix — — — — — — — — — —

5 few large nepheline phenocrysts (>5 mm) in a
cryptocrystalline matrix — — — — — — — — — —

6 cryptocryst. matrix with altered pheno-crysts
of leucite and few nepheline — — — — — — — — — —

7 medium-grained fabric of carbonate, aegirine,
and altered nepheline — — — — — — — — — —

8 dark cryptocrystalline matrix with leucite,
nosean, and few nepheline — — — — — — — — — —

9 many fresh nepheline (>1 mm) and some
aegirine in cryptocryst. matrix 53 44.20 13 10.80 28 23.30 26 21.70 120 100

10 many fresh nepheline (>1 mm) and some
aegirine in cryptocryst. matrix 37 46.25 7 8.75 15 18.75 21 26.25 80 100

11 fresh and big nepheline (1–7 mm) and some
aegirine in fine-grained matrix 23 46.00 6 12.00 11 22.00 10 20.00 50 100

12 slightly alterd nepheline (1–5 mm) and
aegirine in a dark cryptocryst. matrix 25 50.00 5 10.00 9 18.00 11 22.00 50 100

13 porphyric K-feldspar in a groundmass of
medium-grained feldspar and biotite — — — — — — — — — —

14 equigranular fabric of perthitic feldspar with
few interstitial nepheline — — — — — — — — — —

Statistical proportions of left-handed and right-handed nepheline were determined in the
following manner. After etching, the whole area of the thin sections was screened under a petrographic
microscope at a magnification of 1250× for the identification of nepheline. It was decided to determine
grain percentages instead of volumetric or mass percentages. Therefore, every discernible nepheline
crystal with suitable orientation was recorded one time, regardless of its size. The counted crystals
should fulfill the following criteria: they should be idiomorphic, larger than 0.3 mm, and their
crystallographic c-axis should be parallel or subparallel to the plane of section (inclination < 20◦).
The latter criterion was tested under the petrographic microscope by the shape of the crystal boundaries
and by the interference colors when a gypsum plate is inserted in addition position (thickness of the
sections is about 30 µm). The crystals were divided into four classes: crystals without chiral etch
figures, twinned crystals with chiral etch figures, single crystals with right-handed etch figures and
single crystals with left-handed etch figures. Counting results are given in Table 3.

In exceptional cases a twinning plane can be parallel to the thin section without crosscutting it
and would be erroneously counted as single L- or D-type. The twinning plane in Figure 7f crosscuts
the thin section horizontally in the middle of the photograph; the symmetry relations of corresponding
etch figures (both L and D) indicate that the twinning plane must be parallel to the c-axis, i.e., in an
oblique (acute-angled) position to the section plane.
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In sample no. 9 (BM.1995, P6 (40)) a total of 120 nepheline crystals fulfilling the required conditions
was found. Fifty-three of them had only indistinct etch figures, 13 were found to be twins with etch
figures of opposite handedness, and 54 had only etch figures of a single chiral type (either only L-type
or only D-type). Among the latter, 28 are left-handed and 26 are right handed. Thus, 23.3% of the
crystals are left-handed, 21.7 are right-handed, and 55% are indistinct or twinned. Among those
crystals with distinct chirality, 51.85% are left-handed and 48.15% are right-handed.

In sample no. 10 (BM.1995, P6 (43)) a total of 80 nepheline crystals fulfilling the required conditions
was found. Thirty-seven of them had only indistinct etch figures, 7 were obviously twinned, and 36
had only etch figures of a single chiral type (either only L-type or only D-type). Among the latter,
15 are left-handed and 21 are right handed. Thus, 18.75% of the crystals are left-handed, 26.25% are
right-handed, and 55% are indistinct or twinned. Among those crystals with distinct chirality, 41.67%
are left-handed and 58.33% are right handed.

It was difficult to find many suitable nepheline crystals in the samples no. 11 and 12 (BM.2004,
P12 (28 and 75)). Therefore, only 50 crystals were evaluated in each of them. As in the above-mentioned
samples, more than 50% of the crystals are indistinct or twinned (cf. Table 3). Among the well-defined
chiral individual crystals, the proportions are close to parity: 11 L-Type (52.38%) vs. 10 D-type (47.62%)
in sample no. 11; 9 L-type (45%) vs. 11 D-type (55%) in sample no. 12.

The level of significance of these statistical proportions can be estimated by the p-value (probability
value) which indicates the probability that, when the null hypothesis is true, the deviation from the
expected result is the same or greater than that of the actual observed result. The null hypothesis for
chiral proportions of nepheline is that both L-type and D-type occur in similar amounts (probability =
0.5) and that for a number n of well-defined chiral crystals, the expected number of L-type and D-type
crystals is n/2. The calculated p-values for samples no. 9, 10, 11, and 12 are 0.45, 0.20, 0.50, and 0.41,
respectively. Each of these p-values is compatible with chiral parity, but the chiral proportions of
sample 9 have the highest probability for a significant chiral excess, because the observed proportions
have only a 20% probability to be found when the null hypothesis is true.

The counting results of nepheline crystals show that most crystals are not twinned and can be
assigned as either left-handed or right handed. Measured chiral proportions in three samples are well
compatible with chiral parity (no chiral excess). One sample (no. 10, BM.1995, P6 (43)) indicates a slight
chiral excess of the D-type at a low level of significance. These findings do not necessarily exclude
the possibility that under very special circumstances magmatic nepheline can exhibit a stronger chiral
enrichment by autocatalytic secondary nucleation in a turbulent magmatic flow, but they show that
this is not the general case.

None of the investigated samples has an Archean age and the sampled alkaline provinces in
Africa and Sweden are certainly much younger than the appearance of biomolecular homochirality
on planet Earth. Only little alkaline magmatism is known from Precambrian terrains. The oldest
well-documented alkaline igneous rocks (leucite trachytes and phonolites) have an age of 2.7 Ga and
occur in the Kirkland Lake area of the Superior Province, Canada [52]. To date, no alkaline rocks were
reported from terrains older than 2.7 Ga. Thus, the time gap between the earliest evidence for life on
Earth at 3.7 Ga [53] and the earliest known alkaline rocks is 1.0 Ga. Incomplete preservation of alkaline
rocks could be due to preferential destruction by erosion of higher continental settings (volcanoes) or
to almost complete subduction of alkaline volcanic islands. On the other hand, alkaline magmatic
activity could have been rare because the Archean mantle was significantly hotter than today and has
produced more extensive partial melting with only very small portions of low-degree melts.

4. Conclusions and Outlook

This pilot study has shown that nepheline enantiomorphs in unaltered volcanic rocks can be
often identified by the shape of etch figures on section planes subparallel to the crystallographic
c-axis. With regard to chiral proportions of nephelines originating from low-viscosity alkaline melts,
the following conclusions can be drawn:
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1. Not all the nepheline crystals exhibit chiral etch figures on such section planes. Up to more than
50% of the crystals with suitable orientation in a thin section do not develop chiral etch figures
when they are treated with diluted hydrofluoric acid (1% HF aqu. at 20 ◦C).

2. Twinning occurs in magmatic nepheline but is not ubiquitous. In the investigated samples,
most nepheline with chiral etch figures is not twinned.

3. The investigated samples do not exhibit a strong chiral excess of nepheline. Counting statistics of
three of four evaluated samples are well compatible with chiral parity; only one sample shows a
slight chiral excess (41.67% L-type vs. 58.33% D-type) but at a rather low level of significance
(p-value = 0.20) because of the paucity of countable crystals (15 vs. 21, respectively).

When examples of significant chiral excess of nepheline are found in future research,
two important issues need to be addressed:

1. Enantiomer separation by liquid chromatographic interaction between infiltrating molecular
solutions and nepheline with chiral excess has not yet been tested in the laboratory.

2. Nepheline bearing rocks are not (yet) known from early Archean terrains. The eldest
well-documented nepheline occurrences are about 1 Ga younger than the earliest evidence
of life. At the present state of knowledge, this time gap is an obstacle for the validity of the
outlined liquid chromatographic hypothesis with nepheline as a stationary phase.
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