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Sodium nanoparticles in alkali halide minerals: Why is villiaumite red and halite blue?
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Abstract
The presence of metal Na nanoparticles causes the bright, thermally unstable colors of villiaumite 

(NaF) and halite (NaCl). These nanoparticles have been suspected for a long time to be caused by 
external irradiation. Metal nanoparticles, often referred to as metal colloids, cause surface plasmon 
resonance effects, characterized by a single Lorentzian-shaped absorption band. The color of these 
minerals is due to metal Na nanoparticles of 2.5–3 nm. A key point is that the resonance wavelength, 
which corresponds to the maximum of the absorption band, is inversely related to the value of the 
refractive index of the embedding mineral. This causes the position of the main absorption band to be 
offset downward by 140 nm in halite relative to villiaumite. As a consequence, the optical transmission 
window is shifted from the long to the short wavelength domain, explaining the color of blue halite 
and red villiaumite, respectively. Similar refractive index dependence may explain the purple color of 
fluorite caused by metallic Ca nanoparticles. Finally, the origin of the villiaumite irradiation may be 
the presence of Th-rich (about 8.8 wt% ThO2) nano-inclusions, about 500 nm large, illustrating the 
specific geochemistry of peralkaline rocks where villiaumite is found.
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Introduction
One of the outstanding properties of alkali halides is their 

optical transparency from the vacuum ultraviolet (UV) to the far 
infrared. Though they are intrinsically colorless, they sometimes 
show a thermally unstable coloration, which, in the absence of 
chemical impurities, has long been recognized to result from radia-
tion damage (e.g., Przibram 1953; Stormer and Carmichael 1970). 
The simplest radiation-induced defect is the so-called F-center, 
i.e., an electron trapped in an anion vacancy. The F-center creates 
a singly occupied electronic level in the band gap, which colors 
the crystal. The aggregation of two or three F-centers on nearest 
neighbor sites gives rise to binary M- and ternary R-centers, respec-
tively. Eventually, color centers aggregate to form metallic alkali 
nanoparticles, also referred to as colloids, caused by irradiation at 
room temperature or higher temperatures (see, e.g., Schwartz et 
al. 2008). Optical properties of metal nanoparticles have unique 
characteristics that give rise to brilliant colors. For instance, during 
external irradiation of synthetic halite, the change from a yellow 
color due to F-centers to a bright blue color indicates the formation 
of Na metal nanoparticles (Kreibig and Vollmer 1995).

Natural halite (NaCl) presents various radiation-induced 
colors (Zelek et al. 2015), but blue hues with a broad range of 
saturation are the most frequent (Online Material1 Fig. OM1). 
The blue color has been assigned to colloidal Na metal formed 
by irradiation with ionizing radiation (Rossman 2010). Radiation 

defects in halite provide information on the sedimentary history 
of salt deposits (Sonnenfeld 1995; Zelek et al. 2014, 2015) or the 
stability of nuclear waste repositories (Levy et al. 1983). Recently, 
they have been used to assess the exposure duration of the surface 
of icy moons (Poston et al. 2017) and ordinary chondrites (Chan 
et al. 2018), subject to cosmic radiation. Villiaumite (NaF) is an 
accessory phase formed during a late pegmatitic stage associated 
with peralkaline nepheline syenites (Stormer and Carmichael 1970; 
Marks and Markl 2017). It is generally characterized by its intense 
carmine red color (Online Material1 Fig. OM2).

The origin of the red color of natural villiaumite has not yet 
been investigated, though it is suspected to arise from radiation 
damage (Rossman 2010). By contrast, blue halite received much 
attention, with pioneering studies on samples from Strassfurt, 
Germany (Przibram 1953; Doyle 1960; Howard and Kerr 
1960; Arun et al. 2017) and, more recently, Kłodawa, Poland 
(Wesełucha-Birczynska et al. 2012; Zelek et al. 2014, 2015) and 
Morleben, Germany (Arun et al. 2017) salt mines. This study 
shows that the red color of villiaumite is a result of a surface 
plasmon resonance (Kreibig and Vollmer 1995) due to Na metal 
nanoparticles. The optical spectra of blue halite have a similar 
origin. The outstanding color change between blue halite and 
red villiaumite is rationalized in terms of the dependence of 
the wavelength resonance of the nanoparticles on the refractive 
index of the embedding mineral. The same formalism may be 
extended to explain the origin of the purple color of fluorite due 
to the presence of calcium metallic nanoparticles. The origin of 
the villiaumite irradiation may be the presence of Th-rich (about 
8.8 wt% ThO2) nano-inclusions, about 500 nm large, illustrating 
the geochemistry of peralkaline rocks where villiaumite is found.
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