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Low-temperature calorimetric and magnetic data for natural end-members of the axinite group
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Abstract

The low-temperature heat capacities of natural near end-member minerals (about 95 mol%, except 
tinzenite of about 34 mol% on average) of the axinite group, previously characterized in detail by 
means of powder and single-crystal X-ray diffraction, electron microprobe, and Mössbauer spectros-
copy, were measured by heat-pulse calorimetry using the Physical Properties Measurement System 
(Quantum Design) at temperatures between 5(2) and 300 K. From these data, the following entropy 
values [in J/(mol·K)] of the natural samples at 298.15 K were derived: S298,magnesioaxinite = 696.3 ± 1.1, 
S298,ferroaxinite = 743.5 ± 3.5, S298,manganaxinite = 737.5 ± 2.6, and S298,tinzenite = 758.1 ± 2.8. For the end-member 
compositions, the corrected heat capacities at 298.15 K and standard third-law entropies of the axinites 
are [all in J/(mol·K)]:

CP
o
magnesioaxinite = 827.5 ± 1.5 and So

magnesioaxinite = 693.7 ± 1.1,
CP

o
ferroaxinite = 841.8 ± 3.3 and So

ferroaxinite = 749.6 ± 3.5,
CP

o
manganaxinite = 849.1 ± 2.5 and So

manganaxinite = 737.8 ± 2.6, and
CP

o
tinzenite = 841.6 ± 2.6, So

tinzenite = 754.0 ± 2.8.
The standard entropies of manganaxinite and tinzenite include contributions of 1.9 and 4.3 

J/(mol·K) for the range 0–5 K evaluated based on a Schottky anomaly fitted to the low-T CP values 
of these axinites. The lowest measured heat capacities of ferroaxinite indicate that a lambda-type CP 
anomaly should exist between 0 and 2 K. Its likely contribution to the standard entropy was estimated 
as ~5.2 J/(mol·K). A low-temperature CP anomaly below 15 K for ferroaxinite is well-explained by 
ferromagnetic ordering, whereas for manganaxinite by uncompensated antiferromagnetic ordering, 
and for tinzenite by pure antiferromagnetic ordering. 
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Introduction

Minerals of the axinite group occur in Ca- and B-rich but 
relatively Al-poor environments including a variety of igneous, 
metamorphic, and hydrothermal rocks and mineral deposits 
(Pringle and Kawachi 1980; Dubé and Guha 1993; Novák and 
Filip 2002; Filip et al. 2006; for a comprehensive reference list 
of previous works see the review of Grew 1996). The general 
formula for the axinite-group minerals, (Ca,Mn)4(Fe,Mn,Mg)2Al4

B2Si8O30(OH)2, was proposed by Sanero and Gottardi (1968) and 
revised by Lumpkin and Ribbe (1979) and Andreozzi et al. (2004) 
in the form: VI[X1 X2 Y Z1 Z2]2

IV[T1 T2 T3 T4 T5]O30(OH)2, 
where X1 = Ca (Na); X2 = Ca (Mn2+); Y = Fe2+, Mn2+, Mg (Zn, 
Fe3+, Al); Z1 = Al (Fe3+); Z2 = Al; T1–T4 = Si and T5 = B (Si). 
The four presently known end-members of the axinite group are 
classified according to the divalent cation located in the X and Y 
sites: magnesioaxinite, ferroaxinite, and manganaxinite, all have 
4 Ca atoms per formula unit (apfu) and Mg, Fe, or Mn in the Y 
site, respectively; whereas tinzenite has 2 ≤ Ca ≤ 4 apfu and domi-

nant Mn at both the X2 and Y sites (Milton et al. 1953; Sanero 
and Gottardi 1968; Basso et al. 1973; Lumpkin and Ribbe 1979; 
Belokoneva et al. 2001; Andreozzi et al. 2004; Filip et al. 2006). 
Perfect solid-solutions were observed between ferroaxinite and 
manganaxinite, and manganaxinite and tinzenite, and less com-
monly between ferroaxinite and magnesioaxinite. However, a 
miscibility gap between magnesioaxinite and manganaxinite does 
exist (Pringle and Kawachi 1980; Grew 1996; Andreozzi et al. 
2000b). Ferroaxinite and Mg-poor manganaxinite are the most 
abundant compositions in nature (Grew 1996; Andreozzi et al. 
2000b). The occurrences and associations of particular axinite 
group end-members were summarized by Ozaki (1972), Deer 
et al. (1997), and Grew (1996).

Axinite crystallizes in a P1 space group and its structure is 
described as a sequence of layers of tetrahedrally and octahe-
drally coordinated cations. Tetrahedrally coordinated Si and B 
form isolated B2Si8O30 planar clusters, whereas octahedrally 
coordinated cations build up sixfold finite chains Fe(Mn,Mg)-
Al-Al-Al-Al-Fe(Mn,Mg) [i.e., Y-Z1-Z2-Z2-Z1-Y], laterally 
connected by highly distorted CaO6 octahedra (Ito and Takéuchi 
1952; Ito et al. 1969; Belokoneva et al. 1997, 2001; Andreozzi * E-mail: jan.filip@upol.cz


