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Abstract

:

An intensity tensor of quadrupole doublets and an electric field gradient tensor for Fe3+ at M1 sites in aegirine–augite ((Ca0.16Na0.86)∑1.02(Mg0.13Fe2+0.04Fe3+0.72 Al0.07)∑0.96Si2.01O6) are determined using single-crystal Mössbauer spectroscopy. The components of the intensity tensor are IXX = 0.670 (19), IYY = 0.353 (14), IXY = −0.113 (37) and IZZ = 0.477 (33). The components of the electric field gradient tensor (VXX, VYY and VZZ) for Fe3+ at M1 sites in aegirine–augite are −5.96 × 109, −4.65 × 1010 and 5.23 × 1010 C/m3, respectively. Comparisons of the intensity tensor of aegirine–augite with those of aegirine and augite (Wo40En45Fs16) that have already been reported and the IXX, IYY, IXY and IZZ intensity tensor components of aegirine–augite in this study are almost the same as those of aegirine, but different from those of augite. While the M2 sites of aegirine–augite and aegirine are fully occupied with Na+ and Ca2+ ions, the M2 sites of augite are not fully occupied with Ca2+. The compositional dependency of the intensity tensor components suggests that the intensity tensor components for Fe3+ at the M1 site of a solid solution between aegirine and augite are dependent on the occupancy of large cations such as Ca2+ and Na+ at M2 sites.
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1. Introduction


1.1. Review of an Intensity Tensor for Fe Ions at M Sites of Pyroxene


57Fe Mössbauer spectroscopy is a common and unique γ-ray spectroscopy technique for the analysis of Fe valence in minerals and the site occupancy of Fe in multi-site minerals. Powdered samples have generally been used for Mössbauer measurements. Although the powder method is the prevailing simple method, it is not used for the spot analyses of mineral thin sections. Several Mössbauer microspectroscopic methods have been suggested for the analysis of selected areas in thin sections ([1,2,3,4]). Mitsui et al. (2004) [3] designed a scanning-type synchrotron radiation Mössbauer microscope that attained a focused probe as small as 20 μm in diameter using a high-resolution monochromator, a multilayer X-ray focusing mirror and a pinhole slit. Shinoda and Kobayashi [4] constructed a Mössbauer microspectrometer using a multi-capillary X-ray (MCX) lens. The focused beam size with the MCX lens was 500 μm in diameter for 14.4 keV γ-rays. The Mössbauer spectrum of 57Fe foil using the MCX lens was equivalent to that without the MCX lens. Although the MCX lens was confirmed to work well to focus γ-rays and was valid for the measurement of Mössbauer spectra, the intensity of the beam transmitted through the MCX lens was not very intense. A microscope can be equipped using a microspectrometer to observe samples and select measurement spots. Removal of the MCX lens allows this optical system to be modified into a Mössbauer microspectrometer for the analysis of thin sections using a pinhole as small as 300 μm in diameter. It is thus expected that the Mössbauer spectroscopic study of minerals could be focused on the microspectroscopic study of thin sections rather than powdered samples due to improvements in the analytical instruments. While Mössbauer microspectroscopy using the thin section of a single crystal has an advantage for spot analyses, there is an analytical problem for the Mössbauer spectra of single crystals, especially for multi-site solid solution minerals such as pyroxenes.



Pyroxene group minerals are typical multi-site solid solutions of which the structural formula is (M2)(M1)(Si,Al)2O6. In a solid solution of aegirine and augite, the M1 sites are almost regular octahedral sites for smaller cations such as Mg2+, and the M2 sites are larger and distorted 8-fold sites for larger cations such as Ca2+ and Na+, while Fe2+ ions occupy both M1 and M2 sites [5]. Fe ions that occupy M sites show doublets in the Mössbauer spectra due to quadrupole splitting (Δ). According to Dyar et al. (2013) [6], Fe2+ at M1 sites exhibits a wide Δ (2.0–2.6 mm/s) while Fe2+ at M2 sites exhibits a narrow Δ (1.7–2.1 mm/s). Isomer shifts (δ) due to Fe2+ at M1 and M2 sites are commonly 1.13–1.19 mm/s. Fe3+ has a narrower Δ (0.3–0.7 mm/s) than Fe2+. For pyroxene, in which Fe2+ ions are distributed in both M sites, the wide and narrow doublets are overlapped. Dyar et al. (2013) [6] determined Mössbauer hyperfine parameters (δ, Δ) for Fe2+ at the M1 and M2 sites of Ca-Mg-Fe pyroxenes in the pyroxene quadrilateral. These parameters provide reliable peak separation of quadrupole doublets for powdered pyroxene samples because the intensities of the quadrupole doublet can be assumed to be equal for the powdered samples. Therefore, quadrupole doublets for powdered samples are generally characterized by three parameters, i.e., δ, Δ and line width (Г). On the other hand, intensities for the quadrupole doublet of a single crystal are not always equal. The intensity ratio of two peaks of a single crystal varies by changing the angle between the incident γ-ray direction and the crystallographic orientation of the single-crystal pyroxene ([7,8,9]). The orientational dependence of the intensity ratio of quadrupole doublets is a basic and important property for peak separation of overlapping wide and narrow doublets in the Mössbauer spectrum of a single crystal.



Zimmermann (1975) [10] suggested that reduced intensity (I) is favorable to express the intensity ratio of quadrupole doublets of single crystals as follows:


  I =     I   h       I   h   +   I   l     ,  



(1)




where Ih and Il are the intensities of the higher- and lower-Doppler-velocity components, respectively. The reduced intensity (I) is the intensity of the higher-Doppler-velocity component normalized with respect to the total intensity (Ih + Il). Therefore, four parameters, δ, Δ, Г and I, characterize the quadrupole doublet of a single crystal. Fe ions in pyroxenes show quadrupole doublets with slightly different Δ, depending on the M sites. In some cases, distinguishable doublets occur due to differences in the next-nearest-neighbor ions around the Fe ions in hedenbergite–ferrosilite pyroxenes [11]. Therefore, it is possible there is a case where the raw Mössbauer spectral data of pyroxene minerals consist of several overlapping doublets. If the reduced intensities of the doublets that comprise a thin section are known, then the intensity ratios of several doublets can be fixed during peak separation. Reduced intensity (I) is thus a necessary and important parameter for the reliable peak separation of raw Mössbauer spectral data from a single-crystal pyroxene thin section. The reduced intensity (I) is calculated from an intensity tensor as proposed by Zimmermann (1975) [10].




1.2. Compositional Dependence of the Intensity Tensor for Fe Ions at M Sites of Pyroxenes


Tennant et al. (2000) [7] applied Zimmermann’s method to determine the intensity tensor and electric field gradient (EFG) tensor of Fe2+ occupying M1 sites of Mg–hedenbergite from single-crystal Mössbauer spectra. Fukuyama et al. (2022) [9] also applied Zimmermann’s method to determine the intensity and EFG tensors for Fe2+ at the M1 sites of diopside, augite and hedenbergite, for Fe2+ at the M2 sites of diopside and augite and for Fe3+ at the M1 sites of augite. Fukuyama et al. (2022) [9] discussed the compositional dependence of the intensity tensors for Fe2+ at the M1 sites of Ca-Mg-Fe pyroxenes alongside the results for Mg–hedenbergite [7]. According to Fukuyama et al. (2022) [9], the intensity tensor components of quadrupole doublets show almost constant values for 50% wollastonite component (Wo50) pyroxene and are independent of the ferrosilite (Fs) component. In contrast, the intensity tensor components for Wo40 augite are plotted outside of the fitting lines for the tensor components of Wo50 pyroxenes.



This indicates that the intensity tensor of quadrupole doublets in Mössbauer spectra due to Fe2+ at the M1 sites of Ca-rich pyroxene is dependent on the Wo content, but independent of the Fs content. The results reported by Fukuyama et al. [9] suggest that the components of the intensity tensor due to Fe2+ at the M sites in Ca-Mg-Fe clinopyroxene minerals containing equal Wo and different Fs components are almost constant. However, this compositional dependence has not been examined in pyroxene group minerals apart from the Ca-Mg-Fe clinopyroxenes with Wo50 [9].



Aegirine–augite is accepted as an independent species and is a solid solution of which the chemical composition ranges 0.2 < Q/(Q + Ae) < 0.8 and 0.5 < Ae/(Ae + Jd), where Q is the sum of the Wo, enstatite (En) and Fs components, and Ae and Jd are the aegirine and jadeite components, respectively [12]. Aegirine–augite belongs to a monoclinic crystal system with space group C2/c, and shows a solid solution between aegirine (NaFe3+Si2O6) and augite ((CaMgFe2+)Si2O6) via the main replacement of NaFe3+ ⇔ Ca(Mg, Fe2+) [5]. Shinoda and Kobayashi (2019) [8] revealed the intensity tensor for Fe3+ at the M1 sites of Ca-free aegirine using single-crystal Mössbauer spectroscopy measurements. Fukuyama et al. (2022) [9] calculated the intensity tensor for Fe3+ at the M1 sites in augite (Wo40En45Fs16). The compositional dependence of the intensity tensor for Fe3+ at the M1 sites of a solid solution of aegirine and augite with the replacement of NaFe3+ ⇔ Ca(Mg, Fe2+) is unknown.



In this study, the use of Zimmermann’s method [10,13] to determine the intensity tensor is reviewed and applied to determine the intensity tensor for Fe3+ at the M1 sites of aegirine–augite. Single crystals of aegirine–augite from Tormiq, Pakistan, were used for this study. As shown later, this aegirine–augite contains 0.16 mol% Ca and 0.13 mol% Mg for six oxygens; therefore, this is an aegirine–augite. Three crystallographically oriented thin sections were prepared for X-ray diffraction measurements using Laue and precession cameras. Nine Mössbauer spectra of oriented thin sections were measured for aegirine–augite to obtain the intensity tensors of the quadrupole doublets for Fe3+ at the M1 sites. The components of the intensity tensor of aegirine–augite are compared with the intensity tensors of aegirine [8] and augite [9] to confirm the compositional dependence of the intensity tensor by replacing Na+ with Ca2+.




1.3. Review of the Electric Field Gradient Tensor for Fe Ions at M Sites in C2/c Pyroxene


In this section, a formulation to constrain the components of the EFG tensor using symmetrical consideration is reviewed as indicated in Ref. [8]. Aegirine–augite belongs to the space group C2/c. The M sites of aegirine–augite are located at a special position on a diad rotation axis along the b-axis [14]. The quadrupole doublet is due to an EFG tensor property that results from a point charge q around a Mössbauer nucleus. Assuming that the position of the Mössbauer nucleus and the position of the point charge q are at (0, 0, 0) and (x, y, z), respectively, the components (Vij) of the EFG tensor V due to q are as follows:


    V   i j   = − q     3   x   i     x   j   −   r   2     δ   i j      /    r   5     ,  



(2)




where i, j = 1–3, x1 = x, x2 = y, x3 = z,   r =    x   2   +   y   2   +   z   2     , dij = 1 if i = j and dij = 0 if i ≠ j [15].



Assuming an M site at (0, 0, 0) and a charge q1 at (x, y, z), an identical charge q2 can be assumed at       x  ¯  ,     y  ¯  ,   z     from the symmetry. Detailed components (V′1ij) of the EFG tensor due to q1 are expressed in Equation (2), as follows:


         V   x x   ′ 1   = − q     3   x   2   −   r   2      /    r   5     ,         V   y y   ′ 1   = − q     3   y   2   −   r   2      /    r   5     ,             V   z z   ′ 1   = − q     3   z   2   −   r   2      /    r   5           V   x y   ′ 1   =   V   y x   ′ 1   =   − 3 q x y  /    r   5     ,         V   y z   ′ 1   =   V   z y   ′ 1   =   − 3 q y z  /    r   5     ,             V   x z   ′ 1   =   V   z x   ′ 1   =   − 3 q x z  /    r   5          .  



(3)







In the same way, the components (V′2ij) of the EFG tensor due to q2 are as follows:


         V   x x   ′ 2   = − q     3   x   2   −   r   2      /    r   5     ,         V   y y   ′ 2   = − q     3   y   2   −   r   2      /    r   5     ,             V   z z   ′ 2   = − q     3   z   2   −   r   2      /    r   5           V   x y   ′ 2   =   V   y x   ′ 2   =   − 3 q x y  /    r   5     ,         V   y z   ′ 2   =   V   z y   ′ 2   =   3 q y z  /    r   5     ,             V   x z   ′ 2   =   V   z x   ′ 2   =   3 q x z  /    r   5          .  



(4)







Summing V′1ij of Equation (3) and V′2ij of Equation (4), Vxz and Vyz result in zero; therefore, the EFG tensor of the M site (V) is given as:


  V =        V   x x       V   x y     0       V   x y       V   y y     0     0   0     V   z z        ,  



(5)




where the trace of the matrix is zero (    V   x x   +   V   y y   +   V   z z   = 0 )  , as known from Equation (2).




1.4. Review of Zimmermann’s Method to Determine Intensity and EFG Tensors, and Application to Fe Ions at M Sites in Aegirine–Augite


According to Zimmermann (1983) [13], the reduced intensity I (θ, ϕ) of quadrupole doublets can be calculated from Equation (6) by setting a rectangular coordinate (X Y Z) in a crystal as:


  I   θ , ϕ   =        e   X       e   Y       e   Z               I   X X       I   X Y       I   X Z         I   X Y       I   Y Y       I   Y Z         I   X Z       I   Y Z       I   Z Z               e   X         e   Y         e   Z        ,  



(6)




where


         I   X X       I   X Y       I   X Z         I   X Y       I   Y Y       I   Y Z         I   X Z       I   Y Z       I   Z Z         



(7)




is the intensity tensor (I). The angles θ and ϕ in Equation (6) are the polar angles for the rectangular coordinates of the incident γ-rays, I (θ, ϕ) is the reduced intensity and eX = (sinθcosϕ), eY = (sinθsinϕ) and eZ = (cosθ) are the directional cosines of the incident γ-rays. In this study, the rectangular coordinate (X Y Z) is set as X//c*, Y//a, Z//b*, which is the same setting as used in Refs. [8,9]. a, b, c are the real lattice vectors and a*, b*, c* are reciprocal lattice vectors of aegirine–augite.



The intensity tensor components Iij and the EFG tensor components Vij are related as:


    I   i j   =   1   2     δ   i j   ±   e Q   8   Δ       V   i j   ,  



(8)




where e is the positive elementary charge, Q is the nuclear quadrupole moment and Δ is the quadrupole splitting. The positive and negative terms correspond to the higher and lower Doppler velocities of a quadrupole doublet, respectively [10]. From Equations (5), (7) and (8), the intensity tensor I for Fe ions at M sites in aegirine–augite can be expressed as:


  I =        I   X X       I   X Y     0       I   X Y       I   Y Y     0     0   0     I   Z Z        ,  



(9)




where IXX + IYY + IZZ = 3/2. Therefore, the reduced intensity of a quadrupole doublet for a single crystal of aegirine–augite can be calculated from the intensity tensor modified from Equation (6):


  I   θ , ϕ   =        e   X       e   Y       e   Z               I   X X       I   X Y     0       I   X Y       I   Y Y     0     0   0     I   Z Z               e   X         e   Y         e   Z        .  



(10)







From Equation (10), an observation equation for the least-squares method (LSQ) is given as:


      s i n   2     θ   i     c o s   2     ϕ   i   −   c o s   2     θ   i       I   X X   +     s i n   2     θ   i     s i n   2     ϕ   i   −   c o s   2     θ   i       I   Y Y   + 2     s i n   2     θ   i     cos  ⁡    ϕ   i     sin  ⁡    ϕ   i           I   X Y   =   I   i   h       θ   i   ,   ϕ   i     −   3   2     c o s   2     θ   i   ,  



(11)




where the index i represents the number of measurements, so that θi and ϕi are the angles of incident γ-rays for the i-th measurements. Equation (11) indicates that the intensity tensor components can be determined using multi-measurements of reduced intensity by varying the direction of the γ-rays against the crystallographic axes. By setting ai, bi, ci and mi as:


         a   i   =   s i n   2     θ   i     c o s   2     ϕ   i   −   c o s   2     θ   i            b   i   =   s i n   2     θ   i     s i n   2     ϕ   i   −   c o s   2     θ   i            c   i   = 2     s i n   2     θ   i     cos  ⁡    ϕ   i     sin  ⁡    ϕ   i               m   i   =   I   i   h       θ   i   ,   ϕ   i     −   3   2     c o s   2     θ   i              ,  



(12)




simultaneous equations are given as follows:


         Σ   a   i     a   i       I   X X   +   Σ   a   i     b   i       I   Y Y   +   Σ   a   i     c   i       I   X Y   =   Σ   a   i     m   i           Σ   a   i     b   i       I   X X   +   Σ   b   i     b   i       I   Y Y   +   Σ   b   i     c   i       I   X Y   =   Σ   b   i     m   i           Σ   a   i     c   i       I   X X   +   Σ   b   i     c   i       I   Y Y   +   Σ   c   i     c   i       I   X Y   =   Σ   c   i     m   i          .  



(13)




The most probable values of the components (Iij) of the intensity tensor are obtained by solving Equation (13).



A traceless intensity tensor T is derived as Tij = Iij − (1/2)dij from Equation (8) for the higher Doppler velocity peak, which is proportional to the EFG tensor as:


    T   i j   =   e Q   8   Δ       V   i j     .  



(14)




The traceless tensor T is proportional to the EFG tensor V, and must be scaled as:


    I   Δ   = 16     T   Z Z   2   +   1   3         T   X X   −   T   Y Y       2   +   4   3       T   X Y   2   +   T   X Z   2   +   T   Y Z   2       = 1   .  



(15)




T′ij obtained from Iij − (1/2)dij, is not yet scaled; therefore, T′ij must be scaled by


     I ′    Δ   = 16      T ′    Z Z   2   +   1   3          T ′    X X   −    T ′    Y Y       2   +   4   3        T ′    X Y   2   +    T ′    X Z   2   +    T ′    Y Z   2        



(16)




as follows:


    T   i j   =    1  /     I ′    ∆        T ′   i j     .  



(17)




Tij are the components of the scaled traceless tensor T that are proportional to V (Equation (14)). T in italic font is the traceless intensity tensor before the diagonalization of the matrix. The traceless tensor T is diagonalized with the Euler angle matrix U


  U =        cos  ⁡  φ     −   sin  ⁡  φ     0       sin  ⁡  φ       cos  ⁡  φ     0     0   0   1      ,  



(18)




as follows:


  T =   U   − 1   T U =        T   X X     0   0     0     T   Y Y     0     0   0     T   Z Z          .  



(19)




T in normal font is the traceless intensity tensor after the diagonalization of the matrix.



The orientations of the principal axes of the EFG tensor are determined from the Euler angle (  φ  ). The maximum, minimum and intermediate terms for the absolute values are chosen as VZZ, VXX and VYY among TXX, TYY and TZZ. The asymmetric parameter η is obtained as η = (VXX − VYY)/VZZ. Quadrupole splitting Δ in SI units is expressed as:


  Δ =   1   2   e Q     V   Z Z     4 π   ε   0      1 +   1   3     η   2    ,  



(20)




so that the EFG components [VXX, VYY and VZZ (C/m3)] can be calculated using a Δ of 1 mm/s = 4.80 × 10−8 (eV) = 7.69 × 10−27 (J), Q = 0.16 barn (1 barn = 10−28 m2) [16] and e0 = 8.854 × 10−12 (F/m), the permittivity in a vacuum and the experimentally determined η (asymmetric parameter) and Δ (mm/s).





2. Materials and Methods


2.1. Chemical Analyses


A natural aegirine–augite from Tormiq, Pakistan, was used for this study. The chemical composition of the aegirine–augite was measured using scanning electron microscopy (JSM-5500, JEOL, Akishima, Japan) with energy-dispersive X-ray spectroscopy (EDAX, Pleasanton, CA, USA) at 20 kV and 500 pA. All backscattered electron images of the aegirine–augite were homogeneous. This indicates that the examined aegirine–augite does not include microstructure such as intergrowth lamellae.




2.2. X-ray Diffraction Measurements with Back Laue and Precession X-ray Cameras


A back-reflection Laue camera (Rigaku, Akishima, Japan) was used to evaluate the crystallographically oriented thin sections. Figure 1 shows an imaging plate (IP) image of back Laue X-ray diffraction for a 10 mm3 volume of aegirine–augite using a Mo X-ray tube. A dental IP scanner (CS7600, Carestream Dental LLC, Atlanta, GA, USA) was used to scan the X-ray diffraction patterns. The size of the IP card was 57 × 76 mm2. Two IP cards were used for each exposure. The distance between a crystal and the IP was 35 mm and the X-ray exposure time was 20 min. A Laue analysis system (Norm Engineering Co., Tama, Tokyo, Japan) [17] was applied for Laue diffraction in backscatter geometry. Figure 1 shows a back-reflection Laue image of aegirine–augite fixed on a goniometer, where the b*-axis was adjusted to be parallel to the incident X-rays, and the c*-axis was adjusted to the vertical direction, as indicated by the arrows. From the relationship between the real and reciprocal lattices, the direction of the a-axis is the horizontal direction of Figure 1. The dial rotation axis of the goniometer is the vertical direction of Figure 1. Oriented thin sections were made in the same way as that reported in Ref. [9] as follows. By rotating the crystal with the dial rotation at 90°, the a-axis turns to the incident X-ray direction. After fixing a stick to the crystal parallel to the X-ray direction, the crystal is removed from the goniometer and then fixed on a slide glass with resin to orient the a-axis perpendicular to the slide glass. The crystal fixed on the slide glass is cut using a low-speed diamond wheel cutter and the cut plane is polished. The cut plane of the crystal is fixed on a slide glass using adhesive. The crystal is cut again and the second cut plane is polished. The adhesive is then dissolved using acetone to recover the oriented thin section. Three crystallographically oriented thin sections perpendicular to the a-, b- and c-axes were prepared for single-crystal Mössbauer spectra measurements.



The oriented thin sections were mounted on goniometers to adjust the crystallographic orientation. A Buerger precession X-ray camera (Rigaku, Akishima, Japan) was used to adjust the crystallographic axes. Figure 2 shows a Buerger precession photograph of aegirine–augite perpendicular to the b*-axis, with the a*-axis adjusted to the vertical direction of the X-ray precession photograph, and the c*-axis is indicated by an arrow. Figure 2 was acquired without a Kβ-removal filter. Paired spots are due to intense Kα and medium Kβ radiation and radially distributed weak lines are due to white X-rays. Figure 2 indicates that this aegirine–augite is a single crystal. The distance between the crystal and X-ray film was 60 mm. The size of the X-ray film is 100 × 100 mm2. The X-ray exposure time was 4 h. The thin section mounted on a goniometer can be rotated 360° along the horizontal axis (c-axis in this case). The goniometer with the oriented thin section can be mounted again on a Mössbauer microspectrometer with the same dial axis as the X-ray precession camera. Three thin sections perpendicular to the a-, b- and c- axes were prepared for single-crystal Mössbauer spectroscopic measurements. The thicknesses of the thin sections perpendicular to the a, b and c axes were 443, 357 and 380 μm, respectively.




2.3. Single-Crystal Mössbauer Measurements


A Mössbauer microspectrometer [4] without an MCX lens was used for this study, but instead a Pb pinhole was used to select the measurement spot. The Mössbauer spectrometer consisted of a Si-PIN semiconductor detector (XR-100CR, Amptek Inc., Bedford, MA, USA), a rotation stage to mount the goniometer with a thin section and the Pb pinhole. A 57Co(Rh) γ-ray source (RITVERC JSC, St. Petersburg, Russia) with an initial activity of 1.85 × 109 Bq and a diameter of 4 mm was used at room temperature. The Mössbauer spectra were measured in transmission mode on a constant-acceleration spectrometer with a 1024-channel multichannel analyzer. The two mirror spectra were folded at the 512.5th channel for measurements No 1-3 and 7-9, and at the 513.0th for measurements No 4-6. The data points were modified to 512 channels using mathematical interpolation. Mössbauer measurements were performed in two periods for No 1-3 and 7-9 and for No 4-6, and different velocity driving systems were used in the two periods. The different folding points result from the different velocity driving systems. The velocity range was ±5 mm/s. The velocity was calibrated with respect to the spectrum for an 57Fe-enriched α-iron foil of 2 μm thickness, that was covered with Kapton foil, before measuring nine spectra. The measurement time was in the range of 46.5 to 66.5 h for all Mössbauer spectra. The signal-to-noise ratios       I  /   N       , where I is the maximal intensity of the absorption peak and N is the average number of counts at the non-resonant part of the spectrum, were in the range of 25 to 71. Residuals, which are the differences between the calculated and experimental spectra, are shown at the bottom of spectra.



The MossWinn program was used for peak separation and transmission integral correction to compensate for the sample thickness (MossWinn, 2018) [18]. To estimate the source line width for transmission integral correction, the line width of the third and fourth peaks in the magnetic sextet of the reference absorber hematite powder mixed with boron nitride powder with a thickness of 25 mg Fe/cm2 was determined as 0.24 mm/s. This broadening of the experimental natural line, which is 0.19 mm/s for 57Fe, indicates contributions of the instrumental line broadening and thickness effects from both the source and reference absorber. Then, we suggested that the obtained experimental line broadening can be roughly considered as the result of the only source line broadening up to 0.147 mm/s. This value was further used for the Mössbauer spectra fits using a transmission integral.



The average values of δ, Δ and Г for Fe3+ at M1 sites in aegirine–augite after transmission integral correction were 0.39, 0.34 and 0.11 mm/s, respectively. The normalized statistical quality of the fit, χ2, will also be shown in the Section 3. The transmission integral correction using MossWinn results in the relative intensity of the higher- and lower-Doppler-velocity components of the doublets. Therefore, only reduced intensities will be shown in the Section 3.



Figure 3a shows a schematic diagram of the goniometer arrangement on the rotation stage, a thin section fixed on the goniometer (G), the Pb pinhole, the γ-ray source (γ), the Si-PIN detector (Si) and an objective lens for optical observation (L). Figure 3b shows a photograph of a thin section fixed on a goniometer (C), a Si-PIN semiconductor detector and an objective lens mounted on the Mössbauer spectrometer. The detector and the objective lens are mounted on a mechanical stage. By shifting the objective lens to the front of the sample, the positions of the pinhole and the sample can be confirmed. After selecting a measuring spot on the pinhole position, the detector is put back to the sample position for Mössbauer measurements. Nine Mössbauer spectra of the oriented aegirine–augite thin sections were collected by setting the dial angles at the adjusted angle using X-ray measurement and with modification of the angles ±30° from the adjusted angle for each thin section. Figure 3c shows schematic diagrams on the modifying orientations of the thin section at the adjusted angle and at an angle of 30° by rotating the goniometer. The tin sections were flat plates. The areas of the flat plates were larger than the pinhole. One thin section was used to measure the Mössbauer spectra for three orientations of the γ-ray. The first orientation of the γ-ray is perpendicular to the thin section. Therefore, the γ-ray path length indicated by light blue arrows is the thickness of the thin section. The second and the third orientations of the γ-ray were inclined from the perpendicular direction of the thin section with angles of ±30°, which were attained by rotating the goniometer using a dial axis. Therefore, the γ-ray path length is multiplied by 1/cos30°.





3. Results and Discussion


3.1. Chemical Analyses


Table 1 shows the results of the chemical analyses of aegirine–augite. The weight percentages (wt%) given for the oxides are the average of 10 measurement points. Estimated errors are given in parentheses. As shown using the Mössbauer spectra in the next section, the ferrous and ferric ion contents were 5.2% and 94.8%, respectively. FeO was used as a Fe standard; therefore, the weight percent of FeO was divided into 1.29% for ferrous and 23.54% for ferric ions. The weight percent of Fe2O3 was calculated from the correction as (159.70/71.85)/2 × 23.54%, where 159.70 and 71.85 are the molecular weights of Fe2O3 and FeO, respectively. The chemical formula of this crystal was calculated as (Ca0.16Na0.86)∑1.02(Mg0.13Fe2+0.04Fe3+0.72 Al0.07)∑0.96Si2.01O6, which indicates that the total positive charge is 11.96 and is almost equal to 12.00. The sum of the Wo and En components was 0.33 mol% and the ratio of Al3+/Fe3+ = jadite/aegirine = 0.10; therefore, this is aegirine–augite according to the nomenclature of pyroxenes [12].




3.2. Mössbauer Spectroscopic Analyses of Aegirine–Augite Single Crystal


3.2.1. Mössbauer Spectra of Oriented Aegirine–Augite Thin Sections


The black dot data points in Figure 4a–c are the raw Mössbauer spectra data of aegirine–augite for the γ-ray//a-, b- and c-axes, respectively. Nine spectra commonly show intense quadrupole splitting doublets as narrow as 0.33 mm/s and weak peaks at approximately 2.0 and 2.5 mm/s. The intense doublet is due to Fe3+ at the M1 sites. The two weak peaks are due to the higher-Doppler-velocity components of Fe2+ at the M sites. Amthauer and Rossman (1984) [19] observed two weak peaks at approximately 2.5 mm/s and 1.9 mm/s in the Mössbauer spectra of aegirine–augite measured at room temperature and assigned the former to Fe2+ at the M1 sites and the latter as also due to Fe2+ at the M1 sites (written as Fe“2+” in Ref. [19]) with a different type of next-nearest neighbor arrangement, e.g., Ca2+ instead of Na+. To resolve the raw data of aegirine–augite into three doublets, the parameters of δ, Δ and Г for Fe2+ and Fe“2+” at M1 sites in Ref. [19] were assumed to be δ = 1.15 and 1.08 mm/s, Δ = 2.77 and 1.81 mm/s and Г = 0.31 and 0.60 mm/s, respectively. The peak intensity ratios of these doublets for nine different directions of incident γ-rays were calculated from the intensity tensor of hedenbergite in Ref. [9]. The assumed intensity tensor for the two types of Fe2+ at M1 sites is


    I     F e   2 +     M 1   H d   =      0.370   0.019   0     0.019   0.467   0     0   0   0.663       



(34) in Ref. [9]







For example, I for Fe2+ at the M1 sites of i = 1 in this study is calculated as 0.467 from Equation (34) in Ref. [9]; therefore, Il: Ih is assumed to be 0.533:0.467.



The nine Mössbauer spectra consist of intense doublets due to Fe3+ at the M1 sites where two peaks of a doublet are overlapping. These overlapping intense absorption peaks of the raw spectra were considered to be a modified Lorenzian function. To correct the intensity of the absorption peaks, thickness corrections of the raw spectra were performed using the MossWinn program and the transmission integral method [18]. A procedure for thickness correction adopted for aegirine [8] was repeated here. The effective thickness (t) was calculated according to the following formula, as in Ref. [8]


  t = d ρ   w   100       N   A     A   a   σ   0     f   ′     ,  



(21)




where d is the sample thickness in centimeters, ρ is the density of the aegirine–augite (3.5 g/cm3), w is the weight percent of Fe, NA is Avogadro’s constant, A is the atomic weight of Fe, a is the fractional abundance of 57Fe (0.022), σ0 is the resonant cross-section of Mössbauer nuclei (206.4 × 10−20) and f ’ is the recoilless fraction of the source, which is 0.874 for aegirine [20].



Figure 4 shows the raw data and results of peak separation after transmission integral correction using the MossWinn program [18]. The green, blue and red doublets are due to Fe3+ at the M1 sites, Fe2+ at the M1 sites and Fe”2+” at the M1 sites, respectively. According to Ref. [18], the colored doublets are ideal spectra that do not include a thickness effect. The black lines are the total fitting lines obtained via the summation of the three colored spectra after including the thickness effect.



Table 2 shows the γ-ray directions of the i-th measurement, sample thickness (d), effective thickness (t) calculated from Equation (21), I for Fe2+ at the M1 sites calculated from Equation (34) in Ref. [9], area ratio of doublets for Fe2+ at the M1 and Fe3+ at the M1 sites, reduced intensities (I) due to Fe3+ at the M1 sites after transmission integral correction [18] and δ, Δ and Г for Fe3+ at the M1 sites. The averaged area ratio of doublets for the two types of Fe2+ at the M1 sites and Fe3+ at the M1 sites are 2.3 (2)%, 2.9 (10)% and 94.8 (10)%, respectively. This suggests that aegirine–augite includes 5.2% ferrous ions and 94.8% ferric ions.




3.2.2. Calculation of Intensity Tensor and EFG Tensor for Fe3+ at M1 Sites of Aegirine–Augite Using the Zimmermann Method


Ii, θi and ϕi in Table 2 were applied to Equation (13) to calculate the intensity tensor for aegirine–augite. The most probable components of an intensity tensor for aegirine–augite are:


    I     F e   3 +   ( M 1 ) A g t   =      0.670 ( 19 )   − 0.113 ( 37 )   0     − 0.113 ( 37 )   0.353 ( 14 )   0     0   0   0.477 ( 33 )      ,  



(22)




where the errors are given in parentheses. Note that aegirine–augite is shortened to Agt after symbols for rock-forming minerals [21].



The EFG tensor is calculated from the intensity tensor (Equation (22)) by applying Equations (14)–(19) as follows. The traceless intensity tensor T′ and its components T′ij are set, so that T′ is given as:


    T ′     F e   3 +   ( M 1 ) A g t   =      0.170   − 0.113   0     − 0.113   − 0.147   0     0   0   − 0.023      .  



(23)







The T′ components are applied to Equation (16), by which I′D is calculated as I′Δ = 0.705. Scaling T′ij using I′Δ gives the traceless intensity tensor T as:


    T     F e   3 +   ( M 1 ) A g t   =      0.188   − 0.125   0     − 0.125   − 0.162   0     0   0   − 0.026      .  



(24)







Diagonalization of T using the Euler angle matrix U,


    U     F e   3 +     M 1   A g t   =        cos  ⁡    − 17.8 °       −   sin  ⁡    − 17.8 °       0       sin  ⁡    − 17.8 °         cos  ⁡    − 17.8 °       0     0   0   1       



(25)




gives a diagonalized traceless intensity tensor T:


    T     F e   3 +   ( M 1 ) A g t   =   U   ( 25 )   − 1     T   ( 24 )     U   ( 25 )   =      0.228   0   0     0   − 0.203   0     0   0   − 0.026      .  



(26)







The diagonalized tensor T (Equation (26)) is proportional to the EFG tensor V, as indicated in Equation (14). The three components of V (VXX, VYY and VZZ) are defined to be ordered as |VXX| ≤ |VYY| ≤ |VZZ|. The component −0.026 in Equation (26) is the minimum absolute value; therefore, TZZ corresponds to VXX, and the VXX axis of the EFG tensor is oriented along the Z-axis. In the same way, the maximum absolute value TXX and the intermediate absolute value TYY correspond to VZZ and VYY, respectively. The asymmetry parameter η is determined as η = (VXX − VYY)/VZZ = 0.776. Substituting Δ = 0.34 mm/s and η into Equation (20) gives the EFG component VZZ as 5.23 × 1010 C/m3, so that VXX and VYY are −5.96 × 109 and −4.65 × 1010 C/m3, respectively.




3.2.3. Compositional Dependence of the Intensity Tensor for Fe3+ at M1 Sites between Aegirine and Augite Solid Solution


To confirm the compositional dependence of the intensity tensor for Fe3+ at the M1 sites between aegirine and augite solid solution, the intensity tensors for aegirine (Ae) and augite (Wo40En45Fs16) (Aug) are referred from Refs. [8] and [9], respectively:


    I     F e   3 +     M 1   A e   =      0.666   5     − 0.144   5     0     − 0.144   5     0.331   5     0     0   0   0.503   10        ,  



(Ae)






    I     F e   3 +   ( M 1 ) A u g   =      0.446 ( 56 )   0.041 ( 60 )   0     0.041 ( 60 )   0.532 ( 55 )   0     0   0   0.522 ( 111 )       



(Aug)







The chemical compositions of aegirine and augite are Na1.03(Fe3+0.89Al0.04)∑0.93 Si2.04O6 [8] and (Ca0.75Na0.03Fe2+0.25Fe3+0.06Mg0.84Ti0.02)∑1.95(Si1.91Al0.16)∑2.07O6 [9], respectively. Figure 5 shows the relationship between the Fe3+ molar ratio for O6 of aegirine, aegirine–augite and augite, and the intensity components (IXX, IYY, IXY and IZZ) for Fe3+ at the M1 sites extracted from Equation (22), (Ae) [8] and (Aug) [9]. The four components IXX, IYY, IXY and IZZ of aegirine–augite are almost the same as those of aegirine. The averages of the IXX, IYY, IXY and IZZ components for aegirine and aegirine–augite are 0.668, 0.342, −0.129 and 0.490, respectively. Broken lines in Figure 5 are average lines of the intensity tensor components for aegirine and aegirine–augite. In contrast, the intensity tensor components for augite are plotted outside of the average lines. The intensity tensor components (IXX, IYY, IXY and IZZ) for Wo40 augite deviate from the average lines for aegirine and aegirine–augite by as much as 0.2.



The molar ratios of the sum of Ca2+ and Na+ for aegirine, aegirine–augite and augite are 1.03, 1.02 and 0.78 for O6, respectively. The chemical compositions of aegirine and aegirine–augite indicate that these M2 sites are fully occupied with Ca2+ and Na+, and that the M2 sites of augite are partially occupied with Ca2+ and Na+ up to as high as 78%. The remaining 22% of the M2 sites of augite are thus considered to be occupied with Fe2+.



The general ionic radii of Ca2+, Na+ and Fe2+ in 8-coordinated sites are 1.12, 1.18 and 0.92 Å, respectively (Shannon, 1976) [22]. This suggests that Fe2+ in the M2 sites is approximately 18% smaller than Ca2+, and Na+ is 5% larger than Ca2+. Taking general ionic radii into account, the M2 sites of aegirine and aegirine–augite are fully occupied with large cations such as Ca2+ and Na+, and the M2 sites of augite are occupied with large cations as much as 78% and smaller cations such as Fe2+ in the remaining sites. This suggests that the intensity tensor components for Fe3+ in the M1 site of aegirine–augite solid solution are dependent on the ratio of large cations such as Ca2+ and Na+ in the M2 sites and are independent of the Fe3+ content at the M1 sites.



Fukuyama et al. (2022) [9] proposed that the intensity tensor components for the Fe2+ in the M1 sites of Ca-rich pyroxene of Wo50 have approximately constant values, and that those of Wo40 pyroxene have values different from those of Wo50. Fukuyama et al. (2022) [9] showed a relation between the Fs component and the intensity tensor components for Fe2+ at the M1 sites of Ca-rich pyroxene. Figure 6, which is modified from Ref. [9], shows the relationship between the Fe2+ molar ratio for O6 of diopside (2), augite, Mg–hedenbergite and hedenbergite, and the intensity components (IXX, IYY, IXY and IZZ) for Fe2+ at M1 sites. The horizontal axis of Figure 6 is modified to the Fe2+ molar ratio for O6 from the Fs components as shown in Ref. [9]. The broken lines in Figure 6 are the average lines of the intensity tensor components for diopside (2), Mg–hedenbergite and hedenbergite. The intensity tensor components (IXX, IYY, IXY and IZZ) for Wo40 augite deviate from the average lines for diopside (2), Mg–hedenbergite and hedenbergite by as much as 0.1. Therefore, it can be concluded that the intensity tensor components for Fe3+ in the M1 sites between aegirine–augite solid solution have a similar compositional dependency as those for Fe2+ in the M1 sites of Ca-rich pyroxene.



Comparing Figure 5 and Figure 6 reveals that the deviations from the average lines of the tensor components for Fe3+ at the M1 sites of augite are larger than those for the Fe2+ at the M1 sites for augite, as much as 0.1 from the average lines for Wo50 Ca-Mg-Fe pyroxenes [9]. The difference in the deviation between the Ca- and Na-rich pyroxenes may be due to the difference in the valence of the Fe ions. Another possible reason for the difference is the replacement of Ca2+ by Na+ ions. The M2 sites of Wo50 Ca-Mg-Fe pyroxenes can be fully occupied by Ca2+. The M2 sites of aegirine–augite and aegirine are almost all occupied by Na+, i.e., 5% larger than Ca2+. Larger deviations in the intensity tensor components for Fe3+ at the M1 sites than those for Fe2+ at the M1 sites may be due to the replacement of Ca2+ by Na+. The result of this study suggests that the intensity tensors for Fe2+ and Fe3+ at the M1 sites are generally dependent on the ratio of large cations such as Ca2+ and Na+ at the M2 sites.




3.2.4. Principal Axes of the EFG Tensor for Fe3+ at M1 Sites of Aegirine–Augite


Figure 7 shows the principal axes of the EFG tensor for Fe3+ at the M1 sites of aegirine–augite drawn as red lines from the Euler angle in UFe3+(M1)Agt (Equation (25)). Figure 7 indicates that the principal axes of VYY and VZZ of the EFG tensor for Fe3+ at the M1 sites of aegirine–augite are almost parallel to the a*- and c- axes, and suggests that the principal axes of the EFG tensor for Fe3+ at the M1 sites are common in aegirine–augite solid solution.






4. Conclusions


The intensity tensor of Mössbauer doublets and the EFG tensor for Fe3+ at the M1 sites of aegirine–augite were experimentally determined using the Mössbauer spectra of crystallographically oriented thin sections. The intensity tensor components (IXX, IYY, IXY and IZZ) for Fe3+ at the M1 sites of aegirine–augite calculated from the thickness-corrected intensity of quadrupole doublets were 0.670 (19), 0.353 (14), −0.113 (37) and 0.477 (33), respectively. The EFG components (VXX, VYY and VZZ) of Fe3+ at the M1 sites in aegirine–augite were −5.96 × 109, −4.65 × 1010 and 5.23 × 1010 C/m3, respectively. Comparison of the intensity tensor components with those of aegirine and augite indicated the intensity tensor components for Fe3+ at the M1 sites of aegirine–augite were dependent on the ratio of large cations such as Ca2+ and Na+ at the M2 sites.
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Figure 1. X-ray back-reflection Laue IP image of aegirine–augite obtained using an Mo X-ray tube. The b*-axis is normal to the image. 
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Figure 2. X-ray precession photograph of aegirine–augite obtained using an Mo X-ray tube. The b*- axis is perpendicular to the photograph. The dial axis of the goniometer is oriented along the horizontal direction of the X-ray photograph. 
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Figure 3. (a) Vertical view of schematic diagram of the goniometer setting on the Mössbauer spectrometer. γ: γ-ray propagation direction; Pb PH: lead pinhole; G: goniometer; C: oriented thin section adjusted on the goniometer; Si: Si-PIN detector; R: rotation stage of the horizontally rotating axis; L: optical lens. (b) Photograph of goniometer set on the Mössbauer spectrometer. (c) Horizontal view of schematic diagrams on modifying orientations of the thin section at the adjusted angle and at the angle of 30° by rotating goniometer. 
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Figure 4. Mössbauer spectra of oriented aegirine–augite thin sections under (a) γ//Y(a), (b) γ//Z(b*) and (c) γ//c. 
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Figure 5. Relationship between the Fe3+ molar ratio of aegirine–augite solid solutions for O6 and IXX (blue), IYY (red), IXY (green) and IZZ (black) components for Fe3+ at M1 sites. Error bars of Ae are as low as the data point radius. Broken lines show the average values of Ae and Agt. 
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Figure 6. Relationship between the Fe2+ molar ratio for O6 of diopside (2), augite, Mg–hedenbergite [7] and hedenbergite, and the intensity components for Fe2+ at the M1 sites modified from Fukuyama et al. (2022) [9]. IXX (blue), IYY (red), IXY (green) and IZZ (black) are the intensity tensor components for Fe2+ at the M1 sites. Error bars are as low as the data point radius. The horizontal axis is modified to the Fe2+ molar ratio for O6 from the Fs components. Broken lines are average lines of the intensity tensor components for diopside (2), Mg–hedenbergite [7] and hedenbergite. 
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Figure 7. Principal axes of EFG tensors for Fe3+ at M1 sites. The principal axes of aegirine–augite are represented by red lines. The principal axes of aegirine [8] and augite [9] are represented as orange and blue lines, respectively. The VXX axis is represented by circles and dotted lines, VYY is represented by triangles and broken lines and VZZ is represented by squares and solid lines. 
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	Oxides
	wt%





	SiO2
	54.86 (21)



	Al2O3
	1.65 (5)



	FeO

(FeO)
	24.83 (22)

(1.29 (1))



	(Fe2O3)
	(26.15 (23))



	MgO
	2.38 (12)



	CaO
	4.08 (23)



	NaO
	12.10 (16)



	total
	102.65



	Formulae (O = 6)
	molar ratio



	Si
	2.01



	Al

Fe2+
	0.07

0.04



	Fe3+
	0.72



	Mg
	0.13



	Ca
	0.16



	Na
	0.86










 





Table 2. γ-ray directions, sample thickness (d), effective thickness (t), area ratio (%) of ferrous and ferric Fe ions, reduced intensities (I) and 57Mössbauer parameters of the doublets for Fe3+ at M1 sites of aegirine–augite.
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Oriented

Thin Section

	
#1 ⊥ a (d = 443 μm)

	
#2 ⊥ b (d = 357 μm)

	
#3 ⊥ c (d = 380 μm)




	
i

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9






	
γ-ray direction and effective thickness (t)




	
θ (°)

	
90

	
60

	
120

	
180

	
150

	
150

	
90

	
60

	
120




	
ϕ (°)

	
90

	
90

	
90

	
0

	
73

	
253

	
343

	
343

	
343




	
γ-ray

	
//Y(a)

	

	

	
//Z(b)

	

	

	
//c

	

	




	
effective

thickness (t)

	
12.5

	
14.4

	
10.0

	
11.6

	
10.7

	
12.3




	
Calculated I for Fe2+ at M1 from Equation (34) in [9]




	
Fe2+ at M1

	
0.467

	
0.516

	
0.516

	
0.663

	
0.615

	
0.615

	
0.368

	
0.442

	
0.442




	
Doublet area ratio (%)




	
Fe2+ at M1

	
1.8

	
2.4

	
2.5

	
2.7

	
2.3

	
2.1

	
2.0

	
2.4

	
2.8




	
Fe“2+” at M1

	
4.0

	
4.4

	
2.9

	
4.3

	
3.8

	
3.6

	
1.8

	
0.7

	
0.4




	
Fe3+ at M1

	
94.2

	
93.3

	
94.6

	
93.0

	
93.9

	
94.3

	
96.2

	
96.9

	
96.7




	
I for Fe3+ at M1 site




	
I = Ih/(Il + Ih)

	
0.366