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Abstract

:

A four-polarisation camera was used to map the absorbance of olivine micro-grains before and after high-temperature annealing (HTA). It is shown that HTA of olivine xenoliths at above 1200  ° C in O2 flow makes them magnetised. Different modes of operation of the polariscope with polarisation control before and after the sample in transmission and reflection modes were used. The reflection type was assembled for non-transparent samples of olivine after HTA. The sample for optical observation in transmission was placed on an achromatic, plastic, quarter-wavelength waveplate as a sample holder. Inspection of the sample’s birefringence (retardance), as well as absorbance, was undertaken. The best fit for the transmitted intensity or transmittance T (hence, absorbance   A = −  log 10  T  ) is obtainable using a simple best fit with only three orientations (from the four orientations measured by the camera). When the intensity of transmitted light at one of the orientations is very low due to a cross-polarised condition (polariser–analyser arrangement), the three-point fit can be used. The three-point fit in transmission and reflection modes was validated for   T  ( θ )  = A m p × cos  ( 2 θ − 2  θ  s h i f t   )  + o f f s e t  , where the amplitude   A m p  , offset   o f f s e t  , and orientation azimuth   θ  s h i f t    were extracted for each pixel via the best fit.
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1. Introduction


Colour is one of the most popular qualitative inspection tools in the microscopic observation of minerals. Cross-polarised imaging together with full-wave   λ = 530   nm or quarter-waveplate   λ / 4 = 147.3   nm inserted at a   π / 4   orientation to the cross-Nikol setup can be utilised to obtain vivid colours that represent optical retardance. For example, the 530 nm wavelength will be blocked in a cross-Nikol setup with such a waveplate, while the other RGB colours will undergo different degrees of retardance, causing a magenta-coloured background (no sample). Colour can indicate the presence of   Δ n × d   (i.e., birefringence   Δ n  ) and the total difference in optical thickness due to physical thickness d at a location on the sample. More information can be extracted using images taken with different linear polarisations; e.g., the absorbance   A = −  log 10  T   from the measured transmittance   T =  I T  /  I 0    can be determined. Here,   I  T , 0    are the transmitted and incident intensities, respectively. However, due to the unevenness of natural samples, imaging at different sample (or polariser) orientations brings about lateral shifts, as well as distortions, in the image. This limits the application potential of imaging at different polarisations when either the sample or polariser has to be rotated between image acquisitions.



The motivation for this study was to use polarisation-resolved imaging at visible wavelengths   λ ∼ 0.5  μ  m and comparable resolution   ( 1 − 2 ) × λ   for mapping the complex morphologies of naturally occurring micro-crystals, which is typical in research on mineral resource exploration, volcanic lava flows or fallout particles from eruptions, meteorites, etc. Usually, such 0.1–1 mm grains are analysed at IR wavelengths in the chemical fingerprinting spectral range of   λ ∼ ( 12 − 2 )  μ  m (in wavenumbers,   ν ˜   = (833–5000) cm    − 1   ), where the spatial resolution is markedly reduced   ∝ λ   [1,2]. Moreover, the crystalline and glass absorption under specific phonon modes defining micro-volumes of specific materials/crystals is studied even at the longer wavelengths in the THz domain with wavenumbers 20–700 cm    − 1    or   λ = ( 500 − 14 )  μ  m at a further reduced spatial resolution [2]. Here, we used high-optical-resolution imaging with a resolution of   ∼ 1  μ  m to identify structure and morphology changes due to inhomogeneous composition, grain, boundaries, mass density swirls, etc., which have paramount importance in the formation of new phases and materials during annealing. Optical images with high quality and resolution that reveal anisotropy in absorbance, retardance, or reflectance can be correlated with IR–THz maps (chemical, phonon) with low spatial resolution and combined/correlated with Raman and Brillouin imaging of (visco)mechanical/elastic properties at the micro-scale [3,4]. We have demonstrated that anisotropies in absorption and/or retardance can be detected via orientation azimuth angles even when the spatial resolution is more than 10 times lower [5,6]. This makes comparison of anisotropy mapping at resolutions that differ by 100 times a potentially useful tool for correlations throughout the visible–IR–THz spectra (1–10–100  μ m). As a prototype sample, we used a volcanic olivine xenolith (Fe, Mg)2SiO4 (Mortlake, Australia). Olivine is an orthorhombic, Pbnm-space-group, birefringent mineral and, as the major constituent of the Earth’s mantle, contributes Fe to its core, defining the Earth’s magnetic properties. We show here that olivine in xenoliths becomes magnetized after high-temperature annealing (HTA) above 1300  ° C in O2 flow. Current hypotheses suggest that Mg-rich olivine (forsterite) has precipitations of magnetite Fe3O4 (Fe    2 +   Fe   2  3 +   O   4  ) along the defects and crystallite boundaries, similar to those observed in volcanic olivines at 600  ° C and 900  ° C HTA under an O2 environment [7]. Complex phase modifications between Fe oxides and silicates can be expected, including formation of magnetic FeO, which has active IR absorption bands [1,2]. The orientation-resolved optical technique proposed in this study is applicable to the analysis of orientation in femtosecond laser-induced nano-crystallisation inside multi-layered nano-stacks [8].



Olivine weathers quickly on the Earth’s surface and has been found to be a promising candidate for accelerated weathering to sequester CO2 from the Earth’s oceans and atmosphere to help combat climate change [9]. Olivine can absorb its own mass of CO2 when finely powdered. The European climate initiative Climate-KIC estimates that olivine could capture 850,000 tonnes of CO2, and it has been used in small-scale projects, including as fertilizer and as a replacement for sand and gravel in landscaping projects [10]. According to the Goldich dissolution series, olivine is not stable and transforms into iddingsite in the presence of water [11]. Finding iddingsite on Mars would help determine if liquid water once existed on that planet [12]. Olivine is also relevant for detection of developing solar systems in Earth’s neighbourhood since chondrites contain pallasites, which are a mix of iron–nickel and olivine. Furthermore, type-A asteroids have a surface that is dominated by olivine and are uncommon in our solar system but may be abundant in other planetary systems and could be detected by olivine spectral signatures once they have been determined under different conditions [13].



Here, we took advantage of the recently introduced four-polarisation cameras with wire grid polarisers integrated directly onto the pixels of a CMOS sensor. This allows for simultaneous detection of intensity at four orientations and access to the anisotropy of retardance and absorbance mapping; i.e., the absolute value and its azimuth (orientation). In the case of absorption-dominated transmission changes, it is shown that a cos-fit can be used for each pixel of the camera and obtained using only three points (three from four polarisation images). This technique is demonstrated for transmission and reflection modes using natural olivine micro-crystals, but it is fully transferable to other polarisation-resolved imaging techniques; e.g., bio-medical techniques [14,15], 3D optical coherent tomography [16,17], analysis of structural colours in natural materials [18], and industrial applications, such as edge detection of fast moving materials and workpieces [19].




2. Method and Samples


We used a   2 12  -level greyscale CMOS camera (CS505MUP1 Thorlabs) for imaging in the visible spectral range. The camera was set up with a Nikon OptoPhot-pol microscope for polarisation-resolved measurements and imaging. It is worth noting that a circular polariser, usually set just in front of a CCD or CMOS camera to homogenise the image, must be removed for imaging with the four-polarisation camera.



2.1. Method: Detection of Anisotropy


The linear dichroism or azimuthal dependence of the absorption of linearly polarised light is usually measured by changing the orientation of the incident polarisation and measuring (or imaging) the transmitted signal. For an absorber oriented at the angle   θ  a b s   , the absorbance   A = −  log 10  T   is defined as follows [20]:


  A  ( θ )  =    A  m a x   −  A  m i n    2  cos  ( 2 θ − 2  θ  a b s   )  +    A  m a x   +  A  m i n    2  .  



(1)




Here we adopted such a technique, but the measurement was carried out with non-polarised or circularly polarised incident light and took place at four selected polarisations with a four-polarisation camera. In the case of circular polarisation, we assumed that no circular dichroism existed within the sample. With the four-polarisation camera, four images are directly acquired in a single acquisition, while the incident light is non-polarised (isotropic random). This is a fast (instantaneous) imaging technique that is useful for monitoring and imaging of fast-changing events in real time; e.g., phase transitions induced by laser heating or applied pressure in diamond anvil cells.



By setting the circular polarisation at the IN-port (RHC or LHC) and without the   λ / 4   waveplate before the four-polarisation camera, it is possible to measure the absorbance A of an image using Equation (1).



With linear polarisation illuminated onto the sample, the setup to measure birefringence and absorbance anisotropies was realised [21] (Figure 1a); i.e., a typical polariser–analyser arrangement only using a four-polarisation camera. Since absorbance is  π -folded (same absorbance at 0 and  π ) while birefringence has a twice higher angular frequency, the fit function to account for the two contributions in transmittance can be conveniently chosen as follows:


  T  ( θ )  =  [  a κ   cos 2   ( θ −  b κ  )  +  o κ  ]  +  [  a n   cos 2  2  ( θ −  b n  )  +  o n  ]  ≡ A b s + R e t ,  



(2)




where   a κ   and   a n   are the amplitudes related to the absorbance   A b s   and retardance   R e t   contributions,   b κ   and   b n   are the orientation-dependent angles (which can be different for the two anisotropies), and   o κ   and   o n   are their corresponding offsets. Using   cos 2 θ = 2  cos 2  θ − 1  , a normalised-form expression of Equation (2) for the absorbance part becomes    T  n o r m    ( θ )  =  1 2  cos  ( 2 θ − 2  θ  a b s   )  +   1 2  +   o κ   a κ     . The last term defines the  θ  angle-averaged transmittance   T  a v    and the corresponding absorbance is    A  a v   = −  log 10   T  a v    . The absorption coefficient is found from the optical density   A =  10  − O D   ≡  e  − α d     as   α d = ln 10 O D ≈ 2.3 O D  , where d is the thickness of the sample.




2.2. Mueller Matrices Used for Modelling of Transmittance


The Mueller matrix formalism was used to test the transmittance of the   λ / 4   plate using the four-polarisation camera. The polariser at an angle of  φ  is given by the Mueller matrix   M  p o l    [22]:


   M  p o l    ( φ )  =  1 2      1    cos 2 φ     sin 2 φ    0      cos 2 φ      cos 2  2 φ     cos 2 φ sin 2 φ    0      sin 2 φ     cos 2 φ sin 2 φ      sin 2  2 φ    0     0   0   0   0     .  



(3)




The matrix corresponds to the wire grid polariser on the pixels of the CMOS detectors with four polarisations. The angles  φ  were set at each quadrant of the camera to   φ = 0 ,    π / 4 , π / 2  , and   3 π / 4  , respectively. The retarder (e.g., a   λ / 4   plate or the sample) with a phase retardance of  δ  and retardance azimuth of  θ  is given by the following:


   M  r e t    ( θ , δ )  =     1   0   0   0     0     cos 2  2 θ + cos δ  sin 2  2 θ     ( 1 − cos δ ) sin 2 θ cos 2 θ     sin δ sin 2 θ      0    ( 1 − cos δ ) sin 2 θ cos 2 θ      sin 2  2 θ + cos δ  cos 2  2 θ     − sin δ cos 2 θ      0    − sin δ sin 2 θ     sin δ cos 2 θ     cos δ      .  



(4)




A quarter-wave plate with    δ 0  ≡ π / 2   phase retardance was added. The quarter-wave plate aligned along the   π / 4   direction is given by (following from Equation (4)):


   M  λ / 4    ( π / 4 ,  δ 0  )  =     1   0   0   0     0    cos  δ 0     0    sin  δ 0       0   0   1   0     0    − sin  δ 0     0    cos  δ 0       .  



(5)




The incident light was set to the horizontal (x-direction) so that it could be described by the Stokes vector    S  I N   =  ( 1 , 1 , 0 , 0 )  ≡  (  S 0  ,  S 1  ,  S 2  ,  S 3  )   . Finally, the output light (Stokes vector) detected by the CMOS four-polarisation camera was indicated by the solution of the following matrix equation (the sample is represented by    M  r e t    ( θ , δ )   ):


   S  O U T    ( φ , θ , δ )  =  M  p o l    ( φ )  ·  M  r e t    ( θ , δ )  ·  M  λ / 4    ( π / 4 ,  δ 0  )  ·  S  I N   .  



(6)







The last two terms in Equation (6) for the linear-horizontal incident polarisation (x-polarisation) in relation to the   λ / 4   plate at   ± π / 4   angles define the Stokes vector of the light incident to the sample:


   S  i n c   =  M  λ / 4    ( ± π / 4 )  ·  S x  =     1   0   0   0     0   0   0    ± 1      0   0   1   0     0    ∓ 1    0   0     ·     1     1     0     0     =     1     0     0      ∓ 1      .  



(7)




With this simplification and use of the sample’s (retarder’s) expression    M  r e t    ( θ , δ )    with the four-polarisation analyser angles   φ ≡ ( 0 , π / 4 , π / 2 , − π / 4 )   in the polariser matrix    M  p o l    ( φ )   , one obtains the output intensity at the four-polarisation camera (the Stokes   S 0   parameter measured experimentally).




2.3. Annealed Olivine Samples


The samples in this study were volcanic olivine xenoliths (Mortlake, Victoria, Australia; Figure 1a). Sub-millimetre grains of olivine were subjected to high-temperature annealing (HTA) at 1200–1500  ° C for 1–2 h. Such HTA treatment made the samples magnetised in the presence of O2 flow.



The HTA was carried out using a Nabertherm tube furnace; see the discussion and optical characterisation in Section 3.3 for samples annealed at 1500  ° C for 2 h in O2 flow. Magnetisation of the samples was evident from their strong attraction to Nb or Sm magnets. The O2 flow was required to magnetise the initial weakly magnetic olivine xenolith samples ((Fe, Mg)2SiO4 xenoliths from Mortlake, Victoria, Australia); only the smallest micro-grains were attracted to the Nd magnet in the case of the pristine olivine, while large samples with sub-centimetre cross-sections were attracted to the same magnet after HTA. The origin of the magnetisation is under investigation, and it is out of the scope of this study focused on optical polariscopy. Several temperatures were tested for HTA in the range of 600–1200  ° C (600, 800, 1000, 1200  ° C) in O2 flow. However, samples were not magnetised even when they changed colour above 900  ° C, possibly due to hematite  α -Fe2O3 formation [23]. Even after HTA at the highest temperature of 1500  ° C, samples maintained their grainy structure without turning into glassy substances solidified from a molten phase. For optical polariscopy, the annealed olivine xenolith was hammer-smashed into micro/macro-particles, aiming at obtaining samples tens of micrometers in size, and they could also be partly transparent. Those micro-particles were magnetised, as revealed by their ordering on a slide glass (1 mm thick), using Sm-Co and Nd magnets (Section 3.3).





3. Results and Discussion


3.1. Four-Polarisation Detection of Transmitted Intensity


Figure 1a shows the setup for the realisation of the polariser–analyser and one analyser measurement in the transmission mode for linear or circular polarisation incident to the sample. Such a setup can be rendered sensitive to both retardance and absorbance (b) and only absorbance when the equivalent of two or one polarisers is utilised. Notably, the setup with circularly polarised light (isotropic in terms of the polarisation incident to the sample) can be used to measure linear dichroism if there is no circular dichroism in the sample; i.e., the polarisation-isotropic incident light is prepared by a linear polariser and achromatic   λ / 4   waveplate at   ± π / 4   orientation (Figure 2). Employing the four-polarisation camera using an achromatic   λ / 2   plate aligned with linearly polarised incident light resulted in four different images (Figure 1b); a plastic polariser was used as a sample holder. For some mutual orientations of the sample and waveplate, one of the four images had low intensity (cross-polarised; see inset in Figure 1b). As shown later, even three images acquired at three orientations were enough for the best fit and the extraction of the orientation azimuth of the absorbers.



Equation (1) was applied for the absorbance plot at each pixel under circularly polarised illumination for the olivine micro-particle (Figure 3). A   λ / 4   waveplate was used to set circularly polarised light, along with a 550 nm filter with   ∼ 20   nm bandwidth. The best fit was obtained for amplitude   A m p = (  A  m a x   −  A  m i n   ) / 2  , the azimuth of the absorber angle   2  θ  a b s   = 2  θ  s h i f t    , and offset   o f f s e t = (  A  m a x   +  A  m i n   ) / 2   for a single pixel using Matlab. In the fit, there were regions with negative offset, which corresponded to a phase change (  sin t o cos  ). The strong absorbance near the edges (low   A m p   and high   O f f s e t  ) was due to the light-scattering contribution, since the collection of light corresponded to the angle defined by the numerical aperture   N A = 0.45   of the   20 ×   objective lens (Nikon). The resolution, defined as the radius of the Airy disk of a plane wave focusing, was   r = 0.61 λ / N A ≈ 0.72  μ  m at the green   λ = 530   nm wavelength.



The described four-polarisation imaging with a four-point absorbance fit (Equation (2)) under isotropic incident polarisation (circular or random) provided a map of average optical density   O f f s e t A ( x , y )  , its amplitude   A m p ( x , y )  , and the azimuthal orientation of the absorbers   θ  s h i f t    at the pixel level. The quality of the fit was judged from the standard deviation map   σ  ( x , y )  =   [  ∑ i    (  I  θ ( i )   e x p    ( x , y )  −  I  θ ( i )   f i t    ( x , y )  )  2  ] / 4    . Figure 3 shows the results. For the high-fidelity fit, there was no difference in  σ  at the regions with and without micro-grains (Figure 3c) with   σ <  10  − 5     (the maximum-intensity offset and amplitude values were ∼2000). The same procedure can be carried out at different wavelengths. With illumination of the sample with isotropic polarisation, all four images in the four-polarisation camera had intensity values that were satisfactory for the fit at the four values of   θ i  . However, for the case with linearly polarised illumination, one segment of the four-polarisation-camera fit usually had overly small values for the intensity (see the dark segment in the inset of Figure 1b), and calculation of the absorbance (a ratio) resulted in an unreliable fit. In such cases, only three   θ i   values could be used to extract the three parameters   A m p , 2  θ  s h i f t    , and   O f f s e t  , as described next.




3.2. Three-Point Fit of Four-Polarisation Camera Images


When the two-polariser system was used with the IN- and OUT-ports (a cross-Nicol) sensitive to retardance and absorbance changes, there was a large difference in the intensity of the four-polarisation camera segments (Figure 1b). The best fit for the transmitted intensity   I T   was obtained with a generic expression    I T  = A m p × cos  ( 2 θ − 2  θ  s h i f t   )  + O f f s e t   and is shown in Figure 4 for linearly polarised illumination with two different orientations of a   λ / 2   plate. The absorption azimuth   2  θ  s h i f t     was close to   0 °   or   180 °  , which, for a randomly chosen micro-grain, implies the absence of a preferential orientation. This is understandable since olivine is transparent in the visible spectral range (see the central inset in Figure 1). Importantly, the use of four intensity images for the calculation of the transmittance   T  ( θ )  ≡  I T   ( θ )  /  I 0   ( θ )    using the acquired images was not successful due to very low intensity in one of the quadrant images; we even checked that it did not have a division by zero error. However, for the fit with a harmonic cos function with three parameters, only three points were enough and allowed for the extraction of single-pixel transmittance   T =  I T  /  I 0    and, hence, absorbance   A = −  log 10  T  . The obtained maps from three-angle fit are shown in Figure 4. This procedure relied on the three highest-intensity points measured (from the four points of the four-polarisation camera).



The three-point best fit with   T = A m p × cos ( 2 θ − 2  θ  s h i f t   ) + O f f s e t   was also carried out for a linear incident polarisation using a   λ / 4   plate at 0 degrees (Figure 5). In this fit, the condition requiring only positive values for   A m p > 0   was enforced and also   0 < 2  θ  s h i f t   < 2 π  , as expected for the absorption-dominated azimuthal transmission. The three-point fit closely matched the calculated absorbance given by Equation (1) (Figure 2d) for the circularly polarised (isotropic polarisation) case. The three-point fit at the highest intensity values with the four-polarisation camera images was validated for   λ / 4   and   λ / 2   plates.




3.3. Annealed Olivine under Reflection (Three-Point) Polariscopy


The samples of olivine xenolith were annealed at 1500  ° C temperature for 2 h in O2 flow. This made them magnetic, as shown in Figure 6a, before mechanical fragmentation. After fragmentation, magnetic particles/grains were assembled using an Nd magnet (NdFeB; washer-type) placed on a Sm-Co magnet (disk-type). Since olivine subjected to HTA did not turn optically transparent and had a black-brown appearance, reflection-type microscopy was used for polarisation analysis with a four-polarisation camera (Figure 6b). Two achromatic   λ / 4   waveplates were used at the IN- and OUT-ports with the sample placed on an Al foil (or Au mirror) serving as a back-reflecting mirror. The   λ / 4   waveplates were crossed by the orientation of their slow axis, hence compensating the phases   ± π / 2   of each other. They were used for qualitative inspection if optical activity or circular dichroism existed in the semi-transparent parts of the high-temperature-annealed olivine. For reflection microscopy under linear polarisation, the orientation of the   λ / 2   or   λ / 4   waveplates was set at   0 °   (slow axis aligned with linear polariser at the IN-port). In such cases, no   λ / 4   waveplate was used before the four-polarisation detector (OUT-port).



Figure 7 shows optical images of high-temperature-annealed olivine in O2 with clearly visible micro-crystallites in a dark rock. When N2 flow was used, there was almost no colouration change. This sample was fractioned to produce a small grain smaller than 1 mm in size. The grain was captured with a Nd magnet (washer) to confirm its magnetisation and brought into the optical path for reflectance measurements. The same three-point fitting procedure as shown for transmittance was applied for reflectance. Figure 8 shows the fitting results. Micro-crystallites in a larger (  ∼ 1   mm) sample of olivine were recognised by their edges (top row in Figure 8). For illumination by circularly polarised light, a   λ / 4   plate was used and a smaller grain was set with a Au mirror (Figure 8). The colour of the phase map showed a   π / 2   change in the background between the 0 and   ± π / 4   orientations of the   λ / 4   plate. As we showed earlier, the structure patterns could be recognised in reflection/scattering-mode imaging with the same camera, even when optical resolution was poor for the small feature size [24]. For quantitative measurement of reflectance R, gold-coated (∼60 nm) cover glass was used as a reference (or as a sample holder). A simpler setup for RHC and LHC polarisations can be employed using plastic polariser films (CIR RH or LH, Edmund optics), which are combined polariser and   λ / 4   pairs.





4. Conclusions and Outlook


This study introduced polarisation analysis at the visible spectral range for 3D complex samples that are usually further scrutinised at the IR and THz spectral range with correspondingly reduced resolutions: visible   ∼ 1  μ  m, IR   ∼ 10  μ  m, THz   ∼ 100  μ  m. By using polarisation analysis at the visible spectral range with a four-polarisation camera, simple four- or three-point (angles) fitting of transmitted or reflected light provided detailed maps of the sample’s structure related to its shape, composition, and thickness. When tracing changes during various thermal treatments (e.g., HTA) with gas–sample reactions (olivine with CO2), polarisation-resolved optical imaging can provide useful pinpoint definitions of the locations of the induced changes, the precipitation of new phases, changes related to melting and surface tension-induced flows.



The three-point fit of the four-polarisation camera images was introduced and validated for transmittance and reflectance. As a prototype material, olivine in its original and thermally modified magnetic states was optically mapped using polarisation imaging. The proposed analysis is applicable to linearly and circularly polarised light. Reflectivity change in materials due to dielectric-to-metallic state change or formation of micro-precipitates could be visualised using polarisation analysis with two perpendicular polarisations [25]. The polarisation-resolved imaging presented here can be used for analysis of 3D polymerised structures where hatching of the 3D volume and pulse-to-pulse overlap along a linear scan are important for the structural quality of the 3D polymerised object [26]. Laser-ablated targets in liquids form chains of magnetised nanoparticles [27,28] whose orientation can be recognised even below the spatial resolution using the proposed polarisation analysis [5].
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Figure 1. (a) Transmission setup with four-polarisation camera for measurements of absorbance and transmittance for characterisation of micro-grains of olivine. (b) Optical images of transmitted light at four polarisations. Measurements were carried out with linearly polarised illumination and four-polarisation detection (the achromatic   λ / 2   plate was aligned with the linear polariser and used as a sample holder). This setup can be used for retardance and absorbance measurements. The circular polariser was realised using a pair of   λ / 2   and   λ / 4   plates at a   ± π / 4   angle for orientation of the   λ / 2   plate (plastic pair, Edmund optics). 
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Figure 2. Absorbance measurements for an olivine micro-particle. (a) Absorbance measurement with linearly polarised illumination and four-polarisation detection. A pair of   λ / 2   and   λ / 4   plates were used to make an achromatic plastic circular polariser (Edmund optics) at   0 °   orientation; this corresponds to the linearly polarised illumination (the x-polarisation of the microscope condenser). (b) Optical image of olivine micro-grain using combined intensity with the four-polarisation camera. Illumination was set as circular using a single   λ / 4   plastic plate (Edmund optics) at   45 °   orientation and a 550 nm bandpass filter (∼20 nm). (c) Absorbance   A ≡ −  log 10  T   spectra for two distinct experimental results selected from (d) to illustrate the fit. The amplitude   A m p   and offset   O f f s e t   values were retrieved from the best fit. Four markers at the four-polarisation camera orientations are shown. (d) The fit results for each pixel for the values of   A m p  ,   O f f s e t  , and   2  θ  s h i f t     over a selected region of interest (ROI). The orientation   2  θ  s h i f t     corresponds to the largest absorbance. 
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Figure 3. (a) Setup for sample’s illumination with circular-polarisation (isotropic) illumination and four-polarisation camera imaging. (b) Four-point fit of absorbance   A = − lg  ( T  ( θ )  )  ≡ − lg  [  I T   ( θ )  /  I 0   ( θ )  ]  = A m p × cos  ( 2 θ − 2  θ  s h i f t   )  + O f f s e t  . (c) The standard deviation  σ  of the intensity fit   I ( θ )  :   σ =   [  ∑ i    (  I  e x p    (  θ i  )  −  I  f i t    (  θ i  )  )  2  ] / 4    , with i being the index for four-polarisation angles. (d) Maps for the best-fit parameters amplitude   A m p  , phase azimuth   θ  s h i f t    and   O f f s e t   are shown in corresponding panels for the circularly polarised illumination. The offset had no bounds defined for the fit and the angle   2  θ  s h i f t     was bound to the   0 − 2 π   range during the fitting procedure. 
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Figure 4. (a) Transmittance of the   λ / 2   plate at different orientation angles: dots—experiment, lines—Mueller matrix calculations (see Section 2.2); the selected area of   1224 × 1024   pixels was averaged for plotting. Three-point fit to   T  ( θ )  ≡  I T   ( θ )  /  I 0   ( θ )  = A m p × cos  ( 2 θ − 2  θ  s h i f t   )  + O f f s e t  . Maps for the best-fit parameters amplitude   A m p  , phase azimuth   θ  s h i f t   , and   O f f s e t   are shown in corresponding panels for the linearly polarised illumination with different orientations of the   λ / 2   plate:   + π / 4   (a) and 0 (b). Amplitude and offset were set to be positive and the angle   2  θ  s h i f t     was bound to the   0 − 2 π   range during the fitting procedure. An achromatic polymer   λ / 2   waveplate was used as a sample holder. A cross with the   θ  s h i f t    marker between phase maps in (b,c) illustrates the ⊥ orientation of the background colour maps, as expected for the   π / 2   phase difference for the   λ / 4   plate at 0 vs.   π / 4   orientations. 
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Figure 5. Three-point (  0 , ± π / 4  ) fit of absorbance for the illumination of olivine grains by linear polarised light using   λ / 4   plate at   0 °   (same sample as in Figure 3). The standard deviation   σ <  10  − 3     showed a good fit for the three points (angles). An interference bandpass filter with   550 ± 10   nm was used for illumination. 
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Figure 6. High-temperature annealing (HTA) of olivine xenolith. (a) Sample annealed at 1500  ° C for 2 h held on a magnet rod (left) and after its fragmentation (right). Micro/millimetre-sized grains of high-temperature-annealed olivine were gathered by magnets placed below the slide glass for microscopy observation. (b) A reflection-type microscope assembly was used for this study (set up with Nikon Optiphot-pol). Two plastic achromatic   λ / 4   waveplates were used to provide the capability to detect circular dichroism or optical activity. The slow axes of the plates were crossed and the linear polariser was rotated   ± π / 4   to set up the right or left circular polarisations (RCP/LCP), respectively. The convention of the sign was   − π / 4   for the anti-clockwise rotation of the linear polariser at the IN-port (see inset in (b)). 
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Figure 7. High-temperature annealing (HTA) of olivine xenolith. Optical images at increasing magnification (left to right) of a sample annealed at 1500  ° C for 2 h in O2 flow. The left inset shows typical olivine macro-grains before annealing. The right inset shows a photo of samples after HTA at 1500  ° C for 2 h in O2 and N2 flow. 
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Figure 8. High-temperature-annealed olivine (magnetic). Reflectance spectra were fit with the three points that were most intense in the four-polarisation camera; reflection from the macro-particle (∼1 mm in size; top row) with linearly polarised illumination (  λ / 2   at   0 °  ). Smaller grains of high-temperature-annealed olivine: linear and circular polarised illumination (  λ / 4   at 0 (lin.) and   ±  45 °    (circ.)); the left inset shows schematics of the reflection experiment. HTA took place at 1500  ° C for 2 h in O2. The grain was fixed to a washer magnet and brought into reflection mode (top row). The three-point-fit method was used for the reflectance   R = A m p × cos ( 2 θ − 2  θ  s h i f t   ) + O f f s e t  ; the background was measured from a Au mirror with the sample moved out of the beam. Standard deviation maps (not shown) indicated   σ <  10  − 3     for all measurements. 
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