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An initial study of interference coloration for quantifying the texture and 
fabric of ice 
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Department of Hydraulic Engineering, Delft University of Technology, Delft, The Netherlands   
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A B S T R A C T   

The manual application of universal (Rigsby) stage techniques is commonly used to determine the fabric of thin 
sections of ice viewed with crossed-polarized light. This process can require hours of focus in cold conditions to 
identify the c-axis of each grain in a thin section. Automated ice texture and fabric methods of several forms exist 
but are rarely implemented beyond the field of glaciology. The present study introduces a method based on the 
theory of interference coloration for automated ice texture and quarter fabric analysis by using in-plane con-
ventional photography of an ice thin section as input. The method is compatible with universal stages and po-
lariscopes, and is not restricted by the planar-face dimensions of the thin section, allowing for thin section 
analysis of any size when sufficient digital camera resolution is available. Light source color temperature and 
chromatic adaptation are considered in the interference coloration theory, and ice fabrics are simulated for 
reference in identifying ice types. Sample thin section texture and quarter fabric analyses from freshwater lake 
and laboratory-grown ice are presented to demonstrate the applications of the method. The method is compared 
with the Rigsby stage technique, which yielded mean (standard deviation of) azimuth and inclination errors of 
2.9 (1.0) and 11.5 (8.0) degrees, respectively, thereby demonstrating accuracy sufficient for quantifying quarter 
fabrics when considering a mean standard deviation in inclination of 5.4 degrees with the Rigsby stage 
technique.   

1. Introduction 

The measurement of ice microstructure—herein referring to texture 
and fabric (Sammonds et al., 2017; Thorsteinsson et al., 1997)—utiliz-
ing birefringence was first implemented by Rigsby (1951) on glacial ice 
and the technique was later elaborated by Langway (1958). Classifica-
tions of ice microstructure were then formally catalogued by Michel and 
Ramseier (1971) based on thin sections that were analyzed with a uni-
versal stage and the results were presented with Schmidt equal-area 
projection plots (also known as Wulff stereographic net or stereonets). 
These stereonets (from stereographic projection of spherical coordinates 
onto a circular plane) and other fabric methods represent the orientation 
distribution of the c-axes, coincident with the optic axes, of the ice 
grains, from which the growth and deformation histories and mechan-
ical properties can be ascertained. Historically, ice textures were 
determined from scaled photographs of ice thin sections viewed between 
crossed polarizers (Perey and Pounder, 1958; Thorsteinsson et al., 
1997). 

Detailed ice textures and fabrics are evident in experiments relevant 
for glaciological studies (e.g. Chauve et al. (2015); Grennerat et al. 
(2012); Peternell et al. (2014)), but such analyses are only applied to a 
limited extent in freshwater and saline ice cover research (e.g. Cole et al. 
(1998); Schulson and Duval (2009)). One reason for this absence of ice 
microstructure analysis is the arduous nature of manual identification of 
numerous c-axes in a universal (Rigsby) stage in a subzero working 
environment, which is the manner by which this information is still 
extracted in contemporary studies (e.g. Gharamti et al. (2021); Wei et al. 
(2020)). Furthermore, when ice textures are made, they are still done by 
manually tracing grain boundaries and counting grains in a thin section 
or by using the linear intercept method (e.g. Snyder et al. (2015)). 
Instead, typically only photographs are provided of an ice thin section 
viewed between crossed polarizers with a reference length scale and 
little mention is made of the relevance of the ice texture and fabric to the 
mechanical behavior (e.g. Hendrikse et al. (2022); O'Rourke et al. 
(2016); Seymour-Pierce et al. (2017); Sinha (2011); Sopper et al. (2017); 
Timco and Weeks (2010)). An exception to this trend is the use of the 
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Schmid (orientation) factor to characterize the effects of alignment of 
the c-axes on the constitutive behavior of freshwater and sea ice (Azuma, 
1995; Azuma, 1994; Chauve et al., 2017; Cole, 1998; Cole et al., 1998; 
Grennerat et al., 2012; O'Connor et al., 2020; Wei et al., 2022). 

Instruments and techniques have been developed over the years in an 
attempt to automate this process, which were found to be satisfactory 
but rarely proliferated outside of the laboratory in which they were 
created (Eicken, 1993; Lange, 1988; Morgan et al., 1984; Yun and 
Azuma, 1999). Furthermore, the procedure for the universal stage and 
analysis of the results have improved markedly since Rigsby first 
documented the technique (Hansen and Wilen, 2002; Hill and Lasca, 
1971; Wilen et al., 2003). Most notably, a device for automated and 
robust thin section analysis is commercially available (Wilson and 
Peternell, 2011) and has been successfully used in various ice applica-
tions (Georges et al., 2021; Grennerat et al., 2012; Montagnat et al., 
2021). Alternatively, electron backscatter diffraction (EBSD) (e.g. 
Iliescu et al. (2004); Monz et al. (2021); Seidemann et al. (2020)) is used 
to determine the c-axes—and a-axes, which are not discernable from 
optical methods—of a thin section, though this equipment is highly 
specialized, requires specially-trained operators, and admits only rela-
tively small ice specimens for analysis. 

Also crucial to the discussion of textures and fabrics of ice thin sec-
tions is the process of thin sectioning itself. Techniques ranging from 
rough (hand-melting the ice (Langway, 1958; Shokr and Sinha, 2015)) 
to refined (double-microtoming method (Shokr and Sinha, 2015; Sinha, 
1977)) to something in between (CNC milling) yield different results of 
thin sectioning which can influence the quality of the surface roughness 
and thus the image processing of the photographs taken for automated 
texture and fabric analysis. Presented herein is a method of preparing ice 
thin sections and analyzing ice textures and quarter fabrics via in-plane 
photography with any digital camera based on the interference colora-
tion of the ice. Additionally, ice fabrics are simulated with the inter-
ference coloration theory which provide a visual reference for ice type 
identification. Finally, the method is compared with the Rigsby stage 
technique, sample results are presented, and limitations are identified 
based on laboratory-grown freshwater ice and ice specimens taken from 
in the Ijsselmeer near Breezanddijk, Netherlands in February 2021. 

2. Theory 

2.1. Ice birefringence in linearly polarized light 

Water ice at standard atmospheric conditions of Earth has hexagonal 
(Ih) crystal structure and, consequently, optically positive uniaxial 
birefringence (Hobbs, 1974; Pauling, 1935; Petrenko and Whitworth, 
1999). While pure freshwater ice is transparent under unpolarized 
visible light, the shape and orientation of the grains can be readily 
distinguished to the observer with linearly polarized light because of the 
birefringence of the ice (see Fig. 1). The birefringence, or double 
refraction, of ice is weakly dependent on the visible wavelength of light 
and on temperature above − 60◦C, and is strongly dependent on the 
angle between the linearly polarized incident light ray (wave normal) 
and the c-axis, the principal axis of symmetry and the optic axis of the 
hexagonal crystal (see Fig. 2a) (Bloss, 1961; Hobbs, 1974; Petrenko and 
Whitworth, 1999; Schulson and Duval, 2009). This double refraction of 
ice can be described by a refractive index tensor ellipsoid, or indicatrix 
(see Fig. 2b) (Fueten and Goodchild, 2001; Shestov, 2018). 

The angle between the incident light ray (coincident with vertical 
viewing axis or line of sight (LoS)) and the c-axis of an ice crystal can be 
defined as θ and is typically referred to as inclination angle (Heilbronner 
and Pauli, 1993), (or sometimes plunge angle (Fueten and Goodchild, 
2001) or colatitude angle (Peternell et al., 2011)). The positive bire-
fringence of ice Δn is defined as the difference between the refractive 
index of the extraordinary ray and the refractive index of the ordinary 
ray: 

Δn(λ) = ne(λ) − no(λ) (1)  

with: 

ne(λ) =
no(λ)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
(

no(λ)2

nϵ(λ)2 − 1
)

sin2θ
√ (2)  

and: 

no(λ) = nω(λ) (3)  

where λ is the wavelength of the incident light, nϵ and nω are the 
refractive indices of the extraordinary and ordinary rays, respectively, 
and ne and no are the refractive indices of the extraordinary and ordinary 
rays, respectively, that are projected from the indicatrix via inclination 
angle to the plane orthogonal to the incident ray (see Fig. 2b). The term 
no is constant because the cross section of the indicatrix related to the 
ordinary ray is circular. The term ne varies elliptically between nω and nϵ 
as defined by the indicatrix. The refractive indices of ice as a function of 
visible light wavelength and temperature (which is treated as constant 
and about − 3◦C in this study) are listed in Table A.1. The refractive 
indices are fit by a Cauchy approximation (Heilbronner and Pauli, 
1993): 

nω,ϵ(λ) = Aω,ϵ +
Bω,ϵ

λ2 +
Cω,ϵ

λ4 +O
(
λ4) (4)  

where a fourth-order approximation is deemed sufficient for the pur-
poses of this study and the corresponding coefficients A, B, and C are fit 
to the measured data from Table A.1 for nω and nϵ (see Fig. 3). The co-
efficients for the Cauchy approximations of nω and nϵ of ice and their 
respective R-squared values as a function of wavelength in nanometers 
are provided in Table 1. 

When an individual ice grain is viewed in a polarization microscope 
(Heilbronner and Barrett, 2014), polariscope (Pounder, 1965; Shokr and 
Sinha, 2015), or similar configuration of crossed-polarized transmitted 
light system, emitted light first passes through the polarizer with 
nominally north-south (N-S) orientation, which linearly polarizes the 
light with vertical incident ray (wave normal) and transverse wave 
parallel to the polarizing (privileged) direction (IR with color purple in 
Fig. 2c). The linearly polarized light then passes through the ice grain, 
resolving the light into an ordinary ray (color green in Fig. 2c) and an 
extraordinary ray (color orange in Fig. 2c) with transverse waves in the 
plane of the respective no and ne which were projected onto the plane 
orthogonal to the incident ray. Depending on θ, a difference in the 
refractive indices means that the extraordinary ray passes through the 
grain more slowly and results in a retardation, or phase shift, at the exit 

Fig. 1. Oblique photograph of laboratory-grown columnar horizontal ice thin 
section viewed with crossed-polarized transmitted light in a large polariscope in 
the ice laboratory at Delft University of Technology. The acrylic plate on which 
the thin section is welded has dimensions of 220 mm square. 
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of the grain between the ordinary and extraordinary transverse waves. 
Thus, elliptically polarized light exits the grain with a resultant trans-
verse wave which reaches the upper polarizer (called the analyzer) with 
west-east (W-E) privileged direction and may be accepted or rejected 
depending on whether its components are in that W-E orientation. 
Finally, the light reaches the receiver (eye, camera, etc.) if the light is 
accepted by the analyzer. 

If no crystal were present, and the angle between the polarizer and 
analyzer privileged directions ϕ were 90◦, then minimum light would 
pass to the receiver and the image would appear dark. By placing the 
crystal between the polarizer and analyzer, depending on the orienta-
tion of the crystal, interference coloration of the crystal can occur. This is 
caused by different transmission of the spectral component wavelengths 
of white light through the analyzer and results in certain colors absorbed 
and others not (Bloss, 1961; Shestov, 2018). The specific color of a 
crystal is dependent on Δn (function of θ), thickness of the ice h, angle 
between polarizer and analyzer ϕ, and the azimuth angle between the 
polarizer and the c-axis of the crystal α. The intensity of the transmission 
of the light through the system is defined: 

I = I0cos2ϕ − sin2(α − ϕ)sin(2α)sin2
(

2πhΔn
2λ

)

(5)  

where I0 is the incident light intensity (Bloss, 1961; Heilbronner and 
Pauli, 1993; Price, 1973; Sørensen, 2013). For typical crossed- 
polarization, ϕ = 90◦, which simplifies Eq. 5 to the following: 

Fig. 2. Diagrams of ice grain specimen between linear polarizers. a) Ice crystal unit cell (orientation of a-axis is arbitrary) with orientation of c-axis (orthogonal to the 
basal plane) relative to the line of sight (LoS). The c-axis orientation is defined by the inclination angle θ and azimuth angle α relative to the LoS. The angle ϕ between 
the privileged directions of the N-S polarizer and the W-E polarizer (called the analyzer) is set according to the type of polarization desired. b): Corresponding 
refractive index tensor ellipsoid of the ice crystal unit cell with refractive indices projected onto the plane orthogonal to the incoming light ray. c): The tensor 
ellipsoid projected plane with transmission of light rays through the ice of thickness h. The incident ray (IR) is decomposed into the extraordinary ray (color orange) 
projected onto the c-axis and the ordinary ray (color green) projected orthogonal to the c-axis, and with a path difference caused by the birefringence Δn. The 
combination of c-axis orientation and ice thickness determine the transmission of the resultant outgoing ray (OR) through the analyzer with orientation ϕ = 90◦ in 
this case of crossed-polarization (θ = 60◦ , α = 45◦ , h and light wavelengths not to scale). For more information, refer to, e.g., Bloss (1961) and Shestov (2018). Note 
that the diagrams are shown at different viewing perspectives for clarity. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 

Table 1 
Coefficients and the R-squared value for the fourth-order Cauchy approximation 
of the refractive indices of the ordinary and extraordinary rays of ice as a 
function of light wavelength in nm (see Fig. 3).   

Ordinary Extraordinary 

A 1.2989 1.3002 
B 3.7945e+03 3.8042e+03 
C − 9.9396e+07 − 9.6295e+07 
R-squared 0.9984 0.9983  

Fig. 3. Measured refractive indices as a function of the wavelength of light for 
the ordinary and extraordinary rays of ice (Heilbronner and Barrett, 2014; 
Hobbs, 1974; Petrenko and Whitworth, 1999). The measured values from 
Table A.1 are fit with a Cauchy approximation (Heilbronner and Pauli, 1993). 
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I|ϕ=90◦ = I0sin2(2α)sin2
(

2πhΔn
2λ

)

(6)  

which follows Shestov (2018). For a range of h, θ, and α, with ϕ = 90◦, 
the intensity of transmission of visible light through the system is shown 
(see Fig. 4). When the c-axis of the ice crystal is coincident with the 
incident light ray, θ = 0◦, the refractive index of the extraordinary ray 
equals that of the ordinary ray and the difference, the birefringence, is 
zero. As a result, the intensity is also zero. The intensity is minimum for 
α = 0◦ and increases to maximum for α = 45◦, but only influences the 
amplitude and not the proportional shape of the intensity curve over the 
wavelength spectrum. In other words, α affects the relative brightness of 
the color of an ice crystal when viewed between crossed polarizers. The 
color of a crystal is then dependent on h and θ. 

The color of an ice crystal, when observed between crossed polar-
izers, is the combination of the visible light wavelengths that pass 
through the system, and can be characterized by a quality function 
(Shestov, 2018): 

Q = Imax

[

1 −
∫ λred

λviolet

I⋅dλ
/

(Imax⋅(λred − λviolet) )

]

(7)  

where Imax is the maximum intensity for the range of visible light 
wavelengths. Note that λviolet = 350 nm and λred = 750 nm. This quality 
function is used in the following section with the interference coloration 
of ice in crossed-polarized light to demonstrate the coloration of ice 
grains as a function of c-axis orientation and specimen thickness. 

2.2. Interference coloration of ice in crossed-polarized light 

The phenomenon of interference colors of birefringent minerals in 
polarized light is well-established in mineralogy (Bloss, 1961; Murphy, 
2001; Raith et al., 2012). However, digital techniques to accurately 
represent interferences colors in human vision on computer monitors is 
an ongoing study (Linge Johnsen et al., 2018; Sørensen, 2013). With this 
in mind, the following is an attempt to portray the interference 

coloration of ice thin sections. To begin, the intensity from the special 
case in Eq. 6 is called the spectral color transmission Iλ as a vector or 
matrix and calculated over the range of visible wavelengths of light and 
expressed as follows (Sørensen, 2013): 

Iλ(h, θ,α) =

⎡

⎣
I(λ = 350 nm, h, θ, α)

⋮
I(λ = 750 nm, h, θ, α)

⎤

⎦ (8)  

where the visible spectrum is considered from 350 nm to 750 nm. The 
spectral color transmission must be converted from wavelengths of light 
to red, green, and blue (RGB) channel values for digital displays; this is 
done with two steps. The first is conversion from spectral color to human 
vision color with use of the CIE1931 color matching functions (Stock-
man et al., 2020): 

IXYZ(h, θ,α) =

⎡

⎢
⎢
⎣

r→λ
g→λ

b
→

λ

⎤

⎥
⎥
⎦Iλ(h, θ, α) =

⎡

⎣
X
Y
Z

⎤

⎦ (9) 

Where r→λ, g→λ, and b
→

λ are the red, green, and blue sensitivity 
functions and X, Y, and Z are the human vision color coordinates 
(Sørensen, 2013). The second step is conversion from human vision 
color coordinates to RGB channel values for digital displays. This con-
version is done via linear transformation to Adobe RGB (Pascale, 2003): 

RGBlinear = MRGB

⎡

⎣
X
Y
Z

⎤

⎦ =

⎡

⎣
R
G
B

⎤

⎦ (10)  

with 

MRGB =

⎡

⎣
2.0414 − 0.5649 − 0.3447
− 0.9693 1.8760 0.0416
0.0134 − 0.1184 1.1054

⎤

⎦⋅10− 2 (11) 

Where X, Y, and Z are the red, green, and blue channel values of 

Fig. 4. Intensity of transmission of visible light through the crossed-polarized birefringence light system for ranges of ice thickness h and inclination angle θ, with 
azimuth angle α = 45◦ for maximum intensity. Initial intensity I0 is assumed at unity. The colors for the visible wavelengths of light are converted to RGB values for 
plotting purposes (Stockman et al., 2020). 
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human vision, respectively. Note that there is a typographical error in 
the first element (row and column 1) of Eq. 6 in Sørensen (2013), which 
is corrected herein according to page 21 of Pascale (2003). Additionally, 
the linear transformation matrix MRGB is reduced by two orders of 
magnitude for RGB channel values between 0 and 1 in MATLAB. How-
ever, the linear RGB channel vector RGBlinear contains values outside the 
admissible 0 to 1 range for RGB channel values, which then requires 
values greater than 1 and less than 0 to be set to 1 and 0, respectively: 

vi =

⎧
⎨

⎩

1, ui > 1
0, ui < 0
ui, else

for i = 1, 2,…,N (12)  

where i is an the element in RGBlinear, v is the clipped RGB channel value, 
u is the unclipped RGB channel value, and N is the number of elements in 
RGBlinear. Finally, a nonlinear gamma correction is applied to the clipped 
linear RGB channel vector in accordance with the Adobe RGB 1998 
standard (Adobe Systems, 2005): 

wi =

{
vi

γ , vi ≥ 0

− ( − vi)
γ
, vi < 0

for i = 1, 2,…,N (13) 

Where wi is the gamma-corrected, clipped RGB channel value, and γ 
= 1/2.19921875. The resulting gamma-corrected, nonlinear RGB 
channel vector represents the color corresponding to a given ice thick-
ness and c-axis orientation; this result can be populated for ranges of 
thicknesses, inclination angles, and azimuth angles and plotted with the 
quality function (see Figs. 5–7). Colors of individual grains can be 
identified and attributed with known birefringence to the Michel-Lévy 
color chart or the Raith-Sørensen chart (Raith et al., 2012; Sørensen, 
2013). Azimuth and inclination angles of zero result in extinction of the 
ice crystal as expected since birefringence is zero. For nonzero inclina-
tion angle, the azimuth angle controls the brightness, i.e. amplitude, of 
the given range of colors. For increasing inclination angles from zero to 

maximum, the interference colors of the quality function become less 
monochromatic and more vibrant for the given range of ice thicknesses. 
For ice thicknesses greater than about 2 mm and for grains with high 
inclination angles, the colors become more like white light with 
numerous passes of the wavelengths of light. Practically, this means that 
c-axis orientations can no longer be distinguished reliably as most or all 
of the grains possess coloration varying between extinguished dark and 
grey or white interference coloration. 

To summarize the possible interference colors observable for 
different ice thicknesses, conoscopic interference color patterns are 
shown in Fig. 8. The interference colors display four-fold symmetry, i.e. 
90◦ degeneracy, meaning that the c-axis of a grain cannot be resolved to 
its true quadrant in a stereonet in this crossed-polarization system. This 
limitation is illustrated in Section 2.4 and addressed in Section 5. 

2.3. Effect of light source color temperature on interference coloration 

While Sørensen (2013) provides a valuable framework by which to 
visualize interference coloration on digital displays, their approach ig-
nores a fundamental component: color temperature of the light source 
(Linge Johnsen et al., 2018). The color temperature influences the light 
source spectral distribution; this light source color temperature can be 
determined when the light is assumed to originate from a black body 
irradiator as monochromatic irradiance or emissive power [W m− 3] 
(Forsberg, 2021): 

Ebλ =
C1λ− 5

e
C2
λTc − 1

(14)  

where constant C1 = 3.74 × 10− 16 W m2, constant C2 = 1.4388 × 10− 2 m 
K, and color temperature Tc is in units of Kelvin. In adjusting the 
interference colors based on the color temperature of the light source, 
Eq. 9 is altered as follows (Linge Johnsen et al., 2018): 

Fig. 5. Interference colors from the quality function that are transmitted by the birefringence system, for a range of inclination angles and azimuth angles, as a 
function of ice thickness. 
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JXYZ =

⎡

⎢
⎢
⎣

r→λ
g→λ

b
→

λ

⎤

⎥
⎥
⎦(Êbλ ⊙ Iλ(h, θ, α) )

=

⎡

⎢
⎢
⎣

r→λ
g→λ

b
→

λ

⎤

⎥
⎥
⎦

⎛

⎝

⎡

⎣
Êbλ (λ = 350 nm,TcLS)

⋮
Êbλ (λ = 750 nm,TcLS)

⎤

⎦⊙ Iλ(h, θ,α)

⎞

⎠ (15)  

where Êbλ is the monochromatic irradiance spectrum vector of the light 
source normalized by its maximum value over the spectrum, operator ⊙
is the Hadamard (element-wise) product, and TcLS is the light source 
color temperature. The application of Eq. 15 to the previous procedure 
to obtain the interference colors will result in colors that have a white- 
balance shift in color temperature. To adjust interference coloration 
from a light source with a warm or cool color temperature to interfer-
ence coloration with white balance or other color temperature, a 
transformation is performed by using the light source color temperature 
and a target color temperature. This procedure is called chromatic 
adaptation and is done with the following manipulations: 

WXYZ(TcLS) = MA

⎡

⎢
⎢
⎣

r→λ
g→λ

b
→

λ

⎤

⎥
⎥
⎦Êbλ (TcLS) (16)  

and 

WXYZ
(
TcTg

)
= MA

⎡

⎢
⎢
⎣

r→λ
g→λ

b
→

λ

⎤

⎥
⎥
⎦Êbλ

(
TcTg

)
(17)  

with 

MA =

⎡

⎣
0.8951 0.2664 − 0.1614
− 0.7502 1.7135 0.0367
0.0389 − 0.0685 1.0296

⎤

⎦ (18) 

Where TcTg is the target color temperature and MA is the linearized 
Bradford matrix (Linge Johnsen et al., 2018; Pascale, 2003). Next, the 
chromatic adaptation transformation matrix is constructed: 

MCA = MA
− 1diag

(
WXYZ

(
TcTg

)
⊙ WXYZ(TcLS)

− 1 )MA (19)  

where diag(•) is the diagonalization operator. Finally, the light-sourced 
modified human color vision matrix JXYZ is chromatically adapted: 

JXYZca = MCA JXYZ (20)  

where this chromatically adapted matrix can then be used in Eq. 10–13 
as previously explained. An example of chromatic adaptation is pre-
sented in the next section. Note that, unless otherwise stated, all simu-
lated interference colors in the present study are rendered at a color 
temperature of 6504 K. 

2.4. Multi-level Voronoi tessellation for simulated ice fabrics 

By using interference colorations and Voronoi tessellation (dual 
graph of Delaunay triangulation), representative thin sections of ice 
textures (or fabrics) can be artificially generated. However, the repre-
sentative grains generated by Voronoi tessellation do not follow any 
grain growth behavior expected during ice cover formation. As a 
compromise between conventional Voronoi tessellation and grain 
growth simulation based on thermodynamics and geometric constraints, 
an ad hoc multi-level Voronoi tessellation is implemented (Yadegari 
et al., 2014). An example simulated thin section is shown in Fig. 9 with a 
polar plot of the orientation of the c-axes and their respective 

Fig. 6. Interference colors from the quality function that are transmitted by the birefringence system, for a range of ice thicknesses and azimuth angles, as a function 
of inclination angle. 
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interference color at initial specimen orientation. Extinction angles can 
be seen around inclination angles of zero and azimuth angles collinear 
with the privileged directions of the polarizer (N-S) and analyzer (W-E), 
as viewed in the polar plot (note the four-fold symmetry of the inter-
ference colors). This ice fabric is roughly representative of a medium- 
diameter-grained granular or columnar horizontal thin section with 

random c-axis orientations as observed in ice types P2–P4 and S2, S4, S5, 
and T1–T3 (Michel and Ramseier, 1971). For freshwater columnar and 
first-year sea ice immediately below the transition layer (e.g. Schwarz 
and Weeks (1977)), type S2 ice is observed and would appear with a 
distribution of colors such as in Fig. 10. It is clear that c-axes randomly 
oriented in the plane of the thin section would display roughly one or 

Fig. 7. Interference colors from the quality function that are transmitted by the birefringence system, for a range of ice thicknesses and inclination angles, as a 
function of azimuth angle. 

Fig. 8. Conoscopic interference color patterns, for a range of ice thicknesses, as a function of azimuth and inclination angles. Note that the LoS is coincident with the 
center of the conoscopic interference color pattern. 
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two colors with a range of brightness between those respective colors 
and extinction. This approach can also be used to examine the effect of 
light source color temperature without chromatic adaptation on the 
interference coloration of the grains, in this case the effect on S2 type ice 
(see Fig. 11). 

3. Methodology 

There are two main approaches to collecting photographs of ice thin 
sections for quantitative analysis. First and most commonly, an ice thin 
section is placed between stationary, crossed-polarizers and 

Fig. 9. Left: Example multi-level Voronoi diagram of representative, simulated ice fabric in crossed-polarized backlighting with thickness h, and with quantity N ice 
grains of uniformly distributed size with arbitrary top-level diameter d. Right: polar plot with interference-colored points of inclination (radial) and azimuth 
(circumferential) angles in degrees as defined for each of the ice grains. 

Fig. 10. Left: Example multi-level Voronoi diagram of representative, simulated ice fabric of S2 type (θ = 80 ± 10◦) in crossed-polarized backlighting with thickness 
h, and with quantity N ice grains with arbitrary top-level diameter d. Right: polar plot with interference-colored points of inclination (radial) and azimuth 
(circumferential) angles in degrees as defined for each of the ice grains. 
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photographs are taken of the ice as the thin section is rotated azimuth-
ally. While this technique is easy to implement, it has serious implica-
tions for image registration. First, if the line of sight is not coincident 
with the axis of azimuthal rotation, then eccentricity of the thin section 
in the image will occur. When the images are to be registered, or 
transformed such that all of the images contain the same orientation of 
the thin section, this eccentricity needs to be eliminated. Additionally, if 
the thin section is rotated without a fixed axis of rotation, then acci-
dental translations can occur which also need to be eliminated. Second 
and ideally, image registration can be avoided altogether by having the 
thin section be stationary and, instead, rotating the crossed polarizers 
while maintaining their perpendicular privileged orientation. This pro-
cedure permits pixel-to-pixel image correspondence for precise image 
comparison, but requires special equipment for synchronous rotation of 
the crossed-polarizers. For the present study, the former technique is 
available and thus image registration is required for pre-processing the 
images for quantitative analysis. Moreover, being most common, this 
method is most useful to be explained for others to use for field and 
laboratory work. 

3.1. Image registration 

In the field of image processing, image registration refers to the 
process of transforming one image such that the result optimally 
matches a reference or target image. The transformations can include 
but are not limited to translation, rotation, and shear. When registering a 
series of images, called an image stack, one image is selected as a 
reference image to which all other images of the stack are registered. For 
image registration of the rotation of a thin section between crossed- 
polarizers, it is obvious that the rotation needs to be registered. But if 
there is an eccentricity in the axis of rotation of the thin section, or the 
thin section accidentally translates during rotation, then these trans-
lations need to be registered as well. Distortions in the image as a result 
of misalignment of the camera with the plane of rotation can occur as 
well, which require shear transformations to be registered. In all, simply 
reversing the rotations of the images may not suffice to properly register 
the image stack. Note again that if the crossed-polarizers are rotated 

about a stationary thin section, then image registration is not necessary. 
Image registration can be performed with photographs taken in either 
parallel- or crossed-polarized backlighting; it is recommended that 
photographs are taken under both conditions. Certain ice types may 
prove to be more challenging to register (e.g. horizontal section of S1 
type ice) with crossed-polarization and thus easier to register in parallel- 
polarization. 

3.2. Grain boundary segmentation 

Once the photographs have been taken and the images have been 
registered if necessary, the registered image stack is chromatically 
adapted to 6504 K using the chromadapt function in MATLAB, and then 
can be processed to identify the grain boundaries via segmentation. This 
allows for identification of individual grains within which the pixels can 
be attributed to that particular grain from each photograph. While many 
different methods and approaches exist (Eicken, 1993; Gay and Weiss, 
1999; Goodchild and Fueten, 1998), the following procedure was found 
to be most reliable for several ice types. Explanation for the image 
processing techniques can be found in literature (Gonzalez and Woods, 
2008; Heilbronner and Barrett, 2014). First, for each image in the image 
stack, the image is divided into its component RGB channels (mono-
chromatic versions of the colored image from the red, green, and blue 
channels). For each of these greyscale images, a Sobel filter is applied 
with a heuristically-determined threshold which is then scaled ad hoc. 
All greyscale images are then combined via Boolean multiplication. This 
combined image is then subjected to the following morphological op-
erations. First, a majority neighborhood morphological operation is 
performed. Second, a morphological closing with a 3 × 3 square kernel 
is done. Third, the image is morphologically skeletonized. Fourth, the 
image is morphologically de-spurred. Finally, the image is morpholog-
ically cleaned. The boundaries of grains can then be traced using the 
Moore-Neighbor tracing algorithm modified by the Jacob's stopping 
criteria (bwboundaries function in MATLAB). 

Regions are defined by the closed boundaries, from which the 
number of pixels inside each region and the shape of the boundary can 
be determined. Using this information and a scale in one of the reference 

Fig. 11. The Voronoi diagram and polar plot from Fig. 10 with a light source color temperature of 3200 K and without chromatic adaptation (equivalent to chromatic 
adaptation with target color temperature of 3200 K). 

C.C. Owen and H. Hendrikse                                                                                                                                                                                                                 



Cold Regions Science and Technology 206 (2023) 103735

10

images, the grain area, centroid, equivalent diameter, and other char-
acteristics can be calculated. This approach is clearly more user-friendly 
and less biased than the manual linear intercept method commonly 
referred to in literature (Durand et al., 2006; Snyder et al., 2015). These 
regions each define the set of pixels from the image stack which are used 
to determine the extinction of the c-axis of the grain in the azimuth and 
the color at brightest to be used for approximating the inclination angle. 
This is discussed in the next sections. 

3.3. Grain azimuth extinction and orientation of brightest color 

As the image stack is the set of registered photographs which have 
been rotated in the azimuth by at least 90◦, the variation in the intensity 
of each grain should expose the undulose extinction if the c-axis is not 
collinear with the LoS. This done by finding image with the azimuth 
angle resulting in the minimum color distance in the RGB color space of 
the color image stack for each grain, as defined by its region from the 
grain boundary segmentation. The color distance URGB is found as 
follows: 

URGB =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
R2 + G2 + B2

√
(21)  

which is the Euclidean distance in the RGB color space. Conversely, the 
color of each grain at its highest intensity, when α ≈ 45◦, can be 
confirmed as 45◦ from the extinction angle by finding the image with the 
azimuth angle resulting in the maximum color distance of the color 
image stack. This manner only finds azimuth angle of the c-axis in one 
quadrant of its four-fold symmetry, which cannot be distinguished with 
crossed-polarized light (see Fig. 8). Important to note is the issue of 
deciding on a color representative of the entire grain, based on the 
collection of pixels in each grain. Statistical values of mean, median, 
mode, and maximum brightness or minimum extinction coloration are 
considered. The median of the color is chosen as representative for the 
entire grain for the analysis in Section 4. 

3.4. Grain inclination angle 

To determine the inclination angle in this case of azimuth rotation of 
the thin section only, an attempt was made to compare the interference 
color of each grain at its brightest with a look-up table based on the 
theory from Section 2. For a known thickness and azimuth angle, the 
color of the grain can be compared with a look-up table of colors asso-
ciated with the range of inclination angles possible for the grain (e.g., see 
Figs. 6 and 8). The inclination angle is selected based on the minimum 
color difference between the color of the grain and the interference 
colors of the look-up table. The minimum color difference is computed 
in the L*a*b* color space using MATLAB function imcolordiff based on 
the CIE94 standard (e.g. Melgosa (2000)). 

3.5. ColorIce MATLAB toolbox 

The ColorIce toolbox of programs for registering the image stack, 
segmenting the grain boundaries, and generating ice texture and quarter 
fabric diagrams is written in MATLAB version 2021a and publically 
available for use at the following link: https://doi.org/10.4121/19 
824067.v1. 

4. Application 

The theory and tool are applied in three parts to demonstrate the 
advantages and limitations of the proposed method. The first is a com-
parison, conducted in the ice laboratory at the Norwegian University of 
Science and Technology, between the Rigsby stage technique and Col-
orIce using freshwater laboratory-grown ice. The second is the imple-
mentation of ColorIce for a large horizontal thin section of freshwater 
laboratory-grown ice which was grown in the ice laboratory at Delft 

University of Technology. Finally, the third part entails application of 
ColorIce to a series of horizontal sections of an ice core taken from the 
IJsselmeer near Breezanddijk, Netherlands in February 2021. 

4.1. Validation against Rigsby stage technique 

Freshwater ice was prepared at the ice laboratory at the Norwegian 
University of Science and Technology using the following techniques. 
First, Trondheim tap water at about 20◦C was poured into a cooler. The 
water was cooled at − 12◦C until a thin ice surface forms, after which the 
ice was removed and the surface was dry-seeded with crushed ice sieved 
to less than 2 mm diameter. The ice was left to grow to about 120 mm, 
after which the ice was removed from the cooler by cutting the ice with a 
saw. An ice plate was cut from the ice block with a band saw to 
approximately 80 by 80 by 3 mm. The ice plate was polished by hand 
until smooth, welded to a glass plate with warm tap water, and reduced 
to below 1 mm with a sledge microtome equipped with vacuum pump. 
The thin section was placed in the Rigsby stage and a series of photo-
graphs were taken of the specimen while incrementally rotating the thin 
section through the azimuth by 90◦. 

The Rigsby stage technique (Langway, 1958; Weeks and Hibler III, 
2010; Wilen et al., 2003), with corrections for refraction (Kamb, 1962; 
Wilen, 2000), was applied to two horizontal thin sections of the seeded, 
freshwater columnar ice, and for each thin section 30 grains were 
selected and their c-axes were determined thrice. While the reported 
error of the Rigsby stage technique is 5◦ (Iliescu et al., 2004; Langway, 
1958), it was found in the present study that the mean standard devia-
tion of the error in the inclination angles was 5.4◦. Additionally, the 
azimuth angle for a given c-axis was found to occasionally vary signif-
icantly due to sensitivity in judgment as to which quadrant the c-axis 
was located based on the manipulations of the out-of-plane axes of the 
stage; thus, the median of the azimuth angle for each grain was chosen as 
representative. The results from the Rigsby stage technique were then 
compared with the results from ColorIce. Because of the four-fold sym-
metry inherent in conoscopic crossed-polarization used in ColorIce, the 
fabrics from the Rigsby stage technique were rotated into one quadrant 
for valid comparison. The inclination angles were compared directly, 
but the azimuth angles were compared to the minimum difference with 
either α or 90◦− α because the complements of the angles cannot be 
distinguished in ColorIce. The mean (standard deviation in) difference in 
inclination and azimuth angles were found to be 11.5◦ (8.0◦) and 2.9◦

(1.0◦), respectively. Assuming a normal distribution in human error, 
these errors are comparable to those of the Rigsby stage technique and 
are deemed suitable for characterizing ice quarter fabrics. 

4.2. Laboratory-grown freshwater ice 

Freshwater ice was prepared at the ice laboratory at Delft University 
of Technology using the following techniques. First, Delft tap water at 
about 20◦C was poured into a cooler retrofitted with a heated pressure- 
relief pipe connected to the bottom of the cooler. The water is cooled at 
− 20◦C until a thin ice surface forms, after which the ice is removed and 
the surface is dry-seeded with crushed ice sieved to less than 2 mm 
diameter. The ice is left to grow to about 50 or 100 mm, after which the 
ice is removed by first draining the water from the cooler via a ball valve 
on the pressure-relief pipe and then cutting the ice from the box with a 
saw. The ice block is cut with a band saw to approximately 200 by 200 
by 10 mm. Either this ice plate is used to seed another ice growth cycle 
by replacing the crushed ice (Barrette et al., 1993), or the ice plate is 
directly used in the following manner. The ice plate is welded to an 
acrylic plate with warm tap water and milled level with a CNC machine. 
The ice plate is then removed from the acrylic and the milled surface is 
polished by slight melting with a hair dryer and welded to the acrylic. 
The ice plate is finally milled to a target thickness of 0.30 ± 0.15 mm. 
The thin section on the acrylic plate is placed in a polariscope and 
photographs are taken while incrementally rotating the thin section 
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through the azimuth by 90◦. 
An example result of the method from Section 3 applied to a hori-

zontal thin section of freshwater columnar ice is shown in Fig. 12. The c- 
axes are not strictly in the horizontal plane but are randomly oriented in 
the range measured for the quarter fabric. Generally, the majority of the 
c-axes lie between 45◦ and 90◦ from the LoS. The accuracy of the azi-
muth angle is estimated at <5◦ because the azimuth increments of the 
photographs were taken every 5◦; more photographs at smaller angle 
increments (e.g. every 2◦ for a total of 44 photographs, with an accuracy 
of <2◦) increases the azimuth accuracy. The mean equivalent grain 
diameter is 10.1 mm with the largest segmented grain of around 30 mm 
diameter. The median of the color is chosen as statistically representa-
tive of the color within a grain at brightest azimuth angle, and is applied 
to the point in the corresponding polar plot. 

Ideally, the colors in the polar plot should approximately match 
those of the interference colors as a function of inclination angle as seen 
in Figs. 6 and 8. However, since the thickness varies across the section by 

an amount significant enough to change the interference color, the 
colors are then overlapping due to their dependence on both the incli-
nation angle and on the thickness differences. This variation is 
compensated by inputting a measured thickness field (accuracy of 
±0.10 mm) into the method such that the inclination angles are deter-
mined with a specific thickness at the centroid of each segmented grain 
which should be representative of the true thickness of the specimen and 
the corresponding interference color at that location. 

4.3. IJsselmeer lake ice 

Cores of 90 mm diameter were drilled from landfast ice (salinity of 
<1 ppt) which formed near Breezanddijk, Netherlands in the IJsselmeer. 
Analysis of two horizontal thin sections from the same core are pro-
vided, the first from about 20 mm from the ice cover surface (see 
Fig. 13), and the second from about 50 mm from the surface (see 
Fig. 14). The 20 mm-depth thin section displays grains with c-axes 

Fig. 12. Analysis of horizontal thin section of freshwater columnar ice. Left column: composite of extinct grains at their respective extinction angles and composite of 
median value of brightest color of each grain. Center column: corresponding polar plots for the extinction and brightest median values of the c-axes of the grains, with 
the colored points scaled with grain size. Right column: distribution of grain areas and equivalent grain diameters, with mean grain area A, area fraction analyzed of 
the total image area Af, mean equivalent grain diameter d, and number of grains analyzed N. 18 photographs were taken with 5◦ azimuth increments. Each registered 
image has 1863 by 1863 pixels, and the analyzed grains are superimposed onto the original image without azimuth rotation. The ice thicknesses and tolerance are 
specified at the corners of the median brightest composite image. A light source color temperature of 4000 K and chromatic adaptation to 6504 K were used. 
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clustered towards nearly vertical, low inclination angles, which then 
tend to transition to higher inclination angles with depth in the 50 mm- 
depth thin section. The azimuth angles of the c-axes show some pref-
erential orientation around 45◦ at 50 mm-depth. 

5. Discussion 

The ColorIce tool provides a method from which further de-
velopments can be made for assessment of ice microstructure. The 
analysis can be applied to individual photographs for preliminary grain 
boundary segmentation and ice texture analysis, as well as to image 
stacks of photographs of thin sections rotated between polarizers for 
complete texture analysis and quarter fabrics. For the present study, a 
large polariscope, a Rigsby stage, and a PANASONIC LUMIX DMC-GX80 
digital camera (16 megapixel sensor) with a PANASONIC MFT 12–32 
mm F/3.5–5.6 lens were used, but the method permits any crossed- 

polarization transmitted light system setup and any digital camera 
with a lens that adequately captures the thin section in focus. 

5.1. Rigsby stage technique 

While the Rigsby stage technique reveals the c-axis orientations of 
the grains within the full four quadrants of the stereonet, this method 
does not yield the ice texture. The ColorIce tool, at the very least, is 
compatible with universal stages and provides ice textures and quarter 
fabrics for initial study. In other words, the ColorIce tool supplements 
universal stage techniques with ice textures and offers fabric informa-
tion when universal stages and other specialized equipment are not 
available. 

Fig. 13. Analysis of horizontal thin section of IJsselmeer ice taken from about 20 mm from the ice cover surface. Left column: composite of extinct grains at their 
respective extinction angles and composite of mode value of brightest color of each grain. Center column: corresponding polar plots for the extinction and brightest 
median values of the c-axes of the grains, with the colored points scaled with grain size. Right column: distribution of grain areas and equivalent grain diameters, with 
mean grain area A, area fraction analyzed of the total image area Af, mean equivalent grain diameter d, and number of grains analyzed N. 18 photographs were taken 
with 5◦ azimuth increments. Each registered image has 870 by 870 pixels, and the analyzed grains are superimposed onto the original image without azimuth 
rotation. The ice thicknesses and tolerance are specified at the corners of the median brightest composite image. A light source color temperature of 4000 K and 
chromatic adaptation to 6504 K were used. 
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5.2. Limitations 

As made clear by the polar plots in Figs. 12–14, the quarter fabric 
contains c-axes with orientations only between 0◦ and 90◦ in the azi-
muth. This is due to the four-fold symmetry of the interference colora-
tion theory (see Fig. 8). More photographs of the thin sections from 90◦

to 180◦ in the azimuth would result in a repetition of the results in each 
of the four quadrants. This observation does not affect e.g. relative 
misorientation angles between the grains within the 90◦ degeneracy, but 
does limit results when exact c-axis orientation are required for appli-
cations such as the Schmid factor. 

Another limitation of automatic grain boundary segmentation is the 
lack of a ground truth of the image stack. The grain boundaries can be 
generally identified visually by an observer based on the gradient be-
tween any two grains of sufficiently different interference colors, but 
this does not mean there is a known solution apart from manually 
mapping the grain boundaries. Therefore, any result from the automatic 

grain boundary analysis must be deemed acceptable by the user. 
Regardless of the subjectivity of the user, the results are more quanti-
tatively tractable than simply providing a photograph of an ice thin 
section without any statistical measure of grain boundaries, shapes, 
areas, or equivalent diameters. 

When color-matching in the comparison with the Rigsby stage 
technique, it was found that in some cases the inclination angles devi-
ated significantly (see Fig. 15). Due to the similarity of some interference 
colors as a function of inclination angle (see Fig. 6), the color matching 
fails to identify the correct inclination angle. In this particular case, the 
gold color around 35◦ resulted in a global minimum instead of the yel-
low color around 60◦. 

The algorithms applied in the present analysis do not address the 
effects of cracks or impurities such as air pockets on the identification of 
grain boundaries and interference colors. This issue requires further 
development, likely incorporating manual or user-interactive interven-
tion in the image processing techniques described previously. One of the 

Fig. 14. Analysis of horizontal thin section of IJsselmeer ice taken from about 50 mm from the ice cover surface. Left column: composite of extinct grains at their 
respective extinction angles and composite of mode value of brightest color of each grain. Center column: corresponding polar plots for the extinction and brightest 
median values of the c-axes of the grains, with the colored points scaled with grain size. Right column: distribution of grain areas and equivalent grain diameters, with 
mean grain area A, area fraction analyzed of the total image area Af, mean equivalent grain diameter d, and number of grains analyzed N. 18 photographs were taken 
with 5◦ azimuth increments. Each registered image has 872 by 872 pixels, and the analyzed grains are superimposed onto the original image without azimuth 
rotation. The ice thicknesses and tolerance are specified at the corners of the median brightest composite image. A light source color temperature of 4000 K and 
chromatic adaptation to 6504 K were used. 
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larger impacts of impurities is the effect on the apparent thickness of the 
specimen in the vicinity of the impurity, namely that an air pocket 
means less ice thickness or variation in the thickness of a given ice grain. 
This discontinuity within a grain or between grain boundaries may be 
identified and isolated from the general analysis. 

The thickness of the thin section has a major impact on the inter-
ference colors observed in the ice. Variations in the thickness on the 
order of 0.1 mm can be easily distinguished and can lead to errors in 
color matching. To avoid this error, the thickness of the thin section 
should ideally be measured over the whole specimen. Practically, 
several measurements can be made of the thickness around the edges of 
the specimen and the thickness field can be interpolated from the edge 
measurements and then used to calibrate the color look-up table when 
estimating the inclination angles of the grains. In this study, variations in 
thin section thickness are caused by 1) the levelness and thickness 
spatial fluctuations of the acrylic plate onto which the ice is welded; and 
2) spatial fluctuations in the CNC machine axes. Another issue is the 
machining effects from the milling process. If the milling bit is not 
perfectly level, then an uneven milling pass will occur, causing a 
thickness difference between passes of the milling bit and visual stripes 
in the ice, depending on factors like rotational and translational speed. 
Moreover, milling grooves are also visible and can cause a cloudiness of 
the ice surface. These errors can be reduced slightly by melting the 
surface of the ice with a hair dryer, but this process is difficult to control 
and extreme care must be taken because over-melting can result in an 
even rougher surface. Polishing of the thin section surface by bare hand 
can also be performed, but proves challenging with large thin sections of 
200 by 200 mm, especially when the ice temperature is below − 10◦C. 
Uneven wiping, fingerprints, or other blemishes can be easily caused 
when using the hand or fingers to smoothen the ice surface. 

5.3. Recommendations 

Improvement to ColorIce entails the addition of photographs taken 
with a wave plate added between the thin section and the analyzer (e.g. 
Heilbronner and Barrett (2014); Peternell et al. (2011); Wilen et al. 
(2003)). The wave plate reduces the four-fold symmetry of the inter-
ference coloration to two-fold symmetry based on additive and 

subtractive birefringence. Furthermore, if each grain possesses a domi-
nant geometrical orientation, or clear orientation of platelet substruc-
ture as in the case of saline ice (e.g. Weeks and Hamilton (1962)), then 
the c-axis of the grain can be compared with the geometrical orientation 
to resolve the four-fold symmetry to two-fold symmetry. This analysis 
can be performed with ColorIce and is planned for further development. 
Finally, the color-matching algorithm requires adaptation to avoid 
misidentification of inclination angles. The mean error for the inclina-
tion angles can be markedly reduced with such an improvement. 

6. Conclusion 

The theory of interference coloration was developed for visualization 
purposes and for rendering simulated ice types for identification pur-
poses. The ColorIce tool based on interference coloration of thin sections 
was compared with the Rigsby stage technique, and example results 
were demonstrated for freshwater lake and laboratory-grown ice. The 
method is compatible with universal stages and polariscopes using any 
digital camera setup, and yields complete ice texture and quarter fabric 
diagrams for quantitative analysis. Albeit the ice fabrics are not com-
plete, the quarter fabrics grant comparative information about relative 
grain orientations when universal stages and other specialized equip-
ment are not available. With a mean standard deviation of inclination 
angle from the Rigsby stage technique of 5.4◦, the mean (standard de-
viation of) inclination and azimuth errors of 11.5◦ (8.0◦) and 2.9◦ (1.0◦), 
respectively, demonstrate sufficient accuracy for ColorIce. Recommen-
dations to improve the method include additional photographs with a 
wave plate, and developing the color-matching algorithm to avoid 
misidentification of similar interference colors. 
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Appendix A. Refractive indices for ice 

See Table A.1 for a list of refractive indices for ice compiled from several sources.  

Table A.1 
Refractive indices of freshwater ice as a function of visible light wavelength for the ordinary and extraordinary rays (Heilbronner and Barrett, 2014; Hobbs, 1974; 
Petrenko and Whitworth, 1999).   

Visible light wavelength [nm] Ordinary ray refractive index nω [− ] Extraordinary ray refractive index nϵ [− ] 

Ice at unknown temperature (Heilbronner and Barrett, 2014) 

486.134 1.31335 1.31473 
527.039 1.31140 1.31276 
535.100 1.31098 1.31242 
589.594 1.30911 1.31041 
656.281 1.30715 1.30861 
670.800 1.30669 1.30802 
686.719 1.30645 1.30775 
759.370 1.30496 1.30626 

Ice at − 3.6◦C (Petrenko and Whitworth, 1999) 

405 1.3185 1.3200 
436 1.3161 1.3176 
492 1.3128 1.3143 
546 1.3105 1.3119 
589 1.3091 1.3105 
624 1.3082 1.3096 
691 1.3067 1.3081 

Ice at − 3◦C (Hobbs, 1974) 

404.596 1.3183 1.3198 
435.806 1.3159 1.3174 
486.098 1.3129 1.3143 
491.594 1.3126 1.314 
546.090 1.3104 1.3118 
578.001 1.3093 1.3107 
589.310 1.3090 1.3104 
623.403 1.3079 1.3093 
656.297 1.3070 1.3084 
690.799 1.3063 1.3077 
706.514 1.3060 1.3074  
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Company, Montréal, Quebec, Canada.  

Pauling, L., 1935. The structure and entropy of ice and of other crystals with some 
randomness of atomic arrangement. J. Am. Chem. Soc. 57, 2680–2684. https://doi. 
org/10.1021/ja01315a102. 

Perey, F.G.J., Pounder, E.R., 1958. Crystal orientation in ice sheets. Can. J. Phys. 36, 
494–502. https://doi.org/10.1139/p58-050. 

Peternell, M., Russell-Head, D.S., Wilson, C.J.L., 2011. A technique for recording 
polycrystalline structure and orientation during in situ deformation cycles of rock 
analogues using an automated fabric analyser. J. Microsc. 242, 181–188. https:// 
doi.org/10.1111/j.1365-2818.2010.03456.x. 

Peternell, M., Dierckx, M., Wilson, C.J.L., Piazolo, S., 2014. Quantification of the 
microstructural evolution of polycrystalline fabrics using FAME: application to in 
situ deformation of ice. J. Struct. Geol. 61, 109–122. https://doi.org/10.1016/j. 
jsg.2013.05.005. 

Petrenko, V.F., Whitworth, R.W., 1999. Physics of Ice. Oxford University Press, New 
York. https://doi.org/10.1093/acprof:oso/9780198518945.001.0001.  

Pounder, E.R., 1965. Physics of Ice. Pergamon Press, Oxford.  
Price, G.P., 1973. The photometric method in microstructural analysis. Am. J. Sci. 273, 

523–537. https://doi.org/10.2475/ajs.273.6.523. 
Raith, M.M., Raase, P., Reinhardt, J., 2012. Guide to Thin Section Microscopy, Second. 

ed. Mineral Society of America. 
Rigsby, G.P., 1951. Crystal fabric studies on Emmons Glacier Mount Rainier, 

Washington. J. Geol. 59, 590–598. 
Sammonds, P., Montagnat, M., Bons, P., Schneebeli, M., 2017. Ice microstructures and 

microdynamics. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 375, 5. https://doi. 
org/10.1098/rsta.2016.0438. 

Schulson, E.M., Duval, P., 2009. Creep and Fracture of Ice. Cambridge University Press. 
https://doi.org/10.1017/CBO9780511581397. 

Schwarz, J., Weeks, W.F., 1977. Engineering properties of sea ice. J. Glaciol. 19, 
499–531. https://doi.org/10.3189/S0022143000029476. 

Seidemann, M., Prior, D.J., Golding, N., Durham, W.B., Lilly, K., Vaughan, M.J., 2020. 
The role of kink boundaries in the deformation and recrystallisation of 
polycrystalline ice. J. Struct. Geol. 136, 104010. https://doi.org/10.1016/j. 
jsg.2020.104010. 

Seymour-Pierce, A., Lishman, B., Sammonds, P., 2017. Recrystallization and damage of 
ice in winter sports. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 375, 20150353. 
https://doi.org/10.1098/rsta.2015.0353. 

Shestov, A., 2018. Birefringence in ice crystals. Principles and application in sea ice 
microstructure studies. In: Arbatskaia, G. (Ed.), Proceedings of the 24th IAHR 
International Symposium on Ice. IAHR, Vladivostok, Russia, pp. 248–257. 

Shokr, M., Sinha, N.K., 2015. Sea ice: Physics and Remote Sensing. Jogn Wiley & Sons 
Inc., Hoboken, New Jersery, USA.  

Sinha, N.K., 1977. Technique for studying structure of sea ice. J. Glaciol. 18, 315–324. 
https://doi.org/10.3189/S0022143000021390. 

Sinha, N.K., 2011. Borehole indentor - a tool for assessing in-situ bulk ice strength and 
micromechanics. Cold Reg. Sci. Technol. 69, 21–38. https://doi.org/10.1016/j. 
coldregions.2011.07.009. 

Snyder, S.A., Schulson, E.M., Renshaw, C.E., 2015. The role of damage and 
recrystallization in the elastic properties of columnar ice. J. Glaciol. 61, 461–480. 
https://doi.org/10.3189/2015JoG14J225. 

Sopper, R., Daley, C., Colbourne, B., Bruneau, S., 2017. The influence of water, snow and 
granular ice on ice failure processes, ice load magnitude and process pressure. Cold 
Reg. Sci. Technol. 139, 51–64. https://doi.org/10.1016/j.coldregions.2017.04.006. 
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