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ABSTRACT. Automated c-axis analyzers are a critical tool for harvesting
large-scale ice crystal orientation data from thin section analysis, but existing
examples are not designed for deployment into the field. We demonstrate a
possible solution to this need with the Automated Lightweight Portable Ana-
lyzer for C-Axes (ALPACA), which implements the established four-sequence
measurement algorithm of Wilen (2000) using three motorized axes of motion
in a unit with volume about 0.034 cubic meters. In tests of eight easily-visible
grains in thin section WDC-06A 420 VTS, ALPACA'’s polarizer rotation an-
gles of extinction agreed with previously published data to within 5° on all
but one sequence of a single grain, with average sequence errors of 1.6°, 1.3°,
1.4°, and 2.9°. The information produced by these automated measurements

enable production of complete grain-by-grain orientation data.

INTRODUCTION

The thin section analysis of ice has long been a mainstay of glaciology. Glacier ice is a polycrystalline
matrix of ice ITh, the only naturally occurring ice crystal structure at temperatures and pressures seen

near the surface of the earth. These ice Ih crystals have a hexagonal crystal structure (thus the ‘h’ in Ih)
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with the c-axis, perpendicular to the hexagonal planes, having a lattice spacing larger than that in-plane.
Each crystal has a c-axis orientation and a size usually in the range of a millimeter to a few centimeters
(see, e.g., Petrenko and Whitworth (1999)). The statistics of the crystal size and orientation, collectively
known as fabric, contain information on environmental variables such as—to cite just a few workers—
deposition rates (Paterson and Waddington (1984)), temperature (Petit and others (1987)), flow history
(Rigsby (1960), Pettit and others (2007)), and microscopic information on bubble density and dissolved
or insoluble impurities (Diprinzio and others (2005), Durand and others (2006)). Despite the best efforts
of remote-sensing and borehole probes (Gow and Kohnen (1979), Doake and others (2002), Matsuoka and
others (2009), Gusmeroli and others (2012), Kluskiewicz and others (2017)), thin section analysis remains
the only way to obtain large scale statistics of grain-level data on ice crystal orientation. Contemporary
projects such as EastGRIP still produce and analyze thin sections even as drilling progresses, analyzing
their crystal orientations in the field with manually-operated universal stages (personal communication
with R. M. Nunn, 2019.)

Of course, this process has not escaped the drive towards automation. An automated c-axis analysis
system described by Wilen (2000), housed at Pennsylvania State University, has become a mainstay of
U.S. glaciological research. Several other automated analysis systems worldwide have been constructed
specifically for ice thin section analysis; a selection is reviewed by Wilen and others (2003). Petrographic
microscopes equipped for polarization analysis are common equipment in other areas of geology. (Fueten
(1997), Wilson and Peternell (2011)) However, glaciological research is by necessity a highly itinerant
activity, as the samples of interest can only be found in relatively inhospitable locations and are very
prone to melting if handled in conditions compatible with human comfort. Retrieving and transporting ice
cores to domestic research facilities is an extremely long and expensive undertaking. (Slawny and others
(2014)) Almost all existing automated c-axis analyzers designed without regards for field deployment,
so thin section analysis requires manual Rigsby stages, which are labor-intensive, time consuming, and
uncomfortable to operate in cold-climate field work.

We describe the implementation and first tests of an automated, highly-portable system for c-axis
analysis, whimsically dubbed the Automated Lightweight Portable Analyzer for C-Axes (ALPACA). It uses
a modified implementation of the established Rigsby stage and the Wilen measurement procedure Wilen
(2000) to reduce mechanical complexity and device footprint. The ALPACA mechanisms are designed to

be transport-ready with outer dimensions of 12 x 12 x 14 inches, and able with minimal setup to operate
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(b) CAD model

Fig. 1. (a) Photo of the stage prototype during tests at the National Science Foundation Ice Core Facility in July
2019. All motor drivers and electronics boards required by ALPACA are mounted underneath it, exposed to the
-24°C air; the insulated box to the right houses a portable computer monitor and AC/DC adapters, the latter more
to heat the monitor than for their own benefit. (b) A CAD model of the ALPACA stage.

in a space not much larger.

CONCEPT

In the inaugural publication Wilen (2000) of his automated c-axis analyzer, Wilen describes a procedure
of four motion sequences used to obtain a c-axis reading. Each of the four sequences consists of orienting
the thin section in a fixed position with respect to the laboratory frame and camera, taking a series of
images while rotating the crossed polarizers which bracket the sample in the optical path, and extrapolating
polarizer rotation angle at which the light transmission of each crystal reaches extinction (minimum). The

stationary system built by Wilen to execute this algorithm comprises five motion stages: two tilt and one
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inner rotation stage to position the sample, and two rotation stages for the polarizers bookending it.

In concept, the primary spatial relationship is that between the polarizers and the ice sample; it makes
no difference whether we achieve the rotation of the light polarization by rotating both polarizers bracketing
the sample, or by rotating the sample between the two static polarizers. Authors such as Fueten (1997)
have made valid points about the convenience of the former approach, as it leaves the sample’s position
unchanged relative to the camera and thus eases image interpretation. However, this luxury requires two
sets of drive mechanisms, with an attendant doubling of complexity, fragility, and cost. For a system
prioritizing size and weight, we should therefore prefer to rotate the stage about the optic (fixed z) axis.

These three-dimensional stage positions can be expressed as 3x3 rotation matrices. We will here adopt
the same notation as Wilen, a blend of geological and kinematics conventions, for our discussion of spatial
terms. If looking downward upon a four-point compass overlaid on the thin section, the y-direction will
be to the North, the positive z-direction will lie to the East, and the camera or observer will be perched
at the positive end of the z-axis. Angles of rotation about each axis will have sign as determined by the

right-hand rule. The rotation matrices about the x-, y-, and 2- axes are expressed respectively by

1 0 0
Ry(y) =0 cosy —siny

0 sinvy cosvy

[ cosé 0 sinﬁ_
R()=] 0 1 0 W)
—siné 0 cosé

cos¢p —sing 0_
R.(¢) = |sing cos¢p O

0 0 1

The same matrices serve rotations about fixed and Eulerian (moving, i.e., each transformation repo-
sitions the axes for subsequent steps) axes, with the distinction made by the order of their application.
Craig (2005)

To begin sequence 1, the thin section lies flat, normal to the optical chief ray. This requires no motion
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from the intuitive starting position of the thin section, so its kinematics frame ¢¢! P remains identical to the
universal or camera polarizer (analyzer) frame. Sequence 2 requires a 45° tilt about the y- (North-South)
axis, a single rotation R,({ = 45°). Sequence 3 does the same (after restarting at the initial position)
about the z- (East-West) axis, giving R, (v = 45°). It is evident by observation that these sequences can
be handled with either two orthogonal tilt stages, by rotating a single tilt stage, or by rotating the sample
upon a single tilt stage.

Sequence 4 finally involves more than one axis. In Wilen’s instrument, it is accomplished by a 45° tilt
about the y-axis, followed by a -45° rotation about the now-tilted thin section normal. These two matrices
evaluate to:

Wilen seq 4R _ Ry(& _ 450) . R/Z(QZ), _ 450)

init

cosécos¢p —cosésing siné
= sin ¢ cos ¢ 0
—sinfcos¢p sin€sing cosé

! i (2)

[ 1/2 1/2 \/5/2_
=|-v2/2 v2/2 0

—1/2  —1/2 +/2/2

where the prime denotes a Eulerian z-rotation.

To minimize the number of motorized mechanisms required, our previous logic has led us towards
the choice of two in-plane tilt axes and one encompassing rotation stage. One tilt stage—let us say the
rotation-about-y stage—is mounted upon, and thus affected by, the other, which must now be the tilt that
rotates the sample about x; the z stage acts upon both z and y rotation axes and is itself fixed to the
universal reference frame. Thus, If utilizing all three stages in their order of appearance in this paragraph,

this transformation can be expressed as
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ALPACAseadpp _ B (8) - Ry(y) - Ry(€)

init

—singsinysiné + cos¢pcosé —singcosy singsinycosé 4 cos psiné

= | cos¢sinysiné + sin¢cosé cospcosy —cos@sinycos + sin ¢siné

—cosysiné sin~y cosycosé

Setting this matrix equal to the result of Wilen’s prescribed motion about two Eulerian axes, we find that

they are equivalent if

ALPACA seq 4 _ R, (€ = 35.26°) - Ry(y = —30°) - R.(¢ = —35.26°)

init

Wilen eq 0
= Ry(f = 45°) R;(gbl = 45°) = ilen seq 4 p

init
Since our polarizers are not able to move with respect to the universal laboratory frame (personified
by the camera), the orientation of the thin section is optically equivalent to that achieved by the Wilen
hardware. Further rotation of the z-axis will again have the same optical effect as synchronized rotation
of motorized polarizers. Therefore, a ALPACA measurement sequence should yield the same results as on

Wilen’s instrument as long as the thin section’s starting orientations are equivalent.

DESIGN

For the reasons outlined in the previous section, the stage implements three motorized rotations: one
tilt stage, typically operated as rotation about a fixed y-axis; an "inner" tilt stage mounted on the first,
typically used as rotation about a moving x-axis; and a rotation stage bearing both tilt stages, representing
rotation about a fixed z-axis. Concentric within (but not in contact to) the large-diameter z rotation stage
is an array of 165 low angular spread white LEDs, which emits white light upwards through a 6"-diameter
diffuser and a linear polarizer. The thin section is mounted on the innermost of tilt stages via thumbscrews
at the edges.

The stage mechanism is composed of black textured Delrin polymer, chosen for its ease of machining,
durability, and avoidance of brittleness at low temperatures; the matte finish is intended to minimize stray
light reflections. Both tilt stages are directly attached to stepper motors, as the torques required are not

large. A 32-tooth spur gear cut into the outer edge of the tilt stage structure’s bottom allows the azimuthal
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Fig. 2. Top row: Visualizations of the ice thin section’s starting (0° polarizer rotation) orientation, along with the

rotation axes used by the ALPACA stage to achieve this orientation, for each of the four sequences. (As a reminder,
all sequences start afresh from the initial position of sequence 1.) These visualizations are exaggerated depictions
of the thin section as viewed from the camera position above it; angles are not to scale. Sequence 4 shows one
possible ordering of operating the three stages; the differing-color arrows indicate rotations by a negative angle, and
the positive z-axis points toward the reader. Bottom row: a photo of vertical thin section WDC-06A 420 placed into

the corresponding position by ALPACA.
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rotation to be driven by a stepper, via 8-tooth gear, mounted outside of the lighting/optical path. The
motors have been found to operate satisfactorily at -24°C without modification, although their standard
lubricant may be exchanged for a low-temperature compound in the future. The full range of stage motion
necessary for measurements requires only a few inches to be added to the parked stage’s 12 x 12 x 14 inch
outer dimensions, allowing ALPACA to be permanently mounted in a protective case for both transport
and use. Operation is orchestrated by a Python script running on a Raspberry Pi single-board computer

under the Raspbian operating system.

EXPERIMENT

To test the kinematics assertions above, the four-sequence procedure was performed on WDC-06A 420
VTS, a vertical thin section from the WAIS Divide ice core. This was previously measured in several
published datasets. The most complete, gathered as part of a study by Fitzpatrick and others (2014)
and Voigt and others (2015) of the WAIS Divide core, was obtained using the stationary Wilen system
and serves as our reference data. A more recent experiment Chan and others (2014) had outlined ten
easily-visible grains using Kapton tape on the glass reverse of the thin section; we left the Kapton in place
as markers to aid in grain identification, although they obscured neighboring areas.

The Wilen procedure calculates the most likely c-axis orientation from the polarizer rotation angles
observed to cause extinction in each of the four measurement sequences. A direct comparison of these
actual observables will best evaluate the ability of our device to replicate c-axis measurement results and
avoid additional complications. Following this logic, the expected extinction angles are calculated from the
c-axis data of Voigt and others (2015) and compared against the same obtained by our device.

Stage positioning and polarization angle rotation were automated. At each sample orientation and
polarizer angle, images were taken using a manually-triggered digital SLR camera (Canon SL1) with fixed
exposure settings. In subsequent analysis, the RGB-summed intensity averaged over an 15x15 pixel area
was recorded for each grain. The SURF point detection and transformation estimation function (Bay and
others (2008)) was used to estimate the in-plane rotation matrices of each image relative to the preceding
one and adjust the sampling coordinates to track the grains. A few millimeters of unintended translation,
the result of some travel in parts of the stage, was also detected in some frames and compensated for with
the same methods. The resulting data are plotted for one example grain in Figure 4, and for all eight

grains in Figure 5.
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Fig. 3. Locations of the grains (shown with a solid color fill) tested within WDC-06A 420 VTS when viewed
through (left) crossed polarizers at the "flat" starting orientation for sequence 1, and (right) under unpolarized

lighting. Stratigraphic north is at the top of the image.

From this transmission data, a —13° offset between the crossed polarizers’ transmission axis and the
sample’s defined ¢ = 0 axis was uniformly subtracted from the polarization angle values. The angles of
extinction were then interpolated using a three-point quadratic fit of the data point of minimum registered
intensity and its two nearest neighbors. Tables 1 and 2 present the results, along with the values predicted
by the reference data, and the smallest angle between the two (i.e., with integer multiples of 90° added

where necessary to express the angle in the same quadrant.)

DISCUSSION

Of the ten tape-outlined grains on this thin section, two showed very large error in sequence 1, which directly
measures the c-axis azimuthal angle ¢., and significant error in at least two of the other three sequences.
Manual checks led us to conclude that these two crystals had become re-oriented or recrystallized in the
years after the reference data was collected, and thus to exclude these from our testing data. Among the
remaining eight grains, ALPACA reported the extinction polarizer angles of seven to within +3.6° of the
value predicted by the traditional Wilen instrument in 31 out of 32 measurements. (Interestingly, the grain
which experienced the outlier result was previously found by Chan and others (2014) to disagree with the

0. assigned to it by Voigt and others (2015), although our observations show a larger difference with the



Mah, Talghader, et al.: ALPACA: Field-deployable automated c-azis analyzer 10

—~ —~
] X X XXX X =}
8 09 e x - L o9t 1
:O; x . N % g L XXX X i o .
g0 . x 8 & o8y o X 8
: : s :
£ oorr X * Seq 1 “ 1 g o7~ Seq 2 « 1
X X X
: : . :
S 0.6 % q S 0.6 x « q
= « § = N
Z 05 x 1 2 osp % . 1
o X o
n 0 x
8 0.4 g 0.4 *
. x B 4 r B
— 03 x 4 — 03 x E
<%} « L x
E pe
= 02 . = o02f .
g x = o
n « 0
2 o . 1 S o1l x 1
= = x/
= ol =
0 1 1 1 1 1 0 1 1 1 1 1
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Polarizer rotation angle (°) Polarizer rotation angle (°)
—~ X300 x —~
o) X x X’ X o) %
8 0.9 Xx ><X ><>< 7 8 0.9 - XX < xxx i
=~ — x X
X X X
: x . * : x
0.8 * 1 0.8 x x g
; x : 2o x :
< | ® - « |
é—j 0.7 x x Seq 3 B 0.7 x Seq 4
: Sl x
g 06 x . S o06F x 8
N = N
X
2 05 1 Z osf x 1
g X | x x
L o4 8 & o4} x 8
= « =
5 =
= 03 x B = 03} % x B
<% ]
+ +
T 02 x 1 E o2l J
g ° . g <o
n n
2 o1 x/J 1 S o1} x\()(x 1
— an
&= &=
0 1 1 1 1 1 0 1 1 1 1 1
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Polarizer rotation angle (°) Polarizer rotation angle (°)

Fig. 4. Polarizer rotation angle vs. transmitted light intensity (as registered by the non-calibrated camera sensor)
for grain (a) in the sequences 1, 2, 3, and 4. The red line is a quadratic fit, applied to the minimum-intensity point

and its nearest neighbor to each side, used to interpolate the polarizer angle of extinction.
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Polarizer rotation angle vs. transmitted light intensity (as registered by the non-calibrated camera sensor)

for each of the eight grains (a)—(h) measured in the four sequences.
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Table 1. For each of the eight grains of WDC-06A 420 measured: the grain ID, c-axis elevation and azimuth results
as listed by Voigt and others (2015) using the traditional Wilen system; and for sequences 1 and 2, the polarizer
angles for extinction predicted by this c-axis, the polarization angle of extinction observed using the ALPACA stage,
and the difference between the predicted value and the closest periodic repeat (angle plus integer multiple of 90°)
of the observed value. All angles are given in degrees, with a —13° offset applied to correct an offset between the
polarizers and the thin section’s azimuthal ¢ = 0 axis. The predicted, measured, and difference between polarizer

angles for sequences 3 and 4 are shown separately in Table 2.

Grain label Grain ID 0. Oc Seq 1 Seq 2
Predicted Measured Difference | Predicted Measured Difference

a 30 —85.7 —68.7 —68.7 21.1 0.2 —74.1 15.8 0.1
b 68 69.5 —26.9 26.9 60.8 2.3 —25.4 63.4 1.2
c 60 56.6 84.7 84.7 84.8 —0.1 66.5 65.3 1.2
d 109 —58.7 —89.2 —89.2 1.9 —-1.1 72.4 70.8 1.6
e 153 63.8 84.0 84.0 —7.5 1.5 70.4 69.1 1.3
f 100 —31.7 77.8 77.8 814 -3.6 —54.5 37.3 -1.8

198 54.3 62.3 62.3 58.8 3.5 48.7 46.9 1.8
h 229 47.8 —66.5 —66.5 23.2 0.3 —48.0 40.7 1.3

Table 2. Continuing from Table 1, for sequences 3 and 4: the polarizer angles for extinction predicted by the c-axis
data of Voigt and others (2015), the polarization angle of extinction observed using the ALPACA stage, and the
difference in polarizer angle between the predicted value and the closest periodic repeat (angle plus integer multiple

of 90°) of the observed value. All angles are given in degrees.

Grain label Seq 3 Seq 4

Predicted Measured Difference | Predicted Measured Difference

a —64.0 27.0 —1.0 67.5 65.9 1.6

b —33.2 56.1 0.7 —64.0 24.3 1.7

c —100.8 82.7 —3.5 32.5 30.8 1.7

d —88.4 91.8 —0.2 38.1 35.1 3.0

e —100.4 77.5 2.1 34.4 32.1 2.3

f —97.1 83.6 —0.7 —72.9 26.4 -9.3
—142.4 35.8 1.8 14.0 11.8 2.2

h —72.5 16.1 1.4 -7.9 9.9 1.1
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suggested alternative.)

The average magnitude of disagreement from predicted extinction angle among the eight grains for
sequences 1, 2, 3, and 4 were 1.6°, 1.3°, 1.4°, and 2.9°, respectively. Sequence 4’s notably higher error
magnitudes were not wholly unexpected, given that we observed misfocus issues in some frames and that
two of our three drivers are precision-limited to slightly missing the prescribed sample orientation. Tracking
of sample rotation was anticipated to be a challenge and thus subjected to manual review, but very few

cases were found to potentially warrant correction of the intensity readout locations.

NEXT STEPS

This prototype has demonstrated the feasibility of the compact stage design, and only a few more refine-
ments are necessary before the ALPACA is ready for field deployment. The azimuthal/polarizer rotation
mechanism was modified with relaxed tolerances to deal with a significant vertical temperature gradient
which arose during testing in a chest freezer; it will be re-machined to tighter specifications and fitted with
roller bearings to more gracefully eliminate this issue. This should also greatly reduce or eliminate the
unintended translation previously noted in some images. The motor drivers propelling the z- and 2z axes
will be replaced with a model (already in use on the y-axis) capable of better current control and microstep-
ping to increase positioning precision, particularly for measurement sequence 4, and reduce waste heat. A
compact digital imaging sensor and optics will be integrated with the automated measurement routine, a
task that was already completed but reversed when the equipment used was discovered to gradually lose
focusing ability in the cold. The stage-operation and analysis software, tested in a very rudimentary state,
is slated to gain a slew of features such as a graphical user interface, automated crystal identification and
coalescing, and onboard calculation of c-axis orientation. Finally, the ALPACA stage needs to be packaged
into a robustly protective outer case, allowing it to venture into the field and to the rescue—one hopes—of

many a glaciologist’s fingertips.
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