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10 Abstract: High-resolution laboratory-based thermal infrared spectroscopy is an up-and-coming tool
11 in the field of geological remote sensing. Its spatial resolution allows for detailed analyses at
12 centimeter to sub-millimeter scale. However, this increase in resolution creates challenges with
13 sample characteristics such as grain size, surface roughness and porosity that can influence the
14 spectral signature. This research explores the effect of rock sample surface preparation on the TIR
15 spectral signatures. We applied three surface preparation methods (split, saw and polish) to
16 determine how the resulting differences in surface roughness affects both the spectral shape as well
17 as the spectral contrast. The selected samples are a pure quartz sandstone, a quartz sandstone
18 containing a small percentage of kaolinite, and an intermediate-grained gabbro. To avoid
19 instrument or measurement type biases we conducted measurements on three TIR instruments,
20 resulting in directional hemispherical reflectance spectra, emissivity spectra and bi-directional
21 reflectance images. Surface imaging and analyses were performed with scanning electron
22 microscopy and profilometer measurements. We demonstrate that surface preparation affects the
23 TIR spectral signatures influencing both the spectral contrast as well as the spectral shape. The
24 results show that polished surfaces predominantly display a high spectral contrast while the sawed
25 and split surfaces display up to 25% lower reflectance values. Furthermore, the sawed and split
26 surfaces display spectral signature shape differences at specific wavelengths, which we link to
27 mineral transmission features, surface orientation effects and multiple reflections in fine-grained
28 minerals. Hence, the influence of rock surface preparation should be taken in consideration to avoid
29 an inaccurate geological interpretation.
30 Keywords: Thermal infrared; Reflectance spectroscopy; Emissivity; Surface roughness; Geological
31 sample preparation; Hyperspectral; Drill core scanning
32

33 1. Introduction

34 Thermal infrared (TIR) spectroscopy of rocks and minerals has been of interest to the geological
35  community ever since it was developed in the middle of the last century [23, 24]. Early scientific
36  research showed that primary rock-forming minerals such as silicates and carbonates display their
37 reflectance features in the thermal part of the spectrum (8.0 to 14.0 um [13, 15, 16, 24, 26, 44]). From
38  this early work onwards, several hyperspectral airborne and spaceborne TIR sensors have been
39  developed including, among others, HyspIRI and AisaOWL [34]. To validate and calibrate data from
40  these sensors, field and laboratory hyperspectral TIR spectrometers have been built. These field and
41  laboratory sensors are increasingly operated as a main sensor by organizations globally because of
42 their improved usability and spectral resolution [34]. As part of that development, several laboratory-
43 based drill core loggers have been developed for detailed analyses of drill cores at a centimeter to
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44 sub-millimeter spatial resolution, giving rise to the new field of proximal sensing. These TIR
45  reflectance imaging spectrometers have a high spatial and spectral resolution (SPECIM’s SisuRock
46  system with the AisaOWL camera, CSIRO’s Hylogger, and a scanner under development from
47  Corescan [21, 27, 41]) and provide a continuous spectral analysis of the down-hole mineralogical
48  trends without the restrictions of sampling intervals of other techniques. However, multiple research
49  groups identified challenges with sample characteristics such as grain size, surface roughness and
50  porosity that can influence the spectral signature.

51 Early work of Lyon [24, 25] showed that spectral contrast of mineral and rock spectra decrease
52 with a decreasing particle size. This work has been confirmed repeatedly by others [e.g. 14, 35, 36, 38,
53 42]. One of the sample characteristics that influence the TIR spectral signature is sample surface
54 roughness [10, 18, 31]. Kirkland et al. [18] conducted laboratory emissivity measurements on
55  carbonate deposits to show that microscopic surface roughness introduces volume scattering and the
56  cavity effect (partially trapping the signal in surface cavities), both resulting in a reduced spectral
57  contrast. Osterloo et al. [30] conducted laboratory-based emissivity research to study the impact of
58  changing surface roughness on the TIR spectral signature for various rock types. They show that, for
59  all investigated rock types, spectral contrast decreases with increasing roughness as a result of
60  transmittance of light through the medium (also known as volume scattering) resulting in partial loss
61  of energy. They also show that spectral contrast decreases until a certain roughness is achieved after
62  which spectral contrast stays constant or increases again which they attribute to multiple reflections
63  of light within the grains. Hence, their research suggests that increasing roughness does not result in
64  a continued decrease in spectral contrast. More recently, emissivity based research conducted by
65  Hardgrove et al. [10] on quartz and calcite samples shows that changes in sample surface roughness
66  influence the spectral shape of the spectral signature. They show surfaces that are rough on the
67  wavelength scale cause distinct spectral differences. Furthermore, they suggest a relationship
68  between the crystal size and the surface roughness. Furthermore, several research groups showed
69  that highly porous or vesicular rocks and rock samples with an optically rough surface have low
70 spectral contrast [3, 10, 18, 30, 31, 35].

71 The influence of these characteristics have already been identified for the field of geological
72 remote sensing, but have not yet been translated to high-resolution laboratory spectroscopy, where
73 the goal is to quantify changes in mineral composition on a much smaller scale. Furthermore, drill
74 cores often have different surface textures and roughnesses as a result of differences in sample
75  preparation. Some drill cores are split or broken, while others are sawed. Also, surface textures can
76  differ as a result of differences in rock composition. This research focuses on the influence of
77  geological sample surface preparation on the TIR spectral signature to determine the effect of various
78  preparation methods and to link the results to previous surface roughness studies. We apply three
79  sample surface preparation methods (split, saw and polish) to determine how surface roughness
80 affects both the spectral shape as well as the spectral contrast of the TIR spectral signatures. We
81 obtained directional hemispherical reflectance (DHR) measurements, bi-directional reflectance (BDR)
82  images and emissivity measurements. The selected samples are a pure quartz sandstone, a quartz
83  sandstone containing a small percentage of kaolinite, and an intermediate-grained gabbro. To
84  eliminate the influence of sample heterogeneity, the samples have a limited mineral variation and a
85  homogeneous mineral distribution.

86  1.1. Surface roughness and reflectivity of light

87 The total ray energy is a product of the reflection, transmission, and absorption at each
88  encountered interface. Whether a light ray is reflected, transmitted or absorbed depends on the angle
89 of incidence and the refractive index of the encountered material as determined by Snell’s Law [8, 18,
90 19,42

91 Surface reflection can be divided into two endmembers: specular reflection for a smooth,
92 high-opacity surface and diffuse reflection for a rough surface with regular opacity (Figure 1la and b).
93 In case of specular reflection, the surface behaves mirror-like and the angle of incidence equals the
94 angle of reflection resulting in coplanar reflection. With diffuse reflection, the rays reflect in many
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95  directions regardless of the angle of the incident radiation. Therefore the reflected energy is spread

96  over many light rays which can, depending on the measuring method, lower the absolute reflectance

97  of the signal [8]. Most surfaces do not display truly specular nor diffuse reflection, but a mixture of

98  the two endmembers.

99 Volume scattering occurs when surfaces contain significant amounts of hyperfine particles (1 -
100 20 pm), also known as clinging fines, which introduce transmission of incident rays through the
101  encountered particles (Figure 1c and d [1, 39, 40]). As a result, energy is lost due to partial absorption
102 of the signal. This influences the spectral signature resulting in reststrahlen band shape changes,
103 shifts of spectral features to longer wavelengths and loss of spectral contrast or even inversion of the
104 spectral signature (Figure 2 [18, 19, 39, 42]).
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Figure 2 (a) The effect of transmittance in quartz (red spectrum) on the reflectance spectrum. The green spectrum represents a quartz
spectrum that has not been influenced by transmittance. The blue spectrum is a quartz spectrum of a fine-grained, particulate quartz
sample (< 60 um) that is significantly affected by transmittance bands [38]. (b), a subset of (a), shows a lowered spectral reflectance
in bands that are most influenced by low transmittance. Spectra are from Johns Hopkins University (JHU) and can be found in the
ASTER spectral library in ENVI [2, 37].


http://dx.doi.org/10.20944/preprints201810.0376.v1
http://dx.doi.org/10.3390/min8110475

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 October 2018 d0i:10.20944/preprints201810.0376.v1

105 Surface cavities can trap and absorb incident rays reducing reflection and the accompanying
106  spectral contrast, a phenomenon known as the cavity effect (Figure 1d). The relationship between the
107  number of cavities at the surface and the spectral contrast is approximately linear [18, 30, 31]. Factors
108  influencing the amount of spectral contrast reduction are the cavity shape, cavity area, entrance
109  aperture area and the diffuse or specular reflectivity of the cavity wall. Generally, the higher the ratio
110 of the cavity depth to entrance width, the more significant the cavity effect [3, 18, 30]. Research shows
111 for most materials, increase in surface roughness results in an increase of the number of surface
112 cavities [18]. Additionally, Kirchhoff’s law of thermal radiation states: the sum of emissivity ¢,
113 transparency vy, and reflectivity o equals one (equation 1). Therefore, for an opaque object (y = 0),
114 reflectivity and emissivity display a simple relationship (equation 2):

ety+o=1, @

0=l-¢, 2

115  The result is that cavities have an opposite effect in emissivity measurements. Hence if the reflected
116  energy decreases, the emitted energy increases [7]. Rayleigh’s roughness criterion can be used to
117 characterize the surface roughness. A surface is optically smooth depending on the height of the
118  surface topography (difference between deepest valley and highest peak) and the wavelength of the
119  light and the incident ray angle [9, 30]. A surface is considered optically smooth if:

H< A/(8c0s0inc ), 3)

120 where H is the height of the surface topography in micrometers, A the wavelength of the light in
121 micrometers and Oinc the zenith angle of the incident ray. For surface roughness to affect the spectral
122 contrast, the surface topography should be larger than the wavelength of the incident light rays. This
123 formula shows for the TIR range (7 — 16 um) surfaces are considered optically rough when the
124 topography height is equal to, or larger than, 1 to 20 pm depending on the angle of incidence [30].
125  Optical smooth surface are dominated by surface reflection, while optical rough surfaces are
126  increasingly influenced by diffuse reflection and volume scattering.

127

128 2. Materials and Methods
129 2.1. Sample description

130 2.1.1. Sample selection

131 The samples of this research represent a range from mono-mineralic to more complex mineral
132 composition and have been carefully selected to ensure a homogeneous mineral distribution. The
133 selected samples (Table 1) are a plutonic gabbroic rock known by the trade name of Shanxi gabbro,
134 and two sedimentary sandstones: a pure quartz sandstone with a porosity of 6% (Fontainebleau
135  sandstone [4]) and a sandstone predominantly containing quartz and minor percentages of kaolinite
136  with a porosity of 20% (Gildehaus sandstone [33]). We selected two sandstones and a gabbro to
137  ensure good TIR spectral signatures and variations from simple to more complex mineralogical
138 compositions.

139
140
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141 Table 1. Composition of the samples determined with quantitative XRD
Sample Mineral Mineral
Fontainebleau Quartz 100%
Gildehaus Quartz 99%
Kaolinite 1%
Gabbro Anorthite 57%
Diopside 28%
Quartz 6%
Hornblende 6%
Zoisite 1%
Biotite 0.08%
Ilmenite 0.03%
142
143 2.1.2. Sample preparation
144 Differences in surface roughness were achieved, by splitting, sawing or polishing three different

145 surfaces of each sample. The samples were sawed to the appropriate size with a Lortone LSS-14P
146  lapidary saw with a 14-inch diamond blade. Sample surfaces were polished with a Knuth Rotor
147  polishing machine that uses silicon carbide grinding papers. Stepwise polishing was done by
148  increasing the grinding paper smoothness from an 80, 220 or 500 grit to a 4000 grit. The samples were
149 split with a chisel, except for the Gabbro which required a brick cutter for splitting. The sample planes
150  have parallel orientation in the original sample block with a maximum spacing of 20 centimeters, to
151  avoid influences from differences in (mineral) orientation, sample heterogeneity and small lateral
152 changes in sample composition (e.g., veins or inclusions). The samples were washed with tap water
153  and cleaned with compressed air, to remove particles originating from the sample surface
154 preparation. Then, the samples were oven-dried at 50 °C for at least 8 hours. We placed the samples
155  ina desiccator during cooling, to prevent air moisture from entering the samples.

156 2.2 Spectral Measurements and data processing

157 Spectral measurements are conducted on three spectrometers to confirm that our results are
158  occurring across different instruments and both for reflectance and emissivity measurements. Hence,
159  to avoid a bias in the results caused by a specific instrument or measurement type, we conducted
160  measurements using a non-imaging Fourier Transform Infrared (FTIR) spectrometer with integrating
161  sphere measuring directional-hemispherical reflectance (DHR), a TIR imaging spectrometer
162  measuring double bidirectional reflectance (BDR) images, and a non-imaging emission FTIR
163  spectrometer measuring emissivity. The first two instruments are the primary focus of this research,
164 while the third spectrometer is included to cross-check the results on an emission spectrometer and
165  to link to previous research results. We compare the spectroscopic results to scanning electron
166  microscopy (SEM) images and quantitative micro-topography information from a profilometer.

167  2.2.1. Directional-hemispherical reflectance (DHR) measurements

168 We conducted thermal DHR measurements on the Bruker Vertex 70 Fourier Transform Infrared
169  (FTIR) spectrometer. This is a non-imaging visible near-infrared (VNIR) and TIR spectrometer,
170 customized to allow for directional-hemispherical reflectance measurements. Customization was
171  achieved with a diffuse gold-coated integrating sphere of 150 mm diameter containing a 3 cm
172 diameter sample port [11, 12]. An external high-power, water-cooled globar source is attached to the
173 system for optimal energy throughput and signal-to-noise ratio. The Mercury-Cadmium-Tellurium
174 (MCT) detector records the spectra with a spectral range of 1330 — 625 cm (7.5 to 16 pum) at a
175  resolution of 4 cm. A diffuse Labsphere Infragold standard serves as a reference. To check for
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176  potential sample heterogeneity, we measured each sample surface on nine randomly selected spots.
177  We did not observe significant variations or outliers in the spectral signature for each surface, hence
178  we calculated a mean spectra based on the nine measurements. At the end of each measuring series,
179 a dark current measurement is conducted and subtracted from the sample spectra. Previous work
180  [11] shows the Bruker Vertex 70 FTIR spectrometer has excellent repeatability, with a reflectance
181  values standard deviation between 0.1 and 0.6%. For a more detailed description of the measurement
182  setup and processing chain, see [11].

183 2.2.2. Bidirectional reflectance (BDR) images

184 We recorded the reflectance images with the fully automated hyperspectral imaging workstation
185  SisuROCK developed by SPECIM (www.specim.fi [21]). This workstation covers a large part of the
186 IR spectral range with a VNIR (0.4 — 1.0 um), short-wave infrared (SWIR, 0.97 — 2.5 um) and a TIR
187 (7.7 =12 pum) camera. All cameras are push broom cameras that measure in double BDR mode. The
188  target is moved under the cameras to create a 2D spatial image with full spectral per-pixel
189  information. The focus of this research are the TIR images; hence we do not discuss the specific
190  methodology and results of the VNIR and SWIR cameras.

191 The AisaOWL TIR camera (SPECIM) is a temperature stabilized imaging spectrometer with
192 a high sensitivity cooled MCT detector. It was operated with a spectral range of 7.7 to 12 um, 84
193 bands, 384 spatial pixels, a 1.7 mm pixel size, a spectral resolution of 100 nm and a scan rate of 170
194  mm/s. Each image recording included the measurement of a diffuse high reflectivity aluminum
195  standard reference plate and a blackbody dark reference at sample temperature.

196 Samples were mounted on a plate and water leveled by pressing them on laboratory clay
197  with a Leitz Wetzlar manual laboratory press. Then the height of the sample surface was measured,
198  and the sample table of the SisuRock workstation was adjusted accordingly, so the sample surface
199  height was in focus and constant over all measurements.

200 The reflectance images were processed by applying normalization with a radiometric
201  calibration file and sensor parameters (white and dark references), blinking pixel correction and
202  spectral and spatial median filtering with software provided by SPECIM. For each sample surface,
203 means and standard deviations were calculated by averaging all image pixels with ENVI to allow for
204  comparison of the different surfaces.

205  2.2.3. Emissivity measurements

206 Thermal emission measurements were recorded with a MIDAC M4401-F FTIR spectrometer to
207  determine if the observed spectral changes can also be identified in an emissivity based system. The
208  instrument contains a customized down looking fore-optics and measures absolute radiance with a
209  nitrogen cooled MCT detector with a spectral range of 7.5 to 14.5 um and a resolution of 4 cm™. The
210  measurements were conducted under laboratory conditions, and the samples were heated in an oven
211 to 50°C to generate sufficient radiance levels. The measurement procedure includes a measurement
212 of a hot 60°C blackbody, a cold 20°C blackbody, a set of three measurements of the sample and a
213 highly diffuse reflecting Infragold® reference plate. The temperature of the reference plate was
214  measured with a handheld infrared thermometer to allow for correction of downwelling radiance
215  [20]. Each sample was measured six times in different spots. The samples were measured in a random
216  order to allow for the detection of possible influences from room temperature differences and were
217  returned to the oven immediately after three measurements. Spectral emissivity was calculated with
218  the equation described by [20].

219
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220 2.3 Surface analyses
221  2.3.1.Scanning electron microscopy (SEM)

222 Scanning electron microscope images were obtained with a Zeiss Merlin HR-SEM to determine
223 how the different sample surface preparation methods influence the mineralogy and texture of the
224 samples. This SEM has a maximum point resolution of 1.2 nm at 30 kV and facilitates several high-
225  resolution detectors. The detectors used to obtain images for this research are the High-Efficiency
226  Secondary Electron detector (HE-SE2), Inlens detector for detection of higher energy secondary
227  electrons for topographic mapping, and Annular Selective Backscatter detector (ASB) for
228  compositional and crystal orientation mapping. In addition, Energy Dispersive X-ray (EDX) was
229  performed to determine the elemental composition of the mineral phases identified in the backscatter
230  images [32].

231 2.3.2. Profilometer measurements

232 Detailed surface roughness analyses were performed with the Bruker Contour GT-I profilometer
233 to quantify the roughness of the sample surfaces. This profilometer measures micro-topography
234 based on the interference of light from the sample surface and light from the internal reference mirror
235 in the objective of the profilometer (Mirau interferometer principle [42]). The Bruker Contour GT-I
236  has a maximum horizontal scan range of 10 mm, a maximum vertical resolution of <0.01 nm and an
237  RMS repeatability of 0.01 nm.

238 The surface roughness measurements were conducted in phase shift interferometry mode
239  (PSI) and covered an area of 1.7 x 2.3 mm including 307 200 data points. The roughness parameters
240  are determined for the scanned area in um or mm scale. Results include a topographic profile. The
241  parameters are

242 e The arithmetic average roughness (Ra): the arithmetical mean of the absolute values of the
243 profile deviations from the mean line of the roughness profile

244 e  The root-mean-square roughness (Rq): the geometric average roughness of the area

245 e  The maximum peak height (Rp): the highest peak measured from the mean line

246 e  The maximum valley depth (Rv): the deepest valley measured from the mean line

247 e The maximum height of profile (Rt): the range of the total set of data points

248 The difference between Ra and Rq is that Rq is more sensitive to outlying peaks and valleys.
249  Therefore Rq amplifies occasional high or low values, while Ra merely averages them [6]. To
250  determine if there is a relationship between the spectral values and the surface roughness parameters,
251  we compare the spectral values and band ratios of several distinct spectral features to the surface
252 roughness parameters. Furthermore, we review surface roughness profiles and compare them to the
253  observed spectral trends.

254 2.4 X-Ray Diffraction

255 To determine the composition of the samples quantitative X-ray diffraction (QXRD) analysis
256  were performed on the Bruker D2 XRD Phaser. Operating in Bragg-Brentano geometry [5], with Cu
257  Ka radiation and a LYNXEYE detector including Bruker’s corundum standard reference material.
258  Scans were conducted with a tube power of 30 kV and 10 mA at 70° 26 using a 0.006 step size and
259  counting for 1150 seconds. Two different slits were used: The standard divergence slit (1.0 mm or
260  0.6°) to control the illuminated area and enhance the resolution of the measurement and a detector
261  slit of 8 mm to limit the irradiated area. Qualitative phase identification was performed with the
262  software DIFFRAC.EVA. Quantitative XRD was determined by applying Rietveldt Refinement with
263 the software GSAS (General Structure Analysis System) and its graphical interface EXPGUI

264  developed by the Los Alamos National Laboratory [22, 43].
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3. Results

3.1. Spectral measurements

The mineral composition determined with the QXRD analyses are confirmed by the spectral
signatures of the samples. The Gildehaus and Fontainebleau sandstone display the spectral features
of quartz including the prominent reststrahlen doublet consisting of a left lobe (L) at ~8.3 um and a
right lobe (R) at ~9.1 um (Figure 3a). In between is the characteristic and sharp 8.62 um trough feature
of quartz. The secondary quartz doublet is visible in the 12.3 to 13 um region.

The spectral signatures of the Gabbro (Figure 3b) contains a series of features between 8.5
and 12 pm containing multiple peaks at ~9 um (b), from diopside, hornblende and quartz, and ~10
pm (c) from hornblende. Furthermore between 10 and 11.5 pm (d and e) two or three smaller peaks
can be seen from diopside, anorthite and hornblende. A final recognizable spectral feature is located
at 8.5 um (a) from quartz and anorthite that can be best described as a shoulder in the left flank of the
broad Gabbro feature. In the following sections we will discuss how the observed spectral shape and
contrast is influenced by a changing surface roughness for each spectral method.
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Figure 3. (a) An example of a quartz reflectance spectrum with the Gildehaus polished spectrum. (b) Gabbro
polished reflectance spectra, including the spectra of the minerals that contribute to the shape of the Gabbro
spectral signature. Mineral spectra are from Johns Hopkins University (JHU) and can be found in the ASTER
spectral library in ENVI [2].

3.1.1 Directional-hemispherical reflectance (DHR) spectra

The Gildehaus DHR spectra in Figure 4 show significant differences in spectral contrast for all
spectral features. The split surface shows the lowest spectral contrast, followed by sawed and
polished surfaces, that have increasingly higher reflectance values (Table 2). When we normalize the
spectral contrast to the 0-1 reflectance range, the relative shape differences become more apparent
and can be more easily compared (Figure 4b). The shape of the left lobe (L in Figure 3a) of this feature
varies: The reflectance maximum within the left lobe occurs at long wavelengths for the polished
surface spectrum, but is shifted to the shorter wavelength side for the sawed and split surface spectra.
Additionally, the right lobe (R in Figure 3a) of the split surface displays a kink at about 9 pm which
is not observed in the other DHR spectra.

The Fontainebleau DHR spectra in Figures 4c and d also show clear differences in spectral
contrast for all spectral features. However, there are some distinct differences in comparison to the
Gildehaus spectral features. First, the order of the three surfaces in their spectral contrast is different:
the polished surface has the highest contrast; however, the split surface shows an intermediate
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spectral contrast in between the polished and the sawed surface (Table 2). Secondly, the left lobe of
the reststrahlen quartz feature of the Fontainebleau split spectrum has a different orientation
(reflectance maximum at longer wavelength) compared to the Gildehaus sandstone (reflectance
maximum at shorter wavelength).

The Gabbro DHR spectra shown in Figure 4e and f demonstrate a clear spectral contrast between
the polished surface that has the highest reflectance and the sawed and split surfaces, which have a
lower but comparable reflectance (Table 2). Hence, the overall order is the same as in the Gildehaus
sandstone. Furthermore, the shape of the spectral features of the polished and the sawed surface
correspond well, but the shape of the spectral features of the split surface is different from the other
two surfaces. For the split surface, the peaks b (9 um) and ¢ (9.8 pm) shift to lower wavelengths by
~0.2 um. Other observed changes are a lower reflectance for the right side of the reflectance feature
(e and d, 11.2 pm) and the bulge of the broad spectral feature at a (8.5 um), which increases in
reflectance compared to both other surfaces.

d0i:10.20944/preprints201810.0376.v1


http://dx.doi.org/10.20944/preprints201810.0376.v1
http://dx.doi.org/10.3390/min8110475

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 October 2018 d0i:10.20944/preprints201810.0376.v1

307 Table 2. Reflectance maxima of DHR spectra.
P
Polished Sawed Split
Gildehaus 0.54 0.45 0.39
Fontainebleau 0.70 0.54 0.62
Gabbro 0.22 0.17 0.16
308
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Figure 4. Mean reflectance spectra and normalized mean reflectance spectra of the Gildehaus (a and b),
Fontainebleau (c and d) and Gabbro (e and f) DHR measurements. Circles and arrow indicate spectral
shape changes.


http://dx.doi.org/10.20944/preprints201810.0376.v1
http://dx.doi.org/10.3390/min8110475

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 October 2018 d0i:10.20944/preprints201810.0376.v1

310  3.1.2 Bidirectional reflectance (BDR) images

311 We calculated mean spectra for all image pixels of each sample surface to allow for comparison
312 of the BDR image spectra to the DHR spectra. The spectral contrast trends identified in the DHR
313 measurements are not reflected in the spectra of the BDR spectra. The following contrast trends could
314  beidentified for the BDR spectra (Table 3):

315 ¢ For the Gildehaus sandstone: Highest spectral contrast for the sawed surface, followed by
316 the split and the polished surface.

317 e  For the Fontainebleau sandstone: An equal spectral contrast for the sawed and the split
318 surface followed by the polished surface.

319 ¢  For the Gabbro: The highest spectral contrast for the split surface, followed by the sawed
320 and the polished surface.

321  Figure 5 shows that the general shape of the surface mean spectra corresponds with the spectral
322 signatures seen in the DHR measurements. However, both minor shape differences recognized in the
323  DHR spectral signatures have now been lost and the BDR spectra are significantly smoother than the
324  DHR spectra. Therefore, the change in orientation of the left lobe of the quartz feature in the
325  sandstone spectra can no longer be distinguished. The Fontainebleau split spectrum displays a ~0.2
326 pm shift of both lobes to the center of the reststrahlen feature, which is not observed for the DHR
327  spectrum. For the Gabbro sample, the differences in spectral shape identified between the split
328  surface and the sawed and polished surfaces in DHR spectra are also visible in the BDR spectra,

329  although less pronounced.
330

331  3.1.3. Emissivity spectra

332 The Gildehaus, Fontainebleau, and Gabbro emissivity spectra (Figure 6) show the same patterns
333 as observed and described for the DHR spectra. The trends in spectral contrast are also the same,
334  although in some cases less pronounced (Table 4). This is seen with the Gildehaus split and sawed
335  surface, and the Fontainebleau sawed and polished surface which both display an almost equal
336  spectral contrast. The Fontainebleau split surface is, again, behaving differently than the expected
337  trend. Its emissivity contrast is higher than both the Fontainebleau sawed and polished surface.
338  Furthermore, it is higher than expected from the DHR spectra (where Fontainebleau split was higher
339  than the sawed surface, but lower than the polished surface).
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340 Table 3. Reflectance maxima of BDR spectra.
Polished Sawed Split
Gildehaus 0.37 047 0.42
Fontainebleau 0.37 0.45 0.43
Gabbro 0.07 0.12 0.23
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Figure 5. Mean reflectance spectra and normalized mean reflectance spectra of the Gildehaus (a and b), Fontainebleau (c
and d) and Gabbro (e and f) BDR measurements. Circles indicate spectral shape changes.
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341 Table 4. Reflectance maxima of emissivity spectra.
Polished Sawed Split
Gildehaus 0.36 0.50 0.51
Fontainebleau 0.32 0.35 0.24
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Figure 6. Mean emissivity spectra and normalized mean emissivity spectra of the Gildehaus (a and b), Fontainebleau
(c and d) and Gabbro (e and f) emissivity measurements. Circles and arrow indicate spectral shape changes.
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3.2. Surface analyses

3.2.1. Scanning electron microscopy

The scanning electron microscopy images show that the Gildehaus sandstone consists of ~99%
subhedral quartz with a grain size of ~250 um, ~1% of fine-grained (10 um) intergranular kaolinite
and ~10% intergranular cavities (Figure 7a). Locally, the kaolinite can be seen in larger patches, up to
300 pm in diameter, filling up cavities in between the quartz grains (Figure 7b). The Fontainebleau
sandstone is a pure quartz sandstone containing subhedral quartz mineral with a grain size of ~250
um and ~20% intergranular cavities (Figure 7c). Zoom-ins show fine-grained (10 um) quartz
accumulates acting as a consolidator between the larger grains at their contact points (Figure 7d). The
Gabbro has a grain size of 100 pm - 1 mm that varies significantly, depending on the mineral type
and the mineral orientation. Furthermore, no cavities can be observed. When comparing the various
surfaces of the Gabbro, the split surface of the Gabbro has more fragmented and “flaky” grains as a
result of splitting (Figure 7e). From the SEM images, no distinct differences in mineral abundance for
the various surfaces could be identified.

3.2.2 Profilometer analyses

The profilometer analyses provide surface roughness quantification with microscale digital
elevation models including a topographic profile (Figures 8, 9 and 10) through the measured area
and surface roughness parameters representing the total measured surface (Table 5).

Table 5. Surface roughness parameters values in pm

arithmetic average roughness Ra
root-mean-squared roughness Rq
maximum peak height Rp
maximum valley depth Rv
maximum height of profile Rt
Gildehaus Fontainebleau Gabbro

Pol Saw Split Pol Saw Split Pol Saw Split
Ra 20.5 11.2 324 Ra 17.3 33.1 18.3 Ra 28.9 28.9 144.1
Rq 229 17.1 50.1 Rq 21.1 39.5 351 Rq 34.3 35.1 200.7
Rp 51.5 93.3 559.7 Rp 27.3 115.6 361.5 Rp 68.6 722 1061.0
Rv -113.2 -103.4 -186.2 Rv -106.9 -88.0 -141.0 Rv -83.1 -81.9 -223.1
Rt 164.7 196.7 7459 Rt 134.3 203.6 502.5 Rt 151.7 154.0 1284.0
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Figure 7. SEM images of the Gildehaus,
Fontainebleau and Gabbro sample. A and B
show the split surface of the Gildehaus
sandstone at two different magnifications. (a)
shows subhedrally shaped quartz grains and
a significant number of cavities. At higher
magnification (b) a fine-grained kaolinite
fraction is visible in between the quartz
grains. The kaolinite fraction was also
identified in the images of the polished and
sawed surface of the Gildehaus sandstone. (c)
ey BonAstest shows that the Fontainebleau sandstone
ag- " 100X Torones 750 contains subhedral to euhedral quartz grains.

At higher magnification (d) fine-grained quartz accumulates (highlighted in yellow) become visible
in between the larger quartz grains. The images show a significant number of cavities present at the
surface. (e) shows the polished surface of the Gabbro imaged with the HE-SE2 (left) and the AsB
(right). The image shows the surfaces of the Gabbro sample have no significant porosity.
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363 The surface roughness analyses of the Gildehaus polished surface shows some parts of the
364  surface are completely smooth at microscale. However, cavities and deeper lying surfaces have not
365  been smoothed out by the polishing process. The polished surface of the Gildehaus sandstone has a
366 arithmetic average roughness (Ra) of 20.5 and a root-mean-square roughness (Rq) of 22.9 (Table 5).
367  The Gildehaus sawed profile significant peaks are absent, and the sawed surface is flat but not
368  completely smooth on a microscale. The sawed surface of the Gildehaus sandstone has a slightly less
369  pronounced topography than the polished surface, with a Ra of 11.2 and a Rq of 17.1 (Table 5). The
370  roughness parameters have been influenced by cavities and deeper lying areas that have not been in
371  direct contact with the saw. The split surface has a significant topography compared to the other two
372 surfaces with a Ra of 32.4 and a Rq of 50.1 (Table 5). This is confirmed by the surface profiles, which
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shows narrow peaks and valleys (Figure 8).

Figure 8. Surface roughness profiles and corresponding 3D models of the polished, sawed and split surfaces of the Gildehaus
sandstone. Note that the 3D models have different topographic scales. Dashed line indicate location of the topographic profiles.

374
375
376
377
378

The surface roughness analyses of the Fontainebleau polished surfaces show this surface has a
Ra of 17.3 and a Rq of 21.1 (Table 5) and is smooth except for some small cavities and deeper lying
areas that are unaffected by the polishing. Significant peaks are absent. The sawed surface has the
highest roughness values with a Ra of 33.1 and a Rq of 39.5 (Table 5). The peaks are higher, and there
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379  are many more cavities and valleys compared to the polished surface. This shows polishing of the
380  surface has successfully eliminated peaks and significantly decreased the depth of cavities and
381  valleys. Based on the Ra of 18.3, the split surface of the Fontainebleau sandstone has a less significant
382  topography than the sawed surface. However, the Rq of 35.1 for the split surface is comparable to the
383  Rq of the sawed surface (Table 5). The split surface consists of numerous narrow peaks, just as
384  observed for the split surface of the Gildehaus sandstone (Figure 9).
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385 The surface roughness analyses of the Gabbro polished and sawed surface show that they have

Figure 9. Surface roughness profiles and corresponding 3D models of the polished, sawed and split surfaces of the Fontainebleau
sandstone. Note that the 3D models have different topographic scales. Dashed line indicate location of the topographic profiles.

386  an almost identical surface topography (Figure 10); the only difference is that the flat tops have
387  been smoothed slightly as a result of polishing. Their roughness parameters are comparable, with
388  anidentical Ra of 28.9 and a Rq of 35.1 and 34.3 for the sawed and the polished surfaces

389  respectively (Table 5). The surface roughness profiles and 3D models confirm this. The split surface
390  displays a significant surface topography with a Ra of 144.1 and a Rq of 200.7 and a distinct profile
391  with peaks partially extending outside of the measuring range set for the surfaces.
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Figure 10. Surface roughness profiles and corresponding 3D models of the polished, sawed and split surfaces of the
Gabbro. Note that the 3D models have different topographic scales. Dashed line indicate location of the topographic
profiles.

392

393 4. Discussion

394 In this research we explored the effect of geological sample surface preparation on the TIR
395  spectral signatures by applying three sample surface preparation methods on three sets of samples.
396  We show that the resulting differences in surface roughness influence both the contrast and shape of
397  the spectral signatures. As outlined in the introduction the surface roughness can be characterized
398  with Rayleigh’s roughness criterion. The topographic profiles and roughness parameters we
399  measured determine that all of our sample surfaces characterize as optically rough: the maximum
400  height difference of the profiles exceeds 20 um, indicating diffuse reflection is dominant in the
401  studied range of the TIR. However, the topographic profiles also show that several surfaces display
402  multiple scales of roughness: smooth “flat tops” with maximum topography differences of ~1-2 um
403  and rough areas in between the flat tops with topography differences of 10 to 150 um. Hence, most
404  surfaces will display both specular as well as diffuse reflection depending on the roughness of specific
405  surface areas. We could not directly link any of the surface roughness parameters to the observed
406  spectral contrast trends. This shows, that the applied sample preparation techniques do not always
407  change the roughness parameters the expected way and that surface roughness alone is not an
408  adequate measure for predicting spectral behavior.
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409  4.1. Influence of sample preparation method on spectral contrast

410 Based on the literature, we expect a trend from high spectral contrast for the polished surface,
411  followed by the sawed surface to a low spectral contrast for the split surface. Most of our results
412 confirm this trend. The DHR and emissivity spectra follow this trend with up to 25% lower reflectance
413 values for a split surface. Note, however, that the Gabbro split spectral contrast is almost equal to the
414  spectral contrast of Gabbro sawed, and the emissivity spectra display a less pronounced trend than
415  the DHR spectra. An exception is the Fontainebleau split surface, which will be discussed in more
416  detail later in this section.

417 We attribute the spectral contrast trends observed in the DHR and emissivity trends to an
418 increasing cavity effect. Based on Kirchhoff’s law, as stated in the introduction, reflectance decreases
419  asaresult of an increasing cavity effect, but emissivity increases. This means that the DHR Gildehaus
420  split and Fontainebleau sawed and split surfaces have been significantly influenced by the cavity
421  effect resulting in an decreased spectral contrast [6]. This also explains why Gabbro split spectral
422 contrast is almost equal to the spectral contrast of the Gabbro sawed. In the split topographic profile,
423 narrow valleys are absent, indicating they are poor light traps due to their cavity entrance/depth
424 ratios. Hence, a significant cavity effect is lacking and the relative spectral contrast of this surface is
425  higher than expected. Furthermore, this also shows that the topographic roughness is not the only
426  factor in determining whether a rough surface will display decreased spectral contrast.

427 The spectral contrast of the BDR measurements behaves differently from the DHR (and
428  emissivity) trend and the BDR spectra are significantly smoother than the DHR spectra. We attribute
429  the difference in observed spectral trend between the DHR and BDR spectra to the difference in
430  measuring techniques. The DHR measurements are conducted with directional-hemispherical
431  reflectance, using an integrating sphere ensuring that all reflection directions are captured and
432  integrated, while the BDR images are measured bidirectional reflectance mode. Therefore, a
433 significant portion of the signal can be lost, depending on the angle of incidence, the orientation of
434 the sample surface and the direction of reflection. We link the difference in spectral smoothness to
435  spectral oversampling in our BDR spectra, resulting in correlation of spectra from adjacent spectral
436  bands [17]. This means small spectral changes, for example as a result of volume scattering, are not
437  identified in the spectra recorded by our BDR imaging spectrometer setup. Furthermore, the
438  significant averaging that is applied to obtain a single spectrum for each surface will have resulted in
439  some smoothing as well.

440 The rough Fontainebleau split surface does not follow the trends observed for the other samples.
441 It shows no signs of transmittance and has a significantly higher reflectance than the sawed surface,
442  even though it displays a pronounced topography (Figure 9). The SEM image (Figure 7D) of the
443  Fontainebleau split surface provides an explanation. It shows patches of small-grained quartz
444 particles (~10 um) in between the large quartz minerals. These fine-grained quartz particles are small
445  enough to promote volume scattering, however, no signs of transmission are visible in the spectrum.
446  We hypothesize that the splitting of the sample mainly exposed the large quartz grains, while the
447  fine-grained quartz particles are found in the sample pores, invisible from the spectrometers. The
448  result is a spectrum that represents the smooth surface of the subhedral to euhedral shape quartz

449  grains that is comparable to the shape of the polished surface.
450

451  4.2. Influence of sample preparation method on spectral shape

452 The results of our research also show that different sample preparation methods influence the
453  spectral signature resulting in spectral shape changes. These changes can be observed across
454  measuring techniques. For example, we can recognize the Gabbro split surface in the DHR, BDR and
455  emissivity spectra because of its distinct spectral features at identical wavelengths. In the discussion
456  of the spectral contrast trends we saw that the DHR spectra provide the most consistent trends,
457  therefore, we select the DHR spectra for a detailed discussion of the spectral shape changes.

458 If we translate what is known in literature about reflection behavior and volume scattering to
459  our results we can explain the spectral changes observed in the DHR spectra. Several studies show
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460  that TIR spectral shape changes at specific wavelengths as a result of an increasing surface roughness
461 can be linked to volume scattering and transmittance in specific minerals. [10, 19, 30, 39, 41]. Multiple
462  groups confirm that increasing surface roughness causes transmittance in quartz which results in
463  spectral shape changes at 8.5 um [10, 39, 41]. Salisbury et al. [40] show that transmittance in quartz
464  and kaolinite can result in spectral shape changes at 8.5 pm and 9 pm respectively, which they
465  attribute to fine particles (< 5 um). Furthermore, Salisbury et al. [39] show that with the spectral
466  features of a fine-grained powdered quartz similar shape changes occur, although more pronounced.
467  Osterloo et al. [30] show that increasing the surface roughness of a Gabbro will result in a decreased
468  spectral contrast and spectral shape changes at 8.5 and 11.5 pm.

469 Hence, based on previous research, we attribute the DHR spectral shape changes to
470  transmittance features at considerably weaker transmittance bands in the spectra (Figure 4) [38]. The
471  Gildehaus polished spectrum (Figure 4b) does not show signs of transmittance. The Gildehaus sawed
472 spectrum is affected by transmittance in quartz at 8.5 um and the Gildehaus split spectrum is affected
473 by transmittance in both quartz and kaolinite at 8.5 and 9 um respectively (Figure 4a and b). These
474  transmittance features are likely the result of volume scattering caused by the presence of hyperfine
475  particles or “clinging fines’ (1 — 20 um [38]). Both the Fontainebleau polished and split spectrum do
476  not show signs of transmittance (Figure 4d), confirming the explanation provided for the high
477  spectral contrast of the Fontainebleau split spectrum: the spectrum represent the smooth natural
478  surfaces of the large quartz grains, while the fine-grained quartz accumulates are not detected. This
479  prevents volume scattering and eliminates the accompanying loss of energy. The Fontainebleau
480  sawed spectrum indicates transmittance resulting from volume scattering in fine-grained quartz
481  particles (Figure 4d), that potentially originate from sawing the sample and have not been removed
482  with the cleaning process.

483

484 The Gabbro polished and sawed spectra have a similar spectral shape (Figure 4f), which can be
485  attributed to their almost identical topographic profiles. For the Gabbro split spectra we observed
486  several spectral shape changes, that are more complex than observed for the sandstones. We observe
487  spectral shape changes at 8.5, 9.6 and between 11 and 12 um. The following discussion merely
488  proposes mechanisms and processes to explain the observed shape changes of the Gabbro. However,
489  with the dataset presented here we cannot conclusively link any of these processes to the observed
490  changes. We link the increase in reflectance of the Gabbro split surface at 8.5 um to an increased angle
491  of the surface with respect to the nadir, which results in an decreased emissivity and an
492  accompanying increased reflectance (based on Kirchhoff’s law) [38]. Maturilli et al. [26] show that
493  increasing the viewing angle for a basalt slab results in a decreased emissivity at 8.5 um. Since the
494  Gabbro split has a much more pronounced topography than the other surfaces this seems to be a
495  valid explanation of the observed spectral reflectance increase at 8.5 pm. The other observed shape
496  changes could be explained by transmittance in fine particles as observed for the sandstones (Figure
497  4b and 4d). However, the Gabbro is a multi-mineralic sample and different minerals interact
498  differently with light depending on their wavelength-dependent refractive index n and extinction
499  coefficient k [10]. Hence, for spectral region with a large k, the ratio of k to n will be large, therefore, a
500  significant amount of energy will reflected, and strong surface reflectance occurs. However, for rough
501  or finely particulate surfaces, multiple surface reflections occur in multiple directions. Hence, even
502  though kislarge, a small fraction of energy is transmitted into the grain with each energy interaction.
503  The result is a decrease in the measured reflection, even within the spectral region where the k/n is
504  largest for that mineral [10, 29]. Hence, the decrease in reflectance at 11 to 12 um can be caused by
505  fine-grained particles that result in multiple reflections and a decrease of the reflected energy,
506  although we cannot link it to a specific mineral.

507 Another mechanism that could explain the observed spectral shape changes is that we are not
508  only looking at differences in shape but also at differences in mineral abundance at the sample
509  surface. This would mean that splitting the Gabbro sample exposes different minerals than sawing
510  or polishing; assuming that splitting will occur through the minerals with the least resistance. The
511  result is an overrepresentation of the weaker minerals at the split surface. To determine which
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512 minerals are weakest, we review the mineral hardness in Mohs’ Scale (Table 6). Diopside and
513  hornblende have a lower hardness than anorthite and quartz, hence if splitting influences mineral
514  abundance as a result of hardness, diopside and hornblende will be overrepresented. If this
515  mechanism is responsible for the Gabbro split spectral shape, extensive ultrasonic cleaning will not
516  change the shape of the spectral signature. Furthermore, to prove the overrepresentation of weaker
517  minerals at the surface this will need to be confirmed with spectral unmixing of the Gabbro spectra.

518

519  4.3. Practical implications

520 Our results show that sample surface preparation as well as the applied spectroscopy method
521  influence the shape and contrast of the TIR spectrum. The DHR and emissivity spectra suggest that
522  increasing surface roughness promotes both volume scattering and the cavity effect. Furthermore,
523  the BDR spectra show that the applied spectroscopy method can have a significant influence on the
524 spectral contrast trend and the spectral smoothing of the spectra, which can eliminate the majority of
525  the spectral shape changes identified in spectra from other methods. Hence, spectral trends can
526  conflict for different spectrometers and care must be taken when comparing spectra of various
527  spectrometers. Additionally, the results presented here are from homogeneous samples with a simple
528  modal mineralogy and a uniform mineral distribution. More complex samples that display for
529  example mineral trends, preferred mineral orientations or a diverse range of grain sizes will
530  complicate the identification of the surface roughness effect. Hence, with TIR drill core logging
531  instrumentation, the influences from differences in sample preparation and spectroscopy method
532 need to be eliminated by selecting suitable methods based on the sample complexity, the number of
533 samples, and the targeted spectral and spatial resolution. This means that for samples with a simple
534  mineralogy that are not analyzed in great detail, splitting or sawing the sample is sufficient and
535  spectra of different spectrometers can be compared, while samples with a complex mineral trend
536  demand to be subjected to identical sample preparation methods and measured with the same
537  spectroscopy method. To eliminate the effect the absolute reflectance trends we suggest normalizing
538  the spectra. To identify and correct the transmittance features that we observe we suggest the
539  development of models that include both reflectance and transmittance endmembers. However, the
540  effect of surface roughness also creates opportunities. For example, the spectral shape and contrast
541  trends can be used to determine the relative surface roughness of samples. Furthermore, a specific
542 sample preparation method could be selected to improve identification of (ultra)fine fractions in the
543  spectral signature, such as kaolinite in the Gildehaus sandstone.

544 Furthermore, if we translate our results to extraterrestrial exploration and planetary surfaces we
545  can state that secondary sample features are an important factor in the use and interpretation of
546  extraterrestrial spectral data. This means that for areas were little is known about the surface and
547  atmospheric conditions (e.g. dust), these seemingly minor sample characteristics can have a great
548  influence and be an obstacle for the spectral interpretation. On the other hand, they can also be
549  applied as a tool to obtain more information about the planetary surfaces we investigate, such as dust
550  cover, grain size or surface (micro)topography.

551 5. Conclusions

552 This research explores the effect of geological sample surface preparation on the TIR spectral
553 signatures. The results show that different sample surface preparation methods result in differences
554  in surface roughness that are significant enough to affect the spectral signature. The influence of the
555  surface roughness is twofold, one effect is a changing spectral shape, and the other is a varying
556  spectral contrast. The first effect is consistent for each applied spectrometry method (DHR, BDR and
557  emissivity), while the second effect is more variable depending on the measuring technique.
558 Our results show that optically smooth polished surfaces display the highest reflectance,
559  while optically rough sawed and split surfaces display reflectance values that are up to 25% lower.
560  Furthermore, the sawed and split surfaces display shape changes of the spectral signature at specific
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561  wavelength bands, which we link to transmittance bands of the minerals present in the sample,
562  surface orientation effects and multiple reflections in fine-grained minerals. The trends in spectral
563  contrast that we measured suggest that surface roughness promotes the cavity effect which reduces
564  reflectance and increases emissivity. However, surfaces with a pronounced topography do not
565  always display a significant cavity effect, as shown by the Gabbro split sample, which we attribute to
566  asmall cavity depth/width ratio preventing sufficient trapping of light.

567 Hence, even though the effect appears small, the influence of sample surface preparation
568  should not be underestimated, and a suitable sample preparation needs to be selected to ensure that
569  the geological interpretation is not influenced, especially when working with laboratory-based TIR
570  spectroscopy. This means that for samples with a homogeneous mineral distribution and grain size
571  that are analyzed at a resolution of five centimeters or more, splitting or sawing the sample is
572 sufficient and spectra of different spectrometers can be compared. While samples that contain a
573 complex mineral trend, that display for example a preferred mineral orientations or a diverse range
574  of grain sizes, demand to be subjected to identical sample preparation and measured with the same
575  spectroscopy method, to avoid spectral changes.
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