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Abstract: The yellow seal stone from northern Laos is one possible substitute for the Tianhuang Stone,
the most famous Chinese seal stone, because of its similar yellow to orange-yellow appearance and the
same main mineral composition. The colour causation of the yellow seal stone from northern Laos was
studied. The samples’ phase, micro-morphology and chemical components were studied by Raman
spectroscopy, and scanning electron microscopy (SEM) with energy disperse spectroscopy (EDS),
respectively. The yellow seal stone from northern Laos is mainly composed of dickite, occasionally
with minor impurity minerals, such as hematite, anatase, barite, diaspore and pyrite. Micro- to
nano-sized iron oxides/hydroxides were observed and detected by SEM and EDS in the yellow to
orange-yellow part of the samples. Moreover, these iron oxides/hydroxides were suggested to cause
the yellow to orange-yellow in the seal stone from northern Laos. The UV-Vis spectrum and its second
derivative, the Kubelka-Munk spectra, were used to identify and quantify hematite and goethite.
The samples’ colour parameters were obtained with the Commission Internationale de 1’Eclairage
(CIE) 1931 standard space. According to the observation of the samples and the results obtained
from experiments and calculations, the colour of the yellow parts (L* = 33.56~47.99, a* = 0.35~3.65,
b* = 4.55~9.89) correlated with goethite (goethite is about 0.175~0.671 g/kg, the content of hematite
was too low to be figured out in the yellow parts). In contrast, the colour of the orange-yellow parts
(L* = 33.99~46.27, a* = 3.98~12.39, b* = 8.04~22.14) was more closely related with the content of
hematite (goethite is about 0.096~0.691 g/kg, hematite is about 0.258~2.383 g/kg). The results of
correlation analysis also support that the contents of iron oxides or hydroxides influence the samples’
colour. Therefore, it is suggested that micro- to nano-scaled hematite and goethite caused the colour
of yellow and orange-yellow in the studied seal stone. Hematite can strengthen the red hue and
change the colour from yellow to orange-yellow.
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1. Introduction

The yellow seal stone from northern Laos is a kind of phyllosilicate aggregate formed
from hydrothermal alternation, which has similar mineral composition and colour to the
most famous Chinese seal stone, Tianhuang Stone [1,2]. Recently, it has entered the seal
stone market and sold well. However, the mining position of the northern Laos yellow seal
stones remains a secret. Yellow is the most attractive and valuable colour of seal stone in
China. Therefore, the colour causation and evaluation study are conducive to finding the
value of the yellow seal stone from northern Laos.

According to earlier studies, the main mineral components of yellow seal stone from
Northern Laos are dickite and kaolinite, similar to Tianhuang stone [1]. However, it has not
yet been studied how the yellow seal stone from northern Laos acquired its colour. Several
papers reported on the colour-forming mechanism of Tianhuang stone. It was considered to
form through hydrothermal alternation and water-rock reaction processes [1-3]. It has been
proved that the chromogenic Fe does not exist as a substitution ion for Al in dickite in the
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Tianhuang stone but as newly formed iron oxides/hydroxides among dickite particles [2].
The Diffuse Reflectance Spectrum (DRS) technique was applied in the research of red seal
stone from Laos to explore its colour mechanism. It found that its colour came from hematite
particles formed on the surface of dickite particles [4]. The authors suggested that relatively
high temperature and low humidity is the suitable formation condition, which is beneficial
to form hematite [5-8]. Multiple linear regression was adopted to examine the connection
between mixed iron oxide contents and reflectance intensity acquired from DRS [9,10]. DRS
is a commonly-used method in the study of low-concentration iron oxides/hydroxides due
to its low detection limit. The first derivative of percent reflectance curves could even detect
iron oxides at 0.01 wt% [11,12]. The newly formed (secondary) iron oxides/hydroxides are
usually less than 1% in igneous, metamorphic, and sedimentary rocks and soils, so it is
hard to extract or identify by other techniques. DRS method is widely used in the study of
loess or other soils containing iron oxides and iron hydroxides [7,13-15]. It was also used
in researching gemstones, such as Beihong agates [9]. To determine the association between
colour and iron oxides in agates, the researchers used correlation analysis to integrate the
values of colour parameters and total Fe content [16].

To this day, there have not been any researchers applying techniques of quantitative
colour analysis to investigate seal stones. This study will analyse the colour feature of the
yellow seal stone from Northern Laos, trying to find related colour-causing minerals and
illustrate colour-influenced factors of the yellow seal stones.

2. Materials and Methods
2.1. Samples

The study focused on 44 yellow seal stone samples from northern Laos. All the samples
are dense, massive aggregates. Some of them have a thin weathered crust. The colour
distribution is usually not uniform in a sample, taking on yellow to orange-yellow in
different areas.

Some of these samples are exhibited in Figure 1. The camera used for photography
was the Leica M205 A /DFC500 System at the Gemmological Institute, China’s University of
Geosciences. All the samples were polished and tested using the reflection method to collect
UV-Vis spectroscopy and its colour parameters. Considering the samples’ inhomogeneity
of the colour areas, 2~3 spots in the same colour area were tested in a sample.

LWB-1 LWB-2 LWB-3 LWB-!‘ .

LWB-5

LWB-6 LWB-7 LWB-8 LWB-9 *

" ..__.]ZCIH

LWB-15 LWB-17 LWB-18

Figure 1. The studied samples of Laos seal stone (LWB-1~18).
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2.2. Laser Raman Spectroscopy

Sample LWB-1~18 and their inclusions were acquired by Horiba Evolution HR Raman
Spectroscopy at Geological Processes and Resource Minerals Laboratory at the China
University of Geosciences. The experiment conditions are as follows: testing range:
100-1500 cm ! and 100-4000 cm~!; laser light source: 532 nm; laser power: 50 mW; optical
grating: 600 gr/mm; acquisition time: 3 s.

2.3. Scanning Electron Microscope

Small pieces with fresh fractures from the original samples were tested with Ther-
moFisher Helios G4 CX Scanning Electron Microscope and Oxford Instrument AZtec X-max
80 energy disperse spectroscopy. The collected energy spectra were analysed with AZtec
5.0. The experiment conditions are as follows: operating voltage: 20 kV; operating current:
9.3 nA; beam spot: 3.0 um; working distance: 10 mm.

2.4. UV-Vis Reflectance Spectra

The reflection spectra of these samples were obtained with a Gem UV-100 UV-Vis
spectrophotometer at the Gemmological Institute, China University of Geosciences. Test
condition: light source: deuterium lamp and tungsten lamp; range 400 ~ 800 nm; integration
time: 100 ms; average time: 23 times. The original UV-Vis spectra were first processed using
the Kubelka-Munk (K-M) transformation and then attained the 2nd derivative spectra,
respectively. K in the formula below is the absorption coefficient, S is the scattering
coefficient, and R represents reflectance. The derivative curves were used to calculate the
content of goethite and hematite. The derivative calculation method was based on the
formulas in the thesis of Scheinost (1998) [17] and Torrent (2007) [18].

K (1-R)?

FR=5= =&

2.5. Colourimetric Analysis

The colour parameters of the forty-four samples were acquired from Gem UV100 UV-
Vis spectroscopy and created projections in the Commission Internationale de ’Eclairage
(CIE) uniform colour space. Each sample was measured in areas with different colours, and
2~3 spots were tested in each area because of colour inhomogeneity. These measurements
were performed under CIE standard illumination D65 lighting source, with observer angle
10° and reflection method. Chroma (C*) and hue angle (h°) could be calculated from
redness (a*) and yellowness (b*) by formulations below [16]:

Cx = \/a*2 + bx?

bx*
H° = arctan—
ax

3. Results and Discussion
3.1. Laser Raman Spectrum

The studied yellow matrix of Laos yellow seal stones was relatively homogeneous
in texture and inhomogeneous in colour (Figure 2a—c). The cracks usually take on a red
or brown colour. Various impurity minerals were randomly distributed in the matrix of
Laos seal stone (Figure 2e,f). Raman spectroscopy was used to test the mineral phase of
the matrix and the impurity minerals. The pink dots can be observed by bare eyes in the
yellow matrix, while some impurity minerals with other colours need to be observed by
microscope (Figure 2).
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Figure 2. Colour distribution feature and impurity minerals in the samples. (a) orange-yellow to

yellow from the outer to the inner part. (b) red cracks in the inhomogenous yellow matrix. (c) inho-

mogeneous colour in the matrix. (d) pink spots in the matrix. Other minerals were also observed

by further magnification. (e) dark red and yellow inclusions filled in the fracture. (f) irregularity of

brown and grey impurities.

The matrix of all the samples is composed of dickite, though it took on different
hues of yellow colour. The characteristic Raman shifts of the tested dickite were at
136cm™!, 241 em™!, 270 em™!, 337 em ™, 434 cm ™!, 462 em™!, 750 em ™!, 797 em ™!,
918 cm™1, 3623 cm ™!, 3643 cm~! and 3695 cm™! (Figure 3). Hematite was detected in

-1

the red cracks, which showed the characteristic Raman shifts at 225 cm™!, 296 cm ™1,
411 ecm~! and 1318 cm™! (Figure 4a) [8]. Barite was detected in the pink dots, which
showed the characteristic Raman shifts at 462 cm™!, 619 ecm~1, 650 cm™1, 988 cm™1,
1083 cm !, 1140 cm ™! and 1168 cm ™! (Figure 4d). Anatase (characteristic Raman shifts
at 143 cm™!, 338 cm™1, 398 cm ™!, 640 cm™ 1), diaspore (characteristic Raman shifts at
154 cm~1, 334 cm ™!, 448 cm™1, 667 cm~1, 795 cm ! and 1194 cm’l) and pyrite (347 cm~1,
383 cm™!, 446 cm~!) were also detected in the cloudy pink areas (Figure 4b,c,e).
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Figure 3. Raman Spectra of dickite, which is the mineral composition of the matrix of the samples.
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Figure 4. Raman Spectra of impurity minerals in the samples. (a) hematite detected from the red
cracks; (b) barite detected from mixed impurity minerals blended into pink agglomerate; (c) anatase
detected from the mixture of white and dark red impurity minerals, and other impurity minerals,
such as (d) diaspore, (e) pyrite.

The open fractures and cracks were filled with hematite and took on a red colour. It is
the same as the conclusion of the mineral composition as the red cracks tested in Tianhuang
stone [2]. However, the characteristic of colour distribution is different between them.
Tianhuang stone shows a more uniform yellow colour distribution. It indicates that the
two seal stones may have similar and different forming processes. Pyrite is frequently
found in hydrothermal alternation rocks. Subsequently, pyrite is easily oxidised to be iron
oxides/hydroxides during the weathering processes in humid tropical and subtropical
conditions [8,19-22]. It may be one of the reasons for iron oxide/hydroxide formation.

3.2. Scanning Electron Microscope

Scanning electron microscopy (SEM) was used to detect further whether other minerals
were dispersed throughout the matrix and caused non-uniform yellow colour in the matrix.
Dickite was detected by Raman analysis and was the predominant mineral composition
of the matrix of the samples. In the SEM study, nano-sized needle-like minerals were
found to cluster in the crevices, voids and cavities among dickite particles (Figure 5). EDS
(Energy Disperse Spectroscopy) revealed that their main elements were Fe and O (Figure 6).
Goethite is more frequently acicular [23-25], while hematite has a rhombohedral, platy, and
rounded morphological habit [8,26]. Although both iron oxides/hydroxides will exhibit
only Fe and O elements in EDS, their morphologies can reveal the phase of iron minerals.
According to their morphology, the needle-like minerals observed are goethite.

Desulfurisation of pyrite in the matrix produces spaces that might fill with secondary
materials [27], and these samples frequently have voids containing impurity minerals. This
event also occurs in the environment, resulting in the formation of iron oxides/hydroxides.
It is possible that these voids formed from oxidised pyrite.

Platy ferruginous minerals were also observed among randomly arranged dickite
particles (Figure 7). It was reported that iron oxides/hydroxides in soil could form through
oxidation of Fe?* reduced microbially from Fe(III) oxides and transformation from ferrihy-
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drite [5,15,28]. The Fe?* could be released from primary minerals or reduced microbially
from Fe(IlI) oxides [11]. These goethite crystals are considered to crystallise after the forma-
tion of dickite based on the aggregation form of goethite in the crevices, voids and cavities
among dickite particles.

Figure 5. SEM images of clustered acicular minerals in sample LWB-1. (a) SEM image of clustered
accicular minerals in the void of dickite particles (3500x); (b) Zooming image of (a) showing thin
accicular and rod-like minerals (25,000x); (¢) Zooming image of (a) showing needle-like minerals
(10,000 % ); (d) Zooming image of (a) showing rod-like minerals (10,000 x).

(b)

() (d)

Figure 6. EDS mapping of the clustered acicular minerals. (a) Element Al distribution map; (b) Ele-
ment Fe distribution map; (c) Element O distribution map; (d) Element Si distribution map of the
same area shown in Figure 5a.
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(h)

Figure 7. SEM and EDS mapping of iron oxide or hydroxide minerals in plate-like dickite particles.
(a) SEM image showing the platy ferruginuous minerals distributed among dickite particles. Some
dickite particles were circles black in the upper; (b) Element Fe distribution map. Fe concentrates
in the iron oxides/hydroxides and outlines the dickite particles, such as the red circles shown;
(c) Element O distribution map; (d) Element Al distribution map; (e) Element Si distribution map;

(f) Element C distribution map; (g) Element K distribution map and (h) Element Ca distribution map
of the same area of (a).
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As shown in Figure 7a,b, the Fe element prefers to concentrate at the edge of the dickite
particles instead of inside them. The black circles in the BSE image and the red circles in
the Fe mapping image outlined several dickite particles at the same position to clarify the
distribution characteristic of the element Fe. It indicates that AI** were not replaced by
Fe3* in the dickite lattice, and nano-sized iron oxides/hydroxides must form around the
dickite particles.

The ratio of goethite and hematite is related to the solubility of ferrihydrite, which was
influenced by pH [29]. The preferable pH for the formation of goethite and hematite are
considered to be pH= 4~5 and pH= 6~8 [5,30,31], respectively. Previous studies confirmed
the importance of water in the conditions for the formation of hematite and goethite [32],
and the low solubility of ferrihydrite favours hematite formation [8,33].

3.3. Colourimetric Analysis

The Commission Internationale de ’Eclairage (CIE uniform colour space) is one of the
frequently-used tools for quantitative colour study [16,34]. Colours of objects are tested
with a colourimeter and expressed by several colour parameters, such as L* (lightness), a*
(redness-greenness), b* (yellowness-blueness), saturation, chroma, hue and dominant wave-
length [34]. Among all of these colour parameters, L* (lightness), a* (redness-greenness)
and b* (yellowness-blueness) are widely used in the colour description and measurement
for minerals and rocks [35]. The positive direction of a* represents redness, and the nega-
tive direction represents greenness. The positive and negative direction of b* indicates the
degree of yellowness and blueness, respectively.

The colour parameters of all the samples were listed in Table 1 and projected in a 3D
scatter diagram (Figure 8), and presented in the CIE 1931 L*a*b* uniform colour space
(Figure 9). The 3D scatter diagram (Figure 8) and CIE 1931 L*a*b* uniform colour space
(Figure 9) match well with the two groups’ areas of the yellow and orange-yellow colour of
Northern Laos yellow stones. The colour parameters of the samples included the values of
lightness L* (33.65~47.99), colour coordinates a* (0.35~12.39) and b* (4.55~22.14), Chroma
C* (4.57~25.37), hue angles (59.73~85.61), saturation (0.18~0.90) and dominant wavelength
(572.58~582.58 nm).

Table 1. Colour parameters collected from the samples.

Dominant
Wavelength (nm)

LWB-5L 35.97 2.52 8.21 0.33 72.90 8.59 576.59

LWB-10L 47.99 248 527 0.19 64.81 5.83 578.90

LWB-17L 33.65 0.35 455 0.18 85.61 457 572.58

LW-Y-3L 36.45 2.95 9.89 0.38 73.40 10.32 576.53

ellow LW-Y-4L 38.88 1.07 9.85 0.34 83.78 9.90 573.22

Y : LW-Y-6L 38.66 1.82 6.69 0.25 74.76 6.94 575.88
parts LW-Y-SL 41.95 1.94 8.98 0.31 77.79 9.19 575.00
LW-Y-10L 34.44 3.65 7.94 0.35 65.33 8.74 579.11

LW-Y-14L 37.62 2.20 8.35 0.31 75.26 8.63 575.82

LW-Y-16L 40.26 273 8.19 0.30 71.56 8.63 576.98

LW-Y-17L 39.46 2.99 8.79 033 71.20 9.29 577.15
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Table 1. Cont.
Dominant
Wavelength (nm)
LWB-1L 39.28 8.00 14.75 0.60 61.52 16.78 581.21
LWB-2L 42.81 8.97 18.02 0.67 63.53 20.13 580.65
LWB-2D 43.66 9.79 19.44 0.71 63.26 21.77 580.89
LWB-3D 41.32 11.61 19.89 0.79 59.73 23.03 582.58
LWB-4D 43.32 10.45 20.41 0.75 62.90 22.93 581.18
LWB-4L 33.99 3.98 8.04 0.36 63.68 8.97 579.69
LWB-5D 40.76 7.87 16.66 0.64 64.70 18.42 580.08
LWB-6D 45.02 5.44 17.45 0.57 72.70 18.28 577.13
LWB-7D 45.10 7.49 19.03 0.64 68.52 20.45 578.75
LWB-8D 44.93 7.10 17.67 0.60 68.10 19.04 578.80
LWB-10D 43.77 7.16 17.35 0.61 67.57 18.77 578.99
LWB-12L 35.54 7.73 17.24 0.71 65.85 18.89 579.88
LWB-12D 38.66 12.39 22.14 0.90 60.76 25.37 582.58
LWB-14D 41.73 8.33 19.89 0.71 67.28 21.56 579.39
LWB-15D 36.36 7.77 18.23 0.72 66.92 19.81 579.54
orange- LWB-18L 41.38 4.65 16.59 0.57 74.34 17.23 576.56
yellow LW-Y-1D 42.84 4.19 15.05 0.51 74.45 15.62 576.40
parts LW-Y-1L 42.65 4.06 15.28 0.51 75.13 15.80 576.19
LW-Y-2L 43.66 7.07 18.32 0.63 68.90 19.64 578.59
LW-Y-2D 4416 9.15 19.67 0.70 65.05 21.70 580.15
LW-Y-3D 43.19 7.64 17.52 0.63 66.44 19.11 579.44
LW-Y-4D 43.59 10.31 20.41 0.75 63.19 22.87 581.04
LW-Y-5D 39.05 4.96 12.70 0.49 68.68 13.63 578.31
LW-Y-6D 38.58 7.89 14.79 0.61 61.93 16.76 581.07
LW-Y-8D 42.72 7.13 15.69 0.58 65.55 17.24 579.61
LW-Y-9D 4298 8.53 19.31 0.69 66.16 21.12 579.72
LW-Y-11D 40.09 5.73 15.32 0.56 69.49 16.35 578.21
LW-Y-12D 46.27 11.88 22.10 0.79 61.73 25.09 581.76
LW-Y-13D 4298 9.19 19.48 0.71 64.75 21.54 580.30
LW-Y-14D 40.39 8.78 16.12 0.65 61.42 18.36 581.39
LW-Y-15L 40.81 7.25 15.17 0.58 64.47 16.81 580.01
LW-Y-15D 42.85 10.49 18.29 0.71 60.17 21.09 582.11
LW-Y-17D 44.39 9.56 16.97 0.64 60.59 19.48 581.70
LW-Y-18D 42.98 7.92 18.55 0.66 66.87 20.17 579.38

yellow parts

m  orange-yellow parts

Figure 8. A 3D scatter diagram of yellow and orange-yellow areas in the yellow seal stone samples

from Northern Laos. L* (Lightness) is the z-axis, a* (redness) is the x-axis, and b* (yellowness) is the

y-axis.
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Figure 9. Projection of samples’ colour parameters in the CIE 1931 L*a*b* standard space, and it can
be seen that the yellow and orange-yellow areas were mainly concentrated in two different zones.

Some of the values of colour parameters in yellow parts were lower than those of orange-
yellow parts, including a* (yellow parts = 0.35~3.65; orange-yellow parts = 3.98~12.39),
b* (yellow parts = 4.55~9.89; orange-yellow parts = 8.04~22.14), saturation (yellow
parts = 0.18~0.38; orange-yellow parts= 0.36~0.90), Chroma (yellow parts = 4.57~10.32;
orange-yellow parts = 8.97~25.37), dominant wavelength (yellow parts = 572.58~579.11 nm;
orange-yellow parts = 576.19~582.58 nm). The increase in the a* and b* values from the
yellow to orange-yellow parts appeared as an increasing red and yellow hue of the samples.
In Figure 9, the change was more pronounced, and most points were concentrated in two
areas with different dominant wavelengths. Nevertheless, some were almost in the same
range, including Lightness (yellow parts = 33.65~47.99; orange-yellow parts = 33.99~46.27)
and Hue (yellow parts = 64.81~85.61; orange-yellow parts = 59.73~75.13). The light ma-
trix could improve the Lightness of the samples to a great extent [36], so the influence of
chromogenic minerals may not be distinct. The difference in the range of a* and b* might
be attributed to the content of goethite and hematite, two ubiquitous minerals in red or
yellow soil or claystone [7,35]. According to previous studies, redness is mainly influenced
by hematite, while yellowness correlates with both hematite and goethite content [37,38].
So the contents of iron oxides or hydroxides in testing points of yellow and orange-yellow
parts were calculated, and their correlation with corresponding colour parameters was
obtained in the following.

3.4. UV-Vis Reflectance Spectra

All figures and tables show that yellow and orange-yellow are the characteristic colour
of the yellow seal stones from northern Laos. The orange-yellow part is closer to the surface
of a sample than the yellow part in the same sample. Therefore, the UV-Vis spectra of
all the samples were collected at the yellow and orange-yellow matrix parts to analyse
colour parameters and attain DRS, then to analyse the correlation of colour and iron oxides.
Figure 10 shows several UV-Vis characteristic spectra of the two colour groups, yellow and
orange-yellow.

There are two main bands in the wavelength of 400~800 nm, which are at about 450 nm
and 590 nm, respectively. These spectra correspond to three types of electronic transitions:
(1) Fe(Ill) crystal or ligand field transitions; (2) interactions between magnetically coupled
Fe?*; (3) ligand (oxygen)-metal charge transfer excitations from the O(2p) non-bonding
valence bands to the Fe(3d) ligand field orbitals (between Fell and Felll under certain
conditions) [8]. The band at about 450 nm is related to double excitation processes, while
the band around 590 nm is owing to ligand field transitions [8]. The bands in UV-Vis
absorption may be meant for various electron transitions for different iron oxide and
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iron hydroxide minerals. The 434~444 nm band in goethite and hematite correspond to
6A1 — 4E4A1, and 525 nm is meant for 2(6A1) — 2(4T1) for hematite [8,17].
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Figure 10. Characteristics of UV-Vis reflectance spectra and K-M 2nd spectra of samples. The intensity
of bands at 580~600 nm is stronger than the other band or peaks. (a) Reflective UV-Vis spectra collected
from lighter colour (mainly yellow) areas; (b) Reflective UV-Vis spectra collected from darker colour
(mainly orange-yellow) areas; (c¢) K-M 2nd reflective UV-Vis spectra collected from darker colour
(mainly yellow) areas; (d) K-M 2nd reflective UV-Vis spectra collected from darker colour (mainly
orange-yellow) areas.

3.5. Characteristics of Second Derivative Reflectance Spectra

Goethite and hematite have been found ubiquitous in phyllosilicate aggregates or
loess on the earth’s surface [39,40]. The content of free iron oxides was estimated to be less
than 2% in loess, but it was even more than that in the highly weathered lateritic soils [12].
Due to the tiny grain size and the low content of goethite and hematite, most techniques
have difficulty detecting them. The diffuse reflection spectrum (DRS) is routinely used
to analyse nanoscale iron oxides or iron hydroxides in loess. DRS has a lower detection
limit (about 0.01 wt%) than most testing techniques due to its sensitivity in identifying the
variations of iron oxides or hydroxides in soil [12]. As a result, DRS was the main method
to analyse the content of hematite and goethite in this research.

The Kubelka-Munk (K-M) theory was applied to obtain the remission function
F(R) = [(1 — R)?]/(2R) from original reflectance values collected from UV-Vis spectroscopy [41],
owing to the ratio of absorption K and scattering S are associated with diffuse reflectance
R [18]. Before the second derivative calculation, all the original reflective UV-Vis spectra
were dealt with in the K-M equation. Then the second derivative spectra were obtained.

According to the previous studies on K-M transformed DRS curves, the colour of iron
oxide or iron hydroxide is strongly linked with the single electron transitions 4A1—6A1
at 405~610 nm and electron pair transition (EPT) at 488~493 nm in the second derivative
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spectra [8,17,37]. The strong band in absorption at around 450 nm was considered respon-
sible for the crystal field absorption of Fe** octahedral coordination with oxygen in the
crystal structure [32]. The LMCT transitions that occurred in iron oxides could produce an
absorption band extending from near UV to the blue-green area of the visible region [8,42].
Therefore, the soil containing iron oxides often exhibits yellow-red appearances.

Goethite was hard to identify with Raman spectroscopy in the studied samples. As
is shown in Figure 10d, the second derivative Kubelka-Munk spectra of orange-yellow
parts mainly displayed two strong bands at about 440~450 nm and 570~580 nm in the
400~800 nm region (almost the entire visible range), indicating the presence of goethite
and hematite in the samples [43,44]. However in Figure 10c, the bands of yellow parts at
around 570 nm were hard to identify.

The intensity values of the bands were used to calculate and attain the approxi-
mate contents of iron oxides with multiple linear regression equations that were obtained
by Scheinost (1998) [17]: Y1 (Goethite g/kg) = —0.06 + 268Y1, r2 = 0.86, p < 0.001; Y,
(Hematite g/kg) = —0.09 + 402Y3, r* = 0.85, p < 0.001. Y; corresponded to the intensity
of the band at about 440 ~ 450 nm, and Y, was the intensity of the band at 570 ~ 580 nm.
The approximate goethite and hematite content of the studied samples was calculated and
shown in Table 2.

The range of approximate content of goethite in the yellow parts was 0.175~0.671 g/kg.
The values of orange-yellow parts almost fell within the same range, which was
0.096~0.691 g/kg. Overall, the peaks indicating hematite in the yellow parts were too
weak to calculate their content. However, the hematite content in the orange-yellow parts
was much higher, which was at 0.258~2.383 g/kg. The difference value of hematite content
between the yellow and orange-yellow testing points was around 0.2%, while the difference
value of goethite content was much lower. However, the b* (yellowness) change from the
yellow to orange-yellow parts was obvious. The behaviour of changes in b* and Fe mineral
content can be explained by the influence of hematite on redness.

3.6. Correlation Analysis between Colour Parameters and Content of Goethite and Hematite

In order to show the correlation between colour parameters (L*, a* and b*) and the
content of iron oxides, it was analysed in orange-yellow parts. Multiple linear regression
was also applied to evaluate the relationship between colour parameters and goethite and
hematite content, which was calculated from the second derivative Kubelka-Munk spectra
(Table 3).

L*, a* and b* showed significant or high relevance with the content of both goethite and
hematite in multiple linear regressions: L* (R = 0.477, R? = 0.228), a* (R = 0.614, R? = 0.377),
b* (R = 0.737, R? = 0.543). In the correlation analysis separately, a* (Pearson’s r = 0.611,
sig. < 0.001) and b* (Pearson’s r = 0.706, sig. < 0.001) all showed a significant correlation
with the content of hematite. However, L* (Pearson’s r = 0.038, sig. = 0.829) seemed
irrelevant to hematite content. For goethite, only L* (Pearson’s r = 0.475, sig. = 0.005) exists
a significant correlation with the content of goethite. The correlation was low when it came
to a* (Pearson’s r = —0.080, sig. = 0.653) and b* (Pearson’s r = 0.194, sig. = 0.271).

We found that the colour of a matrix in the orange-yellow parts is more related to the
existence of hematite, while the yellow part is mainly caused by goethite. It has already
been proved that goethite leads loess to be yellow [8,45], and it mainly influences the b*
value (yellowness) as well as the L* value (Lightness) in CIE 1931 L*a*b* uniform colour
space to some extent. We suggest that nano-sized goethite provides a yellow colour, and
extra hematite increases the red hue and changes the colour from yellow to orange-yellow,
which influences both the a* value (redness) and the b* value (yellowness).
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Table 2. Content of goethite and hematite estimated from K-M 2nd derivative spectra.

Samples Y1 Goethite (g/kg) Y> Hematite (g/kg)
LWB-5L 0.001075941 0.22835225 — —
LWB-10L 0.001984312 0.471795657 — e
LWB-17L 0.001812021 0.425621738 —_— —
LW-Y-3L 0.001569042 0.360503127 — —
LW-Y-4L 0.001989744 0.47325136 — —

yellow parts LW-Y-6L 0.00176468 0.412934281 —_— —
LW-Y-8L 0.00272929 0.671449621 — —
LW-Y-10L 0.000875987 0.174764567 — —
LW-Y-14L 0.002027255 0.483304445 —_— —
LW-Y-16L 0.001603278 0.369678603 — —
LW-Y-17L 0.002057389 0.491380249 — —
LWB-1L 0.001059933 0.224062162 0.0012252 0.402530309
LWB-2L 0.002222709 0.535685955 0.002443285 0.892200609
LWB-2D 0.001280728 0.28323506 0.002732704 1.008547074
LWB-3D 0.000955706 0.196129244 0.003031046 1.128480675
LWB-4D 0.001826245 0.429433762 0.003257142 1.219371117
LWB-4L 0.001108467 0.237069152 0.000866089 0.258167593
LWB-5D 0.001313221 0.29194323 0.002473944 0.904525304
LWB-6D 0.002801402 0.690775641 0.002235463 0.80865613
LWB-7D 0.001698799 0.395278193 0.002306093 0.837049482
LWB-8D 0.001967412 0.467266419 0.001983025 0.707175859
LWB-10D 0.0017378 0.405730505 0.001743261 0.61079074
LWB-12L 0.00143351 0.324180683 0.00359445 1.354968756
LWB-12D 0.001386035 0.311457298 0.006150555 2.38252327
LWB-14D 0.001518542 0.346969169 0.005319845 2.048577627
LWB-15D 0.001285326 0.284467247 0.003875173 1.467819471
LWB-18L 0.001784134 0.41814803 0.002998162 1.115261068
orange-yellow LW-Y-1D 0.002090698 0.50030709 0.001453646 0.494365656
parts LW-Y-1L 0.000582 0.095916496 0.001921795 0.682561744
LW-Y-2L 0.002387378 0.579817254 0.003423759 1.286350983
LW-Y-2D 0.001425405 0.32200866 0.004308197 1.641895239
LW-Y-3D 0.002250389 0.543104239 0.002312591 0.839661424
LW-Y-4D 0.00165117 0.3825136 0.004120847 1.566580404
LW-Y-5D 0.001549591 0.355290394 0.00202292 0.723213885
LW-Y-6D 0.001488122 0.338816764 0.002209787 0.798334202
LW-Y-8D 0.001552343 0.356027791 0.003057663 1.139180642
LW-Y-9D 0.001626641 0.375939707 0.002184462 0.788153614
LW-Y-11D 0.001370853 0.307388542 0.002466733 0.901626586
LW-Y-12D 0.001775296 0.41577941 0.003562259 1.342028192
LW-Y-13D 0.001365152 0.305860637 0.004128769 1569765008
LW-Y-14D 0.001384571 0.311064945 0.002815282 1.041743287
LW-Y-15L 0.001159357 0.250707808 0.002290062 0.830604936
LW-Y-15D 0.001392494 0.313188411 0.003010108 1.120063488
LW-Y-17D 0.001844488 0.434322812 0.002955704 1.098192886
LW-Y-18D 0.001443802 0.326939003 0.002497205 0.913876211

Table 3. Multiple linear regression and correlation results between colour parameters and approxi-
mate content of goethite and hematite in samples calculated from K-M 2nd derivative spectra.

Colour Parameters Correlations with Goethite Correlations with Hematite =~ Multiple Linear Correlation
Results Pearson’s r Significance Pearson’s r Significance R R?
L* (Lightness) 0.475 0.005 0.038 0.829 0.477 0.228
a* (redness) —0.080 0.653 0.611 <0.001 0.614 0.377

b* (yellowness) 0.194 0.271 0.706 <0.001 0.737 0.543
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4. Conclusions

A minor amount of goethite and hematite causes the colour of the yellow seal stones
from northern Laos. These minerals were crystalised as micro- to nano-sized particles and
took on acicular, rod-like, and needle-like morphology, which was observed with SEM.
The study of UV-Vis spectra and K-M transformed DRS indicated that the yellow and
orange-yellow areas (parts) contained goethite, which influenced the b* value. However,
orange-yellow areas contained more hematite, which influenced both a* and b* values in
CIE 1931 L*a*b* uniform colour space. The difference between the colour parameters of
yellow and orange-yellow parts and corresponding goethite and hematite content could
explain the increase in a* and b* values caused by the increasing amount of hematite.

The main composition of the yellow seal stones from northern Laos is dickite. The
impurity composition includes hematite, anatase, barite, diaspore and pyrite. The mineral
composition indicates that the studied seal stone is a product of typical volcanic hydrother-
mal alteration. However, the formation of the micro- to nano-scaled goethite and hematite
particles among the dickite aggregate needs to be studied when the geological background
or its mining position could be reported. Then the causation of colour inhomogeneity of
the yellow seal stones from northern Lao could be further investigated.
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