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Abstract 
Ecological light pollution is the effect of artificial light on individual organisms and on the structure of 
ecosystems as a whole. This research investigates the light pollution effects of illuminance and color genesis 
in forsterite. The color of 11 forsterite was measured using colorimeter under D65 with different illuminance 
levels based on CIE1976 L*a*b* uniform color space system. With illuminance increasing from 500lx to 
3000lx, the ecological impact of light pollution soars but the hue angle keeps reducing until 2500lx before 
stable, while the chroma reaches its peak at 2500lx. It suggests Hunt effect, Stevens effect as well as Bezold-
Brücke hue shift also fits in forsterite and the illuminance 2500lx performs best for displaying. For further 
feasibility, six Fisher linear discriminant functions were produced for color data acquired under six levels of 
illuminance, respectively. The accuracy proves to be up to 80.3%. And a notable linear relation was found 
between chroma and colorimetry index b*(R2 = 0.98271) instead of a*, which indicates that light pollution 
effects of illuminance on forsterite decreases unded CIE standard light source. Combined with chemical 
compositions, it shows that Fe2+ in forsterite is the root of yellow hue. The effects of illuminance are caused 
by the spectral power distribution of D65 and the selective absorption of Fe2+ and should be considered during 
color evaluation of forsterite. 
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INTRODUCTION 
Ecological light pollution is the effect of artificial 

light on individual organisms and on the structure of 
ecosystems as a whole. The effect that artificial light has 
upon organisms is highly variable, (Howarth 2018) and 
ranges from beneficial (e.g. increased ability for 
predator species to observe prey) to immediately fatal 
(e.g. moths that are attracted to incandescent lanterns 
and are killed by the heat). It is also possible for light at 
night to be both beneficial and damaging for a species. 
As an example, humans benefit from using indoor 
artificial light to extend the time available for work and 
play, but the light disrupts the human circadian rhythm, 
and the resulting stress is damaging to health 

Olivine, belonging to the orthorhombic system with 
a continuous solid solution between forsterite 
(Mg2SiO4; Fo100) and fayalite (Fe2SiO4; Fa100 or Fo0) 
(Howarth 2018) , is the most abundant mineral of the 
upper mantle of the earthand also the most common 
mineral in many ultramafic and basaltic volcanicrocks, 
mantle peridotites and inclusions in diamond (Giuliani 
2018, Xing et al. 2017).  

The finest gemstone in olivine is forsterite. As one 
of the idiochromatic gemstones, its yellowish green is 
not only produced by Fe2+, but also influenced by 
illuminance and color temperature of the light source, 
background and observer (Capitán-Vallvey et al. 2015, 
de Ibarra et al. 2015, Emery et al. Xu et al. 2016). 
Illuminance is the total luminous flux incident on a 
surface, per unit area. It is a measure of how much the 
incident light illuminates the surface, wavelength-
weighted by the luminosity function to correlate with 
human brightness perception. In SI derived units these 
are measured in lux (lx) or lumens per square meter 
(cdsrm-2). In this paper, the effects of different 
illuminance on forsterite yellowish green under CIE 
standard light source D65 (6504K) were discussed, 
aiming to find out what kind of illuminance is the most 
effective lighting intensity for displaying forsterite. 

For billions of years, all life has relied on Earth’s 
predictable rhythm of day and night. It’s encoded in the 
DNA of all plants and animals. Humans have radically 
disrupted this cycle by lighting up the night. Plants and 
animals depend on Earth’s daily cycle of light and dark 
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rhythm to govern life-sustaining behaviors such as 
reproduction, nourishment, sleep and protection from 
predators. Scientific evidence suggests that artificial 
light at night has negative and deadly effects on many 
creatures including amphibians, birds, mammals, 
insects and plants. 

For a long time, people evaluate gemstone only with 
naked eye and experience. But with the development of 
image processing technique (Hong et al. 2017, Wang et 
al. 2017, Yang et al. 2014) and the application of 
chromatic in gemology (such as tourmaline (Guo 
2017a) and Jadeite-jade (Guo 2016a, 2016b, 2017b, Guo 
et al. 2018)), the color evaluation relies more on 
quantitative characterization proved more scientific and 
objective. The color of forsterite was tested based on 
CIE1976 L*a*b* uniform color space system because 
the color difference of yellowish green based on this 
system is close to what we observe by naked eye (Liu et 
al. 2017, Longden 2016). Furthermore, in order to 
eliminate experimental errors, color testing should have 
multiple test points to calculate the average value 
(Revantino et al. 2018). The homogeneous and 
transparent samples could be tested directly for the 
color data. 

Most of the illuminance phenomena including 
Steven effect, Hunt effect and Bezold-Brücke hue shift 
(Gonome et al. 2017) et al relate to pictures (Kang et al. 
2016, Kawauchi et al. 2014, Spiridonov et al. 2015) 
rather than gemstones. So it’s necessary to reveal light 
pollution effects of illuminance phenomena in 
forsterite in this study. 

METHODOLOGY 
The 88 pieces of forsterite ranging from 6×8mm to 

8×10mm with high purity were selected as samples, 
displaying even color of yellowish green with 
continuous changes of color mask and depth. 11 pieces 
(S01-S11) were selected according to the hue angle 

from low to high to analyze the effects of different 
illuminance on forsterite yellowish green (Fig. 1). 

Micro-area chemical components were analyzed 
using JXA-8100 Electro Probe Micro analyzer (EPMA) 
at State Key Laboratory of Continental Tectonics and 
Dynamics in Institute of Geology, Chinese Academy of 
Geological Sciences. Test conditions were described as 
follows: accelerating voltage of 15 KV, beams of 2×10-

8A, beam diameter of 5um, spectrographic time of 10s, 
ZAF correction, SPI composite sample correction. 

Based on CIE1976 L*a*b* uniform color space 
system, X-Rite SP62 was used to collect reflective 
signals from forsterite surface via the integrating sphere. 
Test conditions were described as follows: reflection, 
not include the specular reflection, D65 standard light 
source, the observer view of 2°, measuring range from 
400nm to 700nm, measuring time less than 2.5s, 
wavelength interval:10nm; voltage: 220V; current: 50-
60Hz. 

The color temperature and illuminance of the 
illuminants were measured using chroma meter (CL-
200, Minolta, Japan). Test conditions were described as 
follows: calibration mode: NORM; cosine correction. 

Ultraviolet-visible spectrums were measured using 
UV-3600 UV-VIS spectrophotometer. Test conditions 
were described as follows: detector conversion 
wavelength: 830.00nm; grating conversion wavelength: 
720.00nm; S/R shift; normal mode; light source: 
automatic; detector lock: automatic; slit program: 
normal; beam mode: double beam; scanning speed: 
high; sampling interval: 0.5s; scan mode: single. 

The experiment was conducted in the standard 
lighting box with standard light source D65 (6504K). Put 
the forsterite on the table of the small elevator (size: 
150mm×150mm×250mm; adjustable height range: 
60-360mm; the standard 50% grey background was 

 
Fig. 1. Experimental device 
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installed on the table previously). Set the illuminometer 
and forsterite at the same height and the same angle. 
Use the illuminometer to test the illuminance of the 
standard light source at different distances (D). Set the 
colorimeter perpendicular to the table of the forsterite 
to measure the yellowish green under six levels of 
illuminance: 500lx (D=60.4cm), 1000lx (D=42.7cm), 
1500lx (D=34.9cm), 2000lx (D=30.2cm), 2500lx 
(D=27cm), 3000lx (D=24.7cm). Each color data was 
measured for 3 times to calculate its average. 

The temperature of the experimental space was 
18±2oC, and the humidity was 50±5%. 

RESULTS AND DISCUSSION 
The results show that lightness L* ranged from 43.23 

to 52.36, colorimetry index a* ranged from -9.88 to -
5.16, colorimetry index b* ranged from 12.47 to 22.94, 
chroma C* ranged from 13.57 to 24.93, hue angle 
ranged from 107.5° to 117.6°, which indicates the 
experiment had general applicability. 

Influence of Illuminance on Forsterite Yellowish 
Green 

The 11 piecesof forsterite samples were tested in 
500lx, 1000lx, 1500lx, 2000lx, 2500lx, 3000lx under 
standard light source D65,respectively. The China 
national standard GB/T 26189-2010” Lighting of 
Indoor Work Places” provides that the maintained 
illuminance (the lowest average illuminance on the 
work surface) of indoor jewelry manufacture and 
precious gemstone operation should be 1500lx, the 

color rendering index should be 90 and the color 
temperature should be 4000K at least. Therefore, 1500lx 
was used as standard to calculate the color difference in 
other illuminance. 

The lightness L* of forsterite yellowish green soars 
when the illuminance rises from 500lx to 3000lx under 
standard light source D65 with the mean change of 
lightness 𝛥𝛥𝛥𝛥∗�����500−3000lx11.12, which corresponds to the 
human color consciousness that forsterite yellowish 
green looks lighter than that in the darker environment 
(Fig. 2). And the forsterite whose hue angle h0 ranging 
from 107.5° to 110.4° were found to have largest 
lightness changes, which indicates the lightness is more 
sensitive to the illuminance for the forsterite with more 
yellow tone. 

The correlations between a*, b* and illuminance are 
shown in Fig. 3(a) and Fig. 3(b), respectively. The 
change Δb* is more than Δa* with the increase of 
illuminance. As +b* represents the yellow hue, we 
found that the contribution of yellow tone to forsterite 
yellowish green is greater than that of green tone. The 
lightness of forsterite increases greatly with illuminance 
grows since yellow color has the most lightness span in 
color system we used. The abnormally great change 
value Δb*

S01 in Fig. 3(b) will be discussed subsequently. 

 
Fig. 2. Correlation between lightness and illuminance 
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The correlation between lightness and illuminance 
in forsterite corresponds to the Steven effect, showing 
the applicability of the Steven effect in forsterite. Steven 
effect reveals that the lightness contrast ratio rises with 
the luminance getting higher, which proves a power 
function in linear coordinates but a line in log-log 
coordinates. Thus, Steven effect should be considered 
during the color evaluation of forsterite. 

Fig. 4 shows that the chroma of forsterite yellowish 
green positively correlates to illuminance within the 
range of 500lx to 2500lx. The mean change of chroma 

𝛥𝛥𝛥𝛥∗�����500−2500lx 5.52 indicates the forsterite yellowish 
green will concentrate as the luminance gets higher, 
which corresponds to Hunt effect that colorfulness rises 
with illuminance grows. But it’s beneficial for the color 
quality of forsterite to enhance illuminance inthe range 
of 500lx to 2500lx. However, the mean change of 
chroma 𝛥𝛥𝛥𝛥∗�����2500−3000lx -1.38 indicates the chroma falls 
when the illuminance is over 2500lx. It is suggested that 
excessive illuminance weakens the contrast so that 
forsterite yellowish green fades. 

 
(a) 

 
(b) 

Fig. 3. (a) Correlation between a* and illuminance(b) Correlation between b* and illuminance 
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We also found the chroma variations of forsterite 
whose hue angle h0 ranging from 107.5° to 109.6° tend 
to be largest. It shows the chroma is more sensitive to 
the illuminance for the forsterite with more yellow 
tone. To explain the results, illuminance phenomenon 
is believed to be helpful. Combined with Hunt effect 
and Stevens effect, increasing illuminance causes higher 
lightness and chroma of forsterite. Due to the high 
sensitivity of lightness of yellowish forsterite to 
illuminance, the chroma of the forsterite shows 
sensitive to illuminance as well. 

 Fig. 5 shows that the hue angle of forsterite reduces 
slowly with illuminance rising from 500lx to 2500lx. 

The mean change of hue angle 𝛥𝛥ℎ������500−2500lx -2.35° 
indicates forsterite color hue turns to yellow tone as the 
illuminance gets higher, corresponding to the Bezold-
Brücke hue shift that a perceptual change in hue when 
the intensity of a stimulus increase or decrease. The hue 
angle tends to be constant when the illuminance is over 
2500lx. Combined with the correlations between a*, b* 

and illuminance (see Fig. 3), the hue of forsterite tends 
to be the color with higher lightness. The lightness of 
yellow color is higher than that of green color. Thus, 
the hue angle of forsterite keeps reducing until 2500lx 
and then tends to be constant. 

 
Fig. 4. Correlation between chromaand illuminance 

 
Fig. 5. Correlation between hue angle and illuminance 
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By comparing the hue angle variation of different 
hue of forsterite in the six levels of illuminance, it shows 
that the forsterite whose hue angle ranging from 107.5° 
to 108.5° has greater Δh. It is suggested that the hue is 
more sensitive to the illuminance for the forsterite with 
more yellow tone. Due to the feasibility of the Bezold-
Brücke hue shift in forsterite, the effects of illuminance 
on forsterite color hue should be considered during the 
color evaluation, especially for the forsterite with more 
yellow tone. It has been generally accepted that the 
forsterite with middle lightness, high chroma and green 
hue is worth higher value. Thus, excessive luminance 
will debases the quality of forsterite yellowish green. 

Synthesizing lightness, chroma, hue of forsterite in 
different levels of illuminance, we can draw a 
conclusion that the illuminance of 2500lx is the most 
effective lighting intensity for displaying forsterite 
under CIE standard light source D65. 

Interaction between Color Parameters of 
Forsterite Yellowish Green 

By analyzing the color data of 88 pieces of forsterite 
samples, it was found that there is an extremely notable 
linear relation between chroma and colorimetry index 
b*(R2 = 0.98271) instead of colorimetry index a* under 
different illuminance conditions, which indicates that 
the yellow hue plays an irreplaceable role in chroma of 
forsterite at any level of lighting intensity (Fig. 6). It 
explains the phenomenon that Δb* is more than Δa* 

when the illuminance gets higher and forsterite color 
hue turns from green to yellow simultaneously. 

Correlation between Color Difference and Color 
Parameters in Different Illuminance 

Though the 11 pieces of forsterite we tested have a 
wide range of hue angle, the representation of all 
forsterite lacks. To study the color difference of 
forsterite yellowish green in the six levels of illuminance 
and the contribution of each color parameter to 
forsterite color,Fisher discriminant was used to predict 
the forsterite color which we were unable to test based 
on the color data we had had. 

In Fig. 7, forsterite color in six levels of illuminance 
were plotted in CIE1976 L*a*b* uniform color space 
system. It shows that there is significant differences 
between the color under six levels of illuminance, 
which lays a foundation for Fisher discriminant 
analysis. 

 
Fig. 6. Correlation between a*, b* and chroma 
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Forsterite yellowish green color in six levels of 
illuminance were analyzed using Fisher discriminant 
analysis based on the color parameter L*, a* and b*. Six 
discriminant functions to the forsterite color in six 
levels of illuminance were calculated and shown in 
Table 1, respectively. The accuracy of back substitution 
is shown in Table 2 and the total back substitution 
reaches 80.3%, which indicates that the six discriminant 
functions are good representations for the forsterite 
color in six levels of illuminance. 

On the basis of data received under 1500lx, the 
correlations between ΔL*, Δa*, Δb*, ΔC*, Δh and ΔEab of 
forsterite color in six levels of illuminance were 

calculated using Pearson correlation analysis (see Table 
3). The lightness change ΔL* always correlates with 
color difference in each level of illuminance. This 
indicates that luminance alteration mainly causes 
lightness changes in forsterite yellowish green color, 
which corresponds to the color perception of the 
human eye. The colorimetry index a* change Δa* is 
irrelevant adjective with color difference. But the 
colorimetry index b* change Δb* shows a significant 
correlation with color difference in the illuminance of 
500lx to 2000lx, which indicates the lightness will gets 
higher and the hue will turns to yellow tone as the 
illuminance gets higher, especially in the levels of 500lx 
and 2000lx. The chroma change ΔC* shows a significant 

 
Fig. 7. The forsterite color in six levels of illuminance 

Table 1. Six types of Fisher discriminant functions 
Illumination(lx) Fisher linear discriminant functions L* a* b* Constant 

500  F1=16.623L* - 92.883a* - 16.464b* - 299.113 16.623 -92.883 -16.464 -299.113 
1000  F2=18.189L* - 101.426a* - 17.913b* - 357.949 18.189 -101.426 -17.913 -357.949 
1500  F3=19.675L* - 109.379a* - 19.298b* - 417.752 19.675 -109.379 -19.298 -417.752 
2000  F4=20.984L* - 116.765a* - 20.252b* - 480.533 20.984 -116.765 -20.252 -480.533 
2500  F5=21.952L* - 122.225a* - 20.935b* - 530.265 21.952 -122.225 -20.935 -530.265 
3000  F6=23.165L* - 127.521a* - 23.037b* - 565.718 23.165 -127.521 -23.037 -565.718 

 

 
Table 2. Fisher discriminant accuracy 

(%) 1 2 3 4 5 6 Total 
1 90.9 9.1 0.0 0.0 0.0 0.0 100.0 
2 18.2 81.8 0.0 0.0 0.0 0.0 100.0 
3 0.0 18.2 72.7 9.1 0.0 0.0 100.0 
4 0.0 0.0 9.1 63.6 27.3 0.0 100.0 
5 0.0 0.0 0.0 9.1 81.8 9.1 100.0 
6 0.0 0.0 0.0 0.0 9.1 90.9 100.0 
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correlation with color difference in the illuminance of 
500lx and 2000lx as well, which indicates increasing 
lighting intensity can improve the appearance of 
forsterite. But ΔC* is irrelevant adjective with color 
difference in the illuminance of 2500-3000lx, which 
indicates the chroma of forsterite yellowish green is 
more sensitive in the low luminance. The hue angle 
change Δh shows a significant correlation with color 
difference only in the illuminance of 500lx, which 
indicates the hue of forsterite yellowish green color 
changes dramatically only in the low luminance. 

Electron Microprobe Analysis of Forsterite 
The results indicate that the chemical compositions 

of 88 pieces of samples are close to each other, which 
mainly are FeO, MgO, SiO2 and small amounts of 
NiO2. The compositions were analyzed by Geokit 
software and the results indicate the mineral 
compositions of the samples mainly are forsterite (Fo) 
(see Table 4). Anionic method was used and oxygen 
atom number was set as 4 to calculate the crystal 
chemical formulas of forsterite. The cations whose 
numbers are less than 0.01 were erased from the crystal 
chemical formulas. The structural chemical formula of 
forsterite is (Fe0.16-0.22Mg1.74-1.85Ni0.00-0.01)1.94-2.02[Si0.99-

1.03O4]. 

Contribution of Fe2+ to Forsterite Yellowish 
Green 

It is generally believed that Fe2+ is the main color-
causing ion in forsterite. Studying the correlation 
between Fe2+ and forsterite color will be conductive to 
explain the color effects of forsterite in different 
illuminance. Combined with chemical compositions, it 
shows that Fe2+ in forsterite is independent of both 
lightness and a* but shows positive correlation with b* 
and chroma and negative correlation with hue angle (see 
Fig. 8). Therefore, Fe2+ contributes to produce yellow 

hue in forsterite. Combined with the discussion above, 
as illuminance keeps increasing, it is considered that the 
improvement of selective absorption intensity of Fe2+ 
contributes to enhancing the yellow tone and chroma of 
forsterite. Due to the limitation of the absorption 
intensity of Fe2+, the chroma starts to fall after reaching 
the peak at 2500lx and the hue angle keeps reducing 
until 2500lx and then tends to be constant. 

The spectral power distribution of standard light 
source D65 should be taken into consideration as well. 
In Fig. 9, the peak value of the spectral power 
distribution of standard light source D65 is about 460nm 
(Hong et al. 2017). The Ultraviolet-visible spectrums 
(UV-VIS) of the 11 pieces of forsterite are also shown 
in Fig. 9, the reflection peaks of the forsterite are 
483nm, 556.5nm and 679.5nm. The peaks of 556.5nm 
and 679.5nm representing green and red zones 
respectively are the most obvious. Combined with the 
spectral power distribution of standard light source D65, 
the relative spectral power in green zone is much higher 
than that in red zone. Therefore the dominant hue of 
forsterite should be green hue under standard light 
source D65. Furthermore, the lightness of the forsterite 
will rise with the increase of illuminance because the 
spectrum power of light source gets higher. In addition, 
the reflection at 679.5nm is much higher than that at 
483nm in forsterite. Thus, the forsterite color hue 
changes from green to yellow hue as the illuminance 
gets higher, which corresponds to the results in Fig. 5. 

In Fig. 9 the UV-VIS spectrum power of the 
forsterite which have small hue angle (such as S01 and 
S02) are much higher than that of the forsterite which 
have great hue angle (such as S10 and S11). According 
to the Beer–Lambert law: 

 𝐴𝐴 = 𝑙𝑙𝑙𝑙𝑙𝑙
𝐼𝐼0
𝐼𝐼

= 𝑑𝑑𝑑𝑑𝛥𝛥 (1) 

Table 3. Chromaticity changes of forsterite at different illumination levels (Pearson) 
 ΔEab 

Chromaticity values 500lx 1000lx 2000lx 2500lx 3000lx 
ΔL*a -0.810**b -0.819**b 0.384 0.623*b 0.984**b 
Δa* 0.472 0.450 -0.367 -0.622*b -0.194 
Δb* -0.835**b -0.407 0.771**b 0.418 -0.108 
ΔC* -0.824**b -0.420 0.755**b 0.454 -0.081 
Δh 0.776**b 0.014 -0.449 0.198 0.348 

a ΔL*=L1*-L2*, Δa*=a1*-a2*, Δb*=b1*-b2*, ΔC*=C1*-C2*, Δh=h1-h2, L1*、a1*、b1*、C1* and h1 represent the chromaticity under the test 
illuminant,L2*、a2*、b2*、C2*and h2 represent the chromaticity under the illuminant at 1500lx. 
b Pearson’s correlation coefficients between color differences(ΔEab) and chromaticity parameter values with statistical significanceof the estimated 
correlation presented at **P＜0.01and *P＜0.05 

Table 4. Chemical composition of forsterite 
 FeO MgO Fo Fa 

Content range (%) 7.620-10.421 47.344-50.593 88.89-92.00 7.91-10.93 
Average (%) 9.034 48.575 90.43 9.44 
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A represents absorbance, I0 represents the intensity 
of incident light and I represents the intensity of exit 
light, d represents the thickness of the sample, ε 
represents absorptivity and C represents concentration 
of substance. Therefore, the reflection of UV-VIS 
spectrum rises and the hue angle reduces with the 
increase of Fe2+ in forsterite, which corresponds to the 
results in Fig. 8. In Fig. 9, the reflection of UV-VIS 
spectrum of S01 is obviously higher than others, which 
indicates the absorbance of the visible light in forsterite 
is quite strong. Thus, the S01 forsterite is more sensitive 
to the light and has a significant color hue variation, 
which explains the effect of great Δb* in Fig. 3(b). 
Moreover, the extremely notable linear relation 
between chroma and colorimetry index b* (see Fig. 6) 
leads to the great ΔC* in Fig. 4. 

CONCLUSION 
This paper presented an experimental study on the 

light pollution effects of illuminance on forsterite. The 

illuminance phenomena and color genesis in forsterite 
were investigated. The following conclusions can be 
drawn from this study. 

The illuminance of 2500lx is the most effective 
lighting intensity for displaying forsterite and reducing 
light pollution effects under CIE standard light source 
D65 (6504K). Yellow hue plays an irreplaceable role in 
chroma of forsterite at any level of lighting intensity. In 
addition, six linear discriminant functions for the 
forsterite color in six levels of illuminance were 
calculated for feasibility and the accuracy was proved to 
be up to 80.3%.Fe2+ is the root of yellow hue in 
forsterite and the studied color effects are ascribed to the 
spectral power distribution of D65light source and the 
selective absorption of Fe2+ in forsterite. The effects of 
illuminance should be taken into consideration during 
color evaluation of forsterite. 

 
Fig. 8. The relation between a*,b*,C*,h° with Fe2+ 

 

 
Fig. 9. UV-VIS spectra power of forsterite and Spectral power distribution of D65 lighting source 
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