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Abstract: In recent years, a new type of material called Philippines “Dushan jade” has appeared in
the gemstone market in China. This new type of material, very similar in appearance and physical
properties to Dushan jade, an important ancient jade with a long history in China, is causing confusion
in the market and poses identification difficulties. Microscopy, electron probe microanalysis, Fourier
transform infrared (FTIR) spectroscopy, Raman microprobe spectroscopy, and ultraviolet-visible
(UV-Vis) spectroscopy were used to study the gemology, mineralogy, and spectroscopy of rock
samples from the Philippines in order to differentiate them from Dushan jade. The studies showed
that Philippines rock is composed mainly of anorthite and minor amounts of diopside, tremolite,
uvarovite, titanite, chromite, zoisite, prehnite, thomsonite-Ca, and chlorite, among which uvarovite,
diopside, and tremolite are the main color causing minerals. The origin of the color is related to
the electronic transitions involving Cr3*, Fe?t, Fe3*, and charge transfer between the ions. The
paragenetic mineral formation sequence of Philippines rock can be divided into three stages: (1)
the magmatic stage: anorthite phenocryst, diopside, chromite, and titanite are formed first in the
magma; (2) the metamorphic stage: anorthite phenocryst undergo fracture and recrystallization;
the early fluid intrusion transforms diopside into tremolite forming uvarovite-grossular-andradite
solid-solution around the anorthite and chromite; and (3) the late hydrothermal stage: the late
hydrothermal solution fills in fractures with prehnite, thomsonite-Ca, and zoisite being formed. From
the comparison studies, it was established that Philippines rock and Dushan jade are two completely
different type of material. Philippines rock should be called “tremolitized diopside anorthosite”.

Keywords: tremolitized diopside anorthosite; uvarovite; mineralogy; microscopy; spectroscopy

1. Introduction

Jades are generally separated into two groups in mineralogy: nephrite jade and jadeite
jade. In Chinese gem market, however, jades are the fine grained rocks, which have
beautiful appearance, durability, rarity, and technological value [1-4]. Dushan jade is
characterized by the presence of saturated colors and its delicate texture. Dushan jade,
nephrite jade, serpentine jade, and turquoise jade are known as the “four great jades” of
China. The mining history can be traced back to the Neolithic Age, and it is the only
zoisitized anorthosite used as a gem material in the world up to now [5-10]. In recent
years, a new type of material, called Philippines “Dushan jade” by gemstone dealers has
appeared on the Chinese gem market. The new material is very similar to Dushan jade
in appearance and physical properties, causing confusion in the market and difficulties
in identification, especially for the green variety of rock. At present, few studies have
been undertaken on Philippines rock, and only the green rock variety has been studied via
Raman microprobe spectroscopy, infrared spectroscopy, and ultraviolet-visible (UV-Vis)
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spectroscopy [11,12]. Other colors of this rock have not been studied. In this research,
representative samples of all color varieties of Philippines rock have been collected in order
to conduct a systematic study on the gemology, mineralogy, and spectroscopy of the rocks
with the aim of ascertaining the rock type and to differentiate the Philippines rock from
Dushan jade, and hence be able to provide correct guidance to consumers.

2. Samples and Methods

In this study, eight representative samples covering all the color varieties of Philip-
pines rock were selected, including white, green, cyan-gray, white with black spots, dark
green, and brown (Figure 1). The refractive index (RI) and specific gravity (5G) of the
samples were measured by the distant vison method and the hydrostatic weighing method,
respectively [13,14]. The Vickers hardness (Hv) was measured by the Microvickers hard-
ness tester and the values were converted to Mohs hardness values (Hy) by the expression
Hy = 0.675/Hy [15].

a Q1 b Q-2

Figure 1. Selected samples of Philippines rock with different colors. (a) White sample Q-1; (b—d)
green samples Q-2, Q-3, Q-4; (e) cyan-gray sample Q-5; (f) white sample with black spots Q-6, (g)
dark green sample Q-7; (h) brown sample Q-8.
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The samples were observed using a GI-MP22 gemological microscope using reflected
light. The parts with characteristic colors were selected from each sample to prepare
petrographic thin sections. This work was performed in the Yifu Building, China University
of Geosciences, Beijing, China. The thin sections were observed and photographed using a
BX51 polarized light microscope (PLM).

The chemical compositions of Philippines rock were determined in the Regional
Geological Survey Institute of Hebei Province using a JEOLEMPA 8230 electron microprobe
analyzer (EMPA). The instrument operating conditions included a spot size of 5 um, an
acceleration voltage of 15 kV and a beam current of 10 nA.

Fourier transform infrared (FTIR) spectra, Raman microprobe spectra, and UV-Vis
spectra were acquired at the Experimental Teaching Center of Jewelry and Mineral Ma-
terials, China University of Geosciences, Beijing. The FTIR spectra for the eight polished
samples were recorded in reflection mode using a Bruker Tensor 27 FTIR spectrometer. The
analytical conditions used for measurement included a resolution of 4 cm~!, a scan range
of 100~1200 cm ™!, and a run time of 30 s per scan.

Based on assessment of the PLM observation, the EMPA data and the FTIR spectra, the
petrographic thin sections corresponding to the different color samples were selected and
measured using a Horiba Scientific Raman microprobe spectrometer. Analysis conditions
included an excitation wavelength of 532 nm, a scan range of 1001200 cm ™, a resolution
of4cm™1 and a spot size of 5 um; each spectrum was scanned three times for 5 s.

Each sample was polished and cut into square sections of 1x1 cm?. The UV-Vis
spectra were measured using a UV-3600 spectrophotometer (Shimadzu, Japan), and the
main operating conditions were reflection mode, scan range of 300-800 nm, sampling
interval of 5 s, and high-speed scan mode.

3. Results
3.1. Sample Appearance and Gemological Properties

The gemological properties of the samples are presented in Table 1. The white sample
(Q-1) of delicate texture and smooth surfaces consisted mainly of white basal minerals. The
green samples (Q-2-Q-4) consisted mainly of white basal minerals with green spots and
green plaques. (Figure 2a). The green minerals were mostly euhedral-hypidiomorphic and
the euhedral degree was relatively high (the cross-section was approximately hexagonal)
(Figure 2b). There are a number of black spot minerals near the green mineral grains
(Figure 2a). The cyan-gray sample (Q-5) consisted mainly of white and cyan-gray minerals
(Figure 2c), and the luster was dimmer than the other samples. The white sample with
black spots (Q-6) consisted mainly of white basal, black spots, and black plaque minerals
(Figure 2d). The dark green sample (Q-7) consisted mainly of dark green to black-green
and gray-green minerals (Figure 2e), and the grain size of the minerals was larger than
those of the other samples. There are clear reflecting surfaces on the sample in the shape
of “fly wings” as viewed under reflected light (Figure 2e), indicating that the cleavage of
the basal minerals is well developed. The brown sample (Q-8) consisted mainly of white
basal minerals, tan spots, and small black grains. There are some transparent “waterline”
striations on the brown sample (Figure 2f).

Table 1. Gemological properties of the Philippines rock samples.

Sample Color Luster RI SG Hym
Q-1 White Vitreous luster 1.57 2.77 6.37
Q-2 Green Vitreous luster . _ 2.69 6.40
Q-3 Green Vitreous luster ‘évr};gre\ pii ; 1% 2.74 6.22
Q-4 Green Vitreous luster p ’ 2.76 6.15
Q-5 Cyan-gray Greasy luster 1.63 2.83 6.11
Q-6 White with black spots  Vitreous luster 1.56 2.78 6.15
Q-7 Dark green Vitreous luster 1.62 2.83 6.38

Q-8 Brown Vitreous luster 1.58 2.73 6.23
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3 mm 2 mm

Figure 2. Mineral microstructure of the samples. (a) The green spots, green plaques, and black
spots in Q-2; (b) the green mineral with high euhedral degree in Q-4; (c) the cyan-gray sample Q-5
consisting of white and cyan-gray minerals; (d) the spot and plaque minerals in the white sample
with black spots Q-6; (e) image of the “fly wings” reflecting surfaces on the dark green sample Q-7;
(f) the “waterline” striations on the brown sample Q-8.

3.2. Petrography

The observations of each mineral in the Philippines rock samples using PLM are shown
in Figure 3. The analysis shows that the samples contain the major mineral plagioclase
(P1) with minor minerals diopside (Di), amphibole-supergroup mineral (Am), garnet-
supergroup mineral (Gr), chromite (Chr), titanite (Ttn), zeolite (Zeo), prehnite (Prh), and
zoisite (Zo). The characteristics of these minerals are as follows:

3.2.1. Plagioclase

Plagioclase is present in all samples in the forms of the matrix and phenocryst. It is
the major mineral of the samples and also the dominant mineral at the magmatic stage.
The plagioclase phenocryst is granular and short columnar in shape with a grain size about
0.01-2 mm. Some of the plagioclase phenocryst was fractured with disordered edges and
was surrounded by small plagioclase grains, indicating that they had undergone dynamic
metamorphism (Figure 3a).

3.2.2. Diopside

Diopside of different forms exists in the samples with the exception of the white and
brown samples. Diopside in the cyan-gray sample and white sample with black spots is
granular, short columnar and irregular with a grain size of about 100-500 um (Figure 3b);
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in the dark green sample, diopside is undergoing alteration to amphibole-supergroup
mineral, and some of the diopside has altered completely (Figure 3c).

3.2.3. Amphibole-Supergroup Mineral

Amphibole-supergroup mineral only exists in the dark green sample, which is color-
less and fibroid in nature. Some of the diopside alteration was incomplete in the vicinity of
the amphibole-supergroup mineral (Figure 3c).

Figure 3. Mineral microstructural characteristics and paragenetic relationships of the samples under
polarized light microscope (PLM). (a) The fractured plagioclase phenocryst surrounded by small
plagioclase grains (Q-1); (b) the granular and short columnar diopside (Q-5); (c) the amphibole-
supergroup mineral and the altered diopside (Q-7); (d) growth zones of the garnet-supergroup
mineral (Q-4); (e) the fine-grained plagioclase as inclusions in the garnet-supergroup mineral (Q-4);
(f) the chromite as inclusions in the garnet-supergroup mineral (Q-2); (g) the plagioclase phenocryst
surrounded by small granular garnet-supergroup mineral (Q-3); (h) granular chromite and rhombic
titanite (Q-8); (i) the zeolite vein cutting across the diopside (Q-6); (j) the zeolite vein cutting across
the garnet-supergroup mineral (Q-3); (k) the zeolite vein cutting across the zoisite vein (Q-3); (1) the
“mosaic”-like prehnite vein (Q-3). P1, major mineral plagioclase; Di, minor minerals diopside; Am,
amphibole-supergroup mineral; Gr, garnet-supergroup mineral; Chr, chromite; Ttn, titanite; Zeo,
zeolite; Prh, prehnite; Zo, zoisite.
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3.2.4. Garnet-Supergroup Mineral

The green minerals in the green samples are garnet-supergroup mineral with a grain
size of about 0.01-1 mm. Some of garnet-supergroup mineral has a well-defined crystal
shape and growth zones (Figure 3d). The granular plagioclase, chromite in the form of
inclusions is present in the garnet-supergroup mineral (Figure 3e,f), and small garnet-
supergroup mineral grains grow alongside the granular plagioclase (Figure 3g), indicating
that the garnet-supergroup mineral was formed after the plagioclase and chromite and its
growth conditions were related to the plagioclase.

3.2.5. Chromite and Titanite

The chromite and titanite may be readily identified in the brown rock sample. The
chromite consists of black grains as well as inclusions in the garnet-supergroup mineral
(Figure 3h,f). The titanite appears as rhombic and irregularly shaped granular crystals
(Figure 3h). The chromite and titanite are both minerals of the magmatic stage.

3.2.6. Zeolite, Prehnite, and Zoisite

Zeolite, prehnite, and zoisite are present as vein-type structures. Some colorless vein-
type zeolites cut across the diopside, garnet-supergroup mineral, and vein-type zoisite
(Figure 3i-k). The prehnite vein has a special “mosaic” appearance (Figure 31). The
aforementioned minerals all formed in the late hydrothermal stage.

3.3. Mineral Chemistry
3.3.1. Plagioclase

The main chemical composition of plagioclase is Naj_yCay[Al;,4Si3_xOg]. The plagio-
clase in the samples consists (wt.%) mainly of SiO; (42.96-44.60), Al,O5 (33.35-36.88), and
Ca0 (18.23-19.76). Based on eight O atoms, the numbers of each cation and the end-member
molecules of plagioclase were calculated (Table 2). The end members Ang; 4 99 Abg 94085
Or 01-0.91 were projected in the Or—Ab—An ternary system (Figure 4a,b) indicating that they
belong to a range of anorthite (Abjp_g Angg_10g) of the plagioclase isomorphous series [16].

a 0 Ab b 95 Ab

75
Figure 4b

N

100 100
An Or An Or

Figure 4. The Or-Ab-An ternary system showing that plagioclase in the samples is anorthite. (a) The end members Ang; 4 g9
Abg 94085 Orgo1-0.91 projected in the Or—-Ab—An ternary system; (b) zoom-in of Figure 4a, showing that plagioclase in the
samples is anorthite.
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Table 2. Chemical compositions of the plagioclase (wt.%).

Q-1 Q-2 Q-3 Q-4 Q-4 Q-5 Q-6 Q-7 Q-8

Na,O 0.12 1.00 0.40 0.50 0.11 0.16 0.21 0.32 0.42
MgO 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.00
Al,O3 36.88 35.54 36.68 35.35 36.62 35.98 36.67 36.47 35.97
510, 43.57 44.60 43.71 44.57 43.59 43.64 43.12 42.96 43.65
KO 0.02 0.00 0.01 0.01 0.01 0.15 0.02 0.03 0.02
CaO 19.76 18.23 19.25 18.72 19.67 19.28 19.52 19.33 19.11
TiO, 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01
Cry,03 0.00 0.05 0.01 0.01 0.01 0.01 0.01 0.02 0.04
MnO 0.00 0.00 0.02 0.02 0.00 0.01 0.01 0.00 0.02
FeO 0.02 0.21 0.03 0.17 0.03 0.03 0.03 0.14 0.20
NiO 0.00 0.03 0.00 0.02 0.00 0.01 0.00 0.02 0.03
Total 100.38 99.67 100.12 99.36 100.04  99.28 99.60 99.30 99.47

Si 2.01 2.06 2.02 2.07 2.01 2.03 2.00 2.00 2.03
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 2.00 1.94 1.99 1.93 1.99 1.97 2.01 2.00 1.97
Ca 0.98 0.90 0.95 0.93 0.97 0.96 0.97 0.97 0.95
Na 0.01 0.09 0.04 0.04 0.01 0.01 0.02 0.03 0.04
K 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Fe 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.01

Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 5.00 5.00 5.00 4.98 4.98 4.98 5.00 5.01 5.00
Or 0.12 0.02 0.08 0.03 0.06 0.91 0.12 0.18 0.12
Ab 1.02 8.58 3.38 4.34 0.94 1.38 1.80 2.74 3.61

An 98.87 91.40 96.54 95.63 99.00 97.71 98.08 97.08 96.27

3.3.2. Garnet-Supergroup Mineral

The main chemical composition of garnet-supergroup mineral is A3B,[SiO4]3. The
garnet-supergroup mineral in the green samples consists (wt.%) mainly of SiO, (37.56—
38.32), CaO (33.62-34.90), Cr,O3 (12.13-15.64), and Al,O3 (6.70-10.91). The numbers
of each cation and the end-member molecules of garnet-supergroup mineral were cal-
culated (Table 3). The end members of garnet-supergroup mineral range from Uvtss;
Grs46.68 Adr11_69 Prpuz SPSO.Ol to UVt50.95 GI'S41.65 Adr5.56 Prp1_80 SpSO_24. The main mineral
component of the garnet-supergroup mineral in the green samples is uvarovite-grossular-
andradite solid-solution of the Ca-garnet series with high Cr content, among which the
uvarovite-grossular is predominant [17].

3.3.3. Diopside

The main chemical composition of diopside is CaMg[Si,Og].The diopside in the
samples consists (wt.%) of S5iO, (52.44-55.63), CaO (22.55-25.65), and MgO (15.77-18.21).
The numbers of cations in the diopside are listed in Table 4.
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Table 3. Chemical compositions of the garnet-supergroup mineral (wt.%).

Samples Q-2 Q-2 Q-3 Q-3 Q-3 Q-4 Q-4 Q-4
Na,O 0.02 0.07 0.01 0.06 0.01 0.01 0.06 0.00
MgO 0.36 0.25 0.55 0.38 0.33 0.40 0.42 0.36
Al O3 9.19 9.27 6.70 8.87 10.51 10.21 10.10 10.91
SiO, 37.80 38.32 37.82 37.56 37.78 37.75 37.90 38.10
KO 0.00 0.02 0.00 0.00 0.00 0.02 0.02 0.00
CaO 34.49 33.62 34.90 33.84 3443 34.58 34.14 33.95
TiO, 2.40 0.40 2.08 0.66 0.93 1.01 0.61 091
Cr,03 12.83 14.02 15.64 14.36 12.13 12.93 13.81 12.27
MnO 0.09 0.07 0.02 0.10 0.00 0.05 0.06 0.00

FeO 2.68 3.17 1.59 3.18 3.26 2.52 2.78 2.69
NiO 0.00 0.01 0.05 0.00 0.00 0.01 0.02 0.01
Total 99.86 99.21 99.35 99.01 99.38 99.50 99.93 99.20
Si 3.01 3.07 3.05 3.02 3.00 3.00 2.99 2.99
Ti 0.14 0.02 0.13 0.04 0.06 0.06 0.04 0.04
Al 0.86 0.87 0.64 0.84 0.99 0.96 0.95 0.95
Cr 0.81 0.89 1.00 091 0.76 0.81 0.87 0.87
Fe3+ 0.18 0.21 0.11 0.21 0.22 0.17 0.19 0.18
Fe?* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Mg 0.04 0.03 0.07 0.05 0.04 0.05 0.05 0.05
Ca 2.94 2.88 3.01 291 293 2.95 291 291
Na 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.01
Total 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
Grs 46.37 39.76 41.65 38.81 46.68 46.68 42.35 42.64
Adr 9.58 11.58 5.56 11.46 11.69 8.98 9.99 9.67
Uvt 42.64 47.63 50.95 48.19 40.51 42.88 46.11 46.13
Prp 1.21 0.86 1.80 1.29 1.12 1.34 1.41 1.41
Alm 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sps 0.21 0.17 0.03 0.24 0.01 0.12 0.15 0.15

Grs-grossular; Adr-andradite; Uvt-uvarovite; Prp-pyrope; Alm-almandine; Sps-spessartine.

Table 4. Chemical compositions of the diopside (wt.%).

Samples Q-4 Q-5 Q-5 Q-6 Q-6 Q-7
Na,O 0.05 0.02 0.03 0.05 0.17 0.21
MgO 17.06 17.93 18.21 18.14 15.89 15.77
AL O3 0.68 2.14 1.44 1.51 1.13 2.90
SiO, 55.63 53.69 54.07 54.00 54.40 52.44
K,O 0.00 0.02 0.00 0.03 0.01 0.00
CaO 25.44 25.41 25.33 25.65 23.53 22.55
TiO, 0.10 0.16 0.23 0.26 0.10 0.22
Cr03 0.02 0.01 0.03 0.03 0.08 0.32
MnO 0.10 0.00 0.02 0.00 0.15 0.16
FeO 0.59 0.76 0.53 0.61 4.67 4.67
NiO 0.01 0.01 0.00 0.00 0.00 0.04
Total 99.69 100.16 99.88 100.27 100.13 99.26

Si 2.02 1.93 1.95 1.94 1.99 1.94
Ti 0.00 0.00 0.01 0.01 0.00 0.01
Al 0.03 0.09 0.06 0.06 0.05 0.13
Cr 0.00 0.00 0.00 0.00 0.00 0.01
Fe3* 0.00 0.02 0.02 0.02 0.00 0.00
Fe?* 0.03 0.00 0.00 0.00 0.14 0.14
Mn 0.00 0.00 0.00 0.00 0.01 0.01
Ni 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.92 0.96 0.98 0.97 0.87 0.87
Ca 0.99 0.98 0.98 0.99 0.92 0.89
Na 0.00 0.00 0.00 0.00 0.01 0.02
K 0.00 0.00 0.00 0.00 0.00 0.000
Total 3.99 3.98 4.00 3.99 3.99 4.02

3.3.4. Amphibole-Supergroup Mineral

The main chemical composition of amphibole-supergroup mineral is Ag_1BoC5[T4O11]2
(OH,ECl),. The amphibole-supergroup mineral in the dark green samples consists (wt.%)
mainly of 5iO; (53.95-55.91), CaO (12.59-13.86), MgO (20.92-23.69), Al,O3 (2.93-3.94), and
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FeO (2.02-3.59). The numbers and site occupancy of each cation, based on 23 O atoms, were
calculated, and are given in Table 5. It is shown that the amphibole-supergroup mineral
is a member of the calcic group with (Na + Ca)g > 1.5 and Nap < 0.5 ((Ca + Na)g > 1.73,
Nagp < 0.07). At the same time, it can be determined that the dark green to black-green
minerals with Mg/(Mg + Fe?*) > 0.9 and Si** > 7.5 (Mg/(Mg + Fe?*) > 0.94, Si** > 7.52) in
Q-7 is tremolite [18].

Table 5. Chemical compositions of the amphibole-supergroup mineral (wt.%).

Samples Q-7 Q-7 Q-7 Q-7
Na,O 0.29 0.14 0.25 0.21
MgO 21.72 21.98 20.92 23.69
Al O3 3.03 3.10 3.94 2.93
SiO, 55.33 55.91 54.99 53.95

K,O 0.01 0.08 0.11 0.09
CaO 13.86 13.53 12.59 12.97
TiO, 0.17 0.06 0.02 0.02
Cr,03 0.31 0.01 0.03 0.02
MnO 0.04 0.22 0.26 0.04
FeO 235 2.02 3.59 2.87
NiO 0.02 0.01 0.00 0.00
Total 97.12 97.05 96.70 96.78
Si 7.68 7.71 7.63 7.52
AlY 0.32 0.29 0.37 0.48
YT 8.00 8.00 8.00 8.00
AV 0.18 0.22 0.28 0.00
Ti 0.02 0.01 0.00 0.00
Fe3+ 0.00 0.01 0.13 0.00
Cr 0.03 0.00 0.00 0.00
Mg 449 452 433 492
Ni 0.00 0.00 0.00 0.00
Fe?+ 0.27 0.22 0.26 0.07
Mn 0.01 0.03 0.00 0.00
y.C 5.00 5.01 5.00 4.99
Fe 0.00 0.00 0.03 0.26
Mn 0.00 0.00 0.03 0.01
Ca 2.00 2.00 1.87 1.73
Na 0.00 0.00 0.07 0.00
YB 2.00 2.00 2.00 2.00
Ca 0.06 0.00 0.00 0.20
Na 0.08 0.04 0.00 0.06
K 0.00 0.01 0.02 0.02
YA 0.14 0.05 0.02 0.28
Mg?*/(Mg?* + Fe?*) 0.94 0.95 0.94 0.99

3.3.5. Chromite, Titanite, Thomsonite-Ca, Prehnite, Zoisite, and Chlorite

The EPMA data for chromite, titanite, thomsonite-Ca, prehnite, zoisite, and chlorite in
the samples are presented in Table A1.

3.4. Spectroscopy
3.4.1. FTIR Spectra

The FTIR reflectance spectra for all samples are quite similar (Figure 5a), and the
reflection peaks are in the 400-1200 cm™~! frequency range (Figure 5b). The band at
426 cm~! is due to the Si-O-Si deformation, and the bands at 468, 484, and 539 cm ™! are
attributed to the O-Si—O bending and the Ca—O stretching modes. The bands at 568, 585,
602, and 627 cm~! are caused by the O-Si(Al)-O bending mode. The bands at 726 and
757 cm ™! are ascribed to the Si-Si(Al) and the Si-Si stretching modes, respectively. The
bands at 931 and 945, which are the two strongest bands in the spectrum, and the bands
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Reflectance

at 910 and 1022 cm ! are caused by the Si(Al)-O stretching mode. The bands at 1103 and
1143 cm ™! are caused by the Si-O stretching mode [19,20]. These bands are related to the
structure of anorthite, indicating that anorthite is the main mineral of the Philippines rock
samples. There are small deviations in the Raman bands for the different samples. The two
strongest bands for the green samples Q-2 and Q-3 are 923 and 925 cm~! (Figure 5¢), which
are related to the [SiO4] stretching mode in garnet-supergroup mineral and the Si(Al)-O
stretching mode in anorthite. Q-5 also shows bands at 823 and 844 cm ! caused by the
[SiO4] stretching mode [21,22]. There is no garnet-supergroup mineral in Dushan jade. The
bands at 823, 844, 923, and 925 cm ™! may be used to differentiate the green Philippines
rock from the green Dushan jade.
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Figure 5. FTIR spectra of the samples. (a) FTIR spectra for all samples for the 400-2000 cm~! frequency range; (b) FTIR
spectra for all samples for the 400-1200 cm ™! frequency range; (c) FTIR spectra for the green samples for the 400-1200 cm !

frequency range.

3.4.2. Raman Microprobe Spectroscopy

Based on the results for PLM, the FTIR spectra, and EMPA, Raman microprobe studies
were undertaken based on measurement of the petrographic thin sections at selected
regions of interest. Anorthite, the main mineral in Philippines rock, was detected in all
samples (Figure 6a). The strongest band at 505 cm~! corresponds to the bending vibration
of the bridging O. Ca?* occupies the central M position in anorthite, and to maintain
the electrochemical balance, Al enters the silicate framework, which leads to the band at
505 cm ™! associated with the bridging O further splitting into 487 and 556 cm~!. The
bands at 147-401 cm ! are assigned to the M-O lattice modes. The band at 763 cm ™! may
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be due to the symmetrical stretch mode of AIV_O,, (non-bridging O) and the bands at 913,
956, and 983 cm ! are caused by the antisymmetric stretching mode of Al-O-Si [23,24].
The Raman microprobe spectra for diopside, uvarovite, chromite, thomsonite-Ca, prehnite,
tremolite, and titanite were also analyzed (Figure 6b-h), and the assignments of the Raman
shifts are listed in Table 6.
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Figure 6. The Raman microprobe spectra for different minerals in the rock samples. (a) Anorthite; (b) diopside; (c) uvarovite;
(d) chromite; (e) thomsonite-Ca; (f) prehnite; (g) tremolite; (h) titanite.
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Table 6. The assignments of the different minerals (after Raman microprobe measurement).

Minerals Raman Shift, cm—1 Assignment Reference
321, 354, 388 Mg-O
o 664 5(Si-O-Si)
Diopside 1010 V.(Si-0) [25]
1045 Vas(Si-O)
177 Ca-M
240, 271 [SiO4]r
. 371 [SiO4lr
Uvarovite 500 5(Si-0) [22,26]
829, 879 Vas(Si-O)
891 Vs(Si-O)
Chromite 585,693 Vs(MBO®) [27,28]
117,159, 181, 197, 222, 348, 307, 396 Ca-M
Thomsonite-Ca 443,473, 496, 536 5(0O-T-0) [29,30]
990, 1064 Vas(T-O-T)
163, 223, 286, 317, 387 M-O
. 520 Vs(T-O-T)
Prehnite 606, 641, 751, 832 5(0-T-O) (31,52]
Stretching and bending of Si-O
950, 990, 1080, 1116, 1187 and T-O_T
118, 155, 175, 218, 229, 367, 388, 411 Ca-OMg-O
, 527 §(Si-O)
Tremolite 669, 742 V4(Si-O-Si) [33-35]
926, 1025, 1052 V4(Si-0)
161, 230, 252, 317, 331 Ca-0O Ti-O Si-O
N 426, 466 5(Si-0)
Titanite 546, 610 V(Ti=O) [36-38]
843, 910, 980, 1007 V(Si-O)

v, stretching; §, deformation; s,symmetric; 55, antisymmetric; T can be Al/Si, Al-O-Al linking is forbidden.
[SiO4]r-translational mode of [SiO4]; [SiO4]r-rotational mode of [SiOy4].

3.4.3. UV-Visible Spectra

The minerals responsible for color in the Philippines rock samples are uvarovite, diopside,
and tremolite. According to the EMPA data, the main chromogenic cations are Cr3*, Fe?*, and
Fe?*, and the color of the Philippines rock samples is intense. To further explore the origin of
color generation, the UV-Vis spectra of samples were recorded on the same basis as for EMPA
(Figure 7a—e). The analysis show that the colors are attributed mainly to electron transitions
and charge transfer. The specific color geneses are listed in Table 7.
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Figure 7. UV-Vis spectra for the Philippines rock samples. (a) UV-Vis spectra for the green samples Q-2-Q-4; (b) UV-Vis
spectra for the cyan-gray sample Q-5; (c¢) UV-Vis spectra for the white sample with black spots Q-6; (d) UV-Vis spectra for

the dark green sample Q-7; (e) UV-Vis spectra for the brown sample Q-8.
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Table 7. The origins of color for the Philippines rock samples.
Samples Color Reflection Peak Color Origin Reference
-2

8—3 Green 442 nm Cr3+:4A2g ()= 4T1g(F) [39]

o4 615 nm Cri*A Agg (F) — *Tog(F)
449 nm 0>~ — Fe¥*

Q-5 Cyan-gray 652 nm Cr3+:4A2g — 4T2g [40-44]
730 nm Fe?+:5T,(D) — 3T, (H)

N 548 nm Fe2*:5T5(D) — 3T,(G)
Q-6 White with black 626 nm 3+ Agg — leg [40,43,44]
spots 24 5 3

727 nm Fe“": Tz(D) — T2(H)
444 nm Fe3*:0A; — 4A*E(G)

Q-7 Dark green 670 nm Cr3*# Ay, — 2Ty [43,44]
733 nm Fe2*:>T»(D) — 3T, (H)
501 nm Fe?*:5Ty(D) — 3T,(bF)
592 nm Fe?+ — Fe?*

Q-8 Brown 670 nm Cr3+d Agg — leg [40,42,44,45]
727 nm Fe2*:>T»(D) — 3T, (H)

4. Discussion
4.1. Origin of the Green Color in the Rock Samples

The most precious Philippines rock sample is the green variety. The green color of the
samples originates from the presence of uvarovite. Uvarovite is the rarest of the garnet
group and often exists as a solid-solution with grossular and andradite [46]. The Ca-garnets
with uvarovite as the dominant end member are usually found in skarn, serpentinite, and
metamorphosed limestones, and often in association with chromite [47,48]. The uvarovite
can be a replacement product of relic chromite [49,50].

Mogessie and Rammlmair found that the uvarovite was formed at the edge of chromite
in the form of inclusions in grossular-andradite, which was clearly zoned (the inner zone is
uvarovite with high Cr content while the outer zone is grossular-andradite with a sharp
decrease in Cr content) [51]. The garnet-supergroup mineral not including dissolved
chromite is all in the form of unzoned grossular-andradite solid-solution. The reaction of
uvarovite is as follows:

chromite + grossular-andradite = uvarovite + grossular-andradite [51].

Liu believes that the origin of uvarovite in Philippines rock is the same as the
above [12]. In this study, it was found that all the garnet-supergroup minerals are in
the form of the uvarovite-grossular-andradite solid-solution (Table 3), and the uvarovite
including chromite is not zoned, indicating that the uvarovite in Philippines rock could
not form by the above reaction. Pal and Das found that the uvarovite in association with
chromite could be formed by cooling and crystallization of the hydrothermal solution,
and that the Cr was derived from the dissolution or metamorphism of chromite, but the
source of Ca was uncertain [52]. In the present study, it was found that the anorthite was
surrounded by uvarovite (Figure 3g), indicating that it had provided material conditions
for the formation of uvarovite. The EMPA confirmed that Ca and Al were present (Table 2).
Finally, it was determined that the uvarovite in Philippines rock was formed by hydrother-
mal solution. The dissolved chromite released Cr and Fe while anorthite released Ca and
Al into the hydrothermal solution, which provided material conditions for the formation of
uvarovite (uvarovite-grossular-andradite solid-solution).

4.2. The Paragenetic Relationship

The anorthite, abundant in all colored samples, is the main mineral of Philippines
rock. The residual anorthite phenocryst was surrounded by the fine-grained anorthite of
uniform size (Figure 3a). The boundary between the fine-grained anorthite and the residual
phenocryst is highly irregular, and the optical orientations are different, showing that the
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anorthite, which formed in the magmatic stage, underwent metamorphism, which resulted
in fragmentation, refinement, and recrystallization under stress [6]. The diopside, the most
important minor mineral in the samples, anorthite, chromite, and titanite belong to the
magmatic stage. The fibrous tremolite, which was only present in the dark green sample,
underwent alteration from the diopside and retains the original outline of the diopside
(Figure 3c).

Uvarovite exists only in the green samples, and the uvarovite, which has grown and
includes the fine-grained anorthite (Figure 3e), indicates that it was formed after dynamic
metamorphism. Although the importance of a hydrothermal solution for uvarovite for-
mation has been discussed, the uvarovite cut by the veinlike thomsonite-Ca (Figure 3j)
indicates that there were multi-stages associated with the hydrothermal solution after
metamorphism, and the formation of uvarovite and thomsonite-Ca did not belong to the
same stage.

The mineral paragenetic sequence was determined: anorthite phenocryst, diopside,
chromite, and titanite were formed in the magmatic stage; in the metamorphic stage,
anorthite phenocryst was fractured and recrystallized; and the early fluid intrusion altered
diopside into tremolite and formed uvarovite-grossular-andradite solid-solution around
the anorthite and chromite; the late hydrothermal solution filled in fractures and formed
prehnite, thomsonite-Ca, and zoisite. A small amount of chlorite detected by EMPA may
be derived from the chloritization of tremolite or diopside. The mineral assemblages and
structural characteristics of Philippines rock are given in Table 8.

Table 8. The mineral assemblages and structural characteristics of Philippines rock.

Color Mineral Assemblages Structural Characteristics
White Anorthite Porphyroblastic texture
Anorthite, uvarovite, Porphyroblastic texture and
Green thomsonite-Ca, diopside, fine-grained granoblastic
zoisite, prehnite, chromite texture
Cyan-gray Anorthite, diopside .Gran.oblastlc tex.ture and
inequigranoblastic texture
White with black spots Anorthite, C.hop51de, Porphyroblastlic texture and
thomsonite-Ca granoblastic texture

Diopside, tremolite, anorthite,
chlorite, thomsonite-Ca
Brown Anorthite, titanite, chromite Granoblastic texture

Dark green Granoblastic texture

4.3. Comparison with Dushan Jade

In the gemstone market in China, the material in question is called Philippines
“Dushan jade”. Therefore, a comparison of various properties of Dushan jade and Philip-
pines rock has been undertaken (Table 9). In support of this, a number of studies on the
gemology, mineralogy, and petrology of Dushan jade have been reported [5-10]. Authentic
Dushan jade is composed predominantly of plagioclase (anorthite) and zoisite, with minor
amounts of chrome mica, biotite, diopside, amphibole-supergroup mineral, titanite, rutile,
epidote, actinolite, and tourmaline, which is zoisitized anorthosite [6-9]. In contrast, the
main mineral in Philippines rock is anorthite, not zoisite, with minor amounts of diop-
side, tremolite, uvarovite, titanite, chromite, zoisite, prehnite, thomsonite-Ca, and chlorite.
Given that both types of material contain a large amount of anorthite, the IR spectra of the
two types of material are similar with most peaks being caused by anorthite (Figure 5b).

Dushan jade has a variety of colors, including white, green, purple, yellow, pink, and
black, which is quite different from Philippines rock. The two types of material are only
similar with respect to the appearance of the green samples, both of which have a granular
texture, a massive structure, and a vitreous luster. The main color causing minerals of green
Philippines rock are uvarovite, while the green of Dushan jade originates from the chrome
mica, epidote, diopside; that is, garnet-supergroup mineral is absent in Dushan jade. In the
infrared spectra, the bands at 823, 844, 923, and 925 cm ! in this work, which are related to
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garnet-supergroup mineral, do not appear in green Dushan jade (Table A2). Furthermore,
the Raman microprobe spectra for the green minerals in Philippines rock and Dushan jade
are completely different. The bands in the former are assigned to the uvarovite, while the
bands in the latter are associated with the chrome mica, epidote, and diopside.

Table 9. Comparison of properties of Dushan jade and Philippines rock.

Dushan Jade [53] Philippines Rock
Composed mainly of plagioclase (anorthite) and Composed mainly of anorthite, with minor
Mi .. zoisite, with minor amounts of chrome mica, biotite, amounts of diopside, tremolite, uvarovite,
ineral Composition diopsid hibole- . | titanit titanite. chromit isit hnit
iopside, amphibole-supergroup mineral, titanite, itanite, chromite, zoisite, prehnite,
rutile, epidote, actinolite, tourmaline thomsonite-Ca, and chlorite
Texture Granular texture Granular texture
Structure Massive structure Massive structure
Color White, green, blue-green, purple, yellow, black, pink. White, green, cyan-gray, white with black
spots, dark green, brown
Luster Vitreous luster Vitreous luster, greasy luster
Transparency Sub-translucent, semi- translucent Sub-translucent, non-transparent
RI RI =1.56-1.70 RI = 1.56-1.63, green part > 1.78
Fluorescence Inert to weak, bluish-white, brown-yellow, Inert under LW, purple-red under SW
brown-red
SG 2.70-3.09 2.69-2.83
Mohs Hardness 6-7 6.11-6.40
Rock Type Zoisitized anorthosite Tremolitized diopside anorthosite

The rock type of Dushan jade belongs to zoisitized anorthosite. Anorthite, the major
mineral of Philippines rock, belongs to the plagioclase isomorphous series. Diopside
is the minor mineral with the highest content in Philippines rock and was altered by
tremolitization. According to the nomenclature for metamorphic rocks [54], the rock type
of Philippines rock belongs to “tremolitized diopside anorthosite.”

5. Conclusions

In this research, we conducted a systematic study on the gemology, mineralogy,
and spectroscopy of Philippines rock with the aim of ascertaining the rock type and to
differentiate the Philippines rock from Dushan jade and hence be able to provide correct
guidance to consumers.

Philippines rock is composed predominantly of anorthite with minor amounts of
diopside, tremolite, uvarovite, titanite, chromite, zoisite, prehnite, thomsonite-Ca, and
chlorite, among which the uvarovite, diopside, and tremolite are the main color causing
minerals. The color is caused by the electronic transition of Cr3*, Fe?*, Fe3*, and charge
transfer between the ions. The mineral paragenetic sequence of Philippines rock can be
divided into the magmatic stage, the metamorphic stage, and the late hydrothermal stage.

Philippines rock and Dushan jade are completely different types of rock, being only
similar in appearance for the green forms of the material. Although both types are mainly
composed of anorthite, the color causing minerals of Philippines rock and Dushan jade
differ. The former is due to the presence of uvarovite, while the latter are caused by the
presence of chrome mica, epidote, diopside. The FTIR and Raman microprobe spectra can
be performed to differentiate the Philippines rock from Dushan jade. According to the
nomenclature of metamorphic rocks, Philippines rock is termed “tremolitized diopside
anorthosite.”
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Appendix A

Table A1. Chemical compositions of zoisite, prehnite, chromite, thomsonite-Ca, titanite, and chlorite in the rock samples.

Samples Q-2 Q-3 Q4 Q2 Q-3 Q-4 Q-4 Q-8 0-8 0-3 Q-4 -8 08 Q-7

Minerals Zoisite Prehnite Chromite Thomsonite-Ca Titanite Chlorite
Na,O 0.10 0.41 0.01 0.10 0.15 0.09 0.11 0.16 0.06 3.62 3.40 0.02 0.01 0.02
MgO 0.13 0.11 0.01 0.11 0.03 0.06 0.99 2.70 2.07 0.00 0.00 0.03 0.03 32.39
Al O5 32.98 32.63 3273 23.84 23.42 23.67 17.88 12.47 4.09 31.54 30.69 2.29 1.24 12.62
SiO, 39.84 39.74 3990 4379 43.76 43.18 1.06 1.17 0.22 38.75 38.22 31.11 30.44 38.53
KO 0.03 0.10 0.09 0.03 0.00 0.01 0.00 0.03 0.00 0.02 0.02 0.02 0.01 0.03
CaO 23.42 2291 2395 2634 26.58 27.29 0.54 0.74 0.85 12.99 12.69 28.33 27.79 0.29
TiO, 0.01 0.01 0.01 0.32 0.91 0.94 0.17 0.01 1.48 0.02 0.00 35.83 37.19 0.05
C,20; 0.01 0.02 0.00 0.01 0.04 0.09 46.76 52.33 60.86 0.04 0.03 0.01 0.05 0.09
MnO 0.05 0.09 0.28 0.04 0.00 0.06 1.96 1.32 0.74 0.05 0.05 0.01 0.04 0.03
FeO 1.21 1.24 0.13 0.62 0.16 0.18 29.69 28.96 29.18 0.03 0.02 0.21 0.39 0.63
NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.04 0.00 0.00 0.01 0.00
Total 97.77 97.25 9711  95.20 95.05 95.57 99.15 99.89 99.55 87.09 85.10 97.86 97.20 84.68

Q-1 (white rock sample) is composed totally of anorthite.

Table A2. Infrared absorption bands for the representative Dushan jade [55].

Color Wavenumber, cm—1
Green 280-400 447 474 488 518 578 625 660 700 720 758 777 866 910 950 1120
Grey-green 310407 474 488 542 580 603 624 667 700 730 760 770 940 1015 1095 1140
Luminous Green 310410 475 488 542 580 605 624 667 700 730 760 930 1018 1080 1140
Brown-green 310-408 471 485 515 540 578 602 623 663 698 728 758 927 1015 1090 1140
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