
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
20

. D
ow

nl
oa

de
d 

on
 2

/6
/2

02
6 

11
:0

5:
06

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Phase compositio
aSchool of Gemmology, China University

E-mail: 2009170017@cugb.edu.cn; Hexuem
bState Key Laboratory of Superhard Mater

Changchun 130012, China. E-mail: zylu@cu

Cite this: RSC Adv., 2020, 10, 15937

Received 24th February 2020
Accepted 1st April 2020

DOI: 10.1039/d0ra01772h

rsc.li/rsc-advances

This journal is © The Royal Society o
n and genesis of pyroxenic jadeite
from Guatemala: insights from
cathodoluminescence

Chenlu Lin, a Xuemei He, *a Zhiyun Lu b and Yuwei Yaoa

Guatemalan jadeite has a long history, andmuchGuatemalan jadeite can be found on themarket today with

a variety of colors and species diversity. Seven varieties of green pyroxenic jadeite from Guatemala with

greyish green, yellow green, brilliant green, blue green, dark green, black green and mottled green colors

were investigated by combining the methods of XRD, Raman spectroscopy, cathodoluminescence,

EPMA and m-XRF mapping. The results showed that according to the composition, Guatemalan

pyroxenic jadeite can be divided into three categories: jadeite jade, omphacite jade, and jadeite–

omphacite jade. According to the characteristics of cathodoluminescence, it can be speculated that the

formation of jadeite undergoes three stages, and the formation of jadeite jade is mainly due to the

crystallization (Jad I) of the early jadeite fluid, along with the second-stage fluid metasomatism/

crystallization (Jad II). In the later stage, the fluid that is rich in Ca–Mg–Fe components can replace early

Jad I/Jad II, or it can coexist with Jad II, and metamorphism occurs to produce omphacite jade. The

jadeite–omphacite jade can be formed when the omphacite fluid with incomplete metasomatism, with

uneven texture and reduced transparency.
1. Introduction

Jadeite is a hard and dense monoclinic metamorphic pyroxene
that forms under high-pressure and low-temperature condi-
tions (5–11 kbar, 150–400 �C), which are normally found in
tectonic subduction zones with uids.1–3 Due to the special
conditions, only a few geological sources exist around the world.
In Guatemala, jadeite occurs as blocks in serpentinite mélange
in distinct settings on opposite sides of the Motagua fault.4

Jadeite was greatly valued by pre-Hispanic cultures in Meso-
america, including the Olmecs, the Mayans, and the Aztecs.
These great civilizations le behind carved jadeite in many
forms.5,6 Guatemala is the second commercial origin in addi-
tion to Myanmar.7 With the depletion of Myanmar's jadeite
resources and its rising prices, more and more Guatemalan
jadeite has entered the Chinese market, with diverse varieties
and rich colors. In general, the dominant mineral is jadeite
pyroxene (NaAlSi2O6); omphacite, albite, white mica, and other
minor minerals can also be present, commonly as replacements
of primary jadeite.3

Both jadeite and omphacite are forms of monoclinic
pyroxene, and the composition of omphacite is complex,
usually present in two space groups (P2/n and C2/c); jadeite is
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relatively pure, mainly being of space group C2/c.8,9 The C2/c
space group has the general formula, M2M1{T2O6}. The struc-
ture is based on single silicate tetrahedra chains that run along
the c-axis. Bonded to these are octahedral M1 chains. The M1

site is a relatively undistorted octahedron, but the M2 site is an
irregular polyhedron of eightfold coordination. The C2/c struc-
ture requires cation disorder within the M1 as well as within the
M2 sites. Zig-zag chains of edge-sharing M1 octahedra are
parallel to the crystallographic c-axes. Other zig-zag chains of
irregular edge-sharing M2 polyhedra, occupied by larger cations
(i.e. Ca2+ or Na+), also run parallel to the c-axes and share
common edges with the M1 octahedra. At lower temperatures
there is a tendency for the cations to order within theM1 andM2

sites. At sufficiently low temperatures, omphacite in its inter-
mediate composition (Na0.5Ca0.5)(Al0.5Mg0.5)Si2O6 is a cation-
ordered pyroxene with two distinct M1 and two M2 sites,
denoted as M1 and M11, and M2 and M21. The symmetry is
reduced to P2/n.10–13

It is difficult to distinguish jadeite from omphacite under
a polarizing microscope, because of their similar optical char-
acteristics, which need to be combined with multiple testing
methods for analysis. Common analytical techniques employed
in the study of jadeite materials are petrography, X-ray powder
diffraction (XRD), Raman spectroscopy, and electron probe
microanalysis (EPMA).4 Although these methods can obtain the
phase composition and main element distribution of jadeite,
they cannot display the internal structures and growth zones of
jadeite crystals clearly or intuitively. In contrast,
RSC Adv., 2020, 10, 15937–15946 | 15937
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Fig. 1 Seven jadeite samples with different color characteristics, from
Guatemala.
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cathodoluminescence enables the rapid identication of
minerals, even if they are present in only small volumes and at
low concentrations. Many accessory mineral phases or constit-
uents with similar optical properties are overlooked using
a conventional petrographic microscope.

Cathodoluminescence (CL) is the phenomenon of light
emission on the surface of a material under the bombardment
of an electron beam.14,15 The minerals belong to the materials
with a very long history in CL studies.16–20 In comparison with
the high-purity materials, minerals and rocks are “dirty” with
a lot of impurities and defects. Therefore, cathodoluminescence
has been developed as a powerful analytical tool for mineral-
ogical and petrological investigations in geosciences and,
therefore, its applications are numerous.21 The rst applica-
tions of CL with petrographic microscopes started in the 20s.16

Cathodoluminescence microscopy can provide very useful
information on variations in chemical composition, reected by
visible colors. Different phases contrast well and defects,
zoning, and/or internal structures can be revealed using CL
microscopy.21 Many of the phases that occur in ceramics, in
glasses, and in refractory materials show distinct CL properties,
allowing rapid identication of phase distribution and phase
transformations.22 In several elds of applied geosciences, CL is
an effective addition to conventional analytical methods such as
polarizing microscopy, XRD, scanning electron microscopy
(SEM) or microprobe analysis.23,24

Although CL has been fully accepted in geological investi-
gations, its important role in the study of the mineralogy
involved in a wide variety of problems that have environmental
signicance has not been fully recognized. The use of CL
microscopy to identify and evaluate different growth zones of
jadeite is frequently underestimated. There are few studies on
the cathodoluminescence of Guatemalan jadeite.

Accordingly, the present article introduces two studies that
combine CL microscopy, phase investigation of green pyroxenic
jadeite from Guatemala, and jadeite generations. We investi-
gated 7 different Guatemala jadeite materials with different
colors (greyish green, yellow green, vivid green, blue green, dark
green, black green and mottled green) using X-ray powder
diffraction, polarizing microscopy, Raman spectroscopy, cath-
odoluminescence, EPMA, and micro X-ray uorescence (m-XRF).
2. Materials and methods

All the tested samples came from Guatemala. The seven
pyroxenic jadeite samples collected were characterized by their
color, ranging from greyish green, yellow green, vivid green,
blue green, dark green, black green and mottled green, and they
were labelled Gre G, Yel G, Viv G, Blu G, Dar G, Bla G, andMot G,
respectively, as shown in Fig. 1.

The surfaces of the samples were polished for m-XRF and
Raman spectroscopy. The samples were ground into mineral
thin sections for EPMA testing, and the structural characteris-
tics and the phenomenon of cathodoluminescence were
observed. The scraps were pulverized into 300mesh powders for
powder X-ray diffraction analysis.
15938 | RSC Adv., 2020, 10, 15937–15946
The phase composition of the samples was analyzed by
powder X-ray diffraction (XRD), which was completed in the
Powder XRD Laboratory, China University of Geosciences, Bei-
jing (CUGB). The powder XRD data was acquired with a Rigaku
Smart lab diffractometer equipped with a conventional copper
target X-ray tube set to 45 kV and 200 mA, and with a graphite
monochromator, where the scanning speed was 8� min�1 in the
range of 3� < 2q < 70�. The results were processed using the
Search-Match soware package with the International Center of
Diffraction Data (ICDD).

The chemical analyses were veried by traditional EPMA
methods on a JXA 8230 microprobe at the School of Materials
Science and Engineering, Tsinghua University, at conditions of
15 kV, 20 nA and with a spot size of 1–10 mm. The signal was
collected using wavelength-dispersive spectrometers. The
results were calibrated by natural and synthetic minerals.

In order to analyze the mineral composition and structural
characteristics of the Guatemalan jadeite, an Olympus BX-51
polarizing microscope was used to observe the mineral thin
sections.

Cathodoluminescence images (CL imaging) were collected at
the Cathode Luminescence Laboratory, CUGB. The test was per-
formed using a CL5-2 cathode luminometer conveniently installed
on a Leica microscope stage. First, the mineral thin section to be
analyzed was put into a vacuum chamber. Aerwards, with the
extraction of the ultimate vacuum (0.3 Pa), a stable voltage and
beam were excited and maintained. The best working beam was
generally 100–500 mA, and when the voltage reached about 10 kV,
the sample could be excited with high brightness.

The Bruker M4 TORNADO uorescence spectrometer of the
National Research Center for Geoanalysis was used to analyze
the point and plane distributions of the elements in the Gua-
temalan jadeite samples with representative special structure.
The spectrometer was equipped with an X-ray tube (Rh anode)
with a polycapillary X-ray optic, which can collect the X-rays
from the tube and focus them onto the smallest sample areas
with a diameter of <25 mm. The system worked at 50 kV and
600 mA, and a vacuum pump was used to provide a vacuum
environment, allowing for detection of Na. The signal excited by
jadeite was detected with a single 30 mm2 SDD, enabling count
rates of >600 kcps with an acquisition time of 10 ms per pixel.
The data was processed by the mineral analyzer soware for M4
TORNADO.

The Raman spectra were recorded on polished blocks with
a HORIBA HR-Evolution Raman spectrometer at the Gem
This journal is © The Royal Society of Chemistry 2020
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Research Center, the School of Gemology, CUGB. The system
was equipped with 50� magnication objectives, a 600-lines-
per-millimeter diffraction grating and a Peltier-cooled, Si-
based CCD detector that worked with a 532 nm solid stage
laser, and the laser power (100 mW at the sample surface) was
well below the threshold for thermally induced sample degra-
dation. With this system, sample areas as small as 1 mm could
be analyzed. The Raman spectra were all recorded at a range of
100 to 1100 cm�1, where the collection time was 10 s and the
accumulation was 3 scans.
Fig. 3 CL image of Gre G at 100� magnification.
3. Results
3.1 XRD

XRD tests were performed on seven varieties of Guatemalan
jadeite powder, and the results are shown in Fig. 2. The
diffraction patterns show that the strongest peaks of the four
varieties, Gre G, Yel G, Viv G, and Blu G, coincided with the
jadeite standard spectrum peaks that were mainly composed of
the jadeite phase.

Dar G coincided with the omphacite standard spectrum
peaks, which are mainly composed of the omphacite phase. Bla
G and Mot G showed mixed phases of jadeite and omphacite.
Bla G was mainly composed of jadeite and contains a small
amount of omphacite. Mot G was mainly composed of
omphacite and contains a small amount of jadeite. Some
eigenvalues are slightly shied, and this may be related to the
isomorphism of ions in pyroxene.

In this paper, seven varieties of Guatemalan jadeites were
divided and discussed according to their phases, which were the
“jadeite phase”, the “omphacite phase” and the “mixed phase”.
Fig. 2 XRD diffraction images of the samples dominated by the jadeite
phase, the omphacite phase and the mixed jadeite–omphacite phase.

This journal is © The Royal Society of Chemistry 2020
3.2 Jadeite phase

The main mineral compositions of the Gre G, Yel G, Viv G, and
Blu G samples are jadeite, belonging to jadeite jade (Fig. 4a).
Gre G has a delicate quality and a high transparency. It has
mainly a granular metacrystal texture (Fig. 4b). Yel G particles
are coarse, and have cleavage ashes on appearance, showing
an unequal granular metacrystal texture (Fig. 4c). Viv G has
a ne quality and bright color, showing a columnar and brous
radiation texture (Fig. 4d). Blu G has a ne-grained quality, with
mainly a columnar and brous metacrystal texture (Fig. 4e).

Raman spectroscopy can identify different species of pyrox-
enes and can detect order–disorder transitions.10,12,25,26 For
pyroxene, the Raman spectral wavenumber in the band of
950–1200 cm�1 is caused by Si–O non-bridging and bridging
stretching vibrations, which are mainly related to the Si–Onb

mode; the wavenumber of the Si–Ob–Si stretching vibration can
be assigned to the range of 650–750 cm�1, and the position
depends on the bond angle and the cation type of M2. The band
of 500–590 cm�1 is caused by the bending vibration of O–Si–O
in the silicon oxygen tetrahedron. The band of 200–490 cm�1

belongs to the vibration of M–O.10,26 In addition, twomodesmay
result from the Mg–O octahedron (375–490 cm�1) and two
modes may result from the Fe–O octahedron (225–325 cm�1).25

The Raman test sites and results for each sample are shown
in Fig. 4. The peaks of the samples Gre G, Yel G, Viv G, and Blu G
are similar, and there are ve relatively strong Raman shi
peaks nearby at 202, 373, 699, 994, and 1042 cm�1, which
belong to typical jadeite peaks (Fig. 4f). Among them, the peaks
of Gre G show a narrow half-width and sharp shape, indicating
that the [SiO4] tetrahedron structure in the jadeite crystal is
stable, the same chemical bond has little difference, and the
mineral crystallinity is high. The peak intensities of Yel G, Blu
G, and Viv G are not as good as those of Gre G, and the peak
positions are slightly shied to lower wavenumbers. This is
related to the low crystallinity of jadeite and the ion substitution
at the M1 and M2 positions.25

Cathodoluminescence was performed on four jadeite jade
samples and electron probe micro analysis was performed on
different luminescence regions. The results are shown in Fig. 5.
The luminescence of the greyish green sample (Gre G) was
mainly bright purple. The base of the yellow green, vivid green
and blue green samples (Yel G, Viv G, and Blu G) showed green
RSC Adv., 2020, 10, 15937–15946 | 15939
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Fig. 4 Raman test area and Raman spectra of jadeite jade: (a) Raman test area of four jadeite samples; (b–e) the texture images of the thin-
sections corresponding to the blocks under themicroscope, using crossed polarizers (100�magnification). Gre G displays a granular metacrystal
texture, Yel G displays an unequal granular metacrystal texture, Viv G displays a columnar and fibrous radiation texture, and Blu G displays
a columnar and fibrous metacrystal texture; (f) Raman spectra of four samples, which coincide with the jadeite peaks.
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luminescence, accompanied by some purple luminescence. It is
worth mentioning that visible purple luminescence in the Yel G
and Blu G samples appeared as the remaining residue, and
some parts of the Viv G sample did not emit light (Fig. 5b, d, f,
and h). Each sample mineral in different luminous parts can be
Fig. 5 CL imaging of various jadeite jade thin sections and EPMA project
a microscope, using single polarizers; (b, d, f and h) images of four jadei
green luminescence; (i) Quad-Jd-Ae triangle projection point diagram o

15940 | RSC Adv., 2020, 10, 15937–15946
displayed by the Quad-Jd-Ae triangle projection diagram
(Fig. 5i), and it can be seen that all luminous minerals are
jadeite.

Oscillatory zoning is a common phenomenon observed in
crystals grown from a melt or from hydrothermal uids.21 An
ions; (a, c, e and g) the images of four jadeite jade thin-sections under
te jade thin-sections using CL microscopy, mainly showing purple and
f four samples.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Raman test area and Raman spectrum of omphacite jade: (a) Raman test area of Dar G; (b) the texture image of the thin-section, cor-
responding to the block under the microscope using crossed polarizers (100� magnification). Dar G has a granular, columnar and fibrous
metacrystal texture; (c) Raman spectra of Dar G, which coincides with the P2/n-type omphacite peaks.
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enlarged cathodoluminescence observation image of Gre G
shows typical annulus structure (Fig. 3), indicating the origin of
uid crystallization. The annulus boundary is at and contin-
uous, indicating that the crystallization environment of the
uid is relatively stable.
3.3 Omphacite phase

The mineral composition of the Dar G sample is mainly
omphacite, belonging to omphacite jade. Dar G has a delicate
quality, a dark green color (Fig. 6a), and shows granular,
columnar and brous metacrystal textures (Fig. 6b). The Raman
test site and results are shown in Fig. 6. Peaks near the 146, 202,
337, 373, 409, 563, 682, and 1024 cm�1 regions can be charac-
teristically assigned to omphacite (Fig. 6c).

Omphacite is a monoclinic pyroxene with a complex
composition. The conversion of the C2/c structure to the P2/n
structure is related to the change in chemical composition and
temperature.10 The peak caused by the asymmetrical bending
vibration of Si–O–Si around 400 cm�1 changed signicantly
Fig. 7 CL imaging of thin sections of Dar G and EPMA projections: (a and
polarizers; (b and d) images of the Dar G thin-section under cathodolum
green luminescence colors; (e) Quad-Jd-Ae triangle projection point di

This journal is © The Royal Society of Chemistry 2020
with the addition of the Ca–Mg–Fe pyroxene component in
jadeite.

Pure jadeite has a strong peak at 373 cm�1 and a weak
430 cm�1 peak near 400 cm�1, and when the Ca–Mg–Fe
pyroxene component is added to the jadeite, the bond length
of the silicon–oxygen tetrahedron changes. The peak at
373 cm�1 shied slightly to 376 cm�1, and gentle hills
appeared between 376 and 432 cm�1. When the Ca–Mg–Fe
pyroxene component approached 50%, the C2/c structure
completely changed to the P2/n structure, with the main peak
of 376 disappearing. A protruding hill-shaped platform
between 351–408 cm�1 shows that the spacing of the Si–O
bonds has no major value, but it was replaced by several
similar bond lengths.27

The band intensities of Dar G at 337, 373, and 409 cm�1 are
comparable, andmatch the peaks of the omphacite spectrum of
the P2/n structure, indicating that the main constituent
minerals in the Dar G sample are of P2/n-type omphacite, where
the Ca–Fe–Mg pyroxene composition is close to 50%.
c) the image of the Dar G thin-section under a microscope using single
inescence (CL) microscopy, mainly showing dark black, blue and a few
agram for the Dar G sample.

RSC Adv., 2020, 10, 15937–15946 | 15941
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Fig. 8 Raman test area and Raman spectra of jadeite–omphacite jade: (a) Raman test areas of the Bla G and Mot G samples; (b and c) the texture
images of the thin-sections corresponding to the blocks using a microscope with crossed polarizers (100� magnification). The observed
structure images show the metasomatic residual structure of the isolated islands; (d) Raman spectra of Bla G and Mot G samples. The test point 1
coincides with the jadeite and the test point 2 coincides with omphacite.
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The cathodoluminescence image and the EPMA trigono-
metric projection of the Dar G sample are shown in Fig. 7. The
substrate of omphacite jade is mainly dark black luminous,
accompanied by blue and a small amount of green luminous
minerals (Fig. 7a–d). The EPMA results show that the green
luminous mineral is jadeite, and the dark black and blue
luminous minerals are omphacite. The blue luminous ompha-
cite and green luminous jadeite are distributed in a “star-like”
shape on the base omphacite.
Fig. 9 Cathodoluminescence images of thin sections of mixed-phase ja
jadeite thin-sections under a microscope using single polarizers; (b a
odoluminescence (CL) microscopy, mainly showing purple, green, blue,
diagram of the two samples.

15942 | RSC Adv., 2020, 10, 15937–15946
3.4 Mixed phase

Bla G and Mot G, two varieties of Guatemalan pyroxenic jadeite,
are composed of jadeite and omphacite, belonging to jadeite–
omphacite jade. The quality of these varieties are rough, with
some spotted spots visible on the sample surface, along with
low transparency (Fig. 8a), showing a metasomatic porphyritic
residual structure (Fig. 8b), with columnar, brous metacrystal
textures (Fig. 8c), etc.

The Raman test sites and results are shown in Fig. 8. There
are both jadeite and omphacite Raman spectra peaks of Bla G
and Mot G (Fig. 8d). The test points shown as jadeite peaks are
deite and EPMA projections: (a and c) the images of two mixed-phase
nd d) images of two mixed-phase jadeite thin-sections under cath-
and dark black luminescence; (e) Quad-Jd-Ae triangle projection point

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Elemental maps produced by m-XRF for Bla G (a) and Mot G (b).
The distributions of Na and Al correspond to the isolated island-like
jadeite. The distribution of Ca, Mg, Fe, Mn and Ni is linked to the
presence of omphacite.
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located in the isolated island-shaped residues. The test point
shown as the omphacite peak is located at the columnar and
brous metacrystal around the island, where the mineral
particles are relatively small. The characteristics of the peak
match the P2/n structure of omphacite.

Cathodoluminescence was performed on two jadeite–
omphacite jade samples, and EPMA were performed on
different luminescence regions. The results are shown in Fig. 9.
The base of the black green sample (Bla G) showed green
luminescence, with some purple luminescence in an island
shape (Fig. 9b). It could be observed that blue luminous veins
cut the early jadeite and surround the edge of the purple island,
Table 1 Chemical compositions of jadeite with different luminescence,

Color Number Na2O Al2O3 CaO

Purple Gre G-1 16.39 24.59 0.08
Yel G-1 15.97 24.22 0.27
Bla G-1 16.03 23.01 0.33
Bla G-2 15.92 23.50 0.35
Mot G-3 16.31 23.45 0.42

Green Yel G-2 14.77 23.17 1.08
Viv G-2 15.59 22.88 0.76
Blu G-1 15.54 21.17 1.35
Blu G-2 15.87 22.94 0.70
Dar G-1 13.26 20.25 3.50
Bla G-3 14.53 21.20 2.43
Bla G-4 12.80 18.30 5.15

Blue Dar G-2 9.00 13.11 10.79
Bla G-5 8.99 11.96 11.19
Bla G-6 8.06 10.51 12.61
Mot G-4 8.95 11.94 11.87

Dark black Dar G-3 7.93 11.31 11.77
Mot G-1 7.23 9.71 14.14
Mot G-2 9.90 15.05 7.50

None Viv G-1 14.51 20.02 2.96

This journal is © The Royal Society of Chemistry 2020
showing that it is formed behind the purple luminous mineral.
The results of the EPMA test show that the purple and green
luminous minerals are jadeite, and that the blue luminescence
is omphacite (Fig. 9e), indicating that the early jadeite has been
replaced by omphacite.

The mottled green sample (Mot G) base is dark black lumi-
nescence, and the island-shaped purple luminescence also
exists, with an obvious purple luminous core. The core pyroxene
is completely purple in luminescence and its rim is slightly
blueish, and this can be speculated to be related to the later
metasomatism of the omphacite.

X-ray uorescence (XRF) is a non-destructive technique with
relatively high precision. Recent developments in instrumen-
tation and automation techniques have been applied to XRF,
thus producing spectrometers for micro X-ray uorescence (m-
XRF). m-XRF can be used to assess the major element chemical
compositions of minerals.28–31 m-XRF scanning was performed
on two mixed-phase jadeite (Bla G and Mot G) with clear
metamorphism, in order to study the distribution of the
different elements. Images with signicantly different element
distributions were selected, as shown in Fig. 10.

The results showed that the isolated island-like jadeite in Bla
G contained more Al element, and the surrounding meta-
somatic minerals contained more Ni, Ba, Fe, Ca, Mg, Mn, and
Ni. It is worth mentioning that the vein going through the
island-like jadeite was rich in Fe, Ca and Mg, and is intertwined
in a network vein on the substrate. Mot G also showed clear
elemental distribution differences between the isolated island-
shaped jadeite and the meta-minerals. The minerals that have
not been substituted are rich in Al and Na, while the base
metasomatic minerals are rich in Ca, Mg, Fe, P, Mn, and Ni.

According to the tests, it can be inferred that the island-like
mineral without metasomatic is jadeite, while the base is
obtained by EPMA (wt%)

MgO FeO Cr2O3 TiO2 NiO MnO

0.01 0.03 0.00 0.02 0.03 0.01
0.16 0.19 0.02 0.01 0.02 0.01
0.20 0.17 0.01 0.04 0.00 0.01
0.17 0.17 0.00 0.02 0.02 0.02
0.13 0.39 0.03 0.00 0.03 0.02
0.85 0.30 0.01 0.04 0.00 0.02
0.44 0.32 0.00 0.11 0.00 0.00
1.11 1.07 0.05 0.23 0.00 0.01
0.38 0.48 0.00 0.00 0.00 0.00
2.40 1.42 0.00 0.01 0.00 0.01
1.82 1.22 0.00 0.30 0.02 0.00
3.96 1.13 0.00 0.03 0.02 0.02
6.97 1.46 0.01 0.30 0.00 0.07
7.51 2.05 0.00 0.19 0.00 0.08
7.95 3.74 0.00 0.11 0.03 0.09
8.17 1.95 0.06 0.07 0.05 0.04
7.20 3.08 0.01 0.17 0.00 0.07
9.34 2.33 0.09 0.21 0.05 0.15
4.74 1.56 0.00 0.15 0.02 0.04
2.06 1.40 0.15 0.19 0.01 0.00
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a metasomatic mineral. The island-like jadeite represents
a white-colored “patch” on the appearance of the sample.
4. Discussion
4.1 Relationship between CL and mineral composition

The cationic substitution phenomenon is commonly seen in
jadeite. Some substitutions, such as Fe ions replacing Al ions,
lead to the increase of the ion radius, and this creates condi-
tions for the entry of trace elements. There is a close relation-
ship between trace element incorporation and CL properties of
minerals. Some trace elements are related to the color and
intensity of cathodoluminescence.21,32 Under CL microscopy,
jadeite pyroxenic usually shows a dark-medium bright green-
yellow green colour. When the jadeite component is pure, it
emits a purple-red color. The Fe content is related to its blue
luminescence, and the luminescence intensity changes from
bright to dark with an increase in Fe content.14 A low content of
Cr3+ and V3+ are activators of cathodoluminescence, but when
the content is high, they are quenchers of
cathodoluminescence.33

The luminescence of pyroxenic jadeite from Guatemala
mainly shows purple-purplish red, yellow green-green, blue,
and dark black colors. The EPMA results of the composition
analysis of minerals with different cathodoluminescence colors
are shown in Table 1, and the Quad-Jd-Ae triangular projection
is shown in Fig. 11. By combining m-XRF, EPMA, and cath-
odoluminescence, the regular relationships between different
luminous colors and the mineral components/elements can be
obtained:

Purple luminescence: the luminous mineral is jadeite, where
the chemical composition is simple. Jadeite is relatively pure,
and this results in a high “Jd” terminal element content.
Fig. 11 Projection of luminescent minerals of different colors under
cathodoluminescence (CL) microscopy. It can be seen that the purple
luminescent mineral is mainly jadeite with a high Jd terminal element
content, and the green luminescent mineral is also jadeite with
a higher Ca–Mg–Fe component. The blue and dark black luminous
minerals are mainly P2-type omphacite. The point in the c-omphacite
region in the picture is Mot G-2, which is located in the gap of the
island-like purple luminous jadeite, where the content of the Ca–Mg–
Fe component is reduced by substitution.

15944 | RSC Adv., 2020, 10, 15937–15946
Green luminescence: the luminous mineral is jadeite, where
the chemical composition is relatively complicated. More Ca
and Mg ions replace the positions of M2 and M1, and the
content of Fe, Ti, and Ba is more than that of pure jadeite.

Blue/dark black luminescence: the luminous mineral is mainly
omphacite with a complex chemical composition. The replace-
ment of Ca, Mg, and Fe is signicantly increased, and the amount
of trace elements of Mn, Ti, P, and Ni is also increased.

Non-luminous: Viv G has some non-luminous areas. The
main mineral in this area is jadeite, and the content of Cr2O3 is
higher (0.15%) than other bright light-emitting areas (0–0.06%).
It is presumed that the trace element of Cr3+ is too high to
suppress the luminescence of the jadeite mineral.
4.2 Speculation on the formation period of Guatemalan
pyroxenic jadeite

The genesis of jadeite is still a focus of academic debate.
Traditional theories are summarized as follows: the magma
origin,34,35metamorphogenesis,36,37 the heat hydrogenetic origin
and the neomagmatic origin (melt/uid origin).

Current research shows that jadeitite rocks either directly
precipitated and crystallized in the aqueous uid associated
with the subduction zone (P-type), or pre-existing rocks formed
in this uid-interpreted subduction zone (R-type). Columnar
jadeite with a rhythmic annulus is the main evidence for crys-
tallization in uid. Most jadeitites are of the P type and are
formed by the direct precipitation of some uids rich in
sodium, aluminum, and silicon in cavities, ssures, or fractures
in serpentinized peridotite or in high-pressure and low-
temperature rocks. In contrast, R-type jadeite retains the orig-
inal rock structure, the inherited minerals and geochemical
characteristics of pre-existing rocks, and both types may exist in
the same origin or system.38–40

Another important application of CL is to help reconstruct
the growth conditions of the minerals and to reveal secondary
alteration processes such as deformation, uid ow and related
processes, such as recrystallization.21 The thin-section of the
Gre G sample was magnied for luminescence observation. The
purple luminescent mineral showed a typical zonal texture,
indicating the P-type origin and that it had been crystallized
directly by the uid. Viv G is a columnar and self-shaped radial
aggregate jadeite, and this reects that the jadeite rock was
formed in relatively stable temperature and pressure condi-
tions, for a long time and in a stable and static homogeneous
medium. By combining the results of the cathodoluminescence
features, EPMA and m-XRF mapping, it can be presumed that
there are three generations in the formation of Guatemalan
pyroxenic jadeite:

(1) First generation: the early jadeite uid crystallizes to form
the rst stage jadeite (Jad I), and later may undergo
metamorphism.

(2) Second generation: the second-stage uid crystallizes/
undergoes metasomatism to form the second-stage jadeite
(Jad II), which contains more Ca–Mg–Fe component content
than Jad I.
This journal is © The Royal Society of Chemistry 2020
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(3) Third generation: the omphacite uid, which is rich in
Ca–Mg–Fe components, ows through the early jadeite (Jad I/
Jad II), or coexists with the late jadeite (Jad II), and meta-
somatism occurs.

Early uid crystallizes to form the rst generation jadeite
(Jad I), a purple luminescent mineral, which is relatively
complete in its crystal form, and which may undergo meta-
morphism in a later stage. When a uid containing a certain
amount of Ca–Mg–Fe component is metasomatic in the original
rst-stage jadeite, it can generate Jad II, green luminescent
minerals, such as Yel G and Blu G; Jad II may also be formed
directly from the crystallization of this uid, such as in Viv G. In
the later period, the Ca–Mg–Fe-rich omphacite uid ows
through the jadeite formed earlier, and this can generate
omphacite jade, such as Dar G. Residues will occur when
incomplete metasomatism is carried out, making the jadeite
texture uneven and reducing its transparency, such as in Bla G
and Mot G.

5. Conclusions

Our systematic investigation of seven varieties of green
pyroxenic jadeite from Guatemala demonstrates that the
composition of green jadeite is not only made up of pyroxenic
jadeite. There are three types of phase combinations: the
jadeite phase, omphacite phase and the mixed phase.
According to the compositions, Guatemalan pyroxenic
jadeite can be divided into three categories: jadeite jade,
omphacite jade, and jadeite–omphacite jade. They have
mainly granular, columnar and brous metacrystal textures.
A metasomatic residual structure can be seen frequently
occurring in jadeite–omphacite jade.

The main constituent mineral of jadeite jade is jadeite, and
the main constituent mineral of omphacite jade is omphacite,
while jadeite–omphacite jade is a mixed phase of jadeite and
omphacite minerals. The formation of jadeite jade is mainly
due to the uid crystallization of early jadeite (Jad I), and the
second-stage uid metastasis/crystallization into Jad II. In the
later stages, the uid that is rich in Ca–Mg–Fe components can
replace early jade I/Jad II, or it can co-exist with jade II. The
metamorphism occurs during metasomatism, when omphacite
is formed. The omphacite formed in the third stage belongs to
the P2/n space group. When metasomatism is incomplete, the
metasomatic remnants will form a harbor or an island shape,
making the jadeite uneven in texture and reducing its
transparency.

Using cathodoluminescence (CL) microscopy, the rst-stage
jadeite (Jad I) shows purple-purple red luminescence; the
second-stage jadeite (Jad II) shows green luminescence, and
when the Cr content is high, green light emission was sup-
pressed, causing the mineral to exhibit non-emission. Ompha-
cite formed at the third-stage shows blue or dark black
luminescence. At present, there is no rule about the difference
between blue luminescence and dark black luminescence, and
this needs further study.

Compared with Jad I, Jad II has the phenomenon of Ca and
Mg ions being present instead of Na and Mg, and its Fe, Ti, and
This journal is © The Royal Society of Chemistry 2020
Ba contents are higher. The chemical composition of omphacite
is more complicated. Ca, Mg, Fe, Mn, Ti, P, and Ni contents in
omphacite are higher than in the jadeite that formed in the
early stage.
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