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Spinel, as a gemstone, has continued to increase 
in popularity in recent years (figure 1). Despite 
high demand for this gem among collectors and 

in the jewelry trade, obtaining fine-quality spinel has 
proven challenging due to limited availability. Conse-
quently, the price of spinel has consistently trended 
upward; moreover, the gemstone’s geographic origin 
also plays a pivotal role in pricing. The origin of spinel 
is becoming an increasingly significant determinant 
of its value and is expected to soon be as significant as 
for emerald, ruby, and sapphire. For instance, blue 
spinel from Tanzania and Vietnam is more renowned 
than that from Madagascar or Myanmar, while red 
spinel from Myanmar and Vietnam is more highly 
regarded than that from other origins. However, reli-
able origin determination of spinel requires 
dependable data. Therefore, a comprehensive analysis 

of the physical and chemical characteristics of spinel 
from various origins is necessary. Color variation alone 
is insufficient to determine country of origin; similar 
appearing pink spinel might come from quite different 
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This study investigated the gemological characteristics of red and orange spinel from Mogok in Myanmar and 
from Lang Chap and An Phu in Vietnam. In terms of standard gemological properties, all samples displayed a 
refractive index ranging from 1.710 to 1.728, specific gravity of 3.528 to 3.692, and red fluorescence under 
ultraviolet light. Advanced gemological methods, including ultraviolet/visible/near-infrared spectroscopy, 
electron probe microanalysis, and laser ablation–inductively coupled plasma–mass spectrometry, were employed 
to investigate chemical compositions, particularly focusing on chromophores and determination of diagnostic 
origin criteria. Both red and orange spinel samples exhibited chemical properties close to stoichiometric spinel. 
It was found that the diverse coloration in red and orange samples resulted from variations in chromium-to-
vanadium ratios. The studied red spinels were chromium-rich, with chromium-to-vanadium ratios ≥1.7, whereas 
the orange spinels were vanadium-rich, with chromium-to-vanadium ratios ≤1.0. Trace element plots of titanium 
versus zinc for red spinel revealed separation between the three sources (Mogok, Lang Chap, and An Phu). 
Regarding orange spinel, plotting of vanadium versus zinc showed separation for Lang Chap and An Phu samples 
but due to the wide range of composition found in the Mogok samples, there was overlap between samples 
from Mogok and the two Vietnamese sources. Therefore, separation of the orange spinel from these sources is 
more difficult and will require investigating additional samples.

In Brief 
•  Red and orange spinels from Myanmar and Vietnam 

in this study revealed significant trace element 
composition data for further uses in gem-testing 
laboratories.  

•  Red spinel was characterized by a chromium- 
dominant chromophore composition with chromium-
to-vanadium ratios ≥1.7, whereas orange spinel had a 
vanadium-dominant chromophore composition with 
chromium-to-vanadium ratios ≤1.0. 

•  UV-Vis-NIR spectroscopy confirmed that Cr³+ and V³+ 
were the primary chromophores controlling color 
variation in the studied spinels. 

•  Trace element plots (particularly titanium versus zinc) 
showed potential for partial separation of red spinel 
from different geographic origins.
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geological environments. For instance, Tajikistan 
spinel occurs in forsterite lenses within magnesian 
skarn (Liu et al., 2022), whereas the spinels studied 
here from the main commercial deposits in Myanmar 
(Mogok) and Vietnam (Lang Chap and An Phu) are 
both situated in marble hosts. These marbles formed 
under high-grade (granulite facies) metamorphic con-
ditions and tectonic activity linked to the Himalayan 
orogeny (Garnier et al., 2005; Khoi et al., 2011; Huong 
et al., 2012; Fallick et al., 2019; Phyo et al., 2019; 
Chankhantha et al., 2020). The similarities in the mar-
ble hosts may result in comparable trace element 
chemistries and identical mineral inclusion assem-
blages. Consequently, these complicate the separation 
and origin determination of the studied spinels. 

Spinel is the magnesium- and aluminum-contain-
ing member (MgAl2O4) of the spinel group of minerals 
with the general formula (X2+)(Y3+)2O4 (Sickafus et al., 
1999) and crystallizes in the isometric (cubic) system. 
For spinel, the refractive index and specific gravity are 
approximately 1.72 and 3.55, respectively (Deer et al., 
2013). However, solid solutions may form where dif-
ferent metals substitute for magnesium and 
aluminum in the X2+ and Y3+ sites and may slightly 
change those physical properties, introducing color. 
For instance, red, pink, and orange spinel may be 
attributed to the presence of Cr3+ and V3+ presumably 
in the octahedral (Y3+) site, whereas blue spinel is 
attributed to Co2+ and/or Fe2+ predominantly in the 

tetrahedral (X2+) site. However, spinel with a blue hue 
originating from cobalt tends to exhibit a more satu-
rated and brighter color compared to spinel with a 
blue hue from iron. Chauviré et al. (2015) and Krzem-
nicki et al. (2023) also reported the presence of cobalt 
in blue spinel from Vietnam and Tanzania. Purple 
spinel can form when combinations of chromium 
and vanadium are accompanied by iron and/or cobalt 
substituting in the X2+ and/or Y3+ sites (Peretti and 
Günther, 2003; Chauviré et al., 2015; Andreozzi et al., 
2019; Belley and Palke, 2021; Krzemnicki et al., 2023). 
However, the flexible nature of the octahedral and 
tetrahedral structures in spinel allows both sites to 
potentially accommodate either 2+ or 3+ ions (D’Ip-
polito et al., 2015; Andreozzi et al., 2019; Zhang et al., 
2023). Investigations using quantitative analytical 
methods for trace element concentrations have been 
employed to separate natural from synthetic spinel, 
as well as to identify treatments (Saeseaw et al., 2009; 
Pluthametwisute et al., 2022). However, the trace ele-
ment profiles of spinel from various origins remain 
largely unexplored.  

GEOLOGICAL BACKGROUND 
Mogok, Myanmar. Mogok is a significant global 
source of ruby, sapphire, and spinel. Gem mining has 
taken place in both primary and secondary deposits 
in this region since the fifteenth century (Iyer, 1953). 
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Figure 1. Gem-quality 
spinel, such as these red 
(3.31 ct) and orange (2.53 
ct) examples from Mogok, 
Myanmar, have increased 
in popularity in recent 
years. Photos by Robert 
Weldon; courtesy of GIA’s 
Dr. Edward J. Gübelin col-
lection (left) and Pillar & 
Stone International (right).



Mogok is located in central Myanmar and is geolog-
ically part of the Mogok Metamorphic Belt (MMB) 
(figure 2) (Iyer, 1953; Phyo et al., 2019; Chankhantha 
et al., 2020), which experienced two major metamor-
phic events. The first occurred during the late 
Cretaceous to Paleocene, while the second took place 
during the late Eocene to Oligocene. Both events are 
linked to the collision between the Indian and Asian 
tectonic plates, which resulted in the formation of 
the Himalayan mountain range (Iyer, 1953; Searle et 
al., 2007, 2020; Phyo et al., 2019). The geologic set-
ting of the Mogok region is highly complex, mainly 
consisting of high-grade metamorphic schists, 
gneisses, marble, calc-silicate rocks, and quartzite. 
Additionally, various igneous intrusions are present, 
including gem crystal–containing pegmatites and 
ultramafic rocks (Iyer, 1953; Thu, 2007; Phyo et al., 
2019). Spinel has typically been found in marbles 
associated with metamorphism in granulite facies. 
Other minerals discovered in these marble forma-
tions include apatite, chondrodite, clinohumite, 
diopside, dravite, forsterite, graphite, phlogopite, 
pyrite, and corundum (ruby) (Zaw et al., 2015; 
Chankhantha et al., 2020). Moreover, anhydrite, 
apatite, calcite, chondrodite, dolomite, graphite, 
ilmenite, magnesite, forsterite, phlogopite, potas-
sium feldspar, pyrite, quartz, rutile, sulfur, titanite, 
uraninite, and zircon have also been found as mineral 
inclusions in Mogok spinel (Phyo et al., 2019). 
Although mineral inclusions can provide valuable 
information for gemological characterization and ori-
gin determination, most of the samples examined in 
this study were free of inclusions, which limited 
detailed inclusion analysis. 

Lang Chap, Vietnam. Here, gem spinel has been 
mined mostly from secondary deposits, beginning in 

February 2010. This area is particularly renowned for 
red to orange spinel (Khoi et al., 2011; Huong et al., 
2012). The small village of Lang Chap is located in 
the Luc Yen District, Yen Bai Province, within the 
Day Nui Con Voi range. This area is positioned 
between the Red River Fault to the southwest and 
the Chay River Fault to the northeast (Trinh et al., 
2012; again, see figure 2). In the Red River Fault zone, 
two main tectonic events contributed to the forma-
tion of gemstones; the Indosinian orogeny resulted 
from the collision between the Yangtze craton and 
the Indochinese shield in the Upper Proterozoic 
(Kušnír, 2000); the subsequent Himalayan orogeny 
produced similar high-grade metamorphic conditions 
to those of the MMB. Additionally, spinel from Lang 
Chap is associated with high-grade metamorphic 
rocks under amphibolite facies’ conditions, including 
calc-silicates, gneisses, and marbles (Malsy et al., 
2012; Chauviré et al., 2015; Giuliani et al., 2017). As 
a newly discovered deposit, detailed information on 
mineral inclusions in Lang Chap spinel is limited. 

An Phu, Vietnam. This renowned gem mining loca-
tion is also in Yen Bai Province and is known for 
high-quality spinel. These spinels formed within 
marble during granulite facies metamorphism; other 
minerals found in these marbles include chlorite, 
clinohumite, forsterite, pargasite, and phlogopite 
(Garnier et al., 2005; Fallick et al., 2019). In addition, 
inclusions of apatite, calcite, dolomite, goethite, 
graphite, magnesite, potassium feldspar, titanite, 
and zircon were discovered  in these spinels (Giu-
liani et al., 2003). An Phu is part of a geological 
terrane, the Lo Gam zone, to the east of the Red 
River Fault (Malsy et al., 2012; again, see figure 2). 
Two significant tectonic processes in the Lo Gam 
zone were crucial to the formation of gemstones 
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Figure 2. Map showing the 
main spinel locations in 
Southeast Asia: Mogok in 
Myanmar and Lang Chap 
and An Phu in Vietnam. 
Modified from Mattauer et 
al., 1999; Trinh et al., 2012; 
and Win et al., 2016.
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along the Red River Fault area. These were the 
Indosinian orogeny, resulting from the collision 
between the Yangtze craton and the Indochinese 
shield during the Upper Proterozoic, and the subse-
quent Himalayan orogeny, which is also associated 
with the metamorphic evolution of the MMB (Gar-
nier et al., 2005; Chauviré et al., 2015; Giuliani et 
al., 2017; Chankhantha et al., 2020). 

MATERIALS AND METHODS 
Samples. All spinel samples for this study were 
acquired by the authors from either miners or local 
markets around the mining areas. Author DS 
bought all Mogok spinels directly from the local 
market around the mining area, and author DTAV 
bought spinels directly from the local miners in 
Lang Chap and An Phu, Vietnam. Red and orange 
spinels were meticulously selected and categorized 
based on their color and hue according to the Mun-
sell color system. The red spinels’ color codes 
ranged from 2.5R to 5R, and the orange spinels’ 

color codes ranged from 7.5R to 10R. The red spinel 
collection comprised 13 samples from Mogok, 25 
samples from Lang Chap, and 25 samples from An 
Phu. The orange spinel collection included 14 sam-
ples from Mogok, 25 samples from Lang Chap, and 
25 samples from An Phu. All samples were labeled 
using abbreviations of locations followed by a num-
ber (e.g., MK 17). Double-sided polished wafers were 
fabricated from all 127 spinel samples for standard 
gemological testing, including determination of 
refractive index (RI), specific gravity (SG), ultravio-
let (UV) reaction, and optical character with a 
polariscope. Furthermore, ultraviolet/visible/near-
infrared (UV-Vis-NIR) spectroscopy, electron probe 
microanalysis (EPMA), and laser ablation–inductively 
coupled plasma–mass spectrometry (LA-ICP-MS) 
were applied to select samples representing each 
unique color (figure 3). 

UV-Vis-NIR Spectroscopy. Absorption spectra in the 
UV-Vis-NIR range (250–1500 nm) were collected by 
a Perkin-Elmer Lambda 1050 spectrophotometer at 
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Figure 3. Representative 
red (left) and orange (right) 
spinel samples from Mogok 
(A: 0.19–0.60 ct and B: 
0.35–2.59 ct), Lang Chap 
(C: 0.33–0.54 ct and D: 
0.31–2.82 ct), and An Phu 
(E: 0.42–4.31 ct and F:  
0.24–1.55 ct). Photos by 
Boonyapak Aksorn.



the Gem and Jewelry Institute of Thailand (GIT). 
Scan speed was set at 405 nm/min with a resolution 
of 3 nm. The thin double-sided polished wafer sam-
ples (≤4 mm thick) allowed for the use of 
transmission mode. The absorption coefficient was 
calculated using the formula α = 2.303A/t, where α 
represents the Napierian true absorption coefficient 
in cm–1, A is the decadic true absorbance (unitless), 
and t is the thickness of the sample in centimeters 
(Dubinsky et al., 2020). 

EPMA. A JEOL model JXA-8100 electron probe micro-
analyzer at the Department of Geology, 
Chulalongkorn University, was used to determine 
major and minor oxide compositions. Standard mate-
rials for calibration included synthetic quartz (SiO2) for 
silicon, synthetic rutile (TiO2) for titanium, synthetic 
corundum (Al2O3) for aluminum, lead vanadium ger-
manium oxide (PbV Geoxide) for vanadium, synthetic 
eskolaite (Cr2O3) for chromium, gadolinium gallium 
garnet (GGG) for gallium, fayalite (Fe2SiO4) for iron, 
synthetic periclase (MgO) for magnesium, synthetic 
manganosite (MnO) for manganese, cobalt oxide (CoO) 
for cobalt, zinc oxide (ZnO) for zinc, and wollastonite 
(CaSiO3) for calcium. An acceleration voltage of 15 kV 
and a probe current of about 2.5 × 10−8 A with a focused 
electron beam (<1 μm) were applied to all analytical 
spots. Detection limits were empirically below 0.005 
wt.%. Three spots were analyzed for each sample.  

LA-ICP-MS. Trace element analyses were performed 
with LA-ICP-MS. This unit was comprised of a 

Thermo Scientific iCAP RQ ICP-MS attached to an 
Elemental Scientific Laser NWR-213 (laser ablation 
unit) based at GIT. The parameters employed for ICP-
MS were a carrier gas flow of 0.75 L/min of helium, 
a plasma gas flow of 14 L/min of argon with plasma 
power set at 1550 W, and a radiofrequency generator 
supply of 40 V. Supplementary parameters for laser 
ablation included an output energy of 0.246 mJ, flu-
ence around 10 J/cm2, laser energy set at 65%, spot 
size of 85 μm, repetition rate of 10 Hz, dwell time of 
60 s, and three analyzed spots for each sample. Exter-
nal standard calibration was performed using NIST 
SRM 610 (with lithium, beryllium, and boron con-
centrations of 485.0, 465.9–466.1, and 357.0 ppm, 
respectively) and NIST SRM 612 (with lithium, 
beryllium, and boron concentrations of 41.5, 36.2–
38.4, and 35.0 ppm, respectively). The following 
masses were collected: 49Ti, 51V, 53Cr, 55Mn, 56Fe, 59Co, 
60Ni, 67Zn, and 69Ga. All analyses were reported as 
ppmw and converted to ppma on the basis of the 
molecular weight per atom approach, which is as fol-
lows: Molecular weight of spinel (MgAl2O4) is 
divided by the total number of atoms per formula 
unit (7 atoms) to obtain the average mass per atom. 
This value is then divided by the atomic weight of 
the target element and multiplied by its ppmw value 
to obtain the atomic concentration (ppma). 

RESULTS 
Standard Gemological Properties. A summary of the 
standard gemological properties for the red and orange 
spinels tested is presented in table 1. The samples 
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TABLE 1. Standard gemological properties of red and orange spinel samples.

Note: n = number of samples; LW = long-wave; SW = short-wave.

Color group Deposit Color code Refractive index Specific gravity Ultraviolet fluorescence

Red 
(n = 13)

Mogok, 
 Myanmar 2.5R 1.713–1.728 3.551–3.692 LW: red to strong red 

SW: red to strong red

Red 
(n = 25)

Lang Chap,  
Vietnam 2.5R 1.710–1.725 3.554–3.653 LW: strong red 

SW: red to strong red

Red 
(n = 25)

An Phu, 
 Vietnam 2.5R–5R 1.719–1.725 3.528–3.661 LW: strong red 

SW: red to strong red

Orange 
(n = 14)

Mogok, 
 Myanmar 7.5R–10R 1.710–1.719 3.552–3.621 LW: red to strong red 

SW: weak red

Orange 
(n = 25)

Lang Chap, 
Vietnam 7.5R–10R 1.710–1.720 3.571–3.649 LW: strong red 

SW: weak red to red

Orange 
(n = 25)

An Phu, 
 Vietnam 7.5R–10R 1.711–1.721 3.570–3.659 LW: red to strong red 

SW: inert to weak red



ranged in RI from 1.710 to 1.728, all displaying single 
refraction. The SG values varied within a range of 
3.528 to 3.692. Notably, all red spinel samples dis-
played red fluorescence under both long-wave (365 
nm) and short-wave (254 nm) UV, while some orange 
spinel samples exhibited red fluorescence under long-
wave UV but were inert or exhibited weak to 
medium red fluorescence under short-wave UV. 

UV-Vis-NIR Spectroscopy. UV-Vis-NIR absorption 
spectra corrected for path length of all red and orange 
spinel samples showed absorption peaks at 390 nm 
and 534–540 nm (figure 4), attributed to overlapping 

contributions from Cr3+ and V3+. Notably, the absorp-
tion feature associated with Cr3+ in red spinel shows 
a shoulder at 430 nm. In addition, orange spinels 
exhibited a reduced absorption intensity from 470 to 
600 nm compared to their red counterparts, while 
also displaying a less pronounced peak at 
534–540 nm. Moreover, their Cr3+ absorption range 
(350–490 nm) was broader than that observed in red 
spinels (350–470 nm). The referenced absorption 
peaks of Cr3+ and V3+ are from Belley and Palke (2021) 
and D’Ippolito et al. (2015).  

Distinct absorption bands were evident for red 
spinel in the violet range (350–470 nm) and green to 
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Figure 4. Representative 
UV-Vis-NIR absorption 
spectra of red (left) and 
orange (right) spinel  
samples from Mogok (A 
and B), Lang Chap (C  
and D), and An Phu (E 
and F). Munsell color 
notations (e.g., 2.5R 5/14) 
are provided to describe 
hue, value, and chroma. 
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TABLE 2. Representative EPMA analyses (in wt.%) of red spinel samples from Mogok, Lang Chap, and An Phu.

abdl = below detection limit (<0.005 wt.%). 
Note: Fe2+ and Fe3+ recalculated using method described by Droop (1987).  

Mogok Lang Chap An Phu

MK 15 MK 16 MK 17 LC 1 LC 2 LC 3 AP 27 AP 28 AP 32

SiO2 0.04 0.03 bdla bdl bdl bdl bdl bdl bdl

TiO2 0.07 0.13 0.13 0.08 0.05 bdl 0.10 bdl 0.03

Al2O3 65.79 67.44 68.63 68.55 69.25 69.86 69.29 68.71 68.76

V2O3 0.21 0.37 0.23 0.39 0.10 0.34 0.36 0.11 0.18

Cr2O3 5.38 3.33 1.74 2.06 1.87 1.54 1.47 2.09 1.33

Ga2O3 bdl 0.06 0.05 0.07 bdl 0.01 0.10 bdl bdl

FeOtotal 0.15 0.15 0.20 0.45 0.94 0.40 0.20 0.58 0.36

MnO bdl bdl bdl 0.01 0.02 bdl bdl 0.03 0.02

MgO 28.56 27.56 28.25 27.92 27.18 27.82 27.49 27.37 27.53

CoO bdl bdl bdl bdl bdl bdl bdl bdl bdl

ZnO 0.17 1.13 0.57 0.19 0.88 0.16 0.36 0.24 0.45

CaO 0.03 0.02 0.02 0.01 bdl bdl 0.01 0.01 bdl

Total 100.39 100.22 99.81 99.72 100.29 100.13 99.37 99.14 98.66

Cation atoms per formula unit, based on four oxygen atoms per formula unit

Si 0.001 0.001 — — — — — — —

Ti 0.001 0.002 0.002 0.001 0.001 — 0.002 — 0.001

Al 1.869 1.915 1.942 1.942 1.957 1.964 1.964 1.956 1.964

V 0.004 0.007 0.005 0.008 0.002 0.006 0.007 0.002 0.004

Cr 0.103 0.064 0.033 0.039 0.036 0.029 0.028 0.040 0.026

Ga — 0.001 0.001 0.001 — — 0.002 — —

Fe3+ 0.014 0.005 0.010 0.005 0.002 — — 0.001 0.004

Fe2+ 0.003 0.003 0.004 0.004 0.017 0.008 0.004 0.010 0.003

Mn — — — — — — — 0.001 0.001

Mg 1.026 0.990 1.011 1.000 0.972 0.990 0.986 0.986 0.994

Co — — — — — — — — —

Zn 0.003 0.020 0.010 0.004 0.016 0.003 0.006 0.004 0.008

Ca 0.001 0.001 — — — — — — —

Total 3.024 3.009 3.018 3.004 3.002 3.000 2.998 3.001 3.003

 ∑R2+ 1.033 1.014 1.025 1.008 1.004 1.000 0.996 1.001 1.006

X(Mg) 0.984 0.992 0.986 0.991 0.981 0.992 0.996 0.989 0.993

X(Fe) 0.016 0.008 0.014 0.009 0.019 0.008 0.004 0.011 0.007

∑R3+ 1.991 1.995 1.992 1.996 1.998 2.000 2.002 2.000 1.997

Y(Al) 0.946 0.964 0.981 0.976 0.981 0.982 0.982 0.979 0.985

Y(Cr) 0.052 0.032 0.017 0.020 0.018 0.015 0.014 0.020 0.013

Y(V) 0.002 0.004 0.003 0.004 0.001 0.003 0.004 0.001 0.002
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TABLE 3. Representative EPMA analyses (in wt.%) of orange spinel samples from Mogok, Lang Chap, and An Phu.

abdl = below detection limit (<0.005 wt.%). 
Note: Fe2+ and Fe3+ recalculated using method described by Droop (1987).  

Mogok Lang Chap An Phu

MK 30 MK 31 MK 34 LC 32 LC 33 LC 35 AP 53 AP 54 AP 57

SiO2 bdla bdl bdl bdl bdl bdl 0.01 bdl bdl

TiO2 bdl 0.11 bdl bdl 0.08 0.04 0.04 bdl bdl

Al2O3 70.77 70.63 70.36 70.89 70.62 70.49 70.51 71.17 71.66

V2O3 1.10 0.84 1.01 1.06 0.85 1.05 0.36 0.31 0.32

Cr2O3 0.10 0.24 0.15 0.20 0.45 0.51 0.12 0.07 0.23

Ga2O3 0.13 bdl bdl bdl bdl 0.01 0.09 0.07 bdl

FeOtotal 0.03 0.09 0.11 0.11 0.24 0.32 0.58 0.83 0.28

MnO bdl 0.01 bdl bdl bdl bdl 0.01 0.01 bdl

MgO 28.65 28.40 28.22 27.72 27.58 27.30 28.65 27.16 27.76

CoO bdl bdl bdl bdl bdl bdl bdl bdl bdl

ZnO 0.09 0.01 0.31 0.05 0.08 0.16 0.14 0.06 bdl

CaO 0.01 bdl 0.01 0.02 0.01 bdl bdl 0.03 bdl

Total 100.88 100.33 100.19 100.04 99.91 99.86 100.51 99.69 100.25

Cation atoms per formula unit, based on four oxygen atoms per formula unit

Si — — — — — — — — —

Ti — 0.002 — — 0.001 0.001 0.001 — —

Al 1.968 1.973 1.972 1.986 1.983 1.982 1.970 2.002 1.999

V 0.021 0.016 0.019 0.020 0.016 0.020 0.007 0.006 0.006

Cr 0.002 0.005 0.003 0.004 0.009 0.010 0.002 0.001 0.004

Ga 0.002 — — — — — 0.001 0.001 —

Fe3+ 0.004 0.001 0.004 — — — 0.011 — —

Fe2+ 0.001 — 0.002 0.002 0.005 0.006 — 0.017 0.006

Mn — — — — — — — — —

Mg 1.008 1.004 1.001 0.982 0.980 0.971 1.013 0.966 0.980

Co — — — — — — — — —

Zn 0.002 — 0.006 0.001 0.001 0.003 0.002 0.001 —

Ca — — — 0.001 — — — 0.001 —

Total 3.007 3.001 3.006 2.995 2.995 2.993 3.009 2.995 2.995

 ∑R2+ 1.010 1.004 1.009 0.986 0.986 0.980 1.016 0.985 0.985

X(Mg) 0.995 0.999 0.994 0.998 0.995 0.994 0.989 0.983 0.994

X(Fe) 0.005 0.001 0.006 0.002 0.005 0.006 0.011 0.017 0.006

∑R3+ 1.997 1.997 1.998 2.009 2.009 2.013 1.993 2.010 2.010

Y(Al) 0.988 0.989 0.989 0.988 0.988 0.985 0.995 0.997 0.995

Y(Cr) 0.001 0.003 0.002 0.002 0.004 0.005 0.001 0.000 0.002

Y(V) 0.011 0.008 0.010 0.010 0.008 0.010 0.004 0.003 0.003
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yellow range (500–600 nm), resulting in transmission 
in the blue and red regions of the spectrum (figure 4, 
A, C, and E). On the other hand, orange spinels exhib-
ited similar absorption in the violet range 
(350–470 nm), extending into part of the blue region 
(490 nm), along with reduced absorption in the green 
to yellow range (500–600 nm), resulting in increased 
transmission in the orange region, as depicted in fig-
ure 4, B, D, and F. 

The representative red spinel sample (LC 6 in fig-
ure 4C) revealed a chromium-rich and vanadium-poor 
composition, with 4076 ppma chromium and 168 
ppma vanadium, and exhibited a peak at 390 nm, a 
shoulder peak at 430 nm, and a distinct absorption 
intensity at 534–540 nm. In contrast, the representa-
tive orange spinel sample (MK 30 in figure 4B) 
yielded chromium-poor and vanadium-rich contents 
of 177 ppma chromium and 1416 ppma vanadium 
and showed a peak at 390 nm, a broader peak width 
compared to the red spinel, and a much reduced peak 
at 534–540 nm. 

Mineral Chemistry. EPMA. Representative EPMA 
analyses and the resulting calculated stoichiometric 

formulas based on four oxygen atoms are presented 
in tables 2 and 3. Moreover, Fe2+ and Fe3+ were recal-
culated using the method described by Droop 
(1987). According to the classification of Haggerty 
(1991) and Deer et al. (2013), spinels with major ele-
ments of magnesium and aluminum in an 
approximate stoichiometric ratio of 1:2 are classi-
fied as spinel (MgAl2O4).  

Chemical analyses of red spinel samples from 
Mogok, Lang Chap, and An Phu demonstrated that 
all contained Al2O3 (65.79–69.86 wt.%) and MgO 
(27.18–28.65 wt.%). Consequently, the red samples 
exhibited 1.869–1.964 Al3+ atom per formula unit 
(apfu), incompletely occupying the octahedral site 
(2 apfu). The presence of Cr3+ (0.026–0.103 apfu) was 
observed, substituting for Al3+ in the octahedral site. 
Consequently, the mole fraction at the tetrahedral 
site showed that XMg2+ ranged from 0.981 to 0.996, 
while XFe2+ ranged from 0.004 to 0.019. At the octa-
hedral site, YAl3+ ranged from 0.946 to 0.985, YCr3+ 

ranged from 0.013 to 0.052, and YV3+ ranged from 
0.001 to 0.004 (table 2).  

Orange spinel samples from Mogok, Lang Chap, 
and An Phu were predominantly comprised of Al2O3 

TABLE 4. Representative LA-ICP-MS analyses (in ppmw) of red spinel samples. Corresponding ppma values 
are shown in parentheses.

abdl = below detection limit.

Mogok Lang Chap An Phu Detection limit 
(ppmw)MK 15 MK 16 MK 17 LC 1 LC 2 LC 3 AP 27 AP 28 AP 32

Ti 1110 
(461)

522 
(217)

939 
(390)

155 
(65)

41 
(17)

140 
(58)

45 
(19)

16 
(7)

19 
(8) 0.88

V 1630 
(650)

1230 
(491)

1490 
(595)

1175 
(469)

423 
(169)

1270 
(507)

2307 
(920)

882 
(352)

1080 
(431) 0.04

Cr 23623 
(9243)

13785 
(5394)

7166 
(2804)

6842 
(2677)

6374 
(2494)

6002 
(2348)

8393 
(3284)

12149 
(4754)

7967 
(3117) 0.43

Mn 8 
(3)

11 
(4)

5 
(2)

7 
(3)

150 
(55)

7 
(3)

10 
(4)

206 
(76)

172 
(64) 0.13

Fe 6158 
(2238)

7554 
(2745)

10274 
(3733)

1909 
(694)

4298 
(1562)

1893 
(688)

1756 
(638)

4565 
(1659)

3577 
(1300) 3.02

Co bdla 3 
(1)

2 
(0.7)

4 
(1)

5 
(2)

4 
(2)

4 
(2)

12 
(4)

1 
(0.3) 0.07

Ni 13 
(5)

142 
(48)

82 
(28)

18 
(6)

7 
(2)

19 
(7)

79 
(27)

42 
(14)

1 
(0.2) 0.27

Zn 2402 
(764)

10569 
(3360)

6713 
(2134)

2046 
(650)

9920 
(3154)

1799 
(572)

1325 
(421)

1116 
(355)

1456 
(463) 0.25

Ga 107 
(31)

225 
(66)

169 
(50)

184 
(54)

175 
(51)

177 
(52)

258 
(76)

206 
(61)

393 
(116) 0.11



(70.36–71.66 wt.%) and MgO (27.16–28.65 wt.%). 
Therefore, recalculated Al3+ ions (1.968–2.002 apfu) 
occupied most of the octahedral sites. In addition, V3+ 
(0.006–0.021 apfu) was observed, substituting for Al3+ 
in the octahedral site. As a result, the mole fraction 
at the tetrahedral site showed that XMg2+ ranged from 
0.983 to 0.993, while XFe2+ ranged from 0.001 to 0.017. 
At the octahedral site, YAl3+ ranged from 0.985 to 
0.997, YCr3+ ranged from 0 to 0.005, and YV3+ ranged 
from 0.003 to 0.011 (table 3).   

LA-ICP-MS. Representative trace analyses of impu-
rities in red and orange spinel samples are presented 
in tables 4 and 5, respectively. It is well recognized 
that the red and orange colorations in spinel are pri-
marily attributed to chromium and vanadium, as 
seen in these samples. The relationship between 
chromium and vanadium is illustrated in figure 5, 

highlighting the significantly higher chromium con-
tents in red spinel compared to vanadium, while the 
reverse is observed in orange spinel. Notably, the 
chromium-to-vanadium ratios are ≥1.7 for red spinel 
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Figure 5. Plot of vanadium vs. chromium showing trends 
corresponding to red and orange colors in spinel samples 

from Mogok, Lang Chap, and An Phu.
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TABLE 5. Representative LA-ICP-MS analyses (in ppmw) of orange spinel samples. Corresponding ppma 
values are shown in parentheses.

abdl = below detection limit.

Mogok Lang Chap An Phu Detection limit 
(ppmw)MK 30 MK 31 MK 34 LC 27 LC 32 LC 35 AP 53 AP 54 AP 57

Ti 209 
(87)

415 
(46)

79 
(33)

95 
(40)

77 
(32)

152 
(63)

116 
(48)

79 
(33)

149 
(62) 0.88

V 3549 
(1416)

2867 
(1144)

470 
(188)

3031 
(1209)

3688 
(1471)

4041 
(1612)

1626 
(649)

1340 
(535)

1529 
(610) 0.04

Cr 452 
(177)

1541 
(603)

265 
(104)

1005 
(393)

728 
(285)

2431 
(951)

904 
(354)

589 
(230)

1397 
(547) 0.43

Mn 4 
(2)

8 
(3)

4 
(1)

5 
(2)

5 
(2)

7 
(2)

12 
(5)

71 
(26)

7 
(3) 0.13

Fe 1877 
(682)

5318 
(1932)

5224 
(1898)

1120 
(407)

829 
(301)

1994 
(725)

3912 
(1421)

6736 
(2447)

2244 
(815) 3.02

Co bdla 1 
(0.2)

1 
(0.4)

2 
(0.8) bdl 2 

(0.7)
6 

(2)
5 

(2)
2 

(0.5) 0.07

Ni 9 
(3)

32 
(11)

167 
(57)

120 
(41)

38 
(13)

37 
(13)

29 
(10)

13 
(4)

7 
(2) 0.27

Zn 1145 
(464)

588 
(187)

725 
(230)

1330 
(422)

980 
(311)

1291 
(411)

1042 
(331)

325 
(103)

753 
(239) 0.25

Ga 152 
(45)

52 
(15)

101 
(30)

76 
(22)

155 
(46)

98 
(29)

146 
(43)

109 
(32)

136 
(40) 0.11



and ≤1.0 for orange spinel (table 6). These ratios were 
determined using both ppmw and ppma and yielded 
similar values because chromium and vanadium 
have very similar atomic weights. 

Trace analyses of red spinel (table 4) determined 
a vanadium range of 169 to 920 ppma, a chromium 
range of 2348 to 9243 ppma, and an iron range of 
638 to 3733 ppma. The chromium-to-vanadium 
ratios displayed a range of 1.7 to 32, indicating 
chromium is always predominant over vanadium 
(mostly ≥1.7 times). Additionally, titanium versus 
zinc plots distinctly highlight a variation among dif-
ferent sources, with a decreasing trend in titanium 

content from Mogok to Lang Chap and An Phu, 
respectively (figure 6). 

The orange spinel samples (table 5) were deter-
mined to have a range of vanadium from 188 to 
1612 ppma, chromium from 104 to 951 ppma, and 
iron from 301 to 2447 ppma. In particular, 
chromium-to-vanadium ratios were clearly ≤1.0 
(table 6). Iron content in orange spinel appears to 
be lower than in red spinel. Additionally, plots of 
vanadium versus zinc are distinctively different 
between Lang Chap and An Phu orange spinel; 
however, they both overlap with Mogok spinel 
(figure 7). 
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TABLE 6. LA-ICP-MS analyses (in ppmw) of chromium, vanadium, and chromium-
to-vanadium ratios affecting coloration in representative spinel samples. 
Corresponding ppma values are shown in parentheses.

Red spinel MK 17 LC 6 AP 27 AP 35 LC 9

Cr 7166 
(2804)

10417 
(4076)

8393 
(3284)

4380 
(1714)

4776 
(1869)

V 1490 
(595)

420 
(168)

2307 
(920)

2565 
(1023)

145 
(58)

Cr/V 4.8 
(4.7)

24.8 
(24.3)

3.6 
(3.6)

1.7 
(1.7)

32.9 
(32.2)

Orange spinel MK 30 LC 33 AP 56 LC 32 MK 33

Cr 452 
(177)

3016 
(1180)

1371 
(536)

728 
(285)

16 
(6)

V 3549 
(1416)

2919 
(1164)

1625 
(648)

3688 
(1471)

1203 
(480)

Cr/V 0.1 
(0.1)

1.0 
(1.0)

0.8 
(0.8)

0.2 
(0.2)

0.01 
(0.01)

Figure 6. Plot of titanium vs. zinc shows clear separa-
tion among red spinels from Mogok, Lang Chap, and 
An Phu.

Figure 7. Plot of vanadium vs. zinc reveals clear separa-
tion between orange spinels from Lang Chap and An 
Phu, but both sets overlap with Mogok spinel samples.
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DISCUSSION 
The colors observed in spinel are predominantly 
influenced by trace elements substituting in tetra-
hedral and/or octahedral sites, resulting in 
spin-allowed or spin-forbidden transitions that con-
tribute to a diverse range of colors (Chauviré et al., 
2015; Andreozzi et al., 2019).  Specifically, the red 
and orange hues in spinel are attributed to Cr3+ and 
V3+ in spin-allowed transitions, leading to the 
absorption of light within the violet spectrum 
(350–470 nm) and the green to yellow spectrum 
(500–600 nm). The red spinel samples, characterized 
by chromium-to-vanadium ratios ≥1.7, exhibited a 
distinct peak at 390 nm (with a shoulder peak at 
430 nm) and a band at 534–540 nm, resulting in a 
pronounced red hue. Conversely, the studied orange 
spinel, with chromium-to-vanadium ratios ≤1.0, 
exhibited a distinct peak at 390 nm (without a 
430 nm shoulder peak) and a band at 534–540 nm, 
showed enhanced light absorption in the blue to 
green spectrum (350–490 nm), and displayed 
decreased absorption intensity in the green to yellow 
spectrum (500–600 nm), producing a distinct orange 
color due to the partial cancellation of the red range 
by the complementary green range. For example, 
samples LC 6, MK 17, and AP 27, with chromium-
to-vanadium ratios of 24, 4.7, and 3.6, respectively 
(table 6), clearly demonstrated this effect. In con-
trast, sample MK 30, with a color code of 10R 6/12 
and a chromium-to-vanadium ratio of 0.01, dis-
played a more prominent orange color compared to 
samples LC 33 and AP 56, which have chromium-
to-vanadium ratios of 1.0 and 0.83, along with color 
codes of 7.5R 5/14 and 7.5R 6/10, respectively (again, 
see figure 4, D and F). Notably, spinel samples with 
chromium-to-vanadium ratios between 1.0 and 1.7 
require further investigation, although their colors 
may be continuously superimposed within the 
ranges of orange and red. Consistent with the rela-
tive proportions of chromium and vanadium 
discussed above, higher vanadium versus chromium 
concentrations in spinel should exhibit an orange 
shade, whereas a prominent chromium content 
would result in a red coloration in spinel. Moreover, 
beyond relative chromium and vanadium concen-
trations in spinel, the absolute concentrations of 
chromium and vanadium in spinel play a substantial 
role in indicating the intensity of the resultant color. 
In red spinel, sample LC 6 (2.5R 4/12), with 
chromium and vanadium concentrations of 4076 
and 168 ppma, respectively, displayed a deeper red 
hue compared to sample LC 9 (2.5R 6/10), with 

chromium and vanadium concentrations of 1869 
and 58 ppma. Similarly, in orange spinel, sample 
LC 32 (7.5R 6/12), with chromium and vanadium 
concentrations of 285 and 1471 ppma, exhibited a 
deeper orange hue than sample MK 33 (7.5R 7/6), 
where chromium and vanadium concentrations 
were 177 and 1416 ppma. 

Fluorescence of spinel under short-wave and long-
wave UV light was evaluated in relation to 
chromium, vanadium, and iron contents. The results 
indicate that fluorescence in both red and orange 
spinel samples is significantly influenced by 
chromium content. In particular, chromium-rich red 
spinel exhibits strong red fluorescence under long-
wave UV light, which is notably more intense than 
that observed in more chromium-poor orange spinel. 
On the other hand, the fluorescence appears to show 
no correlation with vanadium and iron contents. It 
is important to note that the presence of significant 
fractures in a few samples may have interfered with 
fluorescence observation and potentially affected the 
accuracy of the analysis. 

The titanium versus zinc plots of red spinel can 
be used to clearly distinguish spinel from Mogok 
(high titanium) relative to those from Lang Chap or 
An Phu (much lower titanium), respectively. The 
titanium and zinc contents of Mogok spinel align 
with previous studies. Chankhantha et al. (2020) 
reported titanium concentrations ranging from 441 
to 1270 ppmw and zinc concentrations ranging from 
482 to 4320 ppmw. Similarly, Zhao et al. (2023) doc-
umented titanium concentrations ranging from 408 
to 497 ppmw and zinc concentrations ranging from 
339 to 549 ppmw, further supporting the composi-
tional similarities of Mogok spinel. For orange 
spinel, Lang Chap’s samples show notably higher 
concentrations of vanadium and zinc, whereas sam-
ples from An Phu have lower concentrations of 
these two trace elements. However, orange spinel 
from Mogok exhibits vanadium and zinc ranges 
overlapping with those from both Lang Chap and 
An Phu (again, see figure 7). This remains an issue 
requiring further investigation. However, the geo-
logic settings of these deposits are similar; they 
appear to have all been closely related to the 
Himalayan orogeny. Moreover, their marble host 
rocks underwent granulite facies metamorphism 
within, leading them to resemble mineral assem-
blages found both in marbles and as mineral 
inclusions in spinel (Garnier et al., 2005; Khoi et al., 
2011; Huong et al., 2012; Fallick et al., 2019; Phyo 
et al., 2019; Chankhantha et al., 2020). 
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CONCLUSION 
Red and orange spinel from Mogok in Myanmar and 
from Lang Chap and An Phu in Vietnam are predom-
inantly comprised of Al2O3 and MgO. The presence 
of Cr3+ imparts the distinctive red coloration in 
spinel, while a combination of V3+ and Cr3+ is respon-
sible for an orange hue. Spectral analysis revealed 
prominent absorption peaks at 390 nm, a shoulder 
peak at 430 nm, and a band at 534–540 nm attrib-
uted to Cr3+ absorption, with V3+ peaks overlapping 
with Cr3+ peaks at 390 nm and 534–540 nm, charac-
terized by a broader peak width at 390 nm and a 
minor contribution at 534–540 nm. The ratios of 
Cr3+ to V3+ correlate with the colors observed for the 

spinel samples studied, with ratios ≥1.7 indicating 
red spinel and ≤1.0 indicating orange spinel. Trace 
element analysis, particularly of titanium and zinc, 
aids in differentiating the origins of red spinel from 
Lang Chap and An Phu. Further research is neces-
sary to address complexities arising from geological 
and tectonic variations among different sources. 
Additional sampling, including spinel from more 
geologically diverse origins, may further improve 
origin determination, particularly as the deposits 
examined in this study are hosted in similar marble-
related environments, which increases the difficulty 
of separation compared to studies involving different 
types of host rocks.
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