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Vietnam is an important source of peridot for the
international gem market. Gemological and geo-
chemical characteristics of Vietnamese peridot
from the Central Highlands are similar to those
noted for other localities originating from xeno-
liths in alkaline basalts. This peridot was derived
from a spinel lherzolite source and appeared to
form at temperatures between 910° and 980°C
and an assumed pressure of 2.0 + 0.5 GPa, cor-
responding to a depth of around 60 km.

P eridot is a yellowish green to green gem variety of
the mineral olivine. It is found as nodules in ig-
neous rocks, occasionally as crystals in veins (in
Myanmar and Pakistan) or inside meteorites. The
main sources are peridotite xenoliths in alkaline
basalts and serpentinized dunites (Shen et al., 2011).
Commercially important sources are Zabargad,
Egypt; San Carlos, Arizona (United States); Myanmar;
China; Kohistan, Pakistan; Vietnam; Ethiopia; and
Tanzania. Many studies have focused on the charac-
teristics of peridot from these sources (Giibelin, 1981;
Koivula, 1981; Stockton and Manson, 1983; Koivula
and Fryer, 1986; Fuhrbach, 1992; Sinkankas et al.,
1992; Nassau, 1994; Kane, 2004; Adamo et al., 2009).
Jan and Khan (1996) showed the gemological and
chemical properties of peridot from Sapat Valley in
Kohistan and suggested that its mineralization is re-
lated to post-tectonic hydrothermal activity. Bouilhol
et al. (2012) proposed that the mineralization of peri-
dot in Kohistan precipitated from subduction-derived
fluids. Until now, though, geochemical characteris-
tics, genesis, and P-T formation conditions of gem-
quality peridot have received little attention.
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Vietnamese peridot was discovered in the 1990s
(Kammerling and Koivula, 1995). Since then, gem-
quality material has been mined from three
provinces in the Central Highlands: Gia Lai, Dak
Nong, and Lam Dong (figure 1). The only active pro-
ducer is Gia Lai, where two mines (Ham Rong and
Bien Ho) yield more than 100 kg monthly; of that,
15%-20% 1is of gem quality (Huong et al., 2012).
Mining is done mostly on a small scale by independ-
ent diggers, who extract the gem material from allu-
vial gravels or peridot nodules. In some places miners
must dig pits three to five meters deep to reach the
peridot-bearing alluvial layers. Jewelry featuring Viet-
namese peridot has been on the domestic and inter-
national markets for more than a decade (Shigley et
al., 2000; Long et al., 2004).

This paper presents gemological and geochemical
characteristics of peridot from the Central Highlands.
For the present study, the single-grain geothermome-
ter used by De Hoog et al. (2010), using Al and Cr in
olivine, was used to estimate the origin and P-T for-
mation conditions. De Hoog et al. (2010) reported
that concentrations of Al, Cr, V, S¢, Ca, and Na in

In Brief

¢ In gemological characteristics and major element com-
position, peridot from the Central Highlands of Vietnam
is similar to peridot from other localities that originated
from xenoliths in alkaline basalts.

e Trace element concentrations corresponded to those of
olivine derived from spinel lherzolites.

e The peridot formed at temperatures between 910°C
and 980°C and at an assumed pressure of 2.0 + 0.5
GPa before being carried to the earth’s surface by alka-
line basalt.

olivine depend mainly upon temperature. The same
study presented geothermometers based on the con-
centrations in garnet peridotite of Al in olivine, Cr
in olivine, and Ca in olivine. They found that the
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Figure 1. This geological map shows the main rock formations and locations of peridot occurrences in south-
central Vietnam (modified after Tinh et al., 1997; Hoa et al., 2005).

most widely applicable of these is Al in olivine for
garnet peridotites. Although the thermometers were
calibrated with data for garnet peridotites, they also
performed well for spinel peridotites.

BACKGROUND

The Central Highlands of Vietnam belong to a large-
scale structure of the Truong Son orogenic belt, which
is part of the Indochina block (Hoa et al., 2005). This
region is composed of Archean-Proterozoic basement
rocks and Early to Middle Paleozoic cover rocks. Base-
ment rocks consist of granulite, amphibolite, and
greenschist facies metamorphic rocks. Lying on these
rocks are volcanogenic sedimentary rocks, metamor-
phosed sedimentary rocks of greenschist facies, and
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also sandstone, siltstone, and shale. Basement and
cover rocks were intruded by granite, granodiorite,
and granosyenite of Indosinian orogeny association
(from Late Paleozoic to Triassic), as well as diorite and
granodiorite of Cretaceous orogeny association (re-
lated to the Pacific subduction zone). The Early to
Middle Paleozoic materials, and Carboniferous to Tri-
assic rocks, were overlain by Jurassic, low-grade meta-
morphosed terrigenous sedimentary rocks. These
older structures were eventually covered by Cenozoic
magmatic formations.

Cenozoic magmatic formations belong to a
basaltic series distributed in eastern and southeast-
ern Asia, which developed after the end of the East
Sea opening in the Middle Miocene (Barr and Mac-
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Donald, 1981; Taylor and Hayes, 1983). According to
Hoang et al. (1996), basalt formations concentrated
in the Central Highlands around several eruptive
centers with different ages at Da Lat (13.3-7.9 Ma),
Pleiku (<6.3-2.1 Ma), and Buon Ma Thuot (<6.3-1.63
Ma). Most of the centers appear to have developed
during two eruptive episodes, separated by paleosol
horizons half a meter to five meters in thickness. The
early phase consisted of large volumes of quartz and
olivine tholeiite flows erupted from extensional fis-
sures. Eruptions of olivine tholeiite, alkaline basalt,
and basanite along conjugate strike-slip faults com-
prised the latter phase. This two-phase pattern was
repeated at Da Lat, Pleiku, and Buon Ma Thuot.

Peridot-bearing ultramafic nodules ranging from
5 to 40 cm are found essentially in alkaline basalts
in the provinces of Gia Lai, Dak Nong, Lam Dong,
and Ba Ria-Vung Tau (Quoc, 1995; Quoc et al. 1995).
The peridot-bearing basalts were collected from the
Bien Ho and Ham Rong mines in Gia Lai (figure 2).
The basalts are dark gray, with phenocrysts in a ho-
mogeneous groundmass of acicular crystals. In this
study, olivine, plagioclase, and iron hydroxides were
found as phenocrysts (figure 3) in a matrix of tra-
chytic texture consisting of plagioclase and iron hy-
droxides. Silica content was usually less than 52
wt.% and (Na,O + K,O) more than 5 wt.%. Also
found in the area were some dykes of ultramafic
rocks (peridotite, pyroxenite, and dunite) of Neopro-
terozoic age (Tinh et al., 1997).
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Figure 2. Peridot-bearing
nodules are hosted by
basalts of Neogene-
Quaternary age at the
Bien Ho mine. Photo by
C. Hauzenberger.

MATERIALS AND METHODS

For this study, we examined three gem-quality peridot
nodules from the Ham Rong mine in Gia Lai Province
(figure 4, left). Fourteen good-quality samples, 20
medium-quality samples, and 11 poor-quality sam-
ples were separated from the nodules (figure 4, top
right); 15 stones were faceted and examined (figure 4,
bottom right). Standard gemological testing was per-
formed at DOJI Institute and Laboratory for Gemol-
ogy and Jewelry in Hanoi to determine optical
properties, hydrostatic specific gravity (SG), UV flu-
orescence, and microscopic features.

The selected rough stones were divided into
three groups on the basis of their color and clarity
(figure 4, top right). Nine of the best-quality peridot
(from the lot on the left side of the photo), along
with nine crystals of medium to good quality (from
the middle lot) and two low-quality samples (from
the lot on the right), were mounted and embedded
in resin, polished, and analyzed by electron micro-
probe and laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP-MS).

Electron microprobe analysis was performed at
the Institute of Earth Sciences, Karl Franzens Uni-
versity of Graz, Austria. We used a JEOL JXA-8200
electron microprobe in wavelength-dispersive mode
with an accelerating voltage of 15 kV, a beam current
of 15 nA, count times of 60 seconds on peaks and 30
seconds on background, and a beam diameter of ap-
proximately 1 um. The elements analyzed were Si,
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Figure 3. Alkaline basalt from the Bien Ho mine, shown in plane-polarized light (left) and cross-polarized light
(right). On the left, the olivine phenocryst (OL,) is euhedral and colorless, with high relief; the olivine xenocryst
(OL) is colorless and corroded, with a subhedral form. The iron oxides and hydroxides are black. On the right,
the Ol, phenocryst has a yellow birefringence color; the Ol, xenocryst has a high-order birefringence color and is
corroded, with a subhedral form. The plagioclase phenocrysts show evident polysynthetic twinning. The ground-
mass that was crystallized with a subtrachytic texture is composed of plagioclase and sanidine. Photos by N.T.M.

Thuyet; field of view 0.7 mm.

Fe, Mn, Mg, Ni, and Ca. Trace element analysis via
LA-ICP-MS was carried out at NAWI Graz (a collab-
orative program jointly run by the University of Graz
and Graz University of Technology) using an Agilent
7500 quadrupole coupled with an ESI NWR193 ex-
cimer laser source. The material was ablated with a
193 nm laser pulsed at 9 Hz with 75 pm spot size and
a laser power corresponding to approximately 7.5

J/em?. Helium 5.0 at an approximately 0.6 1/min flow
rate was used as a carrier gas for the aerosol produced
by laser ablation. Data was acquired in time-resolved
analysis mode. The standard glasses NIST610 and
NIST612 were routinely analyzed for standardization
and drift correction. Standard glasses NIST614 and
BCR-2G were analyzed as unknowns and allowed for
replication with <10% relative error. Data reduction

Figure 4. Left: Three peridot nodules, collected from the Ham Rong mine in Vietnam’s Gia Lai Province, were ex-
amined for this study. Top right: The rough stones were sorted by quality into three groups (left to right: good-,
medium-, and poor-quality). Bottom right: Fifteen faceted peridot, weighing 0.75-1.41 ct, were cut at DOJI and

examined for this study. Photos by N.N. Khoi.
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was performed with Glitter software (Macquarie
University, Australia) using the concentration values
of NIST610 and NIST612 from Jochum et al. (2011).
Silicon was used as an internal standard.
Spectroscopy was performed at the Institute of
Geosciences, Johannes Gutenberg University in
Mainz, Germany. UV-Vis-NIR spectroscopic meas-
urements were taken with a PerkinElmer Lambda
950 spectrophotometer, equipped with an integrating
sphere and operating with a spectral resolution of
0.75 nm (for the 200-900 nm range) and 2.8 nm (for
the 900-1600 nm range) at a 1 nm/minute scan rate.

RESULTS AND DISCUSSION

Gemological Characteristics. As shown in table 1,
the Vietnamese samples showed gemological prop-
erties similar to those noted for peridot from other
sources found in xenoliths within basalt (Gubelin,
1981; Koivula, 1981; Stockton and Manson, 1983;
Koivula and Fryer, 1986; Fuhrbach, 1992, Kane, 2004;
Adamo et al., 2009; Huong et al., 2012).

Crystal Morphology. No idiomorphic single crystals
of rough peridot have been found in the Central
Highlands deposits. Most Vietnamese peridot varies
from several millimeters to 1.5 cm in diameter.
Pieces as large as 4-6 cm are occasionally discovered
(Thuyet et al., 2013).

Figure 5. This light yellowish green (5.09 ct) peridot is
from the Bien Ho deposit. Photo by N.T.M. Thuyet.
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Figure 6. The UV-Vis-NIR spectrum of good-quality
peridot from the Central Highlands is characterized
by Fe?* absorption features.

Color. The samples ranged from a light yellowish
green to a darker, richer yellow green, olive green,
and brownish green. Faceted stones had an attractive
yellowish green color (figure 4, right, and figure 5).
Table 1 shows that the color of Vietnamese peridot
is similar to material from Tanzania and Sardinia. In
the samples we studied, diaphaneity ranged from
translucent (due to high fracturing) to transparent.

Optical Characteristics and Specific Gravity. Testing
of the 24 samples indicated that both refractive index
(RI) and SG varied slightly with color. The lightest-
colored sample’s RI was & = 1.650, B = 1.665, and Y =
1.686, with a corresponding birefringence of 0.036.
The darkest specimen had RIs of & = 1.667, B = 1.669,
and v = 1.703, with a birefringence of 0.036.

Specific gravity ranged from 3.28 to 3.49; the
darker stones generally had a higher SG. The highest
reading, 3.49, was obtained from a brownish green
sample that contained numerous chromite octahe-
dral inclusions (see figure 8). Chromite, with its SG
of 4.50 to 5.09 (4.79 on average), was responsible for
the higher than normal reading.

All of the stones were inert to both long- and
short-wave UV radiation. To date, cat’s-eye and star
peridot are not known from the Central Highlands.

The UV-Vis-NIR absorption spectra of five sam-
ples were characterized by a broad band at 1072 nm,
with a shoulder at approximately 910 nm in the near-
IR range, and an increasing absorption toward the UV
region (figure 6). Weak bands were also observed at
374, 400, 438, 455, 484, and 625 nm. The bands at
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TABLE 1. Gemological properties of peridot from various sources.

Kilbourne . .

Source Central Highlands, Vietnam Sa/: Carlos, Zabargad, Tanzania China Hole, New Sardinia, Koh!stan,

rizona Red Sea Mexico Italy Pakistan
Observations  Kammerling ~ Huong et al. Koivula Giibelin  Stockton and  Koivula Fuhrbach  Adamo et al. Jan and Khan
from this  and Koivula (2012) (1981) (1981) Manson  and Fryer (1992) (2009) (1996)
study (1995) (1983) (1986)

Color Light Medium  Yellowish green  Very dark  Dark green, Light Light  Light yellow,  Yellowish  Light yellow-
yellowish lightto  toolive greenor brownto lightyellow- vyellowish  yellowish light green green to deep
green to a medium  brownish green  brownish green green greento  yellowish yellow-green,

darker, dark green to a darker green, light green,
richer yellowish lime green yellow- medium greenish
yellow- green to green yellow to yellow
green, olive  brownish orangy,
green, and green medium to
brownish dark
green brownish
yellow and
medium to
dark
yellowish
brown
Diaphaneity ~ Translucent  Transparent Semitransparent nre nr Transparent nr nr nr Transparent to
(due to high to transparent translucent
fracturing) to and mostly
transparent uniform in
color, rarely
subtranslucent

Pleochroism Weak to Weak, Weak, brownish nr Weak but nr nr nr Weak to Thick mineral

moderate  brownishto  to yellowish perceptible moderate a,  plates are
yellowish green as pale green 8 =green;y  green and
green along a, = yellow- pleochroic
green along green with the
B3, and light scheme: [§ =
green along yellow-green
Y ando=y=
pale green

Optic Biaxial nr Biaxial negative Biaxial Biaxial Biaxial nr nr Biaxial nr

character positive positive positive positive positive

Refractive n,=1.650- n =1.650 n,=1650- n =1649- n =1.650- n =1.650 n,= n,=1654- n, =1650- n =1.644-

indices 1.667 1.652 1.653 1.654 1.653 1.673 1.652 1.653

ng=1.665- n,=1.665— ng =1.665— ng =1.665— ng=1.658 n, = ng=1.673— ng=1.669-
1.669 1.667 1.669 1.671 1.670 1.691 1.670
n,=1.686- n =1.687- n, =1.686- n,=1.686- n =1.686- n =1.684 n, = n,=1.691- n =1.688- n =1682-
1.703 1.688 1.690 1.691 1.690 1.689 1.709 1.690 1.689
Birefringence 0.036 0.037-0.038  0.036-0.038 0.037-0.038 0.036 nr 0.036  0.036-0.037 0.038 0.036-0.038
Specific 3.28-3.49 3.34+0.01 3.32-3.37 3.28-3.38 3.34 nr 3.36 3.42-3.50 3.32-3.36 3.26-3.44
gravity
uv
fluorescence nr nr nr nr nr nr
Long-wave Inert Inert Inert Inert
Short-wave Inert Inert Inert Inert
Internal “Lily pad”  Chromian Spinel, Chromite, Rounded nr Chromite,  Hercynite, Partially nr
features inclusions, spinel(?), sphalerite, “lily ~ chromian plate-like, biotite, forsterite, healed
chromite biotite pad” inclusions spinel, wafer-thin “lily diopside, fractures,
inclusions,  mica(?), “lily negative healing pad,”  biotite, “lily liquid
healed pads” crystals, “lily ~ seams or chrome pad” inclusions,
secondary  surrounding pads,” residual diopside, inclusions “lily pad”
fractures and  negative cleavages, drops, smoke- inclusions,
hercynite crystals, glass blebs,  chromite, like veils crystals,
(rarely) smoke-like chrome “lily pads” growth
veils, diopside, planes,
optically biotite, and traces of
active smoke-like parallel
intergrowth veils twinning

nr = not reported

NoTes & NEw TECHNIQUES

Gems & GEMOLOGY

FALL 2016 281


https://3.26�3.44
https://3.32�3.36
https://3.42�3.50
https://3.28�3.38
https://3.32�3.37
https://3.28�3.49

Figure 7. Peridot from the Central Highlands often contains healing planes; the most common inclusions found in
the samples were “lily pads.” These are cleavage separations produced by the expansion of small fluid-filled nega-
tive crystals (left) and a small solid included crystal (right). Photomicrographs by N.N. Khoi (left, field of view 1

mm) and N.T.M. Thuyet (right, field of view 1.4 mm).

455 and 484 nm were visible with a hand spectro-
scope as well, with total absorption below about 440
nm. This spectral feature is due to the presence of
Fe* (Burns, 1970), confirming that iron is mainly re-
sponsible for the coloration.

Internal Features. The internal features of Viet-
namese peridot were similar to those found in xeno-
liths in alkaline basalts elsewhere (again, see table 1).

The most prominent inclusions we observed were
round, flat healing planes (disc-like “lily pads”) with
a small opaque black crystal near the center (figure
7) and black opaque octahedral crystals of chromite
surrounded by a tension halo (figure 8, left). Her-
cynite, a member of the spinel group, was sometimes
observed (figure 8, right). This inclusion has only
been reported in peridot from Kilbourne Hole, New
Mexico (Fuhrbach, 1992). Partially healed secondary

Figure 8. Left: Chromite crystal surrounded by a tension halo. Photomicrograph by N.N. Khoi; field of view 1 mm.
Right: Hercynite inclusions were typically surrounded by a tension fracture. Photomicrograph by N.T.M. Thuyet;

field of view 1.4 mm.
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Figure 9. Healed fractures in a peridot from the Cen-
tral Highlands. Photomicrograph by N.T.M. Thuyet;
field of view 0.7 mm.

fractures with iridescence were seen in most of the
Vietnamese samples (figure 9).

Chemical Composition. Major Elements. The aver-
age chemical composition obtained by electron mi-

croprobe is shown in table 2. The samples showed a
very narrow range of magnesium content, with
forsterite varying from 90.6 to 91.3 mol. %, which is
typical for olivine/peridot from mantle sources. Most
gem peridot lies within the Foy, ,, range (Jan and
Khan, 1996) or Foy,, ., range (Shen et al., 2011),
while olivine from peridotite xenoliths is in the
Fog, o, , range (Embey-Isztin and Dobosi, 2007). Peri-
dot samples from Gia Lai Province did not display
the major-element zoning commonly observed in
olivine from xenoliths, demonstrating their chemical
equilibrium (De Hoog et al., 2010). MgO content var-
ied in a narrow range from 47.22 to 52.25 wt.%,
while FeO ranged from 8.24 to 9.90 wt.%, in agree-
ment with data obtained by Huong et al. (2012),
Quoc et al. (1995), and Y et al. (2006). Thus, FeO con-
tent in Vietnamese peridot was similar to that of
samples from Sardinia, Myanmar, and San Carlos,
Arizona, but higher than in samples from Tanzania
and Zabargad. The FeO content range was not as
wide as in samples from Kohistan, which varied from
2.74 t0 9.69 wt.% and averaged 6.54 wt.%. The range
of SiO, content in our samples was similar to that of
other peridot localities except Kohistan. There was
no substantial difference in any of the remaining
main elements (again, see table 2).

TABLE 2. Chemical composition of peridot from Vietnam and other countries by electron microprobe (in wt.%).

Sample Vietnam: Vietnam: Vietnam: Myanmar? Arizona® Sardinia, Italy® Tanzania® Zabargad?® Kohistan,
good-quality medium- poor-quality (4 samples) (2 samples) (2 samples) (1 sample) (2 samples) Pakistan
(46 points/ quality (15 points/ (7 samples)
9 samples) (45 points/ 2 samples)
9 samples)
SiO, 40.27-42.64  40.24-41.54 39.82-41.22 40.25-40.81 40.55-40.77 40.69-40.83 40.62 41.03-41.07 38.75-41.57
(41.02) (40.91) (40.52) (40.65) (40.47)
FeO 8.24-9.90 8.33-8.89 8.40-9.10 8.25-10.16 9.68-9.73 8.77-8.98 7.74 7.95-8.14 2.74-9.69
(8.68) (8.82) (8.74) (9.26) (6.54)
MnO 0.03-0.24 0.07-0.22 0.07-0.22 0.07-0.15 0.12-0.17 0.11-0.15 0.12 0.11-0.13 0.06-0.15
0.12) (0.14) (0.15) 0.19 0.171)
MgO 47.22-52.25 49.19-51.04 47.93-50.24 48.9-50.71 48.22-48.98 50.15-50.17 51.26 50.44-50.95 48.52-53.49
(50.36) (50.31) (48.96) (49.85) (50.80)
NiO 0.24-0.54 0.19-0.55 0.16-0.48 0.31-0.39 0.37-0.39 0.38-0.39 0.39 0.38-0.41 0.17-0.38
(0.36) (0.37) (0.33) (0.35) (0.26)
CaO 0.03-0.1 0.03-0.08 0.03-0.07 <0.02 0.06-0.11 nrd <0.02 0.03-0.04 0-0.03
(0.06) (0.05) (0.05) 0.01)
Total  99.17-100.99 99.17-100.95 98.15-100.97 ~99.77-100.8  99.29-99.77 100.12-100.50 ~ 100.13  100.18-100.50 97.43-99.38
(100.61) (100.53) (98.75) (100.24) (98.21)
aStockton and Manson (1983); PAdamo et al. (2009); Jan and Khan (1996)
dnr = not reported
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TABLE 3. Trace-element concentration of peridot samples and olivines in spinel and garnet lherzolites by

LA-ICP-MS (in ppm).

Sample Vietnam: Vietnam: Vietnam: Sardinia, Italy® Kohistan, Kohistan, Olivine in spinel  Olivine in garnet
good-quality medium-quality poor-quality (2 samples) Pakistan®: Pakistan®: lherzolite lherzolite
(46 points/ (45 points/ (15 points/ gem olivine with  gem olivine with (17 samples) (38 samples)
9 samples) 9 samples) 2 samples) no visible solid magnetite +
inclusions serpentine
inclusions
©ONi 2838-3188 2602-3062 2775-2986 3065-2986 2842 2303 2520-3014 2232-3307
(3045) (2903) (2855) (2737) (2695)
Mn 919-1016 869-1121 924-990 1162-852 nrd nr 692-1044 488-851
(966) (952) (960) (929) (646.31)
*Co 139-149 137-150 138-149 213.93-216.77 140.04 146.04 110-132 104-137
(146) (142) (145) (124) (117.6)
%Cu 1.01-1.84 0.62-1.62 1.27-2.34 nr 0.08 0.09 0.98-1.95 0.54-4.73
(1.43) (1.34) (1.55) (1.50) (2.19)
%Zn 47.6-63.8 50.4-64.4 48.3-51.8 80.73-73.38 22.5 16.28 20-57.3 37.2-80.8
(55.5) (55.0) (51.3) (45.0) (49.89)
7Li 1.28-1.93 1.24-1.71 1.22-1.56 2.30-1.99 15.12 1.9 0.96-2.09 1.02-2.38
(1.54) (1.37) (1.43) (1.70) (1.51)
»3Cr 72.4-126 86.7-124 99.4-114 157.51-181.35 105.68 4.57 8.71-149.12 25.4-631
(96) (103) (107.84) (80.25) (241.40)
27Al 45.7-81.2 46.4-63.3 54-70.5 nr nr nr 2.6-164.37 5.5-301
(59.3) (53.9) (57.0) (83.46) (88.64)
Y% 1.70-3.09 1.70-2.58 2.27-2.78 4.18-4.15 1.47 0.35 2.57-3.39 1.3-10.4
(2.51) (2.25) (2.56) (2.21) (5.71)
$Ca 278-352 38.6-782 11.4-13.9 548.50-453.94 13.64 11.42 10.6-523.76 56-632
(307) (286) (12.6) (324.46) (227.69)
Ti 5.55-37.0 7.19-13.5 9.46-10.0 10.51-8.81 2.47 0.81708 3.1-123.68 1.36-287
(12.9) (11.2) (9.81) (21.37) (89.9)
N0Zr 0.036-0.190 0.038-0.147 0.072-0.093 nr 0.0023 0.0011 0.006-0.176 0.006-0.44
(0.090) (0.080) (0.070) (0.031) (0.156)
“Nb 0.006-0.012 0.005-0.034 0.005-0.009 nr 0.0002 0.0003 0.004-0.017 0.013-1.100
(0.008) (0.010) (0.007) (0.011) (0.250)
72Yh 0.006-0.031 0.006-0.028 0.009-0.013 nr 0.059 0.013 0.018-0.062 0.002-0.026
(0.013) (0.015) (0.010) (0.032) (0.006)

*Adamo et al. (2009); *Bouilhol et al. (2012); “De Hoog et al. (2010)
dnr = not reported

Trace Elements. De Hoog et al. (2010) divided trace
elements in olivine into three distinct groups. Ni,
Mn, Co, Cu, Zn, and Li, which make up Group I, ex-
hibit small concentration ranges. Olivine is the pri-
mary host mineral. Group II, comprised of Cr, Al, V,
Sc, Ca, and Na, is strongly concentrated in coexisting
mantle minerals (garnet, clinopyroxene, and spinel)
and shows a narrow range of bulk rock concentra-
tions. Partition coefficients of Group II elements are
highly temperature sensitive. Olivine shows the
greatest level of variability, and the elements’ con-
centration ranges are mainly controlled by the host
rock’s equilibration temperature. The concentration
of the Group II elements in olivine allows the appli-
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cation of simple geothermometers. The Group III el-
ements (Ti, Zr, Nb, and Y) are strongly dependent on
bulk rock contents. These elements show large con-
centration ranges in olivine as well as in coexisting
minerals (garnet, clinopyroxene, and spinel again).
The trace-element composition of Vietnamese peri-
dot samples, obtained by LA-ICP-MS analyses, is re-
ported in table 3. In this study, Sc, Na, and Y were
not analyzed. For comparison, table 3 also shows the
composition of trace elements of Sardinian peridot
originating from spinel lherzolite (Adamo, 2009), Ko-
histan peridot hosted by serpentinized dunites, and
olivines from spinel and garnet lherzolite sources.
Broadly speaking, the content of most trace elements
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in Vietnamese peridot is similar to that of Sardinian
peridot and olivine originating from spinel lherzolite
but different from that of Kohistan peridot (again, see
table 3).

Ni contents ranged from 2602 to 3188 ppm (2934
ppm on average). Concentrations approximated those
of peridot from Sardinia and olivine from spinel
lherzolite but were higher than those of Kohistan peri-
dot. Furthermore, Ni contents tended to be slightly
higher in good-quality peridot than in medium- and
poor-quality peridot. Cu concentrations ranged from
0.62 to 2.34 ppm (1.44 ppm on average). These values
were typical for peridot from spinel lherzolite but dif-
ferent from those of Kohistan peridot. Li concentra-
tions ranged from 1.22 to 1.93 ppm (1.45 ppm on
average) and were similar to those of olivines from
spinel and garnet lherzolite, slightly lower than Sar-
dinian material, and much lower than in Kohistan
peridot. Cr content varied from 72.4 to 126 ppm (100
ppm on average). This concentration was lower than
in Sardinian peridot and olivine from garnet lherzolite
sources but higher than in Kohistan peridot or olivine
from spinel lherzolite. V ranged from 1.70 to 3.09 ppm
(2.41 ppm on average). The samples were similar to
olivines from spinel lherzolite sources and lower than
the Sardinian peridot and olivine from garnet lherzo-
lite sources but tended to be higher in vanadium con-
tent than Kohistan peridot. Ti concentrations ranged
from 5.55 up to 37.0 ppm with 11.7 ppm on average.
These values were similar to those of Sardinian peri-
dot and lower than those of olivine from spinel and
garnet peridotites but slightly higher than in Kohistan
peridot. Ca concentration ranged from 11.4 to 782
ppm. The range is similar to olivine derived from
spinel and garnet lherzolite. Most of the good- and
medium-quality samples analyzed contained approx-
imately 300 ppm of Ca. However, Ca content in the
low-quality peridot ranged from 11.4 to 13.9 ppm (12.6
ppm on average), similar to Kohistan peridot.

Source and Formation Conditions. Lithological In-
formation. Previous studies based on mineral assem-
blages coexisting paragenetically, either with olivine
in nodules in alkaline basalts or with peridot in plac-
ers, have identified the source of Vietnamese peridot
as lherzolite xenoliths (Quoc, 1995; Quoc et al., 1995;
Toan and Ty, 1995; Long et al., 2004). In those previ-
ous works, however, the trace-element composition
of minerals and rocks was not used to pinpoint their
source. In this study, LA-ICP-MS analysis was used
to determine trace elements in Vietnamese peridot.
The results indicated that, in terms of trace ele-
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Figure 10. This diagram identifies various mantle
lithologies based on Mn vs. log Al in olivine and
places Central Highlands peridot in the spinel Iherzo-
lite field. The dotted reference lines are after De Hoog
(2010).

ments, Vietnamese peridot is similar to peridot and
olivine from the spinel lherzolite field. Furthermore,
when using Al-Mn discrimination diagrams of De
Hoog (2010) for petrological classification of mantle
lithologies, Vietnamese peridot always falls into the
spinel lherzolite field (figure 10).

P-T Conditions. To demonstrate that olivine’s varia-
tions in trace elements are determined by tempera-
ture (and to some extent pressure), De Hoog (2010)
calculated olivine mineral partition coefficients for
Group II elements using multiple linear regression
analysis. Strong temperature correlations confirmed
the temperature-sensitive nature of these elements,
as expressed in formulas [1] and [2]:

9423 + 51.4P + 1860Cr#!
(13.409 — In[Al]")

TAI=01(°C) = [1]

where [Al]*! is the Al content of olivine in ppm, and
Cr#! is Cr/(Cr + Al) of olivine in atoms.

. 13444 + 48.5P + 4678Cr#"!
TCI:DI( C) =
(14.53 - In[Cr]")

273 2]

where [Cr]'is the Cr content of olivine in ppm.

Gems & GEMOLOGY FALL 2016 285



1000 —

980 *
|.u
Z * o0 *
= PRRAN
= 960 o »’ .
o PR
Z & Y >
. 3
= .
O 940 - " %
] - .
P e
@) .
°\,
= i

920 @ Good-quality

4 Medium-quality
4 Poor-quality
900 T T T T ]
900 920 940 960 980 1000

T(°C) — Al IN OLIVINE

Figure 11. Al in olivine and Cr in olivine calculated
for 2.0 Gpa. Calculated temperatures are 910 to
980°C; the Cr-in-olivine thermometer consistently
gave a temperature higher than the Al in olivine
values.

Using the Al [1] and Cr [2] single-grain thermome-
ter from De Hoog et al. (2010), temperature values
between 910°C and 980°C can be calculated, assum-
ing a pressure of 2.0 Gpa. This corresponds to a depth
of around 60 km and is within the stability field of a
spinel lherzolite. The Cr-in-olivine thermometer
consistently gave a temperature 14-17°C higher than
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