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A B S T R A C T   

The Jian forsterite jade, named for its enrichment of end-member forsterite, is a new type of jade discovered in 
Ji’an County (Jilin Province, Northeast China). The formation mechanism of this rare end-member forsterite 
remains unclear. In this study, we present the mineral chemistry and oxygen isotope analysis of end-member 
forsterite to elucidate the formation mechanism of the Jian forsterite jade. The Jian forsterite jade can be 
divided into three main types: yellowish-green, dark-green, and black. The Jian forsterite jade consists mainly of 
forsterite, serpentine, as well as minor brucite, spinel, phlogopite, dolomite, calcite, magnesite, and magnetite. 
The Fo% content (100 × Mg/[Mg + Fe], mol%) of forsterite varies from 96.69 to 99.82. All tested forsterite 
samples show low Ni, Mn, Cr, and Ca contents and very high B contents. The δ18O values of forsterite range from 
13.79 ‰ to 18.57 ‰, which are significantly higher than those from the mantle and are similar to those from 
skarn, marble, and calc-silicate rocks. The oxygen isotope values of forsterite, coupled with a distinctive trace 
element signature, suggest that the genesis of end-member forsterite results from a siliceous fluid-mediated 
decarbonation of Mg-rich dolomite. The genesis of the Jian forsterite jade can be outlined in two main meta-
morphic stages: (1) high-temperature prograde stage related to the interaction of the gneiss-derived SiO2-rich 
fluids with overlying dolomite. High temperature leads to the formation of forsterite, spinel, and calcite mineral 
assemblage. (2) low-temperature retrograde stage characterized by the infiltration of hydrous fluids. Hydrous 
silicate minerals, mostly serpentine, phlogopite, and talc, are formed during this stage. Our work highlights and 
confirms the effectiveness of the trace element geochemistry of forsterite in identifying magnesian skarns, and 
classifies the forsterite in the Jian forsterite jade as an extreme example of this occurrence.   

1. Introduction 

Olivine, the simplest magnesium-iron silicate, is a common rock- 
forming mineral. It is one of the earliest mineral phases to crystallize 
from a melt, which provides detailed physical and chemical information 
about the Earth’s mantle (Sobolev et al., 2007; Sobolev et al., 2009; De 
Hoog et al., 2010; Foley et al., 2013; Su et al., 2019). Early crystallized 
olivine in magmatic systems is typically enriched in magnesium and 
gradually increases in iron content as the magma crystallizes (Herzberg 
et al., 2013). The most magnesian olivine in mid-ocean ridge basalts 
(MORB), ocean island basalts (OIB), large igneous provinces (LIP), and 
even silica-undersaturated magmas have forsterite content (herein 
known as Fo%=100 × Mg/[Mg + Fe], mol%) well below 93 (Xu et al., 

2017; Plechov et al., 2018). Olivine in komatiites, boninites, and arc 
picrites can have Fo% values higher than 94 (Rohrbach et al., 2005; 
Sobolev et al., 2009; Keiding et al., 2011; Wilson and Bolhar, 2021). 
Olivine with Fo% > 96 is not typical in igneous rocks, whereas olivine 
with Fo% > 99 (end-member forsterite) is scarce. To the best of our 
knowledge, rare end-member forsterite can be formed through variety of 
processes. Magma with high oxygen fugacity or high CO2 activity is 
favorable to the crystallization of forsterite (Blondes et al., 2012; Del 
Moro et al., 2013). Serpentine dehydration reactions through meta-
morphism can regenerate end-member forsterite (Vance and Dungan, 
1977; Nozaka, 2003; Khedr and Arai, 2012; Fukumura et al., 2019; 
Nutman et al., 2021). Furthermore, exchange of Mg-Fe between olivine 
and chromite in chromitites can generate the end-member forsterite 
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(Xiong et al., 2015; Yang et al.,2015; Zhang et al., 2019). Rare end- 
member forsterite also can derive from the metamorphism of dolomite 
and limestone in contact aureoles (Fulignati et al., 2005; Ferry et al., 
2011; Di Rocco et al., 2012; Metz and Milke, 2012; Doroshkevich et al., 
2017; Beno et al., 2020; Nekrylov et al., 2021; González-Pérez et al., 
2022). 

Here we investigate a type of end-member forsterite (Fo > 99) 
occurring in the Jian forsterite jade deposit from the Ji’an County, Jilin 
Province, China. The Jian forsterite jade is a newly discovered jade 
deposit containing a large amount of forsterite. Unlike the high- 
magnesium olivine reported in the literature, this end-member for-
sterite has a homogenous composition and coexists with secondary 
phases such as serpentine and brucite. Previous studies mainly focused 
on mineralogy, petrography, and spectroscopy study of the Jian for-
sterite jade (Wang et al., 2020b). Previous studies (Wang et al., 2020b) 
described the Jian forsterite jade as being a serpentinized dunite, 
because forsterite is strongly serpentinized and exhibits a mesh texture 
(Wang et al., 2020b). However, pyroxene and chromium-rich spinel, 
which are frequently found in dunite, have not been reported in the Jian 
forsterite jade (Wang et al., 2020b). Moreover, only rare occurrences of 
forsterite-rich olivine in peridotite or dunite have been reported (Friend 
and Nutman, 2011; Majumdar et al., 2016; Plechov et al., 2018). 
Therefore, the formation of the Jian forsterite jade remains unclear and 
needs further investigations. 

Olivine is an important indicator mineral in determining ore deposit 
type and mineralization condition. It can incorporate amounts of pet-
rogenetically significant trace elements (i.e., Mn, Ni, Co, Ca, Cr, Li, P, 
and Al) into its structure through various substitution mechanisms 
(Sobolev et al., 2009; Foley et al., 2013; Prelević et al., 2013; Su et al., 
2019). Nekrylov et al. (2021) suggested that Ni, Cr, Co, and B can be 
used as proxies to discriminate olivine of magnesian skarns and silicate 
marbles from magmatic and mantle olivine. Furthermore, oxygen iso-
topes of olivine are also a powerful tool to investigate the genesis of jade. 
Oxygen isotopes have the potential to provide robust constraints on the 
formation conditions and discriminate olivine of different origins 
because of the strong fractionation that can occur by high and low 
temperature fluids acting in different environments (Eiler et al., 1997; 
Sun et al., 2015). The oxygen isotope values of olivine in mantle 

peridotite and basalt (Chazot et al., 1997; Sun et al., 2015) are different 
from those in olivine-bearing marble or magnesium skarn (Wenzel et al., 
2002; Ferry et al., 2011; Di Rocco et al., 2012; Doroshkevich et al., 
2017). 

In this study, we present field evidence coupled with a trace element 
and oxygen isotope analyses study of olivine. These new data highlight 
that the Jian forsterite jade covered an area greatly larger than previ-
ously observed (Wang et al., 2020b), and is associated with more sec-
ondary phases, and may appear in different colors. Based on major and 
trace element and oxygen isotope analysis, we propose that the Jian 
forsterite jade has originated from a contact metamorphic process, with 
its primary forsterite grains formed via siliceous fluid-dominated 
decarbonating of magnesium-rich carbonate rock protolith. 

2. Geological setting 

2.1. Regional setting 

The Jiao-Liao-Ji belt (JLJB) is the main Paleoproterozoic orogenic 
belt in the North China Craton (NCC) (Liu et al., 1992; Song et al., 1996; 
Lu et al., 2006; Zhang et al., 2018). The northern part of the JLJB is 
located between the Archaean Liaobei–Jinan Complex (Longgang Block) 
and the Archaean Liaonan–Nangrim Complex (Langrim Block) and has 
an N–NS trending, with its southern segment extending across the 
northern Bohai Sea into eastern Shandong (Fig. 1). The JLJB can be 
subdivided into the Macheonayeong Group in North Korea, Ji’an and 
Laoling groups in southern Jilin, Northern and Southern Liaohe groups 
in the Liaodong Peninsula, Fenzishan and Jingshan groups in the 
Shandong Peninsula, and Wuhe Group in the Anhui Province (Lu et al., 
2006; Li and Zhao, 2007; Meng et al., 2017b; Zhang et al., 2018; Liu 
et al., 2021) (Fig. 1). The JLJB is composed mainly of greenschist- to 
granulite-facies metamorphosed sedimentary and volcanic successions 
with associated Paleoproterozoic granitic and mafic intrusions (Lu et al., 
2006; Zhang et al., 2018). The felsic plutons are mainly composed of 
2.2–2.1 Ga A-type granites and ~1.89–1.84 Ga porphyritic S-type 
granites, diorite, and alkaline syenites (Lu et al., 2006; Liu et al., 2017; 
Meng et al., 2017b; Zhang et al., 2018; Wang et al., 2020a). The mafic 
intrusions consist of 2.1–2.2 Ga gabbros and dolerites that have 

Fig. 1. (a) Location of the study area (b) Geological map of the Paleoproterozoic Jiao–Liao− Ji orogenic belt in the Eastern Block of the North China Craton modified 
(Xu et al., 2019; Zhang et al., 2018). 
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undergone greenschist- to amphibolite-facies metamorphism (Lu et al., 
2006; Li and Chen, 2014; Meng et al., 2014; Zhang et al., 2018). The 
younger units include Meso-Neoproterozoic to Paleozoic sediments and 
large volumes of Mesozoic granitoids (Lu et al., 2006). 

The Tonghua area in southeastern Jilin Province and adjacent areas 
are primarily composed of the Ji’an Group in the south and the Laoling 
Group in the north (Fig. 2). The Ji’an Group is mainly characterized by 
the occurrence of amphibolite facies metamorphosed volcanic–sedi-
mentary rocks. The metasedimentary rocks include two-mica schists, 
mica-staurolite schists, marble, gneisses, and granulite-facies pelitic 
metamorphic rocks (Lu et al., 2006; Meng et al., 2017a; Meng et al., 
2017b; Meng et al., 2017c; Zhang et al., 2018). Geochemical and 
petrological studies reveal that the Ji’an Group probably formed in an 
active continental margin setting (Meng et al., 2017b; Meng et al., 
2017c). Zircon U-Pb studies of Ji’an metavolcanic and metasedimentary 
rocks indicate that the Ji’an Group formed in 2.2–2.0 Ga, and then un-
derwent regional metamorphism at 1.95–1.80 Ga (Lu et al., 2006; Meng 
et al., 2017a; Meng et al., 2017b; Meng et al., 2017c). The Laoling Group 
mainly consists of greenschist-facies metamorphosed clastic sediments 
and carbonates. The main rock types include quartzite, sandstone, 
marble, staurolite- or garnet-bearing schist, quartz schist, and phyllite 
(Lu et al., 2006; Zhang et al., 2018). 

2.2. The Jian forsterite jade deposit 

The Jian forsterite jade deposit occurs in the Mayihe Formation of 
the Ji’an Group, which crops out in the Tonghua area of the Jilin 
Province. The Ji’an Group (from oldest to youngest) can be divided into 
the Mayihe, Huangchagou, and Dadongcha Formations. The Mayihe 
Formation consists of altered felsitic and gneissic rocks, dolomitic 
marble, serpentinized olivine marble, serpentinite and amphibolite 
(Meng et al., 2017b). Furthermore, the Mayihe Formation is also a 
metallogenic belt of serpentine jade, boron ores, asbestos, phlogopite, 
diopside, brucite, iron ore and other important non-metallic ores. U–Pb 

and Lu-Hf isotope studies on zircons by Meng et al. (2017b) showed that 
the metavolcanic rocks in the Mayihe Formation of the Ji’an Group 
formed at 2.18 Ga, and that they were affected by two-stage meta-
morphic events at 1.90 and 1.85 Ga. 

The Jian forsterite jade deposit crops out over an area of approxi-
mately 4455.0 m2 (~66.0 m long and 67.5 m wide; Fig. 3a). These jade 
orebodies are mainly distributed near the contact zone between marble 
of the Ji’an group and migmatitic gneiss, and occur as approximately 
elongated bodies along the N–S direction. The Jian forsterite jade is 
mainly yellowish green to dark. Due to its pure color, gentle luster, 
hardness, and fine texture, it has been used for the crafting of various 
carvings and ornaments. Migmatitic gneiss is found as several m-thick 
beds underlying the Jian forsterite jade. The gneiss is light grey or 
greyish-white in color, characterized by a medium- or fine-grained 
blastic texture and massive structure, with an intensive alteration. It 
mainly consists of plagioclase (35–45 %), quartz (30–40 %), biotite 
(5–10 %), amphibole (5 %), and pyroxene (3 %), with accessory min-
erals of zircon, apatite, and pyrite. The transition between migmatitic 
gneiss and jade is progressive and is marked by calc-silicate layers. Calc- 
silicate rocks occur in the northern part of the deposit as a reaction zone 
(usually centimeters to decimeters, rarely meters thick) between mig-
matitic gneiss and jade (Fig. 3b). Calc-silicate rocks are composed of 
diopside, feldspar, amphibole, phlogopite, quartz, and smaller amounts 
of apatite and zircon (<1%). Due to poor exposure, the nature of the 
contact between the marble and jade cannot be observed. Various veins 
were observed and their mineral assemblages vary. The core of the de-
posit is cut across by feldspar + diopside + biotite veins (Fig. 3d). To-
wards the boundary, the jade becomes darker with more abundant 
phlogopite. Other small phlogopite veins and enstatite + magnesite +
talc veins can be seen locally (Fig. 3c). Some of the veins are deformed, 
commonly discontinuous, and sometimes folded. 

Fig. 2. Geological sketch map of southeast Jilin Province in northeast China, showing the locations of the Jian forsterite jade deposit modified (Meng et al., 2017b).  
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3. Sample and analytical methods 

A total of fourteen representative samples of Jian forsterite jade were 
selected for detailed mineralogical and petrological analysis (Fig. 4). 
The chemical composition of the minerals was obtained on polished thin 
sections using an EPMA-1720 electron microprobe at the Electron Probe 
Laboratory, China University of Geosciences (Beijing). The analytical 
conditions were a 1-μm or 5-μm beam spot diameter, 10-nA beam, and 
15-kV acceleration voltage. The instrument was calibrated by means of 
52 standard minerals from the SPI Supplies (USA). Backscattered elec-
tron (BSE) images were collected with a beam current of 10-nA and an 
accelerating voltage of 15 kV. 

In-situ trace element analyses were carried out at the Mineral Laser 
Microprobe Analysis Laboratory (Milma Lab), China University of 
Geosciences (Beijing) using Laser Ablation-Inductively Coupled Plasma 
Mass Spectrometry (LA-ICP-MS; Agilent 7900 ICP–MS + NewWave 
193UC excimer laser ablation system). A laser repetition rate of 8 Hz at 
3 J/cm3 and a spot diameter of 50 μm were used in the analyses. NIST 
610 was used as the external standard, Si was used as the internal 
standard, and ARM-1 and BCR-2G were used as the monitoring stan-
dards. Each analysis consisted of one 18 s integration on peaks with laser 
warm-up (for background), one 50 s integration with laser firing, and 
one 10 s washout to purge the previous sample and prepare for the next 
analysis. ICPMSDataCal software was used for the LA-ICP-MS data 
reduction (e.g., Xu et al., 2021). Both the precision and accuracy were 
better than 10 % for most analyzed elements. 

The oxygen isotopes of forsterite grains were analyzed by laser 
fluorination-assisted mass spectrometry (e.g., Zha et al., 2010; Xu et al., 
2022a; Xu et al., 2022b). Rock samples were crushed to 60–80 mesh. 
Clear and transparent forsterite fragments were hand-picked under 
binoculars (~10 mg per sample). Laser fluorination oxygen isotope 
measurements were independently conducted in two laboratories (the 
University of Science and Technology of China in Hefei - USTC and the 
Institute of Geophysics and Geology, Chinese Academy Sciences - IGG-
CAS). The sample reacted with purified BrF5 reagent in the laser 
chamber to release oxygen first. The resulting gas was subsequently 
purified using a series of cryogenic traps that maintained the tempera-
ture of the liquid nitrogen. The oxygen gas was eventually analyzed on a 
Delta XP or a MAT252 mass spectrometer. Three reference materials 
were used in the analysis process: Penglai zircon (IGGCAS; δ18O = 5.3 

‰) (Li et al., 2010), 04BXL07 garnet (USTC and IGGCAS; δ18O = 3.7 ‰) 
(Gong et al., 2007), and San Carlos olivine (USTC; δ18O = 5.2 ‰) (Eiler 
et al., 1995). All oxygen isotope data are reported in the δ-notation 
relative to Vienna Standard Mean Ocean Water (V-SMOW). 

4. Results 

4.1. Petrography 

The Jian forsterite jade is mainly yellowish green to dark with mesh 
texture and massive structure. The Jian forsterite jade consists mainly of 
forsterite (50–55 %), serpentine (30–45 %), as well as minor brucite, 
dolomite, calcite, magnesite, spinel, phlogopite, warwickite, and 
magnetite. 

Forsterite ranges in size from 0.2 mm to 2 mm and forms 120◦ triple 
junctions (Fig. 5a). Adjacent olivine fragments with identical interfer-
ence colors under cross polarized light are shown to be derived from the 
same primitive olivine crystal (Fig. 5b). Despite the strong serpentini-
zation, the original grain boundary of olivine could be observed. 
Zonation or exsolution lamellae were not present in any olivine crystal. 
Serpentine usually replaces pre-existing forsterite forming a mesh 
texture. In samples with high alteration degree, pseudomorphic 
serpentine completely replaced former olivine grains (Fig. 5c). Two 
types of serpentine polymorphs have been identified (i.e., lizardite and 
chrysotile) by micro-RAMAN analyses (Appendix A). Brucite mainly 
appears along forsterite grain boundaries and in the centre of serpentine 
veins (Fig. 5d). Carbonate minerals with anhedral grains are also com-
mon in Jian forsterite jade (Fig. 5e-h). Dolomite can break down to 
calcite and periclase followed by hydration of periclase to form brucite 
(Fig. 5g). Xenomorphic spinel grains (20–200 μm) are commonly sur-
rounded by phlogopite (Fig. 5i-j). Warwickite forms individual grains 
and intergrowths with forsterite (Fig. 5k). Moreover, minor magnetite 
grains have been found in the black jade sample. Magnetite sporadically 
occurs in serpentine veins center and is not in direct contact with olivine 
(Fig. 5l). 

4.2. Mineral major element analysis 

EMPA analyses show that the forsterite’s chemical composition is 
end-member forsterite (Fig. 6a). Therefore, forsterite in yellowish-green 

Fig. 3. Field photographs. (a) Panoramic view of the Jian forsterite jade deposit and the host rocks. (b) The boundary between the jade deposit and gneiss is marked 
by calc-silicate layers in the northern part of the deposit. (c) Tiny phlogopite veins penetrate the Jian forsterite jade deposit. (d) Close-up view of the area marked by 
the red rectangle in (a), showing feldspar + diopside + biotite veins. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.) 
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jade is Mg-rich (MgO = 56.77–60.87 wt%), and Fe-poor (FeO =
0.20–0.93 wt%), with the end-members percentage of ~ Fo% = 99. 
Conversely, forsterite in the black sample contains higher FeO 
(1.82–3.47 wt%) and lower MgO (55.09–58.80 wt%), with an end- 
member percentage of Fo% = 96–98. Other components (e.g., Cr2O3, 
MnO, CaO, and NiO) are extremely low in all analyzed forsterite (Sup-
plementary Table 1). 

The chemical compositions of serpentine are mainly composed of 
MgO (43.86–46.68 wt%) and SiO2 (36.93–40.24 wt%). Serpentine has 
3.58 and 3.83 apfu Si and an XMg between 98.02 and 99.80. The FeO 
content ranges from 0.16 to 1.55 wt%, exhibiting an increasing trend 
from yellowish-green to black jade (Supplementary Table 1). 

Brucite in the Jian forsterite jade has a nearly constant chemical 
composition, with MgO ranging from 69.31 to 72.85 wt%. The spinel is 

Fig. 4. Close-up view of representative hand specimens of the Jian forsterite jade deposit. (a, b) yellowish-green Jian forsterite jade. (c, d) dark-green Jian forsterite 
jade. (e, f) dark Jian forsterite jade. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Cr-poor and Al- and Mg-rich (XMg = 94.40–95.86), with a spinel sensu 
stricto chemistry. The MnO and TiO2 contents of this spinel are very low 
(0.03–0.08, 0.05–0.08 wt%, respectively). Phlogopite in the Jian for-
sterite jade has high Mg# (98 to 99) (Fig. 6b). The chemical composi-
tions of warwickite are dominated by MgO (41.43–41.62 wt%) and TiO2 
(20.30–20.79 wt%). 

4.3. LA-ICP-MS mineral trace element analysis 

The trace element contents of forsterite and serpentine are listed in 
Supplementary Table 2. Despite minor amounts of trace elements can be 
hosted in forsterite owing to the small sizes of octahedral M1 and M2 
sites (Zanetti et al., 2004), LA-ICP-MS data show a distinctive trace el-
ements footprint of forsterite from the Jian forsterite jade. Specifically, 
the forsterite has very high concentrations of B (1162 to 2590 ppm); 
intermediate concentrations (1 to 100 ppm) of Li, Na, Al, P, K, Ti, Mn, 
and Zn; and very low concentrations (<1 ppm) of Ca, Sc, V, Cr, Co, Ni, 
Cu, Zr, and Nb. A series of compositional differences are detected among 
the forsterite in samples with different color (Fig. 7). Forsterite in 

yellowish-green samples contains relatively lower concentrations of Li, 
Zn, V, Ti, Mn, Co, and Ni, but higher concentrations of Al and B than 
those in dark green and black samples. Conversely, forsterite in black 
samples has slightly higher Li, Zn, Ti, Mn, Co, and Ni concentrations 
than forsterite in dark green samples. Serpentine shows lower contents 
of B and higher contents of K than forsterite. The concentrations of other 
trace elements in serpentine are relatively low, which is similar to 
forsterite. 

4.4. Oxygen isotope composition 

The oxygen isotope analysis of forsterite was performed in two lab-
oratories successively. The results of oxygen isotope values obtained by 
laser fluorination are listed in Supplementary Table 3. In session 1, the 
oxygen isotope values for JAY02-4, JAY3-3, and JAY07-2 are 18.29 ±
0.14 ‰ (n = 2), 16.57 ± 0.11 ‰ (n = 2), and 14.19 ± 0.18 ‰ (n = 2), 
respectively. In session 2, the oxygen isotope values for JLJA01-1, JA18, 
JLJA03-1, JAJA04-1, and JA25 are 18.28 ‰, 16.17 ‰, 18.16 ‰, 18.57 
‰, and 13.79 ‰, respectively. Olivine from mantle peridotite collected 

Fig. 5. Photomicrographs of mineral assemblages of the Jian forsterite jade deposit. (a) and (b) Plane- and crossed-polarized light photomicrographs of the forsterite- 
rich domain. Mesh-textured forsterite is crosscut by serpentine minerals. (c) Serpentine pseudomorphs after forsterite (cross polarized light). (d) Brucite intergrows in 
the serpentine veins (cross polarized light). (e) Assemblage of forsterite + serpentine + magnesite (plane-polarized light). (f) Residual calcite (plane-polarized light). 
(g) Dolomite partially replaced by brownish, dust brucite (plane-polarized light). (h) Assemblage of forsterite + dolomite + serpentine (reflected light). (i) 
Assemblage of forsterite + phlogopite + spinel + serpentine (reflected light). (j) Assemblage of forsterite + serpentine + phlogopite (plane-polarized light). (k) 
Assemblage of forsterite + warwickite + serpentine (plane-polarized light). (l) Magnetite in the dark Jian forsterite jade (BSE images). Abbreviations: Brc-brucite; 
Cal-calcite; Dol-dolomite; Fo-forsterite; Mgs-magnesite; Mag-magnetite; Phl-phlogopite; Spl-spinel; Serp-serpentine; Wr-warwickite. 
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from Yiqisong mine, Jilin province, China was selected for comparison. 
The results yield δ18O values of 5.64 ‰ for YQSW20 (Fo%=91) and 5.68 
‰ for YQSW44 (Fo%=90). 

5. Discussion 

5.1. Genesis of end-member forsterite 

The forsterite in the Jian forsterite jade is end-member forsterite. 
Forsterite (Fo% > 99) has never been observed in mid-ocean ridge ba-
salts (MORB), ocean island basalts (OIB), large igneous provinces (LIP), 
and neither in silica-undersaturated magmas (Plechov et al., 2018). In 

the context of the Jian forsterite jade, Wang et al. (2020b) proposed that 
the protolith was a dunite derived from the ancient and refractory 
lithospheric mantle of the North China Craton. However, trace element 
characteristics of forsterite are not in agreement with this model. Spe-
cifically, the forsterite from the Jian forsterite jade has low Ni 
(0.65–1.91 ppm), Co (0.52–2.20 ppm), Mn (203–510 ppm), and Ca 
contents (below detect limit), and high B contents (1162–2590 ppm). 
Previous studies have shown that Ni contents of olivine vary from 2040 
to 3310 ppm in magmatic rocks and mantle peridotites (De Hoog et al., 
2010) (Fig. 8a); Ca contents of the olivine in the mantle peridotites and 
igneous rocks range from 27 to 630 ppm and > 1100 ppm, respectively 
(Sobolev et al., 2007; De Hoog et al., 2010) (Fig. 8b). The trace element 

Fig. 6. Composition of selected minerals in the Jian forsterite jade deposit. (a) Forsterite composition in the forsterite-fayalite-tephroite-olivine ternary plot. (b) 
phlogopite classification diagram according to Foster (1960). 

Fig. 7. Box-whisker plot of Al, Li, B, Zn, P, V, Ti, Mn, Co, Ni for forsterite from yellowish-green, dark-green, and black samples. A: yellowish-green sample; B: dark- 
green sample; C: black sample. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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features of the studied sample are different from olivine in mantle pe-
ridotites and mafic igneous rocks (Fig. 8a-d). In addition, pyroxene and 
chromium-rich spinel which frequently occur in dunite of mantle or 
igneous origins have not been identified in the studied samples. 
Furthermore, forsterite in the Jian forsterite jade has high δ18O values 
(13.79 to 18.57 ‰), which are higher than average mantle-derived (5.2 
± 0.2 ‰) olivine (Mattey et al., 1994; Chazot et al., 1997; Eiler et al., 
1997; Eiler, 2001), which is something not in line with the dunite- 
derived model of genesis of the Jian forsterite. 

In general, the following mechanisms have been proposed to explain 
the formation of high-Mg olivine (Fo% > 96): (1) subsolidus equilibra-
tion of Mg and Fe in chromite-rich rocks (Xiong et al., 2015; Yang et al., 
2015; Zhang et al., 2019); (2) deserpentinization of metamorphosed 
serpentinites (Vance and Dungan, 1977; Nozaka, 2003; Khedr and Arai, 
2012; Nutman et al., 2021); (3) subsolidus recrystallization of olivine in 
a high-fO2 environment (Blondes et al., 2012; Del Moro et al., 2013); and 
(4) metamorphism and metasomatism of siliceous carbonate rocks 
(Fulignati et al., 2005; Ferry et al., 2011; Di Rocco et al., 2012; Metz and 
Milke, 2012; Doroshkevich et al., 2017; Beno et al., 2020; Nekrylov 
et al., 2021; González-Pérez et al., 2022). The field and petrographic 

evidence discussed in this study did not reveal chromitite and basic- 
ultrabasic rocks in the study area, and forsterite in chromitite rock has 
high Ni and Cr contents (Xiong et al., 2015), thus the first mechanism 
can be ruled out. Secondly, high Ni, Mn, and Cr contents of olivine in 
serpentinite and the absence of opaque mineral inclusions are not in line 
with the deserpentinization model (Nozaka, 2003). Thirdly, high Fo% 
forsterite (Fo% up to 99.8) in basalt formed by subsolidus recrystalli-
zation in a high-fO2 environment usually has iron oxide exsolution 
lamellae (Blondes et al., 2012), which is a feature absent in our samples. 

Nekrylov et al. (2021) studied the major and trace element compo-
sition of olivine from magnesian skarns and silicate marbles. They have 
observed that olivine in the magnesian silicate marbles and skarns has 
low contents of Co, Cr, and Ni and high content of B, something in line 
with the trace elements footprint of the olivine analyzed in this study. 
The trace elements feature of forsterite in the Jian forsterite jade is likely 
linked to the compositions of protoliths—dolomite, which are strongly 
enriched in boron and depleted in Co, Cr, and Ni (Nekrylov et al., 2021). 
Therefore, our data indicate that the formation of forsterite in the Jian 
forsterite jade is probably related to the silicification of dolomite during 
contact metamorphism. 

Fig. 8. Compositional characteristics of forsterite in the Jian forsterite jade compared with forsterite of other origins. (a) Ni versus Fo%. (b) Ca versus Fo%. (c) Mn 
versus Fo%. (d) Cr versus Fo%. Note that the Ni, Ca, Mn, and Cr contents of forsterite are from LA-ICP-MS analyses. Data sources: subsolidus oxidation (Blondes et al., 
2012; Del Moro et al., 2013); Metamorphosed serpentinites (Khedr and Arai, 2012; Nozaka, 2003; Vance and Dungan, 1977; Fukumura et al., 2019; Nutman et al., 
2021); Metamorphism and metasomatism of siliceous carbonate rock (Wenzel et al., 2002; Guzmics et al., 2010; Di Rocco et al., 2012; Plechov et al., 2017; Plechov 
et al., 2018; Nekrylov et al., 2021); Chromitite (Xiong et al., 2015; Yang et al., 2015; Plechov et al., 2018); Magmatic (Sobolev et al., 2007); Mantle peridotites (Su 
et al., 2019). 
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5.2. Variation of oxygen isotope by fluid-rock interaction 

Owing to differences in oxygen isotope values among magmatic 
rocks, metamorphic rocks, and sedimentary rocks, oxygen isotopes are 
widely used to trace the origins and evolution of magma and fluids and 
to elucidate the conditions and mechanisms of mineral and rock for-
mation (Eiler, 2001; Cooper et al., 2004; Genske et al., 2013; Sun et al., 
2015). The oxygen isotope of forsterite exhibits the best evidence of 
fluid-rock interaction. Forsterite production in the magnesian silicate 
marbles and skarns is the consequence of a reaction between dolomite 
and quartz (Müller et al., 2004; Ferry et al., 2011). First, it seems 
impossible that forsterite formed from a quartz-bearing dolomite pro-
tolith. Dolomite and dolomitic limestone do not contain enough quartz 
(usually < 1 %) to form the observed amount of forsterite (Bucher and 
Grapes, 2011; Ferry et al., 2011). Secondly, the δ18O values of forsterite 
have a range of 13.79 ‰ to 18.57 ‰. The same oxygen isotope values are 
observed in forsterite from skarn, marble, and calc-silicate rocks (Fig. 9) 
(Wenzel et al., 2002; Ferry et al., 2011; Di Rocco et al., 2012; Dor-
oshkevich et al., 2017). Ferry et al. (2011) explained that the variation of 
oxygen isotope value in forsterite was controlled by isotope exchange 
with dolomite or with a low δ18O infiltrating fluid. The measured δ18O of 
our samples varied by up to 5 ‰. Except for samples JAY07-2 and JA25 
with relatively low δ18O values (13.79 and 14.19 ‰), most samples have 
oxygen isotope values between 16 and 18 ‰, which are in good agree-
ment with previously reported data on δ18O of olivine from skarn, 
marble, and calc-silicate rocks (Eiler et al., 1998; Wenzel et al., 2002; 
Ferry et al., 2011; Di Rocco et al., 2012; Doroshkevich et al., 2017). 
Doroshkevich et al. (2017) showed that δ18O profiles across the contact 
between syenite and brucite marble exhibit a decrease towards syenite, 

typical of igneous rocks. This oxygen isotope variation has been inter-
preted as the result of fluid-rock interaction and the influx of magmatic 
fluids (Doroshkevich et al., 2017). Therefore, we reasonably speculate 
that the formation of the Jian forsterite jade is the result of an intense 
fluid-rock reaction, producing a range of oxygen isotope compositions. 
Fluid-rock interaction causes the variation of oxygen isotope. High δ18O 
values are controlled by isotope exchange with dolomite, while low δ18O 
values in samples JAY07-2 and JA25 can be explained by low δ18O fluid 
infiltration. 

5.3. Contact metamorphism of dolomites 

Forsterite-rich olivine is a common product of the infiltration-driven 
contact metamorphism of siliceous dolomites (Roselle et al., 1997; Cook 
and Bowman, 2000; Müller et al., 2004; Beno et al., 2020). Forsterite 
crystals reported from world localities of exoskarn, marble, endoskarn, 
and calc-silicate rocks are mostly idiomorphic or round grains accom-
panied by abundant calcite, spinel, and phlogopite (Ferry et al., 2011; 
Doroshkevich et al., 2017; Karmakar, 2021; Nekrylov et al., 2021; 
González-Pérez et al., 2022). However, forsterite in the Jian forsterite 
jade forms nearly monomineralic domains with a polygonal micro-
structure of 120◦ triple junctions. González-Pérez et al. (2022) reported 
Fo-Cal skarn zone with similar nearly monomineralic structure. This 
zone covers only two meters of the profile, while the Jian forsterite jade 
crops out an area of approximately 4455.0 m2. The transition between 
migmatitic gneiss and jade is progressive and is marked by a range of 
amphibole and diopside-rich calc-magnesian silicate rocks (usually 
centimeters to decimeters, rarely meters thick). A generalized geological 
profile across the reaction zone comprises feldspar-diopside-amphibole 
zone, calcite-bearing olivine-spinel-phlogopite zone, and forsterite- 
serpentine domains (the Jian forsterite jade). Bucher and Grapes 
(2011) suggested that the size (thickness) of the distinct mineralogical 
zones in the metamorphic aureole depends on the heat given off by the 
intrusion. Roselle et al. (1997) presented decreases in the size of olivine 
crystals and increases in the number of olivine crystals when close to 
igneous rocks in the Ubehebe Peak aureole. This phenomenon is 
explained as an increase in the ratio of nucleation rates with respect to 
growth rates with proximity to the intrusion (Roselle et al., 1997). 

During regional metamorphism, forsterite marbles are usually diag-
nostic of granulite-facies or amphibolite facies conditions (Bucher and 
Grapes, 2011; Karmakar, 2021). Previous studies have shown that the 
temperature and pressure of olivine growth in magnesian skarns and 
silicate marbles are estimated to range from 550 to 700 ℃ and 500 to 
5000 bar, respectively (Ferry et al., 2011; Doroshkevich et al., 2017; 
Nekrylov et al., 2021). Meng et al. (2017b) presented petrological and 
whole-rock geochemical data for the gneiss rocks in the Mayihe for-
mation of the Ji’an Group and concluded that much of the metavolcanic 
samples have undergone greenschist to lower amphibolite facies meta-
morphism. Therefore, we infer that the study area may have been 
intruded by a large-scale high-temperature pluton. The Jian forsterite 
jade is formed in contact aureoles around magmatic intrusions into 
dolomite and close to magmatic intrusions. 

5.4. The formation of the Jian forsterite jade 

Mineralogical investigations coupled with geochemical data suggest 
that the formation of the Jian forsterite jade is a multiple stages process 
controlled by the nature of protoliths, the temperature conditions, and 
the composition of the hydrothermal fluid phase. We propose that the 
end-member forsterite is derived from Mg-rich dolomite through inter-
action with SiO2-bearing fluid as supported by: (1) The mineral assem-
blage of forsterite, spinel, phlogopite, warwickite, and calcite show 
evident characteristics of Mg-skarn deposit. (2) Trace element abun-
dances of forsterite in the Jian forsterite jade are similar to forsterite in 
skarn, marble, and calc-silicate rocks but different from the mantle 
peridotite. (3) Oxygen isotopes of forsterite show a broad range of δ18O 

Fig. 9. δ18O values of forsterite in the Jian forsterite jade, as compared with 
δ18O values of forsterite in exoskarn and calc-silicate rocks from the Olkhon 
region of Russia (Doroshkevich et al., 2017); forsterite in marble from central 
Sierra Nevada, CA, USA (Ferry et al., 2011); forsterite in endoskarn from the 
Colli Albani Volcanic District of Rome (Di Rocco et al., 2012); and forsterite in 
forsterite-spinel skarns from the North Baikal region of Russia (Wenzel et al., 
2002). The δ18O values of the mantle, MORB, and OIB are from Harmon and 
Hoefs (1995) and Eiler et al. (1997). The δ18O values for marble are from Wang 
et al. (2017). 
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caused by fluid-rock interaction. Two main stages can be defined for the 
formation of the Jian forsterite jade: (1) a high-temperature prograde 
stage related to the interaction of the gneiss-derived fluids with over-
lying dolomite (Fig. 12a), followed by (2) a retrograde stage marked by 
intense rock-fluid interactions (Fig. 12b). 

During the prograde stage, high-temperature SiO2-rich hydrothermal 
fluid infiltrated in the dolomitic rocks and caused the formation of 
prograde Mg-rich minerals (i.e., forsterite, and spinel) (Fig. 11). Infil-
tration of the SiO2-rich fluids into dolomite results in the formation of 
forsterite via reaction (1) at a temperature around 600–700 ℃ according 
to the phase diagram of the system CaO-MgO-SiO2-H2O-CO2 (Fig. 10a) 
(Müller et al., 2004; Bucher and Grapes, 2011). 

2 Dolomite + SiO2(aq) = Forsterite + 2 Calcite + 2 CO2 (1) 

Low Fe content and high Mg contents in both the protolith and hy-
drothermal fluid result in the formation of forsterite. In addition, dolo-
mitic limestones usually contain various amounts of Mg-chlorite leading 
to the formation of spinel (Bucher and Grapes, 2011; Karmakar, 2021). 
A mineral assemblage consisting of forsterite, spinel, and calcite is 
formed by the reaction (2). 

2 Dolomite + Chlorite = 2 Calcite + 3 Forsterite + Spinel + 2 CO2

+ 4 H2O
(2) 

However, the calcite phase is virtually absent from observed jade, 
which is in line with the features of most of the observed occurrences of 
dolomite-related jade (Harlow and Sorensen, 2010; Gao et al., 2019). 
Based on the available research, the absence of calcite in the jade may be 
due to (1) the reaction-product “calcite” dissolved in the fluid and 
removed from the rock volume at large fluid-to-rock ratios (Harlow and 
Sorensen, 2010); (2) the presence of CO2aq in the fluids inhibit the 
transformation from superfluous Ca2+ to calcite (Gao et al., 2019); (3) 
the consumption of calcite during the reaction would facilitate the for-
mation of olivine. 

During the hydrothermal retrograde stage, the introduction of hy-
drous fluids leads to the formation of hydrous minerals including 
serpentine, phlogopite, and talc (Fig. 11). Forsterite formed in the pro-
grade stage is altered by serpentine and brucite according to the reaction 

(3). 

Forsterite + 3 H2O = 1 Serpentine + 1 Brucite (3) 

Serpentine usually occurs as pseudomorphic rims around pre- 
existing forsterite as well as forming a mesh texture. The serpentiniza-
tion of forsterite (reaction (3)) occurs mainly in a CO2-poor environment 
at temperatures below 400 ◦C (Fig. 10b) (Johannes, 1969; Evans, 2004; 
Klein et al., 2013). As the concentration of CO2 increases in the fluid, 
magnesite could have formed according to the reaction (4). 

2 Forsterite + 2 H2O + CO2 = 1 Serpentine + 1 Magnesite (4) 

The formation of serpentine + magnesite from forsterite + H2O +
CO2 occurs in the temperature interval ranging from 380 to 490 ℃ at P 

Fig. 10. (a) Phase diagram of system CaO-MgO-SiO2-H2O-CO2 at P = 1.5 kbar according to Müller et al. (2004). (b) Phase diagram of system MgO-SiO2-H2O-CO2 at 
P = 2 kbar according to Johannes (1969). Abbreviation: ath-anthophyllite; brc-brucite; cal-calcite; dol-dolomite; di-diopside; en-enstatite; fo-forsterite; mgs- 
magnesite; qtz-quartz; serp-serpentine; tlc-talc; tr-tremolite. 

Fig. 11. Mineral parageneses of the Jian forsterite jade deposit (the thickness 
of the line represents the relative abundance of minerals at each stage (thick-
ness: primary, thinness: secondary, dashed: accessory). 

B. Peng et al.                                                                                                                                                                                                                                     



Ore Geology Reviews 150 (2022) 105167

11

= 2000 bars (Fig. 10b) (Johannes, 1969). Johannes (1969) proposed 
that the stability field of the assemblage enstatite + magnesite is 
restricted to high CO2 contents of the fluid phase. This explains the 
formation of enstatite + magnesite + talc veins in the Jian forsterite jade 
according to reaction (5). 

2 Forsterite + 2 CO2 = 1 Enstatite + 2 Magnesite (5) 

In addition, the assemblage of enstatite + magnesite + talc indicates 
the presence of fluids with high CO2 content in the retrograde stage 
(Fig. 10b). The distinct heterogeneity in the distribution of minerals 
assemblages indicates significant heterogeneity in the XCO2 values of 
fluids. According to the above analysis, we suggest that two CO2-H2O 
fluids interacted with the host rock in the retrograde stage, controlling 
the progress of metamorphic hydration reactions and the formation of 
the Jian forsterite jade (Kaszuba et al., 2006). It is noteworthy that 
forsterite formed in the prograde stage of skarnification and that retro-
gressive reaction led to the formation of Mg-phyllosilicates (e.g., 
serpentine). The prograde to retrograde processes resulted in the for-
mation of the Jian forsterite jade deposit. 

6. Conclusions 

Our study on the mineralogical and isotope geochemical character-
istics of forsterite shed light on the genesis of the Jian forsterite jade. 

(1) The Jian forsterite jade consists mainly of forsterite and serpen-
tine with subordinate spinel, brucite, dolomite, calcite, phlogo-
pite, magnetite, and magnesite. The Jian forsterite jade mainly 
exhibited mesh texture owing to the strong hydration reaction of 
forsterite.  

(2) The forsterite from the Jian forsterite jade has extremely high Fo 
% (up to 99.82 mol%), low Ni, Mn, Cr, and Ca contents, and high 
B contents. The δ18O of forsterite in the Jian forsterite jade ranges 
from 13.79 to 18.57 ‰. The similarity of the oxygen isotope ra-
tios and trace element concentrations to those of skarn, marble, 

and calc-silicate rocks indicate that forsterite is most likely 
derived from Mg-rich dolomite through interaction with SiO2- 
bearing fluid.  

(3) Two metamorphic stages are defined for the formation of the Jian 
forsterite jade deposit: (i) a high-temperature prograde stage in 
which SiO2-rich hydrothermal fluids reacted with dolomite to 
form a mineral assemblage of forsterite, spinel, and calcite at T =
500–700 ℃; and (ii) a low-temperature hydrothermal stage was 
marked by the formation of hydrous minerals including serpen-
tine, phlogopite, and talc at T < 400 ℃. The Jian forsterite jade is 
a new type of jade discovered in China. The discovery of this end- 
member forsterite in the Jian forsterite jade provides new insights 
into the formation of this deposit as a magnesian skarn. 
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Majumdar, A.S., Hövelmann, J., Vollmer, C., Berndt, J., Mondal, S.K., Putnis, A., 2016. 
Formation of Mg-rich Olivine Pseudomorphs in Serpentinized Dunite from the 
Mesoarchean Nuasahi Massif, Eastern India: Insights into the Evolution of Fluid 
Composition at the Mineral-Fluid Interface. J. Petrol. 57 (1), 3–26. 

Mattey, D., Lowry, D., Macpherson, C., 1994. Oxygen isotope composition of mantle 
peridotite. Earth Planet. Sci. Lett 128 (3–4), 231–241. 

Meng, E., Liu, F.-L., Liu, P.-H., Liu, C.-H., Yang, H., Wang, F., Shi, J.-R., Cai, J., 2014. 
Petrogenesis and tectonic significance of Paleoproterozoic meta-mafic rocks from 
central Liaodong Peninsula, northeast China: Evidence from zircon U-Pb dating and 
in situ Lu–Hf isotopes, and whole-rock geochemistry. Precambrian Res. 247, 92–109. 

Meng, E., Wang, C.-Y., Li, Y.-G., Li, Z., Yang, H., Cai, J., Ji, L., Jin, M.-Q., 2017a. Zircon 
U-Pb–Hf isotopic and whole-rock geochemical studies of Paleoproterozoic 
metasedimentary rocks in the northern segment of the Jiao–Liao–Ji Belt, China: 
Implications for provenance and regional tectonic evolution. Precambrian Res. 298, 
472–489. 

Meng, E., Wang, C.-Y., Yang, H., Cai, J., Ji, L., Li, Y.-G., 2017b. Paleoproterozoic 
metavolcanic rocks in the Ji’an Group and constraints on the formation and 
evolution of the northern segment of the Jiao-Liao-Ji Belt, China. Precambrian Res. 
294, 133–150. 

Meng, E.N., Wang, C.-Y., Li, Z., Li, Y.-G., Yang, H., Cai, J.I.A., Ji, L.E.I., Jin, M.-Q., 2017c. 
Palaeoproterozoic metasedimentary rocks of the Ji’an Group and their significance 
for the tectonic evolution of the northern segment of the Jiao–Liao–Ji Belt. North 
China Craton. Geol. Mag. 155 (1), 149–173. 

Metz, P., Milke, R., 2012. Mechanism and kinetics of forsterite formation in metamorphic 
siliceous dolomites: Findings from a rock-sample experiment. Eur. J. Mineral. 24 (1), 
59–72. 

Müller, T., Baumgartner, L.P., Foster, C.T., Vennemann, T.W., 2004. Metastable prograde 
mineral reactions in contact aureoles. Geology 32 (9). 

Nekrylov, N., Plechov, P.Y., Gritsenko, Y.D., Portnyagin, M.V., Shcherbakov, V.D., 
Aydov, V.A., Garbe-Schönberg, D., 2021. Major and trace element composition of 
olivine from magnesian skarns and silicate marbles. Am. Mineral. 106 (2), 206–215. 

Nozaka, T., 2003. Compositional heterogeneity of olivine in thermally metamorphosed 
serpentinite from Southwest Japan. Am. Mineral. 88 (8–9), 1377–1384. 

Nutman, A.P., Scicchitano, M.R., Friend, C.R.L., Bennett, V.C., Chivas, A.R., 2021. Isua 
(Greenland) ~3700 Ma meta-serpentinite olivine Mg# and δ18O signatures show 
connection between the early mantle and hydrosphere: Geodynamic implications. 
Precambrian Res. 361. 

Plechov, P.Y., Nekrylov, N.A., Shcherbakov, V.D., Tikhonova, M.S., 2017. Extreme-Mg 
olivines from venancite lavas of Pian di Celle volcano (Italy). Dokl. Earth Sci. 474 
(1), 507–510. 

B. Peng et al.                                                                                                                                                                                                                                     

https://doi.org/10.1016/j.oregeorev.2022.105167
https://doi.org/10.1016/j.oregeorev.2022.105167
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0005
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0005
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0005
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0010
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0010
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0010
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0015
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0015
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0020
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0020
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0020
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0025
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0025
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0025
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0030
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0030
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0030
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0035
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0035
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0035
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0040
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0040
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0040
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0040
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0045
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0045
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0045
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0050
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0050
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0050
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0050
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0055
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0055
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0060
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0060
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0060
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0065
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0065
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0065
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0070
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0070
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0075
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0075
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0080
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0080
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0085
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0085
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0085
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0090
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0090
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0095
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0095
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0100
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0100
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0100
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0100
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0105
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0105
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0105
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0110
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0110
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0110
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0115
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0115
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0115
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0120
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0120
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0120
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0125
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0125
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0125
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0125
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0130
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0130
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0130
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0130
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0135
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0135
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0140
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0140
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0140
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0145
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0145
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0145
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0150
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0150
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0155
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0155
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0155
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0160
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0160
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0165
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0165
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0170
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0170
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0170
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0175
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0175
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0180
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0180
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0180
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0185
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0185
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0185
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0185
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0190
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0190
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0190
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0195
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0195
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0195
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0195
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0200
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0200
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0205
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0205
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0205
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0205
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0210
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0210
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0210
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0210
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0215
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0215
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0215
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0215
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0220
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0220
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0225
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0225
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0225
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0225
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0230
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0230
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0230
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0230
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0230
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0235
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0235
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0235
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0235
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0240
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0240
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0240
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0240
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0245
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0245
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0245
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0250
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0250
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0255
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0255
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0255
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0260
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0260
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0265
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0265
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0265
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0265
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0270
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0270
http://refhub.elsevier.com/S0169-1368(22)00475-9/h0270


Ore Geology Reviews 150 (2022) 105167

13

Plechov, P.Y., Shcherbakov, V.D., Nekrylov, N.A., 2018. Extremely magnesian olivine in 
igneous rocks. Russ. Geol. Geophy. 59 (12), 1702–1717. 
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