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aBSTRacT

a new occurrence of “blue jade” is described. The jadeitite occurs as metasomatic veins in magnesite bodies within meta-
ultramaic rocks in the Sorkhan area of southeastern Iran. The veins are composed of almost pure jadeite, 90 to 99.5 mol.% Jd, 
contain minor amounts of Ba-bearing K-feldspar, lawsonite and katophoritic amphibole, but unlike other occurrences of “blue” 
or “lavender jade”, do not contain high amounts of Ti. The jadeitite veins formed at low-temperature – high-pressure conditions, 
around 1.6 GPa and 420°C. Such P–T conditions are characteristic of zones of cold subduction in which lawsonite blueschists 
to lawsonite eclogites typically form. Thermodynamic studies show that the mineral assemblage within the blue jade is strongly 
pressure- and temperature-dependent. Jadeitites containing two clinopyroxenes (jadeite and omphacite) are stable at high pres-
sure (≥0.8 GPa) and low temperature (≤430°C) conditions, whereas blue jade with only one clinopyroxene (jadeite) forms at 
higher temperature or lower pressure. On the basis of these new calculations, P–T conditions of formation are re-examined for 
all occurrences of blue jade.
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InTRODUcTIOn

The beauty and wide-ranging expression of jade 
have held a special attraction for mankind for thousands 
of years. Jade is, strictly speaking, a generic term for 
two different types of rocks, nephrite and jadeitite, 
dominated either by amphibole or jadeite, respectively. 
Nephrites range mainly from medium to dark green or 
grey-green, but can also be white, yellowish or reddish. 
Rarer, somewhat harder, and therefore regarded as 
more precious, jadeitites display hues that include 
green, but also white or pink, and red, black, brown, 
violet, lavender and blue. In both rock types, the way 
the color is distributed varies considerably. Jadeitites, 
and especially blue jadeitites, are rather uncommon 
rocks. Generally, they are associated with subduction-
related serpentinites along fault zones (Harlow 2001) 
and generally interpreted as crystallizing from hydrous 
luids derived from dehydration of subducted slabs at 
high P and T (Manning 1998, Harlow 1994, Johnson 
& Harlow 1999). In an extensive review on the color 
of jadeitite, Howard (2002) reported that most samples 
of so-called blue jadeitite are in fact blue-green. Truly 
blue and lavender jadeitites are reported from only a 
few localities around the world. The most renowned 
occurrences are the Olmec blue jade (Quebrada Seca, 
Guatemala, Harlow et al. 2004) and blue jade from 
Ohmi–Kotaki in Japan (Chihara 1971). Lavender 
jadeitite is known from Tavsanli in Western Anatolia, 
Turkey (Okay 1984), and green and bluish jadeites are 
well known in Burma (Chhibber 1934). Up to now, the 
blue color has been assigned to titanium-rich omphacite 
(Harlow et al. 2004), which occurs in clots and veins in 
jadeitite. The guatemalan “blue jade” contains assem-
blages of omphacite, phengite, titanite, zircon, allanite 
and rutile, whereas the Japanese “blue jade” comprises 
assemblages of omphacite, titanite, albite, and analcime. 
The Tavsanli “lavender jade” is rather homogeneous, 
but a patchy pattern allows the identiication of an 
alkaline magmatic precursor that was metasomatized 
to jadeitite (Okay 1997). This jadeitite contains quartz, 
jadeite, K-feldspar, lawsonite, and aegirine.

We report here a new locality of clear, sky-blue 
jadeitite occurring near Sorkhan, in a blueschist belt of 
southeastern Iran. The jadeitite occurs in a vein system 
along a serpentinite – magnesite contact. From this 
study, we discuss the composition and the stability of 
one- and two-pyroxene-bearing jadeitites.

gEOlOgy OF THE SORKHan SEcTOR

In southeastern Iran, Mesozoic ophiolitic mélanges 
occur between the Zagros fold-and-thrust belt (repre-
senting the Arabian plate) and the metamorphic rocks 
and volcanic arc sequences of the Sanandaj–Sirjan 
Zone (northern continental margin of Tethys) (Fig. 1a). 
The colored mélanges of the suture zone are complex 

and contain metamorphic as well as non-metamorphic 
sequences. Near Sorkhan, a belt containing high-
pressure (HP) metamorphic rocks is juxtaposed against 
a sequence of non-metamorphic ultramaic to maic 
rocks, considered to be of Precambrian age. Whole-
rock 40K–40ar ages on gabbros and diabases near 
Sorkhan (Fig. 1B) range from 130 to 140 Ma, and the 
amphibolites east of Sorkhan are 202 Ma old (Ghasemi 
et al. 2002).

north of this area, at ashin-e-Bala (Fig. 1B), serpen-
tinized harzburgites contain talc, anthophyllite and 
enstatite (Sabzehei 1974), indicating a post-serpentini-
zation metamorphic overprint. These meta-ultramaic 
rocks correlate with the Abdasht ultramaic suite, where 
chromian spinel associated with reddish chromian 
clinochlore is mined; it occurs in a series of amphi-
bolites, micaschists, marbles and greenschists that are 
mapped as glaucophane schists (Hadjabad quadrangle). 
In this rock series, blue amphibole can be recognized 
only locally, and lower amphibolite facies to upper 
greenschist facies successions are prevalent. In maic 
rocks, green amphibole commonly shows a thin rim 
of glaucophane, indicating that all rocks underwent 
a HP–LT overprint. Micaschists near Ashin-e-Bala 
have been dated at around 80.7 ± 1.5 Ma฀ (40K–40ar, 
phengite; ghasemi et al. 2002) and around 93 ± 5.9 
ma by 40ar/39ar (agard et al. 2006). To the north 
of the meta-ultramaic suite, another rock association 
comprises a serpentinite mélange, composed of blue-
schists (in some cases, pure glaucophanites), marbles 
and garnet micaschists in a serpentinite-rich matrix. 
These rocks, mapped as serpentinite schists, underwent 
metamorphism to the lawsonite blueschist to lawsonite 
eclogite facies (Sabzehei 1974).

along the northern contacts of these metamorphosed 
ultramaic bodies to the serpentinite mélange with blue-
schists, large lenses of magnesite occur. One of these 
lenses contains veins of white and blue jadeitite. The 
jadeitite veins, completely enclosed in the magnesite 
lenses, are 5 to 15 cm wide, and show symmetrical 
zoning. The outer portions are snow white, whereas the 
inner portions (ca. 10 cm for the widest veins) show a 
clear, sky-blue color.

PETROgRaPHy anD cHEmIcal cOmPOSITIOn

In the blueschist mélange (serpentinite schists) north 
of the Sorkhan region, maic rocks contain glauco-
phane, albite, phengite and, in some cases, lawsonite 
and rutile. In rare cases, omphacite was found. Within 
this metamorphic belt, large bodies of ultramaic rocks 
with lenses of chromite are widespread. These mainly 
metadunitic rocks contain talc, enstatite, forsterite and 
antigorite. The associated chromitite is rich in reddish 
chromian clinochlore. along the contacts of the ultra-
maic rocks against the blueschist-bearing serpentinite 
mélange, lenses of magnesite (30 to 80 m by 5 to 20 m) 
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which are mined, developed metasomatically. In one of 
these magnesite lenses, veins of jadeitite (Fig. 2) show 
white and sky-blue colors.

The minerals forming the bluish veins were analyzed 
(Table 1) with an electron microprobe (Camebax, 
SX100) at the GeoForschunsgZentrum (GFZ) in 
Potsdam (15 kV, 20 nA, ZAF correction procedure) 
using natural and synthetic mineral standards: wollas-
tonite (Si, Ca), orthoclase (Al, K), albite (Na), periclase 
(mg), rhodonite (mn), hematite (Fe), rutile (Ti), chro-
mite (Cr). Raman spectra were obtained on a LabRam 
HR800 with green laser light (Nd:YAG laser, 532 nm) 
at the Institute of geosciences Potsdam. The major-
element composition of blue parts of the jadeitite vein 
was determined by X-ray luorescence at GFZ (Philips 
XRF–PW2400) using fused lithium tetraborate disks. 
The estimated precision is better than 1–3%. Concen-
trations of trace elements were determined by induc-
tively coupled plasma – mass spectrometry (ICP–MS) 

using solution nebulization after mixed-acid digestion 
(HF–HClO4) under pressure (Dulsky 2001).

The blue jadeitite contains the assemblage jadeite 
– lawsonite – amphibole plus minor Ba-bearing 
K-feldspar and white mica. The outer part of the jadei-
tite veins, generally white, is partly retrogressed and 
show lakes of white mica and secondary albite. The 
inner part of the veins, with a blue hue, is extremely 
fresh; the blue as well as white parts are composed of 
jadeite. The modal composition of the jadeitite attains 
up to 99 vol.% jadeite. Jadeite has a dusty aspect and 
contains many two-phase (liquid – gas) luid inclu-
sions. In the ine-grained (0.1–0.2 mm) jadeitite matrix, 
additional minerals such as lawsonite, katophorite 
and Ba-bearing K-feldspar occur. minute crystals of 
Ba-bearing K-feldspar are dispersed randomly; no 
textural relations could be deciphered. Lawsonite is 
found along white veinlets (0.1–0.2 mm wide) cutting 
the blue jadeite matrix as well as in the matrix (Fig. 3) 

FIg. 1. a. geological map of Iran showing the major ophiolite sutures, with the study area shown as an inset. B. geological 
map of the Sorkhan area showing the ultramaic bodies containing magnesite lenses and the mélange formed by glaucophane-
bearing serpentinite schists. The star indicates the sample locality.
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and has been characterized both by Raman spectroscopy 
and electron-microprobe analysis. From the fact that 
these veinlets are illed with jadeite, we conclude that 
these are closely related to the processes forming the 
jadeitite matrix. Later, signiicantly larger cracks (0.5 

–1.2 mm wide) cutting white and blue jadeitite as well 
as the veinlets contain albite (Fig. 2). a third conspic-
uous mineral forming small clots within the jadeitite 
matrix microscopically shows all the textural features 
of amphibole. The observed amphibole is colorless in 

FIg. 2. Photograph of a sample composed of blue and white jadeite.

FIg. 3. Photomicrograph of lawsonite and katophorite (Am) in the jadeite-dominant 
matrix of the Sorkhan blue jadeitite.
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thin section, shows moderate birefringence (ng – na ≈ 
0.02), oblique extinction (X, Y, Z ∧ c in plane // (010) 
≈ 15°). Rutile has not been found.

In the Sorkhan jadeitites, clinopyroxene is close to 
the ideal jadeite composition (Table 1). All pyroxene 
analyses (>50) show jadeite contents close to the 
end-member composition, ranging from 90 to 99.5 
mol.% Jd. Both, FeOtot (0.04 to 0.5 wt%) and TiO2 
(0 to 0.1 wt%) are lower than those reported for blue 
jadeitites elsewhere. Electron-microprobe analyses of 
the amphibole reveal the composition na(na1.1ca0.9)
mg4.1Fe0.1(al0.7)(Si7.5al0.5)O22(OH)2, with a very small 
amount of Fe and a slight excess of Mg. The compo-
sition its on the join eckermannite [NaNa2(mg4al)

Si8O22(OH)2] – magnesiokatophorite [Na(NaCa)
(mg4Al)Si7alO22(OH)2].

The Sorkhan jadeitite is very pure. A bulk chemical 
analysis (Table 1) on a 1 cm3 sample of blue jadeitite 
yielded very low Ti (0.15 wt% TiO2), whereas mg 
(1.52 wt% MgO), Fe (0.27 wt% Fe2O3) and ca (2.90 
wt% CaO) are relatively high. Except for Ti, these 
minor amounts of major elements can be attributed to 
the accessory phases such as amphibole, feldspar and 
lawsonite, although Ca is incorporated to some extent 
into jadeite also XCa

 jd in the range 0.05–0.1). a Ti-phase 
was not observed in the high-pressure assemblage. 
There are very low concentrations of the trace elements 
(Table 1) except for Ni, Sr and Li (62, 49, 57 and 7 ppm, 
respectively), which may relate to the same accessory 
phases mentioned above.

STaBIlITy FIElD OF THE BlUE jaDEITE

Using thermodynamic calculations [DOmInO–
THERIaK, Gibbs free energy minimization; De Capitani 
& Brown (1987), database of Berman (1988)] and the 
measured bulk-rock composition of the sample, we can 
estimate the ield of stability of blue jadeite. Our results 
(Fig. 4) show some remarkable features. The P–T space 
is divided into two areas. The low-temperature side of 
the diagram (Figs. 4a–c, white) comprises assemblages 
with two clinopyroxenes, omphacite and jadeite, in 
assemblages with lawsonite – chlorite – glaucophane, 
lawsonite–amphibole, lawsonite – glaucophane – para-
gonite, quartz – lawsonite – paragonite, lawsonite–
paragonite or garnet – feldspar – paragonite, depending 
on pressure. The high-temperature assemblages (Figs. 
4a–c, grey) contain only a single clinopyroxene phase, 
namely jadeite in similar assemblages containing 
garnet, feldspar, clinozoisite, paragonite, lawsonite, 
glaucophane or amphibole.

Our calculation produces a relatively small, well-
constrained ield for the stability of the assemblage 
jadeite – lawsonite – magnesiokatophorite (Fig. 4a, dark 
grey; Jd–Lws–Am) at about 1.6 GPa and 420°C. The 
diagram shows the existence of a stability ield for the 
assemblage two clinopyroxenes (Jd–Omph) – lawsonite 
– amphibole on the low-temperature side of the peak 
assemblage (Fig. 4a). By comparing the observed modal 
(Fig. 4b) and chemical (Fig. 4c) compositions of the 
samples of blue jadeitite [Jd–Lws–Mkt] with our grid, 
an excellent it is obvious. This assemblage contains 
very high modal amounts of pyroxene [94% of the rock] 
(Fig. 4b) and the calculated composition of the pyroxene 
[XJd

Jd 90 mol.%] (Fig. 4c) its the electron-microprobe 
measurements [XJd

Jd > 90 mol. %]. 
Interestingly, the modal amount and composition of 

jadeite in the natural sample coincide very well with 
the petrogenetic grid (Table 2), whereas for amphibole, 
a slight but signiicant misit is obvious. We attribute 
it to the fact that thermodynamic properties are not 
determined for all amphibole end-members and solid 
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solutions (e.g., ghiorso & Evans 2002, Dale et al. 2005). 
Bearing in mind the problem of thermodynamic proper-
ties of amphiboles, the it produced in our calculation 
is astonishingly good. We believe that these calcula-
tions illustrate the excellent quality of the database 
used (Berman 1988), including its mixing and activity 
models. In addition, the P–T conditions deduced from 
the Sorkhan jadeitite it well with the values deduced for 

the adjacent lawsonite blueschists (agard et al. 2006). 
We thus are quite conident about the signiicance of our 
P–T grid, although pressures and temperatures deduced 
for the Sorkhan area differ signiicantly from published 
values for similar metasomatic rocks with blue jadeitite, 
e.g.: Itoigawa-Ohmi in Japan (Morishita 2005), Guate-
mala (Harlow 1994) or Myanmar (Goffé et al. 2000, 
Shi et al. 2003). We showed that observations similar 

FIg. 4. Pressure – temperature diagrams calculated with the DOmInO software (de Capitani 1994) using the bulk-rock composi-
tion of the blue jadeitite. a) Phase relations showing stability domains with one or two clinopyroxenes. b) Molar abundance of 
clinopyroxene in the rock. Note the increase of the modal abundance of clinopyroxene with temperature under high-pressure 
conditions. c) Content of the jadeite end-member in clinopyroxene, given for jadeite and omphacite. d) Comparison of P–T 
conditions from the literature (open symbols) with new P–T estimates (illed symbols) according to our calculations based 
on published data on mineral assemblages.
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to the ones recently published for lawsonite eclogites 
from Olmec, guatemala (Tsujimori et al. 2005) can be 
reproduced accurately, and therefore used the new ther-
modynamic calculations to re-estimate P–T conditions 
of the other occurrences of blue jadeitite based on their 
mineralogy (Fig. 4d).

all new P–T estimates for other localities of blue 
jadeitite based on the published mineralogy (Japan: 
morishita 2005, myanmar: goffé et al. 2000, Shi et al. 
2003, Turkey: Okay 1997) range from 0.8 GPa, 300°C 
to 1.8 GPa, 500°C (Fig. 4d). For example, the occur-
rence of zoisite in the blue jadeitite from Olmec, Guate-
mala (circle; Harlow 1994) implies higher-temperature 
conditions than originally estimated. Such results show 
that the ca-phase (Zo, in the case of the blue jadeitite 
from Olmec) is stable during high-pressure conditions 
instead of being a breakdown product of jadeite (with 
albite) during retrogression. The ca-phase (omphacite, 
zoisite or lawsonite) seems to be the determining crite-
rion regarding the temperature conditions: occurrence 
of two clinopyroxenes (omphacite in equilibrium with 
jadeite) implies a stability field at low-temperature 
conditions (≤400–425°C) independently of pressure, 
whereas assemblages of jadeite in equilibrium with 
lawsonite or zoisite are stable under higher-temperature 
conditions (≥400–425°C).

DIScUSSIOn anD cOnclUSIOnS

The Ti content of the Sorkhan clinopyroxene 
(jadeite) measured by electron microprobe (0–0.1 
wt%) is significantly lower than that reported for 
clinopyroxene in “blue jade” elsewhere. For the Olmec 
samples, Guatemala, the Ti content of clinopyroxene 
(omphacite) ranges from 1.0 to 1.8 wt% TiO2, and 
the Fe content is close to 3.5 wt% FeO, whereas in 
the Japanese “blue jade”, the Ti content of omphacite 
reaches up to 7.5 wt% TiO2. Omphacite without Ti or 
with very low Ti content is green (Harlow et al. 2003). 
The Shorkan jadeitite is blue, contains jadeite and no 
rutile. The question about the color remains open. The 

occurrence of a katophoritic amphibole conirms earlier 
observations. Both eckermannite (Bauer 1895, Lacroix 
1930, Chhibber 1934, Mével & Kienast 1986, Harlow & 
Olds 1987, Htein & Naing 1994, Colombo et al. 2000) 
and magnesiokatophorite (Reynard & Ballèvre 1988, 
Dong et al. 1996) have been reported from jadeitites. 
The composition of the Shoran amphibole its on the 
join eckermannite – magnesiokatophorite reported for 
jadeitite from Myanmar (Shi et al. 2003). The fact 
that it actually contains about 50 mol.% of each end 
member supports their conclusion that no miscibility 
gap is evident.

The occurrence of one (Iran, Guatemala, Japan) or 
two clinopyroxenes (Myanmar) in jadeitites is linked 
to temperature conditions. at temperatures below 
400°C, two clinopyroxenes, jadeite and omphacite, are 
formed, whereas above 400°C, only one clinopyroxene 
together with a Ca-rich phase, lawsonite or zoisite, 
forms (Fig. 4).

The stability of one or two clinopyroxenes in a high-
pressure paragenesis was discussed as function either 
of crystallographic ordering during retrogression (Tsuji-
mori et al. 2005) or a compositional gap (e.g., mével & 
Kienast 1986, Myanmar; Matsumoto & Hirajima 2005, 
Sesia). We demonstrate that for blue jadeitite, the P–T 
conditions control this feature.

Despite the fact that only one clinopyroxene formed 
in the blue jadeitite from Sorkhan, temperature condi-
tions were low, as indicated by the stability of lawsonite. 
In the case of the Olmec jadeitite, zoisite is stable as 
an additional ca-phase, demonstrating that there, the 
jadeitite formed at higher temperatures. On the basis 
of our new grid and the descriptions of their respective 
mineralogy, we suggest revised P–T estimates for other 
occurrences of metasomatic blue jadeitite, all clustering 
close to 400°C and 1.6 GPa, except for the Olmec jadei-
tite, which experienced higher temperatures.

It is interesting to note that the Sorkhan locality is 
situated close to the famous prehistoric cultural site 
Arrata, near Jiroft in Iran. Although blue stones have 
always been considered as precious and afghan lapis 
lazuli has been traded westward since the Iron Age, so 
far no blue jade has been found at arrata.
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