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Abstract: Ophiolitic peridotites in Myanmar (Burma) occur along three major tectonic zones: the Kaleymyo–Nagaland suture
along the Indo-Burman Ranges, the Jade Mines belt and the Tagaung–Mytkyina belt. These belts all show harzburgite–
lherzolite–dunite peridotites, but the Hpakan-Taw Maw region (Jade Mines belt) also hosts jadeitites, including pure jadeite,
mawsitsit (Cr-rich jadeite) kosmochlore (Cr-rich clinopyroxene) and albitite. Jadeitites with high Na and Al contents require
either very unusual Al-rich, Si-poor protoliths or extensive fluidmetasomatism, or both. TheHpakan jadeitites formed byNa-, Al-
(and Si-) metasomatic alteration of pyroxenite–wehrlite intrusions into harzburgite–dunite from widespread fluid alteration.
The fluids could have been derived from a mid-Jurassic intermediate pressure subduction event during ophiolite formation and
emplacement. In the Lake Indawgyi area, normal ophiolitic peridotites, including harzburgite and dunite with pyroxenite veins,
have not been jadeitized. Gabbros related to the JadeMines ophiolite gave a U–Pb zircon age of 169.71 ± 1.3 Ma (MSWD 2.2),
a similar timing to the Myitkyina ophiolite (173 Ma) to the east, suggesting that the ophiolite belts were originally continuous.
The jade ‘boulders’ in the Uru conglomerate beds at Hpakan have also resulted from normal in situ serpentinization weathering
processes, followed by limited fluvial mass transport processes along the Uru River.

Supplementary material: U–Pb zircon data are available at https://doi.org/10.6084/m9.figshare.c.6655269
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The Hpakan–Taw Maw region of Kachin state, Myanmar (Burma)
contains theworld’s richest deposits of jade (Figs 1 and 2). The term
‘jade’ encompasses a wide variety of types, including pure jadeitic
pyroxene (NaAlSi2O6), Cr-rich pyroxene, kosmochlore (ureyite;
NaCrSi2O6), Fe-rich hedenbergite (CaFe2+Si2O6) and aegirine
(NaFe3+Si2O6)-bearing jadeitites. The highest quality ‘imperial
jade’ is composed of green–black kosmochlore enriched in Cr3+

(Gübelin 1965). The mawsitsit variety shows mottled intergrowths
of white albite, yellow Mg-chlorite (clinochlore), green–black
kosmochlore and chromian jadeite. Other varieties include lavender
coloured jade enriched in Fe2+, pale mauve varieties enriched in
Mn2+ and blue–green varieties enriched in Fe2+ and Fe3+. Although
jadeite is usually inferred to form at high pressures in subduction
zone settings (Sorensen and Harlow 1999; Harlow and Sorensen
2001; Shi et al. 2012, 2014), the timing of high-pressure
assemblages is often not concomitant, raising some doubt as to
the connection (Tsujimori and Harlow 2012). Jadeite can also form
by the subsolidus reaction of albite + nepheline→ jadeite at low
temperatures (250–300°C) and pressures (c. 3–5 kbar). The
jadeitites in Hpakan are associated with widespread regional
serpentinization and CO2 fluid-fluxing, resulting in a variety of
minerals and rock types, including lizardite, chrysotile or antigorite
serpentinite, albitite, carbonate- or silica-saturated listwanite (talc +
magnesite + silica), opal and chalcedony.

The JadeMines belt is restricted to an area along the northern part of
the Sagaing Fault around Taw Maw and the Uru river valley (Fig. 1).
Three main regions have been delineated: the TawMaw region, where
serpentinized peridotites host dykes and veins of jadeite and albitite in
outcrop (Noetling 1893; Bauer 1895; Bleeck 1908; Chhibber 1934a,
b; Bender 1983; Hughes et al. 2000; Nyunt 2009); a region along the

Uru River boulder conglomerates, west of Hpakant (Fig. 3); and a
third region around Khampti and the Nansibon jade mine to the west
(Fig. 2). Serpentinized peridotites continue southwards to the Lake
Indawgyi area, where they do not contain jadeitite dykes. Another belt
of serpentinite without jadeite has been mapped to the NW along the
western boundary of the Hukawng valley, where Cretaceous–
Cenozoic sedimentary rocks affected by folding are unconformably
overlain by sub-horizontal Late Miocene and younger sediments of
the Irrawaddy Group (Mitchell 2018; Ridd et al. 2019).

The origin of the Hpakant jadeitites has long remained a mystery,
partly because of their remote location in northern Kachin state,
together with political instabilities, the forceful takeover of jade
mines by Burmese generals and the Tatmadaw Burmese army, rebel
insurgencies (from the Kachin Independence Army) and illegal
mining practices resulting in environmental destruction on a grand
scale (Global Witness Report 2015). For all these reasons, the Jade
Mines have been off-limits and restricted to foreigners for almost as
long as they have been known. Most of the jade mined from
Hpakant is exported by road to China. The Global Witness Report
(2015) estimated the total value of Myanmar jade production as
$122.8 billion from 2005 to 2014, most of which is owned by state-
owned companies (Myanmar Economic Holdings) and associated
Chinese companies. Some boulders and samples can be found in the
Mandalay jade market, but the best samples are auctioned at trade
fairs in Nay-pi-daw and Bangkok. Only a few Burmese geologists,
and even fewer western geologists, have actually been to Hpakant.
Our field studies (MS, NG, KH) are based in the Lake Indawgyi
region (Kachin state), the Indo-Burma Ranges and the Chin
Hills, the Sagaing Fault, the Mogok metamorphic belt, the
Tagaung–Myitkyina ophiolite belt, and throughout the northern
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(Putao) and eastern parts of Myanmar. One of us (KH) visited the
Hpakant region in 2014.

This paper reviews the occurrence of Burmese jadeitites, and
other ophiolitic mantle peridotites, and discusses models to explain
their origin. The major questions to be resolved are: are the jadeitites
metamorphosed ophiolitic mantle or are they intrusions; is the
gabbro from Lake Indawygi related to the Jade Mines peridotites;
are the jadeitites related to subduction zone metamorphism; and
were the jadeitites of the Jade Mines belt originally part of the
Tagaung–Myitkyina belt?

We compare the proposed protoliths of the Burmese jadeitites
with similar, but unjadeititized, rocks from the Oman ophiolite
mantle sequence and from the Jijal Complex, a sequence of
ultramafic rocks (Sapat Complex) and garnet granulites (Jijal
Complex) exposed along the base of the Cretaceous Kohistan island
arc in the Pakistan Himalaya. We discuss the possible origins of the
Hpakant jadeitites and their relationship with the mid-Jurassic to
mid-Cretaceous subduction zone responsible for the obduction of
ophiolites, and their relationships with the adjacent Pliocene–
Pleistocene calc-alkaline volcanoes and the crustal-scale Sagaing
dextral strike-slip fault. We conclude that all the ‘jade’ from
Hpakant results from the metasomatic alteration of the original
supra-subduction zone, ophiolite-related pyroxenites, wehrlites,
harzburgites and dunites via the fluxing of Na-, Al- (and Si)-bearing
fluids, most of which resulted in serpentinites, although some
resulted in pure jadeitite or omphacitite.

Formation of jadeitites

Jadeitites are uncommon rocks made up almost entirely of jadeite
pyroxene (NaAlSi2O6). Jadeitites are thought to form under high-
pressure (c. 7–20 kbar) and low-temperature (c. 300–500°C)
metamorphic conditions (Shi et al. 2012; Harlow et al. 2015) via
the alteration of mantle rocks by supercritical fluids enriched in Na,
Al and Si, possibly driven off subduction zones (Manning 2004;
Stern et al. 2013). Tsujimori and Harlow (2012) defined two types
of jadeitites: P-type jadeitites crystallizing directly from a hydrous
fluid as vein fillings or overgrowths; and R-type jadeitites, a
metasomatic replacement of an original sedimentary (e.g. grey-
wacke) or igneous (e.g. albite + quartz) rock. Many jadeitites have
vein-like textures, suggesting a metasomatic origin associated with
injected fluids. In many localities (e.g. California and Guatemala),
jadeitites are associated with high-pressure glaucophane-bearing
blueschists and ophiolite-related serpentinites and are commonly
related to subduction zone settings (Harlow and Sorensen 2005;
Harlow et al. 2015).

The high Na and Al contents of jadeitites require either very
unusual Al-rich, Si-poor protoliths or extensive metasomatic
alteration by fluids, or both. Jadeitites record the transport of large
ion lithophile elements (Li, Ba, Sr and Pb), but also more refractory,
crustal-derived elements, such as U, Th, Zr and Hf (Ng et al. 2016).
Common rock-forming replacement minerals include albitite, white
mica, omphacite and silica serpentinites. Albitites can form at lower

Fig. 1. Structural map of northern Burma
(Myanmar) showing the major faults and
the location of the Jade Mines belt.
Source: Searle et al. (2007, 2017) and
Myanmar Geosciences Society (2012).
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pressures of c. 3–8 kbar (Harlow 1994; Okay 1997) and the
serpentinization alteration process can occur across a low-
temperature spectrum from c. 350–300°C to near-surface
temperatures. Nephrite jade is usually a product of amphibole
(tremolite–actinolite) alteration and is unrelated to high-pressure–
low-temperature metamorphic conditions, but related to serpentin-
ization or contact metamorphism between dolomite and an intrusive
granite (Stern et al. 2013).

Very few of the Burmese ‘jade’ boulders show an original mantle
mineralogy, with most recording extensive fluid alteration,
metasomatism and serpentinization on a regional scale. A few
Burmese samples from Hpakant show relict orthopyroxene
(enstatite) within a serpentinized olivine matrix, suggesting
mantle harzburgite as a likely precursor lithology. After the first
descriptions by Noetling (1893), Bauer (1895) and Bleeck (1908),
jade was thought to occur as intrusive dykes or pods within
serpentinite. Since both are the result of regional wholesale

metasomatism, this implies that the dykes were probably composed
of some sort of pyroxenite intruding an olivine-rich dunite or
harzburgite. Similar relatively unaltered examples of these field
relationships are seen in the mantle sequence peridotites of the
Oman ophiolite and also in the Jijal Complex, in the roots of the
Kohistan island arc in the Pakistan Himalaya.

Serpentinization of ophiolite peridotites

Mantle peridotites from ophiolite complexes, including dunite
(olivine), harzburgite (olivine + orthopyroxene) and lherzolite
(olivine + orthopyroxene + clinopyroxene) are not in equilibrium
with surface waters and react with aqueous fluids to form
serpentinites. Serpentinization is the process of hydration and
alteration of peridotite at low temperatures and is associated with
CO2-rich fluids. Serpentinization is an exothermic reaction that can
increase temperatures by up to 300°C and results in an increase in

Fig. 2. Geological map of the Jade Mines
belt and surrounding region. Source: after
Morley et al. (2021).
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volume (Moody 1976). Serpentinites therefore become easily
mobile, intruding along fractures, lubricating faults and breaking
up country rocks into tectonic mélanges.

In normal harzburgite, the olivine alters to serpentine (chrysotile,
lizardite or antigorite) and the orthopyroxene (enstatite) becomes
pseudomorphed to bastite. Olivine breaks down in sequence to (1)
antigorite + magnesite, (2) magnesite + talc and (3) magnesite +
quartz. Olivine and talc do not occur together and neither do
serpentine and quartz, showing that each reaction is a progression
(Hansen et al. 2005). Quartz–carbonate (listwanite) veins can
contain Cr-muscovite (fuchsite), opal or chalcedony, and important
sulfide–arsenide, Au and Hg mineralization, such as in California
and New England (Buckman and Ashley 2010). Pt, Pd and Au are
concentrated in Ni–Fe sulfides, along with chromite, which survives
all these alteration reactions. Magnetite, however, is consumed
during the reaction serpentine/brucite + magnetite + CO2→ talc +
magnesite (Hansen et al. 2005). The final products are minerals
such as dolomite, brucite and goethite. Most of these reactions lock
up CO2 in magnesite, a process that has the potential for capturing
and storing CO2 in rocks (Kelemen and Matter 2008).

Burmese ophiolite belts

Three main ophiolite belts are recognized in Myanmar (Fig. 1;
Hutchison 1975; Mitchell 1993; Searle and Morley 2011; Gardiner
et al. 2016, 2018; Searle et al. 2017). The Western ophiolite belt runs
along the Indo-Burma Ranges from the Andaman Sea north to the

Hukawng basin and includes the four main ophiolites outcropping in
the Chin hills, Myanmar (the Kwekha, Webula, Kaleymo and
Yazagyo dam ophiolite blocks) (Morley and Searle 2017; Morley
et al. 2020) and the Nagaland ophiolites in India (Acharyya 2007,
2010; Ao and Bhowmik 2014). Liu et al. (2016) determined a Mid-
Cretaceous U–Pb zircon age of c. 127 Ma from the Kaleymyo
ophiolite. Singh et al. (2016) reported 206Pb/238U zircon ages of
116.4 ± 2.2 Ma and 118.8 ± 1.2 Ma from the Nagaland–Manipur
ophiolite just across the border in eastern India. The Eastern ophiolite
belt runs from the Sagaing Fault NE along the Tagaung–Myitkyina
belt (Fig. 1) and contains relict ophiolites of likelyMiddle Jurassic age
(Xu et al. 2017; Chen et al. 2018). Liu et al. (2016) determined a U–
Pb zircon age of c. 173 Ma for the Myitkyina ophiolite. The Central
ophiolite belt is composed of the Jade Mines belt, which extends
along the northern termination of the western branch of the Sagaing
Fault south of the Hukawng basin and does not correspond easily to
either the Western or Eastern ophiolite belts (Ridd et al. 2019). One
suggestion has been that all three ophiolite belts were originally part of
the same suture zone, disrupted and offset by strike-slip faults along
the Sagaing Fault (Maung 1987; Mitchell 1993; Mitchell et al. 2021)
giving a total right-lateral offset of >400–450 km.

The Sagaing Fault is a crustal-scale dextral strike-slip fault that
runs from the Andaman Sea spreading centre in the south to the
Hukawng basin in the north, where it splays into several branches
east of the JadeMines belt (Fig. 1). It is extremely active seismically
and accommodates right-lateral strike-slip motion up to
18–22 mm a−1 (Vigny et al. 2003; Maurin et al. 2010; Sloan

Fig. 3. Geological map of the Taw Maw
and Hpakan regions of the Jade Mines belt.
Source: after Chhibber (1934a, b), Bender
(1983) and Ridd et al. (2019).
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et al. 2017). The fault abruptly cuts granulite facies gneisses,
migmatites and syenites of the MogokMetamorphic belt to the east.
Mogok metamorphism has been precisely dated by U–Pb monazite,
titanite and zircon techniques to 43–32 Ma, with a later upper
amphibolite sillimanite grade event peaking at 23–20 Ma (Searle
et al. 2007, 2020; Lamont et al. 2021), constraining the oldest age of
shearing along the Sagaing Fault. Along the western margin of the
Sagaing Fault the North Minwun basin is a synkinematic basin
formed along a releasing bend. Detrital zircons and titanites have
given maximum depositional ages of 28–27 Ma, providing an older
time constraint on the initiation of right-lateral shearing (Morley and
Arboit 2019). Using the initiation ages and offsets along the
Sagaing Fault, a reconstruction shows that a c. 400 km dextral offset
is feasible and that the simplest explanation for the geology is that
the ophiolite belt along the Nagaland–Kaleymyo part of the Indo-
Burman Ranges was originally contiguous with the ophiolite along
the Tagaung–Myitkyina belt.

Normal peridotite mantle sequence rocks (harzburgites and
dunites) occur along every ophiolite belt in Myanmar and SE Asia;
however, only the Jade Mines belt around Taw Maw and Hpakant
contains jadeitites, omphacitites and other high-pressure peridotites.
A third area of jadeite mining is the Khamti region on the upper
Chindwin river NW of the Chindwin basin, although field
relationships here are very poorly known.

Jade Mines belt, Myanmar

The first geological descriptions of the Jade belt were made by
Noetling (1893), Bauer (1895) and Bleeck (1908), who described
veins of jadeite with a white albite rim intruding serpentinites. The
main jadeite outcrops and mines are shown on the original maps of
Chhibber (1934a, b), maps that have been redrawn in many
subsequent papers. Chhibber’s map (Fig. 3) shows a dominant
north–south belt of serpentinized peridotite outcrops around Taw
Maw and a belt of young Pliocene–Pleistocene boulder conglom-
erates along the Uru River (Fig. 4). Although some outcrops are
present, most mining is carried out by large-scale, environmentally
disastrous strip mining, resulting in numerous landslides (Hughes
et al. 2000). There are some descriptions of amphibolites, actinolite
schists, garnet–mica schists and glaucophane–epidote schists in the
Jade Mines area (Chhibber 1934a, b; Nyunt 2009; Nyunt et al.

2017). Nyunt (2009) described glaucophane, phengite and epidote
schists intercalated with garnet–mica schist associated with
jadeitites. Most outcrops and boulders in the Hpakant and Taw
Maw areas show a variety of serpentinized peridotites and jadeitites.
Jadeitites have variable mineral assemblages, including jadeite ±
kosmochlore ± omphacite ± albite ± amphiboles. Albite + jadeite
rocks are thought to be metamorphosed plagiogranite-type
igneous rocks, intruded into the peridotite (Coleman and Wang
1995). Cr-rich jadeite almost certainly has an origin related to the
chromite-bearing peridotites of the mantle sequence.

Jadeitite outcrops around Taw Maw

The main outcrops of jadeitites occur along a north–south belt
centred around Taw Maw (Fig. 3; Chhibber 1934a, b; Nyunt 2009).
Massive cliffs of green jadeitite (Fig. 4a) are intruded by white veins
and dykes of albitite (Fig. 4b). Bleeck (1908) also describes jadeitite
dykes with rims of albitite and amphibolite intruding serpentinite
(Harlow et al. 2015). The albitites have been interpreted as the
metasomatic alteration of an igneous albite granite intrusion,
possibly a trondhjemite or plagiogranite, similar to the jadeitites
reported from the Monviso ophiolite in the western Alps
(Compagnoni et al. 2012). The Taw Maw outcrop photographs
clearly show massive outcrops of green jadeitites that have been
extensively mined, resulting in huge landslides (Fig. 4c, d). Jadeitite
can be dark green, white or purple depending on theminor accessory
elements. Also described from Taw Maw are black omphacitites,
green kosmochlor-bearing peridotites, jadeite amphibolite, albitites
and jadeitized rodingite (Shi et al. 2012). Bleeck (1908), Harlow and
Sorensen (2005) and Harlow et al. (2015) described contact
relationships along a jadeitite dyke intruding serpentinite from
Taw Maw with albitite progressing outwards from the jadeitite core
zone to eckermannite–glaucophane amphibolite.

The most widespread jadeitite shows a heterogeneous meta-
somatic texture, often with stringers of black omphacitite (Fig. 5a).
Some jadeitites have the distinctive green Cr-rich pyroxene
kosmochlore (ureyite; NaCrSi2O6), white albitite and stringers of
black omphacitite (Fig. 5b). Some boulders of jadeitite from
Hpakant show relict peridotite textures with green clinopyroxene
and pale olivine altered to serpentine (Fig. 5c). Less common are the
pale purple jadeitites, which show enrichment of Mn and Fe

Fig. 4. Field photographs from the Taw
Maw area of the Jade Mines belt. (a)
Outcrop of green jadeitite with an
intrusive dyke of white albitite, interpreted
as a metasomatized plagiogranite. (b)
White albitite dyke intruding mantle rocks
altered to jadeitite. (c) Mountains of
bedrock jade around Taw Maw. (d)
Massive landslip in the jade mines of Taw
Maw. Source: parts (a, b), courtesy of
Doug Kirwin; parts (c, d) courtesy of
Myanmar Times.
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(Fig. 5d). The most valuable jadeitite is the green ‘imperial
jadeitite’, called mawsitsit after the village north of TawMawwhere
this rare rock was originally found (Fig. 5e). All rock types show
ubiquitous metasomatic textures with white albitite and green
jadeitite, sometimes in injected veins (Fig. 5f ).

Apart from the world’s best-quality jade, chromite hosted within
serpentinized peridotites is also mined from the Taw Maw area. In
thin section, blades of kosmochlor-rich pyroxene surround black
chromite, with interstitial green jadeite (Searle et al. 2017). Jadeite
has been overprinted by amphibole–albite assemblages with dark
green relict clinopyroxene. In other samples, dark green kosmochlor
is enclosed in Cr-omphacite that is partly broken down to a
symplectite with albite (Searle et al. 2017). Country rocks have
been described as glaucophane schists, garnet–mica schists,
stilpnomelane quartzites, garnet-bearing amphibolites and diop-
side-bearing marbles (Chhibber 1934a, b; Shi et al. 2001, 2012;
Nyunt 2009; Nyunt et al. 2017).

Jadeite boulder beds of the Uru River

Most of the jade from Burma is produced from the Uru River
boulder conglomerates, a zone c. 15 km long and 5–6 km wide,
along which up to 300 m thickness of conglomerate were formed
along the banks of the Uru River (Fig. 6a–d). The conglomerates are
widely thought be recent Quaternary deposits formed by fluviatile
processes transporting boulders downstream. Bender (1983)
suggested these could be up to 10 km thick. They are flat-bedded
to gently tilted and apparently overlie a metamorphic ‘basement’
composed of various schists, amphibolites and low-grade

greenschists (Chhibber 1934a, b). However, almost all the boulders
are serpentinites or jadeitites, with minor garnet-bearing schists and
amphibolites, and the matrix is serpentinite. A few boulders in the
conglomerates are reported to be red chert, quartzite and gabbro.
Some boulders are extremely large, up to 7–10 m in diameter, and
all are well rounded. The roundness, however, largely results from
the normal weathering of peridotites. Sedimentary structures, such
as cross-bedding and channel-fill, are testament to a later fluviatile
depositional environment.

During serpentinization, a 3D chessboard structure of veins
composed of antigorite, chrysotile, talc, asbestos and clay minerals
separates less serpentinized blocks of peridotites within each block.
Eventually, the soft-weathering veins are completely mobilized and
release now-rounded ‘boulders’ of peridotite, which simply fall out.
Similar boulder conglomerates are extremely common along many
wadis cutting through peridotites of the Oman ophiolite mantle
sequence (Fig. 6f). In the Uru River, it is suggested that many of the
boulder conglomerates were formed in this manner, with only minor
late-stage fluviatile processes playing a part. The small size of the
Uru River and the relatively gentle gradient cannot provide the
energy to form these extensive and thick conglomerates by purely
fluviatile processes.

Petrology and petrogenesis of the Hpakan jadeitite

Here, we report the results of petrographic observations and electron
probe microanalysis performed on a sample of strongly serpenti-
nized peridotite from Hpakant. This sample (JM-7) contains
millimetre-scale Al-chromite nodules (0.34–0.36 Al and 1.55–

Fig. 5. Varieties of jadeitites from the
Taw Maw and Hpakant regions. (a)
Jadeitite showing metasomatic texture
with a stringer of black omphacitite. (b)
Heterogeneous jadeitite with green
kosmochlore, white albitite and stringer of
black omphacitite. (c) Boulders of
jadeitite showing relict peridotite textures
with green clinopyroxene and pale olivine
altered to serpentine. (d) Pale purple
jadeitite with stringers of black
omphacitite. (e) Imperial green jadeitite of
variety mawsitsit. (f ) Albitite and jadeitite
in metasomatic contact.
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1.56 Cr for every four oxygen atoms) that are rimmed and partially
replaced by Cr-clinopyroxene, which has a typical composition
of Na0.92–0.97Mg0.01–0.05Fe

2+
0.02–0.11Al0.09–0.14Fe

3+
0.04–0.13Cr0.66–0.84

Si1.96–2.00O6 (Table 1) and thus is the variety kosmochlor. The
matrix consists of Cr-rich amphibole, mainly of the varieties
chromio-nybøite and chromio-eckermannite, and minor serpentine
(Table 1). Both the Cr-rich amphibole and serpentine occur as
fingers/veins between disaggregated Al-chromite and kosmochlor,
which is consistent with them having formed via the metasomatic
replacement of the former anhydrous peridotitic assemblage.

Several geological models have been proposed for jadeitite
formation. Because all these scenarios require metasomatism,
isocon analysis (Grant 2005) was performed to quantify the
magnitude of enrichment or depletion of key chemical components
between a typical jadeitite and potential protoliths (harzburgite and
dunite), with pyrolite also considered for reference (Fig. 7). Here,
we considered changes in the MnO–Na2O–CaO–K2O–FeO–MgO–
Al2O3–SiO2–TiO2–O2 (MnNCKFMASTO) chemical system. On
isocon plots, a central 1:1 dashed line represents no compositional
difference (i.e. mass transfer) between the jadeitite and the potential
protolith being considered, which would require that a component
had the same concentration in both the protolith and the altered
product. All the components that lie above the central dashed line
represent oxides that are enriched in jadeitite relative to the protolith,
and vice versa for the oxides that lie below this line.

Bulk-rock geochemistry could not be obtained for the studied
sample (JM7) given its small size. Furthermore, its heterogeneity
indicates that a large volume would be required for crushing to

produce a homogeneous composition representative of the rock as a
whole. As such, we chose to use a jadeitite composition from the
SouthernMotagua mélange, Guatemala (Harlow et al. 2015), which
was described as being typical of jadeites worldwide. Previous
investigations of jadeitite geochemistry indicate that there are only
minor variations between examples worldwide (Tsujimori and
Harlow 2012) and therefore, due to the lack of bulk-rock
geochemical data for sample SM7, we considered the Southern
Motagua mélange here. Data for pyrolite were taken from
Ringwood (1975) and data for pristine harzburgite and dunite
were taken from Wulff-Pedersen et al. (1996).

The calculated isocon (Fig. 7) shows that FeO, MgO and MnO
are consistently depleted in jadeitite compared with pyrolite,
harzburgite and dunite, with FeO and MnO having lower
concentrations by a factor of c. 1:10, whereas the MgO content of
jadeitite is lower than all proposed protoliths by a factor of c. 1:80.
All the data for these three oxides are tightly clustered, showing
relatively small variance in their protolith concentrations. By
contrast, aside from SiO2, which shows only minor enrichment in
the jadeitite (c. 1.5:1), the other oxides show considerable scatter in
their original protolith concentrations and the degree of enrichment
in the jadeitite. For example, CaO is weakly enriched in the jadeitite
when compared with a dunite or harzburgite protolith, but is slightly
depleted when compared with a harzburgite protolith (Fig. 7). Both
TiO2 and K2O show moderate enrichment in the jadeitite by ratios
up to c. 10:1; however, both Al2O3 and Na2O show extreme
enrichment in the jadeitite by as little as c. 6:1 for Al2O3 in pyrolite
and up to c. 90:1 for Na2O in harzburgite (Fig. 7).

Fig. 6. Field photographs from the
Hpakant region of the Jade Mines belt. (a)
Cliffs c. 60 m high of ‘bedded’
conglomerates consisting almost entirely
of boulders of serpentinized peridotites
and jadeitites, Uru River. (b) Outcrops of
boulder conglomerates with clasts of
jadeitite and serpentinized peridotites
along the Uru River, Hpakant. (c) Close-
up of the boulder conglomerates showing
boulders of serpentinized peridotites in a
sheared serpentinite matrix. (d) Bedded
conglomerates along the Uru River
showing gentle tilting of the Uru boulder
conglomerates, Hpakant. (e)
Orthopyroxenite dyke intruding
harzburgite mantle sequence, Oman
ophiolite. (f ) Weathering of mantle
sequence peridotites showing typical
chessboard veining of ultramafic rocks.
The veins consist of serpentinite + talc +
asbestos. The more solid blocks are
normal serpentinized harzburgites and
dunites, which weather out and drop to
form a loose boulder conglomerate,
similar to the Uru boulder beds. A vein of
layered orthopyroxenite (enstatite altered
to bastite) can be seen on the right; Oman
ophiolite mantle sequence.
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The degree of enrichment and depletion in jadeitite compared
with potential ultramafic protoliths is a function of the mobility of
different species at crustal or mantle pressures, temperatures and
redox conditions. TiO2 is known to be relatively immobile in
metamorphic and metasomatic systems and it is clear that a typical
jadeitite is only mildly enriched in TiO2 compared with dunite and
harzburgite, supporting this previous interpretation. However, alkali
elements have very high solubilities in aqueous fluids under both
crust and mantle conditions, supporting past interpretations that the
extreme enrichment in Na2O suggested by the isocon analysis
requires high-volume fluid–rock interactions to convert an Na-poor
orthopyroxene or clinopyroxene precursor into an Na-rich jadeititic
pyroxene. This supports formation in a geological environment
dominated by devolatilization.

To complement the isocon analysis, the stability of jadeitite in
convergent margin settings was investigated using phase diagram
analysis. Figure 8 shows a P–T pseudo-section constructed using
Theriak–Domino (De Capitani and Petrakakis 2010) and the
internally consistent thermodynamic dataset ds-62 (Holland and
Powell 2011) for jadeitite from the Southern Motagua mélange,
Guatemala (Harlow et al. 2015) under fluid-saturated conditions.
Calculations were performed in the Na2O–CaO–K2O–FeO–MgO–
Al2O3–SiO2–H2O–O2 (NCKFMASHO) system using activity–
composition (a–X) relations from Jennings and Holland (2015),
alongside the pure phases talc, lawsonite, kyanite, quartz, rutile,
titanite and albite. Uncertainty on the absolute positions of
assemblage field boundaries are estimated to be c. ±1 kbar and
±50°C at the 2σ level (Palin et al. 2016).

Many previous workers have performed conventional thermo-
barometry on jadeitites from around the world and suggest that
recrystallization and equilibration occurs at c. 7–21 kbar and c. 300–
600°C, as shown by the blue field in Figure 8. The calculated P–T

Table 1. EPMA-derived mineral compositions from the studied jadeitite.
Top rows are reported in wt% oxides and bottom rows are reported in
cations per formula unit (cpfu). XMg =molar Mg/(Mg + Fe2+) and
XFe3+ = Fe3+/Fetotal

Mineral Al-chromite Cr-amphibole Kosmochlor

SiO2 0.02 54.77 53.40
TiO2 0.10 0.01 0.06
Al2O3 9.07 1.39 2.06
Cr2O3 60.09 11.42 26.11
Fe2O3 3.28 0.00 2.51
FeO 13.62 2.39 2.50
MnO 0.18 0.03 0.03
MgO 12.66 15.38 0.14
CaO 0.01 0.05 0.02
Na2O 0.02 10.41 13.18
K2O 0.01 0.27 0.00
Total 99.06 96.12 100.01
Si 0.00 7.83 2.01
Ti 0.00 0.00 0.00
Al 0.35 0.23 0.09
Cr 1.56 1.29 0.78
Fe3+ 0.08 0.00 0.07
Fe2+ 0.38 0.29 0.08
Mn 0.01 0.00 0.00
Mg 0.62 3.28 0.01
Ca 0.00 0.01 0.00
Na 0.00 2.89 0.96
K 0.00 0.05 0.00
Sum 3.00 15.87 4.00
Oxygen 4 23 6
XMg 0.62 0.92 0.09
XFe3+ 0.19 0.00 0.44

Fig. 7. Isocon showing compositional
differences between jadeitite (vertical
axis) and proposed protoliths of dunite,
harzburgite and pyrolite (horizontal axis).
Component oxides that lie below the
central 1:1 line are relatively depleted in
jadeitite and those that lie above the
central 1:1 line are relatively enriched.
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pseudo-section additionally shows the stability of other key silicate
minerals that may occur within jadeite. For example, garnet would
stabilize in jadeitite above 600°C and 20 kbar (Fig. 8, red line) and
lawsonite would be stable at low-T and high-P conditions (Fig. 8,
purple line). The stippled region on Figure 8 shows the range of
slab-top P–T profiles recorded by modern day subduction zones
(Syracuse et al. 2010). It is notable that most P–T data for jadeitite
examples worldwide lie on the low-temperature side of a slab-top
thermal profile for a Cascadia-type ‘hot’ subduction zone,
precluding their formation in such environments. By contrast, a
Honshu-type ‘cold’ subduction zone has a slab-top thermal profile
that allows the subduction of oceanic crust and associated
sediments, heating and metamorphism to drive devolatilization,
and the ascent of these fluids through the overlying mantle wedge
into the region of P–T space that most jadeitites record for
equilibration (Fig. 8, blue arrows). These results support a model of
jadeitite formation in a supra-subduction zone environment where
mantle peridotite is strongly metasomatized, with the continuous
supply of descending oceanic crust and associated marine sediments
providing a readily available source for aqueous fluids to enter the
overlying wedge.

U–Pb zircon ages from Burmese jadeitites

A few studies have reported U–Pb ages from zircons in ophiolitic
peridotites, but their interpretation remains problematic. Zircon is an
extremely uncommonmineral in any mantle rock and, where it does
occur, it must have been introduced into the mantle by either
metasomatic fluids or as xenocrysts of crustal material recycled into
the mantle during subduction (Shi et al. 2008; Zhou et al. 2014).
Robinson et al. (2015) identified three groups of zircon ages from
Myanmar jadeitite, which they interpreted as follows: Group 1
zircons (mean age 163.2 ± 3.3 Ma) indicating an igneous or
hydrothermal event in the Middle Jurassic; Group 2 zircons
(mean age 146.5 ± 3.4 Ma) containing jadeitic pyroxene inclusions,
suggesting the timing of high-pressure formation; and Group 3
zircons (mean age 122.2 ± 4.8 Ma) representing a later unknown
thermal event. Yui et al. (2013) also published U–Pb zircon ages
from Myanmar jadeitite and obtained ages of 160 ± 1 Ma, which
they interpreted as an igneous protolith age, and 77 ± 3 Ma, which
they interpreted as the age of formation of jadeitite. Yui et al. (2013)
proposed that the older Jurassic ages obtained by Shi et al. (2008)

resulted from incompletely inherited zircon and that their Late
Cretaceous age recorded the subduction event.

Given that the Hpakan jadeitites likely formed via wholesale
metasomatic replacement, it is difficult to place any meaningful
geological interpretation on these zircon ages. Fu et al. (2010)
concluded that δ18O and Ti values from jadeitite zircons are higher
than expected for hydrothermal zircons and, although some zircons
might be hydrothermal in origin, most zircons are relict igneous
crystals inherited from the precursor rocks. The published ages of
Burmese jadeitites cannot be interpreted as the ages of jade
formation and it can only be assumed that the true age must be
younger than c. 77 Ma because metasomatic ages must always be
younger than the higher pressure–temperature jadeite-forming
metamorphic event.

Lake Indawygyi gabbro

Only peridotites and jadeitites are found in the Jade Mines areas
around Taw Maw and Hpakant, but, to the south in the Lake
Indawgyi area, gabbros are associated with non-jadeitized harzbur-
gites and lherzolites of mantle sequence rocks that are continuous
northwards towards the Jade Mines belt. A gabbro outcropping on
the shores of Lake Indawgyi at GPS location (25.13.31° N,
96.19.36°E) was sampled for dating (sample MY189). This locality
lies NE of the western ophiolite belt, in which the Kaleymyo
ophiolite has a U–Pb zircon age of c. 127 Ma, and NW of the
Tagaung–Myitkyina ophiolite belt that has a U–Pb zircon age of c.
173 Ma (Liu et al. 2016).

Zircons were separated from MY189 and analysed for both U–
Pb and Hf isotopes via laser ablation inductively coupled plasma
mass spectrometry (see analytical methods and data tables in the
Supplementary data). Thirteen analyses gave a concordia age of
168. 8 ± 0.5 Ma (MSWD 0.39), interpreted as the magmatic age
of the rock (Fig. 9). Fifteen Hf isotope analysis range in εHf
from 16.6 to 24.7, with a highly juvenile mean εHf of 20.3 ± 2.3
(1σ). These data are on or, in some cases, above the modelled
depleted mantle, indicating an extremely short crustal residence
time. This Middle Jurassic age is similar to that of the Myitkyina
ophiolite, providing strong evidence that the Jade Mines belt was
originally part of the Tagaung–Myitkyina suture zone, subse-
quently offset by Neogene dextral shearing along the Sagaing
Fault.

Fig. 8. Pressure–temperature pseudo-
section showing the mineral assemblage
stability fields for a typical jadeitite
composition. Mineral abbreviations after
Whitney and Evans (2010). The stippled
region represents the range of pressure–
temperature conditions on subducting slab
surfaces at convergent margins
worldwide. Cold and hot subduction zone
extremes are marked. Source: Syracuse
et al. (2010).
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Discussion

Comparisons with the Oman (Semail) ophiolite

The Oman ophiolite is by far the largest, best-exposed and most
extensively researched ophiolite in the world (Glennie et al. 1974;
Lippard et al. 1986; Searle and Cox 1999, 2002). It consists of c. 5–
15 km thickness of mantle sequence peridotites, dominantly
harzburgites and dunites, overlain by 5–7 km of crustal sequence
that includes Moho transition zone layered gabbros and peridotites
with late wehrlites, isotropic gabbro lower crust, minor plagio-
granites, sheeted dyke complexes and pillow lavas with deep-sea
oceanic sediments (radiolarian cherts, Fe- and Mn-rich umbers and
oozes). The entire ophiolite was obducted and emplaced onto the
continental margin of Arabia during the period c. 96–80 Ma (Late
Cretaceous). The mantle sequence consists of dominantly harzbur-
gites (olivine + enstatite) and dunites (olivine ± chromite) with rare
lherzolites (clinopyroxene-bearing harzburgite) along the base,
intruded by pyroxenite (mainly enstatite) dykes (Fig. 6e) and
gabbroic sweats (in situ mantle melting) with uncommon
plagiogranite dykes that are more common in the gabbro sequence.
Eclogites and blueschists are present at deep structural levels in
Oman, but these are in continental crust units (Permian basalt sills in
carbonates) and are not part of the ophiolite thrust sheet (Searle and
Cox 1999; Garber et al. 2021).

Most of the ophiolite mantle sequence is serpentinized, with the
degree of alteration varying with structural depth. At least two main
periods of serpentinization are recorded in the Oman ophiolite. The
first serpentinization event resulted from fluids fluxing along
the subduction interface along the Semail thrust that emplaced the
ophiolite. The banded ultramafic unit is composed of totally
serpentinized harzburgite and dunite with minor late hornblende
and comprises the lowermost 20–100 m of themantle sequence; this
overlies a garnet + diopside amphibolite, which is part of the
inverted metamorphic sole (Searle and Malpas 1980, 1982;
Ambrose et al. 2021). Clinopyroxenite dykes intrude the upper
part of the metamorphic sole and the basal harzburgite–dunite
mantle sequence (Fig. 6e; Ishimaru et al. 2017). These field
relationships could be a proxy for the jadeitite dykes intruding
serpentinized peridotites in the Hpakant region of the Burmese Jade
Mines (Fig. 3).

Grossular-bearing rodingites are associated with this phase of
alteration and record Ca-metasomatism of gabbros, whereas silica
serpentinites (listwanites and birbirites) record Si-rich fluid
infiltration, again along the peridotite–amphibolite contact.
Serpentine + quartz assemblages are stable at near-surface tempera-
tures of c. 15–50°C (Streit et al. 2012). The listwanites in Oman are
composed of magnesite + quartz or dolomite + quartz with relict
chrome spinel and fuchsite (Falk and Kelemen 2015). Where the
silicification is incomplete, reddish brown goethite pseudomorphs
of serpentinite and opal, chalcedony or jasper can precipitate
(Stanger 1985).

The second serpentinization event was a wholesale serpentiniza-
tion by large-scale, slightly acidic CO2-rich meteoritic groundwater,
resulting in the leaching of magnesite from dissolved CO2-rich
fluids emanating from the peridotite. The dissolution of serpentinite
releases Ni and As from the residual Fe minerals, promoting minor
mineralization associated with the serpentinization process. Hyper-
alkaline groundwater of the calcium hydroxide type with pH values
between 11 and 12 (Barnes and O’Neil 1978) forms blue pools
throughout the mountains where groundwater flows through
serpentinized harzburgite and dunite.

Comparison with the Jijal Complex, Kohistan island arc

The Kohistan island arc consists of a 35–45 km thick section
through a Cretaceous island arc sequence in northern Pakistan that
was obducted onto the Indian plate margin during the Late
Cretaceous prior to the Eocene collision between India and Asia
and then subsequently tilted to the north to expose its roots. It
represents one of the best cross-sections through a complete oceanic
island arc anywhere in the world and is highly valued for exposing
deep crustal and upper mantle rocks that are rarely available
for study (Jan and Howie 1981; Khan et al. 1993; Schaltegger
et al. 2002).

The Jijal mafic–ultramafic complex forms the deepest exposed
levels of the island arc and consists of an upper gabbroic section
overlying a thick mantle ultramafic section along the Moho
transition zone. Igneous textures in the gabbro are overprinted by
granulite facies metamorphism (Garrido et al. 2006, 2007; Dhuime
et al. 2007; George et al. 2021). Thermodynamic modelling
suggests that the deepest part of the mafic sequence of the Kohistan
arc crystallized primary magmatic garnet and clinopyroxene at
pressures of 11–14 kbar (George et al. 2021). The ultramafic section
is composed of a layered dunite, wehrlite and pyroxenite zone,
overlain by a websterite–dunite zone and a garnet–hornblendite
zone. Dunites are intruded by Cr-rich clinopyroxene veins; these
rocks could be analogous to the protoliths of the Burmese jadeitite
dykes intruding serpentinized peridotites. The geochemistry
indicates that the Jijal mantle rocks (dunite, wehrlite and websterite)
are cumulates of boninitic affinity related to the roots of an island arc
(Dhuime et al. 2007). These are distinctly different from ophiolitic
mantle rocks, which are dominated by a cumulate sequence of
dunite and orthopyroxenite.

Relationship of jadeitites to calc-alkaline volcanoes

Any tectonic model for the formation of the jadeitites in the
Burmese Jade belt must explain why mantle peridotites in this area
have been jadeitized, whereas other mantle peridotites nearby have
not. One point of interest is the spatial relationship between the
jadeitites at Hpakant with a large Pliocene–Quaternary calc-alkaline
stratovolcano (Mt Loimuie Bum, 1562 m), immediately NE of
Hpakant (Fig. 1). Two other volcanoes, Mt Taung Thonlon
(1708 m) and Mt Loimaw (1551 m) occur south of the Jade
Mines belt and Lake Indawgyi. These volcanoes lie above the deep
Burma seismic zone (Searle et al. 2017), an active east-dipping slab

Fig. 9. Tera–Wasserburg U–Pb concordia diagram for sample MY189, a
gabbro from the Jade Mines ophiolite, Lake Indawgyi.
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of relict oceanic lithosphere with earthquakes recorded to depths of
c. 250 km (Stork et al. 2008). It is possible that the peridotites of the
Jade Mines were originally part of an obducted ophiolite and that
fluids emanating from the volcano introduced Na-rich fluids that
metasomatically altered the peridotites. Mt Taung Thonlon is,
however, located c. 55 km SSW of the Jade Mines belt and
peridotites around the nearby Indawgyi Lake are normal harzbur-
gites and dunites without jadeite. A relationship between the calc-
alkaline volcanoes and the jadeitization of the peridotites therefore
seems unlikely.

Relationship of jadeitites to the Sagaing strike-slip fault

One further possibility is that mantle-derived fluids could have been
focused along the crustal-scale Sagaing strike-slip fault. The
Sagaing Fault runs from the Andaman Sea north to the Jade
Mines area (Fig. 1). The fault probably initiated at c. 27–20 Ma
(Searle et al. 2020; Lamont et al. 2021) and experienced >400 km
of dextral offset (Mitchell et al. 2012; Morley 2016; Morley and
Arboit 2019). The Jade Mines area lies between the western two
strands of the Sagaing Fault (Fig. 2). However, other ophiolitic
mantle sequence rocks are abundant in the Tagaung region, where
the Myitkyina ophiolites appear to be cut by the Sagaing Fault.
These peridotites have extensive Ni laterite deposits and are not
jadeitized, questioning this link. Other serpentinite outcrops occur
sporadically along the Sagaing Fault, which has also channelled
young basaltic magmas to the surface (Bertrand and Rangin 2003).
This major plate-bounding, strike-slip fault, initiated after 20–
18 Ma, does appear to tap down to the upper mantle, but was not
responsible for the formation of jadeitites.

Figure 10a shows a present-day map of the Sagaing Fault, after
Mitchell et al. (2012) and Sloan et al. (2017), showing possible
pinning points of the Jade Mines belt, the Myitkyina ophiolite and
the Mogok metamorphic belt. Figure 10b is a reconstruction,
unwinding the 400 km of dextral slip along the Sagaing Fault. This
reconstruction links the western Kaleymyo–Nagaland ophiolites in
western Myanmar to the Jade Mines belt and to the similar Jurassic

age Myitkyina ophiolite in the Tagaung–Myitkyina belt. This
ophiolite belt is interpreted as an extension through SE Asia of the
main India–Asia suture along the northern Himalaya (Searle et al.
2017; Morley et al. 2020).

Harlow et al. (2015) suggested that fluid flow is focused by
fracture networks associated with large continental strike-slip faults.
Although undoubtedly true, this would still not explain high
pressures in jadeites or why the exhumed mantle rocks along the
Sagaing Fault south of the Jade Mines are normal harzburgites
rather than jadeitites.

Model for the formation of the Burmese Jade Mines
rocks

Figure 11 shows a model of a typical Pacific-type subduction zone
tectonic setting, adapted from Stern et al. (2013) and Harlow et al.
(2015), showing three possible tectonic sites where the Burmese
jadeitites could have formed. Site 1 is a typical obducted Tethyan-
type ophiolite, represented, for example, by the Oman ophiolite.
These Tethyan-type obducted ophiolites do not usually show
jadeitites, although ultra-high-pressure eclogites are found at deeper
crustal levels in subducted continental crust beneath trailing
margins, where they are exposed (e.g. the As Sifah eclogites in
Oman). The mantle sequence rocks are typically depleted
harzburgites and dunites with chromitites and low-temperature
serpentinization. Site 2 is the location of trench mélanges, which
typically have a serpentine matrix, contain blocks of high-pressure
and ultra-high-pressure rocks, typified by the Syros eclogites in the
Aegean and the Franciscan mélanges (Coleman and Wang 1995).
The mélanges contain kosmochlore and high-pressure minerals and
may contain slices of relatively intact ophiolite within the
serpentinite matrix. This is the most likely tectonic setting for the
Burmese jadeitites, despite the sparsity of eclogites at TawMaw and
Hpakant. Site 3 is a sub-continental forearc setting where Na-,
Al- and Si-rich fluids rise from the subducting slab, resulting in
metasomatization of the lithospheric mantle to form jadeitite.
A location directly beneath the island arc, such as the Kohistan arc in

Fig. 10. Simplified geological maps
showing proposed dextral offset of c. 400
km along the Sagaing Fault since 20–18
Ma. (a) Present-day map of the Sagaing
Fault showing possible pinning points for
restoration. These are numbered and
discussed in detail by Sloan et al. (2017).
(b) Reconstruction of the Sagaing Fault,
unwinding the 400 km of dextral slip.
This restoration shows that the Tagaung–
Myitkyna ophiolite belt, the Jade Mines
belt and the Indo-Burma range ophiolite
were all part of the main India–Asia
suture zone prior to strike-slip faulting.
Source: Mitchell et al. (2012) and Sloan
et al. (2017).
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Pakistan, does not generally show jadeitites. A fourth possible
location, along the Sagaing transform fault (Nyunt 2009), is not
shown on Figure 11 because there are several peridotite locations
along the fault south of the Jade Mines where normal harzburgite–
lherzolites are present without jade. If there was a causal link
between strike-slip faulting and jadeitites, we would expect to find
jadeitites along the length of the fault, which is not the case in
Myanmar.

We propose a tectonic scenario for the formation of the Burmese
Jade Mines rocks that might account for all the geological factors.

(1) Ophiolite formation stage. The Jade Belt ophiolite shows a
normal mantle sequence of harzburgite–dunite with minor
chromitite pods, intruded by orthopyroxenite (enstatite) and
clinopyroxenite (diopside) veins and gabbroic dykes. The
upper parts of the ophiolite (sheeted dykes, pillow lavas,
radiolarian cherts) have not been preserved. Albitite dykes
intruding serpentinized peridotites may be metasomatized
plagiogranites. Like most ophiolites, these rocks were
formed in a supra-subduction zone environment and the
fluids driven off the subducting plate rose to cause in situ
mantle serpentinization. The Taw Maw–Hpakant jadeitites
may have formed during this phase by Na–Al–Si fluids
driven off a subduction zone and rising to interact with
serpentinized peridotites of the mantle sequence (Fig. 11).

(2) Ophiolite obduction stage. Obduction of the ophiolite onto
the continental crust resulted in the formation of the high-
temperature amphibolites and greenschist facies of the
metamorphic sole (Searle and Cox 1999, 2002) accreted
along the base of the peridotite and fluid-fluxed
serpentinization along the thrust contact, resulting in
silica-saturated listwanites and Ca-metasomatized
rodingites under low-pressure and low-temperature
conditions. No eclogite facies metamorphism related to
attempted subduction of the continental plate during late-
stage ophiolite obduction, as seen in Oman (As Sifah
eclogites), is present in outcrop in Myanmar.

(3) Post-obduction low-temperature–low-pressure serpentini-
zation. This resulted from regional hydrothermal
alteration of olivine by meteoric waters in circulating
groundwater.

(4) Pliocene–Quaternary calc-alkaline dacite–andesite volcanic
rocks. Several major volcanoes were formed above the east-
dipping Burma seismic zone, which is a deep zone of
earthquakes that penetrates at least 250 km into the mantle.
One of the largest of these volcanoes (Mt Loimue Bum,
1562 m) formed immediately NE of the Hpakan jadeitites.
Si- and Na-rich fluids released from the volcano’s magmatic

plumbing system could have reacted with the serpentinized
peridotites to form jadeitite (Na-metasomatized pyroxenite),
albitite and listwanite (Si-metasomatized peridotite). In this
case, the jadeitites are not related to high-pressure
metamorphism. Models relating jadeitite formation to either
Pliocene–Quaternary volcanoes or Late Miocene to present-
day strike-slip shearing along the Sagaing Fault are unlikely
given the dated Jurassic gabbro samples fromLake Indawygi.

(5) In situ weathering of the Hpakant ophiolitic rocks. As in all
ophiolitic mantle rocks, the serpentinization process results
in ‘chessboard’ veining of serpentinites, with extreme
alteration around clasts of more resistant peridotite.
Serpentine minerals, talc and asbestos are concentrated
around more resistant ‘boulders’ of less serpentinized
jadeitites and peridotites (Fig. 6f ). Eventually, the process
leads to the more resistant cores weathering out and
appearing as rounded boulders. The size and scale of
some of the Hpakant jadeitic boulders cannot be explained
solely by fluvial processes along the relatively minor Uru
river valley.

(6) Limited fluvial transport. The transport of boulders along
the Uru River resulted in sedimentary layering of the jade
boulder beds interbanded with clays and mudstones.

Conclusions

Although some exceptional samples of high-quality jade are present
in the Jade Mines belt, Myanmar, especially at Taw Maw, many of
the ultramafic rocks consist of a variety of altered and highly
serpentinized peridotites, including serpentinized lherzolite, harz-
burgite, dunite and wehrlite, in addition to albitites (meta-
plagiogranites) and listwanites (carbonated serpentinite), with a
variety of additional trace elements forming the mauve, lilac and
dark green varieties. We suggest that all the rocks were originally
part of an ophiolitic mantle sequence thrust sheet that was affected
by widespread metasomatism. A new U–Pb zircon age from an
ophiolitic gabbro from Lake Indawygi gives a Jurassic age of 168. 8
± 0.5 Ma, similar to the age of the Myitkyina ophiolite (Liu et al.
2016), strongly suggesting an ophiolitic origin for the ultramafic
and gabbro components. There could possibly have been a major
detachment separating the subducted higher pressure mantle
component from the crustal gabbroic component. The only true
jade is from rocks composed of omphacite, jadeitic pyroxene and
kosmochlore, exposed mainly in the Taw Maw area, and many
boulders from the Uru conglomerates in Hpakant. Na-, Al- and
Si-rich fluids driven off a subducting oceanic plate rose into the
mantle wedge to affect the serpentinized peridotites, possibly

Fig. 11. Model for potential sites of
jadeite formation in Myanmar. Eastwards
(in present-day coordinates) subduction of
Tethyan oceanic crust beneath the
Kaleymyo–Nagaland ophiolites and island
arc system resulted in the westwards
obduction of the ophiolite complexes and
the eastwards subduction of serpentinized
oceanic mantle and crust. Three possible
sites of jadeite formation are: (1) related to
the ophiolite complexes; (2) within
serpentinized mélanges along the trench;
and (3) within the mantle wedge, forming
as a result of Na–Al–Si fluids rising from
the subduction zone. The sub-continental
mantle would be related to the forearc
region where boninites are erupted above
the subduction zone.
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associated with some high-pressure metamorphism. All the other
occurrences resulted from serpentinization reactions during either
initial subduction, or by groundwater alteration, following obduc-
tion. No garnet-bearing eclogite nor other high-pressure rocks have
been definitively described from the Hpakant jade belt, although
Nyunt (2009) has described high-pressure rocks (16–20 kbar) from
the Taw Maw region, so it is remotely possible that processes other
than subduction could have resulted in the jadeitite formation.

We suggest that the Burmese jadeitites most likely have an
ophiolitic origin, either in a deeply subductedmantle wedge beneath
a Tethyan-type ophiolite (Fig. 11, Site 2) or in the mantle wedge
above a subduction zone (Fig. 11, Site 3). The U–Pb age on the Lake
Indawygi gabbro is similar to the age of the Tagaung–Myitkyina
ophiolite and we suggest that the two belts were aligned prior to
separation along the Sagaing strike-slip fault. Angiboust et al.
(2021) relate clusters of seismicity in the partly serpentinized mantle
wedge in several active subduction zones (Greece, Japan, New
Zealand, Chile and Colombia) to the influx of fluids or melts
between 30 and 70 km depth. Jadeitites are thought to represent
fossilized fluid pathways from the base of the hydrated mantle
wedge (Harlow and Sorensen 2005; Harlow et al. 2015). The
Burmese jadeitites are not related to subducted continental crust, as
seen at deep structural levels of the Oman ophiolite, or in the deepest
levels of the Himalaya where early ultra-high-pressure eclogite
facies metamorphism has been overprinted by later regional
granulite–amphibolite facies metamorphism (Liou et al. 2004;
Searle 2015).

The close association of the Jade belt at Hpakant with the large
andesite–dacite volcanoes, Mt Loimue and Taung Thonlong, could
suggest a causal link, with fluids driven off the subducting slab
beneath the volcano altering the overlying peridotites, although this
would not explain the high-pressure conditions nor the U–Pb age of
the associated gabbro. None of the Burmese or Nagaland–Manipur
ophiolites in the Indo-Burma Ranges, nor those along the Tagaung–
Myitkyina belt, has exposed jadeitites. All themantle sequence rocks
here are normal serpentinized harzburgite–dunites. North and south
of Taw Maw and Hpakant, similar peridotites remain non-jadeitized
and instead show normal harzburgite–dunites affected by serpent-
inization, as seen in most other ophiolites. Jade and serpentinized
peridotite boulders are found in the famous boulder beds of the Uru
River and have always been attributed to fluvial processes along the
river. However, normal chessboard serpentinization and weathering
processes also form boulders when the softer talc–serpentine
weathers out the rounded boulders. Only the final deposition along
the Uru River can be attributed to fluvial processes.
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