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Abstract

The lapidary term “jade” refers to two very tough, virtually monomineralic rocks used for
ornamental carvings or gems. Both have metasomatic origins that are intimately connected with their
host serpentinite bodies and convergent-margin petrotectonics. Amphibole jade is nephrite, a trem-
olite-actinolite rock with a felted, microcrystalline habit; pyroxene jade is jadeite rock (jadeitite),
which varies from micro- to macrocrystalline textures. Most nephrite occurs along fault contacts
between serpentinite and mafic to felsic igneous rocks or metagraywacke in obduction settings. It
forms by Ca- and Si-rich, aqueous fluid–mediated metasomatic replacement of serpentinite, typi-
cally antigorite, at greenschist-facies or lower P-T conditions. Other nephrite bodies reflect contact
metasomatic replacement of dolomite by Si-rich aqueous fluids during felsic pluton emplacement. 

Like most nephrite, jadeitite is hosted by antigorite-dominated serpentinite bodies. However,
these serpentinites are associated with HP/LT metamorphic terranes, in which jadeitite occurs as
isolated tabular bodies or tectonized blocks. Based on textural evidence, particularly clear from
cathodoluminescence studies, nearly all jadeitite bodies appear to have formed originally as vein
crystallization of an aqueous fluid, most readily interpreted as Na-Al-Si–rich fluid at HP/LT condi-
tions in subduction/collisional settings. The host serpentinite influences jadeitite compositions by
lowering fluid aSiO2 during serpentinization, and contributing Ca + Mg ± Cr to late-stage jadeitite-
forming fluids. Thus, although both types of jade form in convergent-margin tectonic settings,
jade has two distinct primary modes of origin: (1) by siliceous replacement of already serpentinized
ultramafic rock at low-P, low- to moderate-T conditions following obduction (nephrite); or (2) by the
interaction of serpentinizing peridotite and Na-Al-Si fluids at HP/LT conditions during active
subduction/collision (jadeitite). 

Introduction

THE TERM “JADE,” as used in geology and gemology,
refers to two extremely tough, essentially monomin-
eralic rocks that are used for fashioning ornamental
carvings and gems. Amphibole jade is nephrite, a
tremolite-actinolite [Ca2(Mg,Fe)5Si8O22(OH)2] rock
with a felted, microcrystalline habit, and pyroxene
jade is a jadeite [NaAlSi2O6] rock (jadeitite), which
varies from micro- to macro-crystalline textures.
Although their compositions and textures differ,
both types of jade are typically associated with ser-
pentinite, and both reflect aqueous fluid crystalliza-
tion and metasomatic processes. 

Robert G. Coleman pioneered the modern under-
standing of jadeite and nephrite petrogenesis with
his petrologic studies of jadeitite at Clear Creek in
the New Idria serpentinite body of California (Cole-
man, 1961), and of serpentinites and nephrites from
the South Island of New Zealand (Coleman, 1966),
as well as in his numerous papers that link serpen-
tinites, serpentinization, and plate-boundary
processes (e.g., Coleman, 1967, 1977, 1980). “Dr.
Bob” has also made a significant impact on many
geoscientists who study rocks and processes related
to serpentinites and jade, and in particular these
two authors. Consequently, we dedicate this review
and synopsis of jade-serpentinite relationships to
him in honor of his 80th birthday. In it, we hope to
show not only that the two types of jade share some1Corresponding author; email: gharlow@amnh.org
1130020-6814/05/783/113-34 $25.00
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common petrogenetic characteristics, but that both
are products of and record important Earth pro-
cesses at convergent margins.

Nephrite Jade

Occurrences and setting 

Nephrite is the more geologically common and
generally less valuable variety of jade. It has also
been more widely utilized than jadeitite through
human history. Important deposits occur at the
Polar, Kutcho, and Ogden Mountain properties in
northern British Columbia, Canada (Leaming, 1978;
Gabrielse, 1990); along the Yurungkash and Kar-
akash (White Jade and Black Jade) Rivers, Kunlun
Mountains, Xinjiang, China (see Webster, 1975;
Tang et al., 1994; Tsien et al., 1996b); Chuncheon,
Korea (Kim et al., 1986; Wen and Jing, 1993, 1996;
Yui and Kwon, 2002); northeastern Taiwan (Tan et
al., 1977; Wang, 1987); southwest of Lake Baikal in
the East Sayan Mountains, Siberia, Russia (see
Prokhor, 1991); and near Cowell, South Australia
(Flint and Dubowski, 1990). Restricted, small, or
exhausted deposits with either historical signifi-
cance or some literature include the Westland
(Muddy Creek, Otago, New Zealand; Cooper, 1995);
the Livingstone, Nelson, Otago, and South Westland
fields on South Island, New Zealand (Coleman,
1966; Beck, 1984, 1991); Jordanow (formerly Jor-
dansmuhl), Poland (Kunz, 1906; Visser, 1946); in
the Granite Mountains (Fremont Co.), Seminoe
Mountains (Carbon Co.) and Laramie Mountains
(Albany Co.), Wyoming (Sherer, 1972; Madson,
1978; Hausel, 1993); and along the Noatak and
Kobuk rivers south of the Brooks Range in Alaska
(Loney and Himmelberg, 1985). Archeologically
significant deposits that demonstrate the use of
nephrite as a tool or prestige material are also
numerous, particularly in China and Europe. How-
ever, in this review we focus on deposits with ade-
quate scientific description, which can aid in
understanding the diversity of nephrite petrogenetic
processes (Table 1, Fig. 1).

Mineralogy and varieties 

Nephrite consists predominantly of tremolite-
actinolite, with generally minor to trace constituents
of diopside, grossularitic garnet, magnetite,
chromite,  graphite,  apatite,  ruti le,  pyrite,
datolite, vesuvianite, prehnite, talc, the serpentine
polymorphs, and titanite. Amphibole composition
r a n g e s  f r o m  e s s e n t i a l l y  p u r e  t r e m o l i t e

(Ca2Mg5Si8O22(OH)2), a pure white variety first
described in China and now known in the lapidary
trade as “mutton-fat jade,” to intense green, variably
sodic actinolite (Ca2(Mg,Fe2+)5Si8O22(OH)2), to less
common varieties that are nearly black in color,
owing either to a substantial ferro-actinolite compo-
nent, or oxide/graphite microinclusions (Fig. 2). In
rare cases, nephrite displays an intense emerald-
green color from Cr3+ substitution via a NaCrCa–1Mg–1
exchange in the amphibole, particularly some of that
found in British Columbia. Ochre to bright orange
staining from iron oxidation in the weathering rinds
of alluvial/eluvial nephrite boulders is common.
Bony white to light ochre–colored archaic artifacts,
the so-called “tomb jades,” are chalk-colored alter-
ation assemblages produced by ammonia-triggered
leaching due to interactions with a decaying human
body within a sarcophagus or tomb environment
(Gaines and Handy, 1975). Another variety of whit-
ened nephrite, termed “chicken bone” jade (Fig. 2),
is thought to reflect heating or “bleaching” of the
finished object (Tsien et al., 1996a). 

Nephrite is produced by contact and/or infiltra-
tion metasomatism in two very different settings: (1)
dolomite replacement by silicic fluids associated
with “granitic” plutonism; and (2) serpentinite
replacement by Ca metasomatism at contacts with
more silicic rock, such as plagiogranite, graywacke,
argillite, or chert. The dolomite replacement
nephrite deposits are apparently less abundant and
less volumetric than the serpentinite replacement
deposits, which raises an interesting historical
observation. 

The most nephrite-centric culture on Earth was
that of China between Neolithic times and about
1800, when jadeitite from Burma became available
to the Imperial Court and essentially transformed
Chinese preferences (e.g., Keverne, 1991; Wen,
2001). Unlike other cultures that employed the
properties of jade for “chopping and cutting” during
the Neolithic, China probably had a “jade age” that
paralleled the “bronze age” in Western cultures.
China alone retained both a jade-valuing tradition
and jade-working expertise and technology after
they developed metal-working technology. This Chi-
nese “jade culture” even managed to survive the
Communist Cultural Revolution of the late 20th
century. For example, in the Yangzhou, China jade
factory, a small fraction of master carvers employ
traditional methods of carving jade in the midst of
highly mechanized, mass-market production (Ward,
2001). The jade used in China during the Neolithic
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TABLE 1. Important Jade Occurrences

Site References

Nephrite deposits of “granite” metasomatized dolomite type
White Jade River, Khotan Mountains, Xinjiang, China Tang et al., 1994; Tsien et al., 1996a; Wu et al., 2002
Black Jade River, Khotan Mountains, Xinjiang, China Tang et al., 1994; Tsien et al., 1996a; Wu et al., 2002
Chuncheon, Korea Kim et al., 1986; Noh et al., 1993; Wen and Jing, 1993, 

1996; Yui and Kwon, 2002
Cowell, South Australia Flint and Dubowski, 1990
Barguzin-Vitim Massif, Central Vitim Highland, East Sayan, 

Russia
Sekerin et al., 1997

Buromskyoe deposit, Central Vitim Highlands, East Sayan, 
Russia

Serekin and Serekina, 1986

Korolyevo field, Kansay ore field, Kuraminskiy Mountains, 
Uzbekistan

Protod-yakonova and Mansurov, 1973

Meiling jade deposit, southern Liyang, Jiangsu, China Zhong, 1995
Kuandian and Xiyuan, Liaoning, China Wen and Jin, 1993, 1996; Wang et al., 2002; Zhang, 

2002a, 2002b
Wenchuan, Sichuan, China Wen and Jin, 1993, 1996
Laiyang, Shandong, China Rawson, 1995

Nephrite deposits of serpentinite metasomatism or similar
East Sayan, Siberia, Russia Kunz, 1906; Gurulev and Sagzhiyev, 1973; Suturin, 1988; 

Prokhor, 1991; Sekerin et al., 1998
South Island, New Zealand Turner, 1935; Coleman, 1966; Beck, 1984 & 1991; Cooper, 

1995
British Columbia Leaming, 1978; Gabrielse, 1990
Granite Mountains, Wyoming Sherer, 1972; Madson, 1978
Alaska Loney and Himmelberg, 1985
Fengtian, Taiwan Tan et al., 1978; Wang,. 1987; Yui et al., 1988, 1990
Tamworth, South Australia Hockley et al., (1978)

Jadeite jade (jadeitite) Deposits
Hpakan-Tawmaw tract, Kachin State, northern

Myanmar (Burma)
Bauer, 1895; Noetling, 1896; Bleeck, 1907, 1908; Lacroix, 

1930; Chhibber, 1934; Bender, 1983; Thin, 1985; 
Hughes et al., 2000; Shi et al., 2001, 2003

Nansibon, Chin State, northern Myanmar Avé-Lallemant et al., 2000; Hughes et al., 2000
Central Motagua Valley, Guatemala

North side–El Progreso and Zacapa McBirney et al., 1967; Silva, 1967, 1970; Harlow, 1994, 
1995 

South side–Zacapa and Jalapa Seitz et al., 2001; Harlow et al., 2003b, 2004.
Ketchpel River, Pay-Yer massif, Polar Urals, Russia Morkovkina, 1960; Dobretsov and Ponomareva, 1965; 

Kovalenko and Sviridenko, 1981.
Yenisey River, Khakassia (Borus Mountains, West Sayan) Dobretsov, 1963; Dobretsov and Tatarinov, 1983; 

Dobretsov, 1984
Itmurundy, near Lake Balkhash, Kazakhstan Moskaleva, 1962; Dobretsov and Ponomareva, 1965; 

Kovalenko and Sviridenko, 1981; Ermolov and 
Kotelnikov, 1991

Omi and Kotaki Rivers, Itoigawa area, Niigata Prefecture, Japan Iwao, 1953; Shidô, 1958; Chihara, 1971; Komatsu, 1987
Oosa-cho, Okayma Prefecture, Japan Kobayashi et al., 1987
Oeyama ophiolite, Tottori Prefecture, Japan Tsujimori and Itaya, 1999; Tsujimori, 2002
Clear Creek, New Idria serpentinite, San Benito Co., California Coleman, 1961
Punta Rasciassa, the Monviso serpentinite, Western Alps, Italy Compagnoni and Rolfo, 2003
Maraºatlar, 60 km south of Bursa, Western Anatolia, Turkey Okay and Kelly, 1994; Okay, 1997, 2002 (appears to be a 

jadeite whiteschist rather than jadeitite)
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and Bronze ages was obtained from regional deposits
in dolomitic marbles (e.g., Douglas, 1996, 2003;
Wen and Jing, 1996). Thus, the characteristic mate-
rial of the Chinese jade culture was apparently
obtained from the local but generally less common
type of nephrite deposit. Now the Chinese cultural
demand for nephrite is supplied in large part by ser-
pentinite replacement deposits in British Columbia. 

Nephrite by dolomite replacement
Examples of nephrite from this environment

include a number of Chinese localities, namely: the
Yurungkash (White Jade) and Karakash (Black
Jade) rivers, Kunlun Mountains, Xinjiang, China
(also called the Hetian source, Tang et al., 1994;
Wu et al., 2002); the Xiaomeiling region of South
Liyang, Jiangsu Province, China—a source for
Neolithic Liangzhu culture (3400–2250 BCE;
Zhong, 1995); Kuandian and Xiyuan in Liaoning
(Wen and Jing, 1993, 1996; Wang et al., 2002;
Zhang, 2002a, 2002b), Wenchuan in Sichuan (Wen
and Jing, 1993, 1996), and Laiyang, Shandong

(Rawson, 1995); as well as other noteworthy sources
at Chuncheon, Korea (Kim et al., 1986; Noh et al.,
1993; Wen and Jing, 1993, 1996; Yui and Kwon,
2002); Cowell, South Australia (Flint and Dubowski,
1990); the Korolyevo field, Kuraminskiy Mountains,
Uzbekistan (Protod-yakonova and Mansurov, 1973);
and the Barguzin-Vitim Massif, Central Vitim High-
land (East of Lake Baikal), Siberia, Russia (Sekerin
et al., 1997). 

The model reaction for this paragenesis is typi-
cally presented as:

5Ca(Mg,Fe)(CO3)2 + 8SiO2
aq + H2O → 

dolomite

Ca2(Mg,Fe)5Si8O22 (OH)2 + 3CaCO3 + 7CO2
aq. (1)

actinolite calcite

However, this reaction models only the major-
element components of the metasomatizing fluid. It
does not explain the nearly monomineralic nature of
dolomite-replaced nephrite, because a large amount
of calcite—a phase virtually absent from observed

FIG. 1. World map showing the distribution of significant nephrite deposits and Phanerozoic ophiolite zones. Dolo-
mite-hosted nephrite deposits are designated with a white-centered star and serpentinite-hosted with a dark-centered
star.
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nephrite—is produced by the reaction. Sekerin and
Sekerina (1986) reported pockets, lenses, and
stringers of nephrite interspersed with fine-grained
calcite within dolomite in the Buromskyoe deposit,
central Vitim Highlands, Russia. It is also possible
that the reaction-product “calcite” is a component
dissolved in the fluid at large fluid-to-rock ratios,
and removed from the rock volume. 

Although some nephrite occurs at contacts
between an igneous dike or pluton and dolomite, it
more commonly is disposed along faults and fis-
sures that appear to have channeled post-magmatic
fluids through dolomite (Sekerina, 1992). Also,
nephritized carbonate xenoliths have been
reported from the deposits of the Vitim Highlands
(Sekerin and Sekerina, 1986). White nephrite from
the Yurungkash deposit is an example of metasom-
atism of a dolomitized, cryptocrystalline, benthic,
pure Precambrian limestone that was transformed
to nephrite of both very small fiber size (typically

0.05 to 0.5 µm diameter; Wen and Jing, 1996) and
high quality (Tsien et al., 1996b). Hydration and
silicification of dolomite can yield green to black
jade if the dolomite is ferruginous, as in the case
at the Cowell field, South Australia (see below).
Dark olive-green to black nephrite jade artifacts
from China, which are attributed to a metasoma-
tized dolomite origin due to their low Ni and Cr
contents, are also rich in Fe and Mn (Douglas,
1996). This indicates that a mafic, rather than
ultramafic, component existed either in the pro-
tolith of this jade, or the metasomatizing fluids
(Douglas, 1996, 2003). The P-T conditions of for-
mation for dolomite-derived nephrite are restricted
by the high-T limit of the greenschist or amphibo-
lite facies (<550 °C) and low to moderate pressures
(100–200 MPa; e.g., Noh et al., 1993; Sekerin
et al., 1997; although higher pressure, 200–400
MPa, is still consistent with facies and batholith
emplacement). 

FIG. 2. Photographs of several varieties of nephrite: A. Mutton-fat (white) and Spinach (green with black oxide speck-
les) nephrites, Gorlikgol nephrite deposit, Gorlikgol River, Sayan Mountains, largest piece 50 cm high (from Knuzev,
courtesy of Alexander Sekerin). B. “Black” jade, Granite Mountains, Lander County, Wyoming, 18 cm high (AMNH
21497, staff photo). C. Ts’ung, Liangzhu Culture, Tomb jade, 24.5 cm across (AMNH Anthro. 70.3/ 3562, China). D. Bi
Disk, Early Western Han?, Chicken-bone jade, 27 cm across (AMNH Anthro. 70.3/ 3220).
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Two dolomite-replacement nephrite deposits
have been described in sufficient detail to be
reviewed: Cowell, South Australia and Chuncheon,
Korea. The Cowell nephrite province occurs 25 km
north of Cowell (~220 km north of Adelaide), South
Australia and is volumetrically one of the largest
jade deposits known (Flint and Dubowski, 1990). It
is hosted by dolomitic marbles and banded calcsili-
cates of the Early to Middle Proterozoic Minbrie
Gneiss complex. The nephrite forms elongated lens-
shaped bodies, the origins of which are related to
intrusion of quartz-pegmatite dikes. These deposits
are attributed to silica metasomatism along fractures
related to the dike emplacement (see Fig. 3)
that then followed other structures to yield both (1)
massive nephrite as a replacement of undeformed
marble and (2) schistose (lower quality) nephrite in
shear zones. The nephrite is unusually iron rich
(1.26 to 7.1 wt% FeO in actinolite), which is attrib-
uted to the ferroan nature of the hosting Katunga
Dolomite. 

The Chuncheon, Korea deposit occurs at the
contact of dolomitic marbles and amphibole schists

of the Precambrian Yonduri gneiss complex in the
central Gyeonggi block of the Korean Peninsula.
The nephrite zone appears to replace dolomite near
its upper contact with amphibole schist. It is
bounded above by a thin zone of chlorite, and below
by a calc-silicate zone that consists of grossular-
diopside-tremolite ± chondrodite-quartz-calcite
(Fig. 4). Phase equilibria indicate nephrite formed
between 330 to 430°C at an assumed 200 MPa (Noh
et al., 1993), consistent with regional metamor-
phism. Nephrite formation is attributed to meta-
somatic fluid circulation, presumably from fluids
that emanated from the nearby post-tectonic,
Late Triassic Chuncheon granite. Isotopic studies
by Yui and Kwon (2002) yielded homogeneous,
depleted values of δ18O (–9.9 to –7.9‰) and δD
(–118 to –105‰) in tremolite (nephrite), which
were interpreted to track a fluid of meteoric origin
that circulated hydrothermally and affected the
rock at a high fluid/rock ratio. According to the
authors, this interpretation is consistent with an
H2O-rich fluid (XCO2 <0.01–0.1) having equili-
brated with both carbonate and silicate minerals.

FIG. 3. Schematic geological plan of a typical Cowell nephrite body, showing the main structural elements and illus-
trating nephrite formation by SiO2 metasomatism along S4 fractures, correlated with dike emplacement in dolomitic
marble; from Flint and Dubowski (1990, Fig. 2).
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Yui and Kwon (2002) also presented isotopic data
for the Xinjiang (Hetian) nephrite, which displays
similarly low δD but slightly heavier δ18O (0.5 to
2.3‰) values. They argue that these data, particu-
larly the heavier δ18O values, reflect meteoric water
metasomatism at lower fluid/rock ratios than the
Chuncheon deposit.

Nephrite associated with serpentinite
Nephrite is commonly associated with serpen-

tinite (or serpentinite mélange) units within ophio-
lite belts. Ophiolites are fragments of on-land
oceanic, back-arc, and arc lithosphere that either
suture continental lithospheric blocks that have
collided, represent arc-continent collisions, or
appear to be isolated bodies that have ramped up
upon (obducted onto) continental margins (e.g.,
Coleman, 1977; see Fig. 1). Ophiolites are generally
features of Proterozoic and younger mountain belts,
such as those of the Alpine-Himalayan system, the
circum-Pacific and Caribbean margins, and the Cor-
dillera of the western United States and Canada.
Although ophiolite-hosted nephrite occurrences
share a broad general geologic context, a variety of
assemblages are reported, which suggests that there
is no single mechanism of petrogenesis. Neverthe-
less, most models for nephrite formation propose

metasomatic interaction of serpentinite or serpenti-
nizing peridotite with more silicic rocks, such as
plagiogranite (trondhjemite or albitite?), graywacke,
shale, phyllite, or chert. This interaction is thought
to be promoted by Ca-rich hydrous fluid-flow along
contacts, structural boundaries, fractures, and/or
faults, to produce pods or layers of nephrite between
the two contrasting rock types (see below). Coleman
(1966, 1967) pointed out that the contacts at which
serpentinite-hosted nephrites (and other boundary
reaction products) occur do not record high-temper-
ature metamorphism and thus either postdate “cold”
tectonic juxtaposition or overprint preexisting high-
T contact assemblages.

In the serpentinite-hosted association, system-
atic metasomatic zoning sequences are common
along nephrite-bearing contacts that appear to
be intact (Table 2). The mineral assemblages of
these sequences vary greatly, although composi-
tional zoning with respect to SiO2, MgO, and CaO
(and perhaps Al2O3) is a common theme (see below).
Many contacts between nephrite and serpentinite
show slickensides, which indicate they are tecton-
ized surfaces. Reaction histories along such
contacts may be only partly preserved.

A review of some key serpentinite-related neph-
rite deposits illustrates both commonalties and

FIG. 4. Schematic cross section of nephrite deposit at Chuncheon showing the zones formed between dolomitic mar-
ble and amphibole schist; from Yui and Kwon (2002, Fig. 2) after Noh et al. (1993).
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outstanding petrogenetic problems. On the South
Island of New Zealand, nephrite is found along the
Alpine fault in the Taramakau-Arahua and Lake
Wakatipu regions (Beck, 1984) primarily in glacial
and fluvial deposits. Outcrops are rare (e.g., on Jade
and Olderog creeks in the Arahua River drainage;
Beck, 1984) with semi-nephrite (either massive
amphibole, which lacks the felted cohesive texture,
or nephritic amphibole enclosing coarser crystals)
more common in outcrop than true nephrite.
Restrictions on exportation make this area of histor-
ical and archeological interest, rather than a com-
mercial deposit. Coleman (1966) described
examples of semi-nephrite that occur at the altered
edge of tectonic inclusions of argillite, where a
quartz-albite meta-argillite block is progressively
replaced toward a metasomatized rim by actinolite-
tremolite and diopside, with irregular lenses of
semi-nephrite (along with segregations of prehnite
and diopside) at the serpentinite contact (Fig. 5).
The contact between the argillite blocks and serpen-
tinite, where the semi-nephrite occurs, has mylo-
nitic to cataclastic texture. It is not clear whether the
nephrite/semi-nephrite replaces argillite, serpen-
tinite, or both. However, chromium coloration has
been reported in New Zealand nephrites (Beck,
1984), so serpentinite replacement is likely in some
instances.

Pressures and temperatures of formation, as well
as a possible nephrite-producing reaction, can be

loosely constrained for the New Zealand nephrite
occurrences. Coleman (1966) reported that serpen-
tinite adjacent to these deposits is a lizardite-
chrysotile mixture, which suggests low-T conditions
of serpentinization. In addition, aragonite occurs in
limestone blocks and lawsonite in the Maita sedi-
ments within the serpentinite mélange, which could
indicate that nephrite rinds also formed at relatively
HP/LT conditions. 

Cooper (1995) documented an occurrence of
semi-nephrite and tremolite-fuchsite-chlorite schist
around a metasomatized gabbro/peridotite block in
the Haast quartzofeldspathic schist at Muddy Creek
off the Haast River, New Zealand (Fig. 6). This
author concluded that shearing of the blackwall-like
tremolite rock produced a cataclastic “nephrite,”
whereas secondary crystallization of fine-grained
tremolite produced a true nephritic texture encapsu-
lating the other minerals in these rocks. Cooper
(1976, 1995) also reported a pumpellyite-tremolite-
chlorite assemblage in the gabbro-peridotite core
of a block, which implies a temperature <300°C.
The presence of talc and steatite implies that CO2
concentrations in the fluid were sufficient to enable
the reaction:

2Mg3Si2O5(OH)4 + 3CO2 → 
Serpentine

3MgCO3 + 3H2O + Mg3Si4O10(OH)2. (2)
Magnesite Talc

TABLE 2. Systematic Zoning Sequences Producing Nephrite

Location Massive serpentinite Metasomatic zone Silicic rock

Taiwan:

Yui et al. (1988) Antigorite Nephrite  Diopsidite  Epidotite Muscovite-quartz 
schists

Tamworth, Australia: 

Hockley et al. (1978)  Schistose 
 Serpentinite 

 Talc  Nephrite ± Diopside ± Quartz phyllite

East Sayan, Siberia:

Prokhor (1991) Serpentinite 
matrix mélange

 Antigorite  Nephrite  Rodingite Plagiogranites and 
quartz diorites

Karpov et al. (1989)  Talc  Nephrite  Chloritite  Rodingite

Red Mt. Creek, CA

this work Serpentinite  Diopsidite  Nephrite  Diopsidite Graywacke
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This reaction and the involvement of CO2 appear to
be important in nephrite occurrences in which talc/
steatite is part of the blackwall zoning assemblage
(Cooper, 1995). However, the paucity of magnesite,
which is only very rarely reported with nephrite
sequences, renders the reaction somewhat problem-
atic, although carbonate solubility must be con-
sidered.

A major commercial nephrite belt extends from
the U.S. border through central British Columbia
and into the Yukon. Nephrite deposits decorate
ophiolites that are preserved in a Permo-Triassic
suture zone of western North America. Variations in
zoning and mineralogy occur, but the examples pre-
sented here are fairly representative of this “Cordil-
leran nephrite terrain” (see Leaming, 1978). At the
Schulaps ultramafic massif, tectonic blocks of chert,
argillite, and greenstone display metasomatized
contacts with adjacent tectonized serpentinite,

which is locally replaced by nephrite and talc-bear-
ing nephrite. At Brett Creek, tectonic inclusions
of chert within serpentinite are sequentially
surrounded by zones of “white-rock” (a hydrous
calc-silicate assemblage interpreted by some to be
rodingite; see below), of nephrite, and of talc along
serpentinite contacts. Chromite (picotite) in neph-
rite was interpreted by Leaming (1978) to be
evidence of the metasomatic transformation of
serpentinite to nephrite. Similar relationships exist
at Cassiar, where Gabrielse (1990) interpreted
“white rock” to be rodingitized diabase, ruptured
and dislocated along tectonic boundaries. At
Cassiar, the surrounding serpentinite is antigorite
(Leaming, 1978; O’Hanley, 1996), but again, neph-
rite has replaced serpentinite by metasomatism
along its contacts with more silicic rocks.

A few nephrite deposits show different features
than the two deposit types above. The small nephrite

FIG. 5. Schematic diagram of tectonic inclusion of argillite at Dun Mountain, South Island, New Zealand, showing
metasomatism and formation of semi-nephrite at boundary with serpentinite. Figure from Coleman (1966, Fig. 7).
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deposits in the Granite, Seminoe, and Laramie
mountain ranges of Wyoming are interpreted to be
metasomatic replacements of mafic igneous rock
that had been previously metamorphosed to the
amphibolite facies (Sherer, 1972; Madson, 1978).
The Sage Creek (Wyoming) nephrite protolith is
thought to have been amphibolite xenoliths in a
quartz diorite dike derived from the adjacent Pre-
cambrian granodiorite batholiths (Sherer, 1972).
Hausel (1993) argued that the Seminoe Mountain
nephrite deposits were originally metakomatiites
(tremolite-talc-chlorite-serpentine schists) that were
nephritized by fluids that formed crosscutting quartz
veins. 

Conditions of nephrite formation in association 
with serpentinite

The P-T conditions of formation for nephrite
associated with serpentinite are inferred to be of the
greenschist facies, based on the actinolite ± chlorite
assemblage of the nephrite itself, and the presence
of lizardite/chrysotile serpentinite host rocks in
numerous deposits. Taken together, these assem-
blages imply metamorphic/metasomatic tempera-
tures of ~300–350ºC to perhaps ~200–100°C.
Closer constraints are based upon oxygen isotope
fractionations and P-T estimates for contact meta-
morphism of ultramafic bodies by silicic plutons.

FIG. 6. Schematic diagram of the Muddy Creek, New Zealand, metagabbro pod showing distribution of nephritic
schist at sheared boundaries with the body. From Cooper (1995, Fig. 2).
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For example, Yui et al. (1988) calculated tempera-
tures of 320 to 420°C, based on the oxygen isotope
fractionation between nephrite (tremolite) and
serpentine (antigorite) from the Fengtian nephrite
deposits, Taiwan. The lack of nephrite and presence
of coarse tremolite along a reaction zone between
quartz diorite and the Trinity peridotite in northern
California was interpreted by Peacock (1987) to
reflect, on the one hand, a higher T than for nephrite
based on the sense that temperature enhances
growth of larger crystals and, on the other, T = ~400
to 425°C, the limiting temperature for tremolite in
the assemblage. The very low T estimate is based
primarily on the presence of pumpellyite in the
Muddy Creek, New Zealand semi-nephrite (Cooper,
1995), and potentially anchizone assemblages of
some graywacke-nephrite interfaces seen by GEH at
the Red Mountain Creek deposit in California.
Nephrite formed at serpentinite contacts is inter-
preted to reflect P ≤ 200 to 500 MPa (Karpov et al.,
1989; Prokhor, 1991) based on mineral assemblages
for a few deposits. In contrast, the occurrence of
aragonite and lawsonite in tectonic blocks from
serpentinites that host nephrite in New Zealand
(Coleman, 1966) indicate that serpentinite probably
experienced higher pressures, perhaps ~600 to 800
MPa, but it is possible that the nephritized serpen-
tinite contact postdates the metamorphic phase
assemblage. It is not clear whether nephrite can
form at higher pressures; if it does, it is rare.

Suturin (1988) examined the nature of a fluid
that could nephritize microantigorite, with attention
to Coleman’s (1980) hypothesis that such a fluid
evolves from serpentinization. Suturin used thermo-
dynamic modeling for chemical components and
minerals, applying Korzhinskiy’s interpretation of
the interaction of acids and bases in solution that
predicts that solids that are strong bases will be dis-
placed by weaker ones during metasomatism.
Suturin argued that the model of Coleman (1980)
predicts that Ca-rich, oxidized fluids arise from
clinopyroxene breakdown during the serpentiniza-
tion of peridotite. However, his calculations and the
presence of awaruite (Ni2-3Fe) in antigorite serpen-
tinite indicate that nephrite-forming solutions are
strongly reducing and highly alkaline, but of rela-
tively low Ca-concentration (6–9 × 10–4 molar at
350–400°C for nephritizing solution versus 2–4 ×
10–2 molar at 150–390°C for the serpentinizing
solution). Therefore, the Mg-rich substrate (serpen-
tinite or dolomite), which is a stronger base than Ca-
rich nephrite, leads to nephritization. Suturin (1988)

also argued that temperature controls the assem-
blage produced by the metasomatism; talc is stable
from 370 to 400°C, and tremolite forms at 380°C
and becomes dominant above 390°C. 

Several models for nephrite-producing metasom-
atism at serpentinite–silicic-rock contacts are
extant. Karpov et al. (1989) contrasted “simple
water-rock metasomatism” with irreversible reac-
tions produced by contact-infiltration metasomatism
to evaluate nephrite formation. These authors exam-
ined an antigorite serpentinite–plagiogranite con-
tact to determine the genesis of the alteration zones
in a vein from the Ulankhodinskoye nephrite
deposit, East Sayan. The thermodynamic models,
which were calculated both at constant T of 375°C
and over a gradient from 300 to 400 ºC at 200 MPa,
were constructed to determine how fluid-mediated
metasomatism might occur within plagiogranite and
antigorite, as well as along the boundary between
them. In the first scenario, “simple water-rock inter-
actions” were modeled as a fluid in equilibrium with
serpentinite moving from the serpentinite into
plagiogranite via veins (with possible along-bound-
ary flow), and vice versa. Each produced a vein with
layered reaction zones in the infiltrated rock. The
reaction zones were disposed in opposite sequences
in the two host rocks. Although the models repro-
duced zoning profiles seen in the deposit—bands of
rodingite, steatite, chlorite-talc rock, etc.—they did
not yield nephrite (see Fig. 7A). In these cases,
Karpov et al. (1989) were forced to appeal to an
external source for nephrite-forming components
that would enter the host rocks from a “hypothetical
source”; this external fluid was “ready” to form
nephrite, a concept previously invoked by Suturin
and Zamaletidinov (1984).

The concept of a “ready” or “ripe” nephrite-pro-
ducing fluid has been a topic of controversy for
many years. Coleman (1966, 1967, 1977) noted that
aqueous fluids flowing through bodies of serpenti-
nizing ultramafic rock should become saturated in
Ca2+ as a result of clinopyroxene breakdown during
serpentinization. However, if nephrite forms after
serpentinization is largely complete, Ca-saturated
fluids are unlikely to be serpentinite-sourced. Alter-
natively, a Ca-rich fluid may evolve by a chromato-
graphic or similar process that saturates Ca-
amphibole component in a multicomponent fluid at
various P-T conditions (e.g., Brady, 1977; Lictner et
al., 1986; Sedqui and Guy, 2001). If the nephrite-
forming process occurs during active serpentin-
ization, large amounts of aqueous fluid would be
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consumed by the hydration of peridotite, which
could potentially concentrate a variety of solutes in
small amounts of residual fluid. A similar idea has
been advanced to explain rodingite, a white, pink, or
brown metasomatic alteration product of basalt and
gabbro dikes and mafic tectonic blocks. Rodingite
typically consists of a variable mixture of diopside,
hydrogrossular (hibschite), clinozoisite, vesuvianite
(idocrase), and prehnite (Coleman, 1967; O’Hanley,
1996; El-Shazly and Al-Belushi, 2004). Rodingite
results from Ca enrichment and desilicification of
the mafic protolith, linked to fluid-rock reaction
between basalt and peridotite during serpentiniza-

tion. Consonant with Coleman (1967), the Ca in
rodingitizing fluids is probably derived from serpen-
tinization. However, unlike rodingititization, nephri-
tization requires both Ca and Si enrichment of a
serpentinite/ultramafic protolith (Coleman, 1967;
O’Hanley, 1996). 

Karpov et al. (1989) also modeled contact-infil-
tration metasomatism with plagiogranite and ser-
pentinite, using the same fluids and fluid flow
directions, but with a reaction layer of fluid between
the plagiogranite and serpentinite. The fluid both
transports chemical species and promotes diffusive
infiltration into the rocks. In the case of a plagio-

FIG. 7. A. Reaction with serpentinite of a solution that is in equilibrium with plagiogranite (a = after Karpov et al.
(1989, Fig. 1), solution-rock model [T = 375ºC, P = 2000 bars]; b = reaction of serpentinite solution with plagiogranite).
B. Overall scheme of metasomatic zoning derived by irreversible reaction modeling; after Karpov et al. (1989, Fig. 3).
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granite-sourced fluid, nephrite was not produced
but the model predicted serpentinite replacement
by diopsidite, which is found in some parts of the
Ulankhoniskoye deposit. However, if the solution
was initially in equilibrium with serpentinite, a
zoning profile along the rock contact was predicted
that mimics that of the vein that was being modeled
(Fig. 7B). This preferred model requires both fluid
infiltration and stepwise irreversible reactions (as
opposed to equilibrium crystallization) that replace
some initial phases at the contacts, such as corun-
dum by chlorite. Nephrite is produced both in the
channel between the plagiogranite and serpentinite
and by corrosion of the boundary serpentinite. This
model also obviates the need for the external
“ready” fluid. 

Prokhor (1991) visualized nephrite formation
in East Sayan as a conjugate process to rodingite
formation, with the crucial difference being the
opposite directions of migration of silica in the two
processes (i.e., out of the replaced rock in rodingite,
into the replaced rock in nephrite). He suggested
that both processes could be contemporaneous.
O’Hanley (1996) argued strongly that to form neph-
rite, in contrast to rodingite, Ca must enter from
outside the serpentinite after both serpentinization
and rodingite formation are essentially complete.
He based this conclusion on the sense of silica
flux and textural criteria, such as apparent pseudo-
morphs of serpentinite by nephrite. Further model-
ing is needed to resolve the disagreements and
explain diverse, serpentine-associated nephrite
occurrences.

Nephrite texture 

The primary microstructural feature of nephrite
is a micro- to crypto-crystalline texture that consists
of a fibrous-mat intergrowth of tremolite-actinolite
crystals with extreme length/width ratios; some
workers (e.g., Dorling and Zussman, 1985; Germine
and Puffer, 1989; O’Hanley, 1996) have described
nephrite as resembling a microcrystalline variety of
felted asbestos (Fig. 8). Three origins have been
suggested for this texture. Pseudomorphism after
antigorite-serpentinite has been proposed for the
nephrite from the East Sayan, Russia (Suturin,
1988; Prokhor, 1991) and the Cassiar deposit, Brit-
ish Columbia (Leaming, 1978; O’Hanley, 1996).
The evidence for this is: (1) the strong resemblance
between nephrite mesostructure and that of anti-
gorite serpentinites and schists (Fig. 8); (2) the pres-
ence of magnetite/chromite grains in nephrite; and

(3) the presence of antigorite adjacent to nephrite
bodies in these deposits. In general, fibrous miner-
als grow either in an aqueous environment or during
retrograde metamorphism in the presence of a fluid
(e.g., Veblen and Wyllie, 1993), typically at rela-
tively low T conditions. Thus, pseudomorphism after
antigorite fits one of the modes of fiber growth;
growth of nephrite in a fluid-filled open space would
be another. Exactly how fiber-mat crystallization,
characteristic of nephrite, differs from cross-fiber
growth in a vein (as in the asbestiform habit: Veblen
and Wiley, 1993; Zoltai, 1981) is not explained, but
presumably mat growth does not involve crystal
nucleation on a fracture or cavity wall and perpen-
dicular growth into open space. Perhaps fewer
discrete nephrite nuclei in the fluid yield radiating
or plumose growths that create interlocking fibers.
Other authors attribute some nephrite textures to
shearing and internal recrystallization of blackwall-
like mineralization, or the infiltration of tremolite-
producing fluids during recrystallization (e.g.,
Turner, 1935; Cooper, 1995). From transmission
electron micrographic (TEM) images of Wyoming
nephrite, Dorling and Zussman (1985) intepreted
rounded boundaries of submicron-wide actinolite
fibers sharing a common c-axis orientation as the
result of recrystallization after shear motion. In both
such scenarios, the degree of secondary recrystalli-
zation determines whether the product is semi-
nephrite (“cataclastic nephrite”) or “true” nephrite. 

An unusual variant of nephrite shows botryoidal
textures, as exemplified at Red Mountain Creek,
Trinity Co., in the Coast Range tectonic belt of Cali-
fornia. R. Coleman, F. Wicks, and G. Harlow inves-
tigated this locality in 1996. The nephrite occurs
along a fault that juxtaposes serpentinite (sheared,
chrysotile + lizardite veins and antigorite cores)
against tectonic inclusions of a sedimentary unit
that varies between graywacke and black shale.
Nephrite forms layers of small botryoidal nodules in
the graywacke, and diopsidite fills the contact zone
between graywacke and serpentinite. Outcrop,
hand-sample, and polished-section textures suggest
fluid flow occurred along fault contacts within ser-
pentinite and between serpentinite and inclusions.
Fluid also infiltrated the permeable graywacke
block along the contact zone, reacted with the black
graywacke/shale matrix, and created 3 to 30 mm
diameter whitish “cumulus cloud”–like structures
of nephrite (Fig. 9). Graywacke near the contacts is
replaced either by nephrite or an aggregate of micro-
crystalline diopside ± pumpellyite that retains the
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(black) color of the graywacke/shale. The diopsidite
fills the vein system within the graywacke and infil-
trates the serpentinite along fractures, in a manner
similar to aspects of the model of Karpov et al.
(1989). Apparently, diopsidite formed subsequent to
nephrite formation. 

A basic unanswered question raised by field
observations worldwide is whether serpentinite,
inclusions/country rocks, or the contact between
them constitutes the nephrite protolith. O’Hanley
(1996) argued strongly that during nephritization (as
contrasted with rodingitization) Ca enters serpen-
tinite after serpentinization is essentially complete.
Karpov et al. (1989), and to some extent Suturin
(1988), concluded that either the elusive “ready”
fluid or antigorite-forming fluid metasomatizes ser-
pentinite at the boundary with plagiogranite, in open
fractures, and in and adjacent to the serpentinite. In
contrast, the nearly ubiquitous occurrence of relict
chromite in nephrite and the pseudomorphic

textures support serpentinite replacement (e.g.,
Cooper, 1976; Leaming, 1978; Sekerin et al., 1997).
The botryoidal nephrite from Red Mountain Creek
and perhaps the semi-nephrite from Dun Mountain,
New Zealand (Coleman, 1966) might be examples in
which “ready” fluid, rich in Ca (and Mg), exits
serpentinite to nephritize adjacent, Si-richer rock.

In general, nephrite crystallization sequences do
not articulate well with the metamorphic histories of
their ultramafic host rocks. For example, many
nephrite bodies are hosted by serpentinites that
consist predominantly of lizardite and chrysotile, yet
nephrite textures suggest replacement of antigorite.
Prokhor (1991) described partially nephritized anti-
gorite aureoles around tectonic blocks of plagio-
granite and quartz diorites in the East Sayan
deposits. In Taiwan (Tan et al., 1977; Yui et al,
1988) and British Columbia (Leaming, 1978;
O’Hanley, 1996), antigorite is found adjacent to
nephrite. Perhaps local high aAl2O3 may explain

FIG. 8. Photomicrographs with crossed polars of (A) nephrite from Onot River, East Sayan (USNM-8459), a presumed
metasomatized serpentinite, and (B) antigorite schist, Estancia de La Virgen, Zacapa, Guatemala (AMNH MVJ87-6-2).
Both images are 2.1 mm across.
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antigorite aureoles around nephrite masses, because
some studies suggest this polymorph is stabilized
relative to lizardite and chrysotile by addition of
Al2O3 (e.g., Evans et al., 1976; Bromiley and
Pawley, 2003). If Al metasomatism precedes nephri-
tization, early formed antigorite might in part be

replaced by nephrite, to yielding a “pseudomorph-
after-antigorite” texture. Alternatively, nephrite-
forming contact metasomatism may occur at a range
of P-T conditions, under which either antigorite
or lizardite ± chrysotile are the stable serpentinite
mineralogy. 

FIG. 9. Images of rocks showing textures of faulted contacts between serpentinite and graywacke and infiltration
mineralization at Red Mountain Creek deposit, Trinity Co., California. A. A polished section of carbonaceous
“graywacke” (black area at top) with penetrating botryoidal nephrite (whitish cloud-like body) and diopsidite-filled vein
at the serpentinite contact (lamellar structure at bottom); the sample is 8 cm across. B. Fault bound (slickensides on
base) block of diopsidite-serpentinite boundary (20 cm across): fault contact/fluid channel of diopsidite vein infilling
(horizontal at bottom), a small fragment of diopsidite-replaced black graywacke, and diopsidite-replaced serpentinite
(above) giving way to highly micro-veined (diopside) serpentinite (antigorite in core regions) away (above) from the
channel.
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A third basic, yet unanswered, question is
whether there is a petrogenetic relationship between
nephrite and rodingite. Prokhor (1991) presented
evidence for the inverse coupling of Ca and Si
migration, to form “conjugate” nephrite and roding-
ite in incompletely serpentinized ultramafic rock. In
contrast, Coleman (1966, 1967) pointed out a lack of
consistent correspondence between rodingite and
nephrite occurrences in serpentinite-hosted metaso-
matic terranes. This could have several explana-
tions. First, many rodingite and nephrite bodies
show tectonized contacts with serpentinite, which
makes it possible that parts of the metasomatic
system could be displaced (e.g., New Zealand;
Cooper, 1995). Variations of P-T conditions could
destabilize characteristic rodingite minerals such as
prehnite or vesuvianite, and the degree of coupled
metasomatic exchange might produce different
assemblages. The latter factor could be subtle,
because the range of protoliths that produce roding-
ite versus nephrite is very similar (Coleman, 1966,
1967). Comparative isotopic and trace-element
studies on paired nephrite-rodingite versus, for-
example, nephrite-diopsidite should resolve
whether the pairing is a conjugate versus a multi-
stage process. Such isotopic data (δ18O and δD) are
available for the Fengtien nephrite deposit, in which
nephrite appears to coexist with both diopsidite and
epidote-fels (Yui et al, 1988; all these rocks are
termed rodingite by the authors). These authors con-
cluded that nephrite and diopsidite show evidence
for having formed in isotopic equilibrium at 320 to
420°C, whereas the epidotite (clinozoisite) does not.
Finally, it is likely that metasomatite pairing only
occurs under specific ranges of conditions where
the fluid-transported components yield assemblage
saturations for rodingite and nephrite for a par-
ticular stage of serpentinization and silicic block
composition. 

Jadeite Jade

Overview and setting

Jadeitite, a rock consisting primarily of jadeite
grains, is slightly harder than nephrite and nearly as
tough (Kunz, 1906; Leaming, 1978). It has been
used as a cultural mineral for roughly 7000 years
(e.g., circa 4500 BCE by the Joman people, Japan;
Keverne, 1991). Translucent jadeitite is the “pre-
cious” jade used in fine jewelry. Jadeitite is much
rarer than nephrite: only ~12 occurrences have been
described worldwide (Table 1; Fig. 10). The largest

and most important deposit is the Hpakan-Tawmaw
tract, Kachin State, northern Myanmar (Burma), and
in conglomerates and alluvial deposits derived from
that source (Chhibber, 1934; Bender, 1983; Goffe et
al. 2000; Hughes et al., 2000). Related sedimentary
rock units that contain jadeitite detritus are also
mined at Nansibon, Chin State (about 60 km west of
Hpakan; Hughes et al., 2000; Avé Lallemant et al.,
2000) and conglomeratic units from the Monhyn
(Thin, 1985) to the Indaw-Tigyaing areas (United
Nations, 1979), ~100 to 230 km south of Hpakan,
along the Sagaing fault. 

Another important source, the one for New World
jade, is centered on the middle Motagua Valley,
Guatemala (Harlow, 1994; Seitz et al., 2001). There,
jadeitite is present in two HP/LT lithotectonic belts
that reflect distinctly different Cretaceous tectonic
events. These belts are now juxtaposed by the North
American–Caribbean plate boundary (Harlow et al.,
2003b, 2004). Less developed resources are the
deposits along the Ketchpel River, Pay-Yer massif,
Polar Urals (Morkovkina, 1960; Kovalenko and
Sviridenko, 1981) and on the Kantegir and Yenisey
rivers, ~100 km north of Abakan, Khakassia, Russia
(= Borus Mountains, West Sayan; Dobretsov, 1963,
1984; Dobretsov and Tatarinov, 1983), as well as at
Itmurundy, near Lake Balkhash, Kazakhstan
(Dobretsov and Ponomareva, 1965; Ermolov and
Kotelnikov, 1991). Jadeitite is also documented
from along the Omi and Kotaki Rivers, Itoigawa
area, Niigata Prefecture, Japan (Iwao, 1953;
Chihara, 1971; Komatsu, 1987); Oosa-cho, Okayma
Prefecture, southwestern Japan (Kobayashi et al.,
1987); along Clear Creek in the New Idria serpen-
tinite, San Benito Co., California (Coleman, 1961);
and from Punta Rasciassa, the Monviso serpen-
tinite, Western Alps, Italy (Compagnoni and Rolfo,
2003; R. Compagnoni, pers. commun., 2003). 

Varieties

Jadeite jade is typically considered to be jadei-
tite if it contains at least 90 vol% pyroxene, and the
average pyroxene has at least 90 mol% jadeite,
although such definitions are not invariably useful
or applicable. Jadeitite composed of end-member
jadeite is white in hand sample. The highly valued
“Imperial” emerald green color is due to Cr3+ (as
NaCrSi2O6; kosmochlor); as little as Ko2-3 produces
intense color (Ou Yang, 1984; Mével and Kiénast,
1986; Harlow and Olds, 1987). Leaf-green colors
result from Fe2+ (>>Fe3+), blue-green from the pres-
ence of both Fe2+ and Fe3+ at comparable (but low)
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concentrat ions,  yel lowish green f rom low
Fe3+(>Fe2+), and mauve from Mn3+ (Ou Yang,
2001). Near-sapphire-blue colors in jadeitite from
the Itoigawa area, Japan and near Jalapa, Guate-
mala are correlated with elevated Ti in grains and
veins of omphacite (TiO2 ≤ 6 wt%). However, opti-
cal absorption spectra of these samples resemble
those for riebeckite, which is colored by Fe2+-Fe3+

intervalence charge transfer (Harlow et al., 2003a).
Black jadeitite can result from micro-inclusions of
graphite. Intermediate colors to those above can
arise from mixing of the chromophores. The compo-
sitions of clinopyroxene in jadeitites range from
Jd100 to omphacite (nominally Jd50[Di+Hd]50 but as
low as Jd40[Di+Hd]60). Aegirine (NaFe3+Si2O6)
component (Ac5-15) typically increases with ompha-
cite content. 

A review of the zoning patterns among lithologies
in jadeitite occurrences illustrates their variability.
In the Hpakan area, Myanmar (Burma), where the
“Jade Tract” occurs, jadeitite is found as pebbles to
large boulders in the alluvium and eluvium and in
massive serpentinite conglomerates, as large pod-
like bodies and as so-called dikes in serpentinite

(Noetling, 1893, 1896; Bleeck, 1907, 1908; Chhib-
ber, 1934; Thin, 1985; Hughes, et al., 2001; obser-
vations by GEH). At Tawmaw, Myanmar, one side of
the main jadeitite “dike” (which we interpret to be a
complex vein structure), which locally displays an
albitite carapace, is in a fault contact with serpen-
tinite and blackwall, whereas the other contact
shows a more or less intact metasomatic zoning rela-
tionship with a sodic-amphibole ± jadeite gneiss
(see Fig. 11). At Nant Maw Mine #109 near Hpakan
(visited by GEH in 2002) a ~20 m long pod-like
body, totally underground, is connected to a <1 m
wide vein system that breaches the surface. In it,
white-to-mauve coarse-grained jadeitite is bordered
by a 0.5–2 m wide sheared, green, Cr-bearing
jadeitite with a boundary layer, <1 m thick, of
jadeite-amphibole rock that is cut by cm-sized veins
and selvages of albitite. A layer of blackwall, up to
5 cm thick where exposed, separates the jadeite-
amphibole rock (or albitite selvages) from tectonized
antigorite serpentinite. The thin vein that connects
to the pod shows portions of the larger-scale
mineral zonation, and lacks the green jadeitite and
amphibole. 

FIG. 10. World map showing the distribution of described jadeitite deposits and Phanerozoic blueschist areas. 
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In Guatemala, the jadeitite occurrence north of
the Motagua fault, which is the North American–
Caribbean plate boundary, has been described in
detail (Harlow, 1994). There, jadeitite occurs as
boulders up to 5 m across in drainages and as
dismembered tectonic blocks, perhaps 10 m in

diameter, in antigorite serpentinite mélanges (Fig.
12). The jadeitite blocks show cataclastic to sheared
textures that are cut by coarser-grained veins of
undeformed jadeitite. A major post-veining event is
albitization; complete replacement of jadeitite by
albitite typically occurs toward the boundary of a
block with serpentinite. The jadeitite-serpentinite
contact zone consists of concentrically foliated
blackwall mineralogy (actinolite + clinochlore ±
talc) a few cm to perhaps a meter thick, penetrated
by centimeter-to decimeter-wide bundles of acicular
actinolite aligned radial to the block. Associated
tectonic blocks include garnet amphibolite,
zoisitized garnet amphibolite, omphacite-taramite
metabasite, albite-phengite±zoisite rock, and silex-
ite interpreted as metachert. 

Jadeitites have recently been found south of
the Motagua fault in the drainage of the Río El
Tambor, Jalapa Dept. (Seitz et al., 2001; Harlow
et al., 2003b). Likewise found as tectonic blocks
in a belt of serpentinite-(antigorite)-mélanges,
the jadeitites often contain conspicuous phengitic
muscovite and do not show extensive albitization
or associated albitites and zoisite-mica-albite
rocks. Other HP/LT blocks include abundant law-
sonite-eclogite, glaucophane eclogite, omphacite-
glaucophane rock, and pumpellyite-jadeite rock
(Sisson et al., 2003).

At Clear Creek, in the New Idria serpentinite
body of California, adjacent to the San Andreas
fault, Coleman (1961) described both jadeitite veins
in albite-crossite-acmite-stilpnomelane schist and

FIG. 11. Diagram of contact relationships of the jadeitite
“dike” at Tawmaw, Burma (Myanmar); after Bleeck (1908,
Fig. 3).

FIG. 12. Diagram of reconstructed zoning pattern for tectonic blocks of jadeitite on north side of Motagua River in
Guatemala; from Harlow (1994, Fig. 2).
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jadeitite pods surrounded by calc-silicate carapaces
within tectonized serpentinite. Coarse jadeite veins
that cut the schist terminate against veins of albite +
analcime; albite veins that contain pectolite + thom-
sonite cut the coarse jadeite veins (Fig. 13A). Jade-
itite pods within lenses of calc-silicate rock within
sheared serpentinite are up to 3 m in diameter (Fig.
13B). The monomineralic jadeitite pods are cut by
veinlets of zeolite minerals ± biotite and clots of
native copper. The calc-silicate lenses consist of
thomsonite + pectolite ± hydrogrossular; a 2 cm
thick boundary that contains both jadeitite and calc-
silicate minerals separates the two rock types (Fig
13B). Contacts between the pods and serpentinite
consist of sheared, glassy appearing antigorite
around chrysotile cores, which gives way to earthy
chlorite and then to a zone of calcsilicate minerals
like those within the pods, but which also contains
bands of titanite and patches of aragonite. 

In the Kotaki district, near Itoigawa, Niigata
Prefecture, Japan, at the boundary between the
Sangun and Hida metamorphic terranes and adja-
cent to the Itoigawa-Shizuoka Tectonic Line, Iwao

(1953),  Shidô (1958),  and Chihara (1971)
described jadeitite, albite-jadeite rock, and albi-
tite blocks eroded from sheared serpentinites and
exposed in the Kotaki and Omi gawa (rivers). The
jadeitite blocks are up to 4 m in diameter. Zoning
patterns from the early literature described a core
of albitite (± quartz), up to ~1 meter diameter, sur-
rounded in turn by white jadeitite, which becomes
greener farther from the core, then ~10 cm of jade-
ite-actinolite ± phlogopite rock and a contact zone/
rim of massive actinolite ± chlorite ± prehnite.
Veins of xonotlite, pectolite, and other secondary
minerals cut both jadeitite and albitite. A personal
visit (GEH) and observations by T. Tsujimori (pers.
commun., 2003) have failed to identify the albitite
cores in blocks. Rather, these are interpreted as a
zone or layer of albitite. On the basis of petro-
graphic observation, Tsujimori (pers. commun.,
2003) interpreted the albitite to be an alteration
product of jadeitite. 

Three well-documented jadeitite localities occur
in Russia and Kazakhstan. In the ophiolite belts of
West Sayan (Khakassia, Russia) jadeitites, albitized

FIG. 13. A. Sketch of jadeite vein in albite-crossite-acmite-stilpnomelane schist showing relationships between jade-
ite, albite, and analcime; from Coleman (1961, Fig. 5). B. Geological sketch-map of pod-like jadeitite body, locality no. 3,
(105-RGC-58); from Coleman (1961, Fig. 6). 
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jadeitites, albitites, eclogites, and glaucophane
schist inclusions were described from the Borus
serpentinite mélange by Dobretsov (1963;
Dobretsov and Tatarinov, 1983). Jadeitites occur as
pod-shaped bodies, which in one area are associated
with eclogite bodies (Fig. 14), with cores of coarse
jadeite and margins of omphacite + amphibole ±
phlogopite. Later alteration phases include albite,
analcime, Ac- + Ko-rich omphacite, actinolite,
mica, and chlorite. 

At Itmurundy, near Lake Balkhash, Kazakhstan,
Moskaleva (1962), Dobretsov and Ponomareva
(1965), Kovalenko and Sviridenko (1981), and
Ermolov and Kotelnikov (1991) described a
complex association of numerous rocks with the
Kenterlaus ultramafic massif. Jadeitites occur as
drop-shaped bodies along with granitoids, gabbroic
rocks (or altered equivalents), and other metaso-
matic rocks in serpentinite mélange. Three varia-
tions of jadeitite are present: white-to-light grey
marble-like rock (typically as cores), a dark grey
type (some as an intermediate stage), and bright
green jadeitite. All display varying degrees of brec-
ciated and cataclastic structures. Near contacts with
serpentinite are assemblages of albite, analcime,
natrolite, tremolite, veins of garnet(?) and green
mica, and at the contact is a blackwall assemblage
of chlorite + actinolite + serpentine (Fig. 15).
Albitites typically contain relict fragments of jadeite
with muscovite (phengite?), tremolite, rare omphac-
ite, titanite, and rutile. Associated with these albi-
tites, which are interpreted to be altered jadeitites,
are quartz-albite, quartz-amphibole, and quartz-
dominant rocks. 

Jadeitite textures and mineralogy 
The textures of jadeitites are complex, but

invariably reflect growth from a fluid, upon which
may be superimposed resorption by subsequent
batches of fluid, recrystallization during deforma-
tion, mylonitization or combinations of all these
features. Evidence for crystal growth from fluids
vary from small areas of (former) cavity filling with
well formed, typically zoned jadeite crystals, to

FIG. 14. Relationship of jadeitites to eclogite and mica and
albite-mica rocks in Borus mélange, Khakassia (West Sayan),
Russia. Figure 6 from Dobretsov (1963).

FIG. 15. Cross section of a body of jadeitite in the Kenterlaus ultramafic massif. After Dobretsov and Ponomareva
(1965, Fig. 13).



JADE AND SERPENTINITE 133
incipient veining, to rocks that appear to be entirely
veins. Oscillatory zoning (obvious in cathodolumi-
nescence—CL) is common in jadeite grains from
veins (Fig. 16). Deformation features include frac-
tured and partially recrystallized granoblastic
grains, to mylonitic textures (Fig. 17). 

Minerals that coexist with primary jadeite
include sodic amphibole (pargasite-magnesiokato-
phorite-glaucophane to nyböite and eckermannite in
Myanmar; Mével and Kiénast, 1986; Harlow and
Olds, 1987, Shi et al., 2003), sodic actinolite (in
Japan; Chihara, 1971), and mica (phengite and/or
paragonite and preiswerkite in Guatemala; phengite
and phlogopite in Japan; phlogopite in the Polar
Urals [Dobretsov and Ponomareva, 1965]) ± albite,
zoisite, allanite, titanite, rutile, zircon, apatite,
chromite, pyrite, and graphite (see Table 3 for a
more specific list). Late-stage enrichment of Ba is
reflected by the crystallization of banalsite and
cymrite in Myanmar (Harlow and Olds, 1987) and
in Guatemala (Harlow, 1994), Ba-Ti-silicate in
Kazakhstan (Ermolov and Kotelnikov, 1991) and
barian phengite in Guatemala (Harlow, 1995). Late-
stage enrichments of Sr are seen in the formation of
stronalsite at Oosa-cho, Japan (Kobayashi et al.,
1987), itoigawaite (the Sr equivalent of lawsonite;
Miyajima et al., 1999), rengeite (Miyajima et al.,
2001), and matsubaraite (Miyajima et al., 2002) at
Itoigawa, Japan, and strontian zoisite (Harlow, 1994)
in Guatemala. 

Primary jadeitite generally lacks quartz,
although the southern jade belt (near Jalapa) in
Guatemala has yielded both a quartz-rutile-jadeitite
rock (Smith and Gendron, 1997) and quartz jadeitite
(Harlow et al., 2004). The quartz-bearing “jadeitite”
from Turkey described by Okay and Kelley (1994)
and Okay (1997, 2002) occurs as bands in blue-
schist-facies metapelites and metapsammites, and
appears to be a completely different kind of rock
type than serpentine-hosted ones. The Jalapa belt of
Guatemala also contains rocks with the assemblages
pumpellyite + jadeite, quartz + jadeite, and law-
sonite + jadeite. 

Albitites are a common feature of the jadeitite
occurrences, as a boundary zone or with a texture
indicating replacement of primary jadeitite; some
have been interpreted as cores of blocks. Albitites
are described to be an intimate part of the lithologic
setting of jadeitite in Myanmar, Guatemala, the
Polar Urals, Kazakhstan, Khakassia, and Japan.
Albitites may contain relict jadeitite: (1) in a reac-
tion texture with albitite phases; (2) along with

omphacite-diopside or actinolite, which outline
replaced jadeite grains; or (3) without visible
replacement textures of jadeite (described in the
Russian literature as “apojadeitites”). The constitu-
ents of albitite, which probably represent alteration
products or relics of jadeitite phases, as well as an
entire secondary albitite suite, include omphacitic-
to-diopsidic pyroxene, analcime, zoisite, taramite,
actinolite, clinochlore, titanite, natrolite, pectolite,
xonotlite, prehnite, zoisite (some as the thulite
variety), calcium carbonate, apatite, graphite, and
quartz (Table 3). Quartz does not occur in contact
with relict jadeite in albitites, a strong indication
that these rocks form outside the stability field of
quartz + jadeite. Albitite has been described as
cores in jadeitite blocks from Itoigawa, Japan (Iwao,
1953; Shidô, 1958; Chihara, 1971) and from Myan-
mar (Chhibber, 1934) but not in sufficient context
with actual totally surrounding jadeitite to establish
albitite as a core lithology.

P-T conditions 

Estimating P-T conditions for a rock that is most
commonly nearly monomineralic necessarily relies
on small variations of composition, associated min-
erals that are sparse and not developed in every
jadeitite locality, and techniques other than phase
equilibrium considerations, e.g. coexisting rocks.
Harlow (1994) used the reactions Anl = Jd + H2O,
Ab = Jd + Qtz, and 4 Lw + 2 Jd = Ab + Pa + 2Cz +
6H2O (with lowered activities of some components)
to limit the upper P-T stability of quartz-free jadei-
tite to ~14 kbar, ~ 450°C (Fig. 18). The relatively
T-insensitive nature of the former two reactions
essentially precludes estimation of a lower-T limit
for jadeitites. Fluid inclusion data reported by
Johnson and Harlow (1999) for Guatemalan jadeitite
yield a lower-T limit of ~272°C. These authors also
calculated T based on the fractionation of 18O
between albite and muscovite, which yields T = 327 ±
50°C for an albitite, and between jadeite and albite,
for T = 401 ± 50°C; five 18O temperatures for albite-
muscovite pairs range from 283° to 302°C (Johnson
and Harlow, 1999). Sorensen et al. (2003) measured
δ18O for two jadeite-albite pairs from Burmese jade-
itite, which yield T from 300° to 400°C. The pres-
ence of jadeite provides a minimum pressure
constraint for jadeitites. However, the realizations
that jadeitite vein formation requires PH2O = Ptotal
and the veins lack quartz, this value is only P > 5–6
kbar (i.e., corresponding to the reaction Jd + W =
Anl), not P > 8–11 kbar (i.e., corresponding to the
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FIG. 16. Cathodoluminesence images of jadeitites. Vertical dimension of all images ~1mm. A. AMNH Specimen
104278, Ketchpel River, Polar Ural Mtns., Russia. B. NMNH Specimen 112701, Myanmar. C. AMNH Field Number
01GSn6-13 (Virginia Sisson), Guatemala. D. NMNH Specimen 94303, Myanmar. E. AMNH Field Number MVJ84-9D
(George Harlow), Guatemala. F. NMNH Specimen 105860, Japan. F. AMNH Field Number MVE02-3-1 (Sorena
Sorensen), Guatemala. G. NMNH Specimen 113778-1, California. All specimens irradiated at conditions of 20kV and
0.5 mA. Images C and G were collected by an Olympus CCD using Magnafire 2.0 software; the others are scanned
emulsion images. The images show the growth of extremely idioblastic grains, oscillitory zoning, and apparent infilling
of fluid-filled spaces; images A, B, and F also show apparent resorption and overgrowth features. Image H also shows
grain-size reduction and the entrapment of brecciated vein-forming grain fragments along a sheared surface that cuts an
earlier-formed vein.
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reaction Jd + Qtz = Ab) for the above temperature
estimates (Fig. 18). 

The P-T conditions of jadeitite formation can
also be constrained by the serpentinite host rocks
and perhaps by the phase assemblages of the tec-
tonic blocks found with jadeitite in the mélange
units, provided the mélange does not contain blocks
that represent a variety of P-T conditions (e.g.,
Cloos, 1986). As noted above, many in situ jadeitite
bodies are hosted by serpentinite that consists of
antigorite (± brucite) adjacent to the jadeitite. The
metamorphic rocks associated with jadeitite, either
adjacent to the host serpentinite body or as mélange
blocks within it, include blueschist-facies meta-
basites (Myanmar—Chhibber, 1934; Goffe et al.,
2000; Guatemala—Harlow, 1994; Harlow et al.,

2004, Japan—Shidô, 1958; Chihara, 1971;
Komatsu, 1987). Rutile mantled by titanite is char-
acteristic of jadeitites and is also ubiquitous in
accompanying metabasites, suggesting blueschist-
facies retrogression of higher-T assemblages.

The presence of lawsonite and/or pumpellyite in
one group of jadeitites of Jalapa, Guatemala, and
Qtz + Jd in another, respectively, imply conditions
of lower temperature for the former and silica satu-
ration at possibly higher pressure for the latter (Fig.
18). In serpentinite-matrix mélanges that yield
quartz-jadeitites (and more ordinary looking pheng-
ite jadeitites) lawsonite eclogites are also present,
which represent very high-pressure, low-tempera-
ture (VHP/LT) conditions (20–25 kbar, ~400–
550°C; Sisson et al., 2003). Thus, jadeitites appar-

FIG. 17. A sectioned jadeitite boulder showing nodular core of white or light green coarse jadeitite surrounded by finely
cataclastically folded to mylonitic banded green (inset at bottom, 14 cm across) and white jadeite with black amphibole fels
demarking earlier boundary, all demonstrating considerable deformation, including fine brittle deformational folding (inset at
top, 7.3 cm across). AMNH 109752, Jade Tract, northern Myanmar, largest dimension is 74 cm.
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ently form over a range of P-T conditions, from the
lawsonite-eclogite- to blueschist-facies. Jadeitite
bodies and the units that host them appear to reflect
subduction-zone metasomatic processes as well as
the tectonics that exhume them in serpentinite-
matrix mélanges. 

The outcrop appearance of jadeitite bodies,
especially the well-known locality at Tawmaw,
Myanmar were interpreted by early workers to be
tabular masses (“dikes”; Fig. 11). This observation,
combined with the restriction to occurrence in bod-
ies of faulted serpentinite (or later, to serpentinite
matrix mélange), probably led to the notion that

jadeitite represented metamorphosed and extremely
metasomatized veins or dikes of albite granite
(trondjemite) that had intruded peridotite, then
gained Na2O and lost SiO2 (e.g., Bleeck, 1908;
Chhibber, 1934). Similar interpretations for jadeitite
from the Polar Urals, Russia and Itmurundy,
Kazakhstan were argued by Dobretsov and Pono-
mareva (1965), although the protoliths were
described as granitoids and leucogabbros, in the
latter case. Transforming a plagiogranite (or a quartz
keratophyre) into a jadeitite requires a far more
complex mass balance than this model implies (e.g.,
Harlow, 1994). As more isolated blocks of jadeitite,

TABLE 3. Mineral Assemblages Characteristic of Jadeitites

Location Assemblage

Myanmar—Tawmaw, Lonkin, etc. Primary: Jadeite, omphacite, sodic amphiboles, chromite, kosmochlor, 
zircon, graphite

Secondary: Albite, analcime, banalsite, cymrite, clinochlore

Guatemala 1—North of MFZ (Maya Block) Primary: Jadeite, omphacite, albite, analcime?, paragonite, phengite, 
preiswerkite, zircon, rutile, titanite, zoisite, allanite, apatite, graphite, 
pyrite.

Secondary: Analcime, albite, nepheline, taramite, titanite, banalsite, 
cymrite, celsian, K-spar, clinochlore

Guatemala 2—South of MFZ (Chortís Block) Primary: Jadeite, omphacite, phengite, quartz, lawsonite, pumpellyite, 
pectolite, zircon, rutile, titanite, apatite, allanite

Secondary: Albite, zoisite, vesuvianite, quartz, tremolite, diopside, cymrite

Japan—Itoigawa Primary: Jadeite, omphacite, albite, eckermannite-barroisite-taramite, 
titanite, rutile, zircon, actinolite, clinochlore, quartz?

Secondary: Analcime, natrolite, lamprophyllite, zoisite (thulite), xonotlite, 
pectolite, slawsonite, tausonite, rengeite, matsubaraite, itoigawaite, 
Sr-apatite

California—Clear Creek, New Idria, California Primary: Jadeite, omphacite, albite?, native copper?

Secondary: Albite, natrolite, pectolite, analcime, native copper

Russia—Ketchpel, Polar Urals Primary: Jadeite

Secondary: Omphacite, albite, phlogopite, tremolite, analcime, natrolite, 
phillipsite

Kazakhstan—Itmurundy Primary: Jadeite, omphacite, titanite, rutile, albite, graphite, magnetite, 
chromite, pumpellyite?

Secondary: Albite, analcime, natrolite, tremolite, green mica (phengite?), 
benitoite? (a Ba-Ti-silicate)

Khakassia—Yenisey River (Borus mélange) Primary: Jadeite, omphacite, “hornblende,” phlogopite, rutile, garnet?

Secondary: Albite, Ac+Ko-rich omphacite, epidote, Na-actinolite, analcime, 
chlorite, carbonate
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and associated rounded mafic blocks, but no felsic
ones, were found and described, the interpretation
turned to wholesale replacement of tectonic
mélange blocks of original leucocratic igneous or
sedimentary provenance (e.g., Chhibber, 1934;
Dobretsov and Ponomareva, 1965; McBirney et al.,
1967; Silva, 1967, 1970; Bosc, 1971). Coleman
(1961) drew similar conclusions at New Idria, Cali-
fornia, although at that locality, jadeitites occur in
two settings, as described above. Hirajima and
Compagnoni (1993) described jadeite-garnet-
phengite-coesite fels from the southern Dora Maira
massif, Western Alps, which is a layer in a HP ortho-
gneiss sequence. Felsic metasedimentary rocks
have different mass balance issues than do plagio-
granites, but again, a formidable number of compo-
nents must be added and subtracted from either
metagraywacke or metapelite to effect a transforma-
tion to jadeitite. Based on a concentric zonation of
bodies in serpentinite mélange consisting of eclogite
cores, surrounding omphacite rock, and small jade-

itite bodies surrounding them (Fig. 14), Dobretsov
(1963) proposed that jadeitites in West Sayan
replaced eclogite blocks. Compagnoni and Rolfo
(2003) have observed patterns of rutile grains,
which they interpreted to be remnants of a boudi-
naged vein of basalt or trondhjemite, in a newly
discovered jadeitite at Punta Rasciassa, Italy. Like
all of the other proposed protoliths, mafic rocks have
severe mass balance problems, in this case because
of their large Mg, Fe, and Ca contents, with no obvi-
ous sinks in serpentinizing peridotite (e.g., Harlow,
1994).

Other lines of evidence suggest that these
genetic models should be considerably modified.
We have employed CL imaging, a method that uti-
lizes the effect small changes in minor or trace-ele-
ment concentrations have upon the luminescence of
jadeite crystals that dramatically manifests their
growth zoning. We have studied >100 jadeitite spec-
imens from all major localities and found no relics of
protolith replacement textures, only earlier crystal-

FIG. 18. Pressure-temperature diagram for jadeitites. A petrogenetic grid is shown for metabasites that uses facies
boundaries from Peacock (1993) at pressures to about 20 kbar and Katayama et al. (2001) at higher pressures. Reactions
are limits for jadeitite and albitite formation (Harlow, 1994). 
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lized generations of jadeite (e.g., Harlow, 1994;
Sorensen and Harlow, 1998, 1999, 2001). With CL,
crystals of jadeite in jadeitites are shown to be cryp-
tically to rhythmically zoned (Fig. 16); in petro-
graphic examination, they are seen to contain two-
phase aqueous fluid inclusions. Together, these
observations support an interpretation of direct crys-
tallization from an aqueous fluid. Although many
jadeitites show evidence for multiple deformation,
recrystallization, and deposition events, the latest
episode of crystallization is invariably via vein and/
or crack systems within the rocks. Because low sil-
ica activity must be maintained in order to form
quartz-free jadeitite, a genetic relationship with ser-
pentinizing fluid in fractures is implied, with mini-
mal involvement of metasomatic replacement of a
protolith. This interpretation obviously conflicts
with the model of Dobretsov (1963) and observations
of Compagnoni and Rolfo (2003) at Punta Ras-
ciassa; however, we regard these two examples of
metasomatic replacement as exceptions to the
majority of jadeitite occurrences and samples. 

Fluid inclusion salinities and O/H isotopic
systematics in jadeitites from Guatemala have been
interpreted to indicate the predominance of a sea-
water-like fluid, entrained during subduction, rather
than the product of dehydration of deep metamor-
phic minerals (Johnson and Harlow, 1999). Simi-
larly, both primary and secondary fluid inclusions in
eclogite and garnet amphibolite samples from the
Franciscan Complex and Catalina Schist, Califor-
nia, and the Samaná Peninsula, Dominican Repub-
lic preserve seawater-like salinities (Sorensen and
Barton, 1987; Giaramita and Sorensen, 1994). 

Trace element and oxygen isotope studies of
jadeitites with SIMS elucidate certain common com-
positional traits that distinguish between deposits
and, yet, indicate that individual grains of jadeite
can manifest considerable heterogeneity during
growth. Overall trends suggest that some deposits
have a strong signature from sediments (perhaps in
Guatemala), whereas others may record a significant
felsic-igneous component (perhaps Myanmar)
(Sorensen and Harlow, 1998, 1999; Sorensen et al.,
2003). However, highly variable trace-element zon-
ing in jadeite from a single deposit suggests that
diverse fluid compositions are recorded by different
jadeitite blocks in the same unit. It is therefore
possible that hydrous fluids involved in jadeitite
crystallization derive from various sources in the
subduction system, and we, the authors, are not in
full agreement about those different possible

sources, even for the Guatemala jadeitites. One of us
(GEH) believes fluid could be derived from dewater-
ing and some shallower dehydration, whereas we
both agree that an important fluid source must be
devolatilization within a subducting slab at depths
that correspond to the blueschist-to-eclogite transi-
tion, as well as other more continuous dehydration
sources, as argued by Schmidt and Poli (1998).
High-pressure experiments indicate fluids in equi-
librium with the P-T-x of this transition will be
enriched in Na, Al, and Si, all important to potential
saturation of jadeite (e.g., Manning, 1998). It seems
possible that such fluids, if they enter a depleted
ultramafic rock, could produce jadeitite at P-T
conditions below the Jd + Qtz = Ab reaction,
provided that the SiO2 activity was insufficient to
crystallize albite. Even though jadeitite from Guate-
mala shows important tracers from a sedimentary
source, and a seawater signature may be indicated
(Johnson and Harlow, 1999), it is not clear how a rel-
atively Na-, Al-, Si-rich fluid can be produced solely
by dewatering of sediments.

One study of the interaction of originally basaltic
mafic blocks in an ultramafic matrix indicates that
the blocks can be stripped of many elements during
subduction-zone hydration. In the amphibolite unit
of the Catalina Schist, large amounts of both SiO2
and H2O were added to an ultramafic mélange that
contains numerous mafic meta-igneous blocks
(Bebout and Barton, 2002). Much of the SiO2 that
metasomatized parts of the ultramafic mélange
matrix was derived from the blocks. When H2O was
introduced to a system that probably originally
consisted of eclogite + peridotite, mafic blocks
reacted with the ultramafic matrix, forming rinds
rich in SiO2 and MgO at block-host rock contacts.
Then, parts of rinds were stripped mechanically
from the blocks by deformation, which was probably
enhanced by the local presence of H2O. The rinds
further reacted with the host rocks to redistribute
SiO2 more widely within the matrix, to yield chlorite
± actinolite schists. 

Associated serpentinite 

As noted above, some primary jadeitite bodies
are adjacent to serpentinite that consists primarily
of antigorite, whereas other serpentinites in the ser-
pentinite mélange belts may consist of chrysotile ±
lizardite. In fact, this relationship has been noted for
the localities at Punta Rasciassa, Italy (Compagnoni
and Rolfo, 2003; R. Compagnoni, pers. comm.,
2003); Tawmaw (Shi et al., 2001, 2003) and Nant
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Maw Mine #109 (GEH) in the Jade Tract, Myanmar;
as well as Guatemala (e.g., Sisson et al., 2003).

The mode of occurrence of antigorite in jadeitite-
bearing serpentinite mélanges is a clue to the earli-
est fluid-rock history that the jadeitite-serpentinite
system records. In the system MgO-SiO2-H2O,
chrysotile forms antigorite + brucite at P-T condi-
tions that range from 250°C at 1 bar to ~175°C at 20
kbar; Al-free lizardite is modeled to have a P-T sta-
bility that overlaps the lower-T portion of P-T stabil-
ity range of antigorite (Evans et al., 1976; Berman et
al., 1986; O’Hanley, 1996). Thus, antigorite serpen-
tinite found adjacent to jadeitite bodies is likely a
product of the hydration of virtually unserpentinized
ultramafic rock at relatively high temperatures (i.e.,
300–400°C) by jadeitite-forming fluids, and there-
fore represents the early, HP/LT history of jadeitite-
bearing serpentinite mélange. A low degree of
serpentinization in ultramafic rock hosting jadeitite
would explain the lack of quartz in jadeitite, inas-
much as the ultramafic mars will act like a sponge
for the fluid and silica in it during serpentinite
formation. The presence of late Ca-enrichment in
and around jadeitite bodies, as well as the introduc-
tion of Cr-richer jadeite and Cr-bearing minerals
into many jadeitites via late-stage veining (and
tectonic admixing) suggests formation of this com-
position of jadeite after a considerable degree of
serpentinization has occurred. At this point, the
“sponge effect” of the ultramafic rock has
decreased, and ultramafic clinopyroxene and
primary spinel break down. Their components are
released into the fluid in the serpentinite, which
could mix with the vein fluid. This is consistent with
the observation that serpentinite-hosts of jadeitites
contain few, if any, relict peridotite minerals (e.g.,
Coleman, 1961; Harlow, 1994).

Chrysotile and lizardite clearly reflect lower tem-
peratures of serpentinite genesis than is consistent
with the T inferred for jadeitite formation. These
may form at the expense of antigorite, particularly in
fluid-saturated shear zones during exhumation.
Alternatively, some fraction of the low-T serpentine
minerals may be relicts of pre-subduction hydration
within the oceanic crust of the downgoing slab (e.g.,
Carlson and Miller, 1997) that are exposed in differ-
ent slices of the ultramafic massif. Also, serpentini-
zation of peridotite that was not exposed to fluids at
depth may take place near the Earth’s surface,
following the bulk of the exhumation. At present, no
data exist that can discriminate among these

hypotheses for the presence of low-T serpentine in
jadeitite-bearing serpentinite-matrix mélange. 

Mode of formation and tectonic implications 

Solubility experiments related to the blueschist-
to-eclogite transition (Manning, 1998) indicate that
dewatering of the hydrated basaltic component of
subducting slab produces Na-Al-Si–rich fluids,
which should be capable of forming jadeitite within
an active subduction zone. Fluid flow into faulted
peridotite, which could have originated as fragments
of the mantle wedge or slices of basal ocean crust
incorporated into subduction zone mélanges, evi-
dently promotes the crystallization of jadeitite veins.
The rheological contrast between the competent
veins and their serpentinite matrix suggests that
deposition of successive generations of jadeite on
previous ones might be enhanced as the veins
became preferred locations for deformation and
fluid flow during serpentinization, ductile material
flow, and brittle faulting (Fig. 19). Fluid that trav-
eled down both P and T from its source would tend
to crystallize jadeitite, whereas a down-P, up-T flow
path could form albitite (e.g., Bebout and Barton,
1993; Harlow, 1994; Bebout et al., 1999). The fluid
flow path and crystallization sequence could also be
affected by the mode of ascent of serpentinite, which
is documented to rise rapidly and diapirically
through subduction zone forearcs (Fryer et al.,
1999). The modern tectonic setting of jadeitites and
hosting serpentinites along transform-type faults
may indicate another aspect of the environment of
emplacement, which has been interpreted in terms
of an oblique collision with buoyancy, parallel
stretching at the plate margin, and late thrusting for
the Guatemala occurrences (Harlow et al., 2004)

The textural evolution of jadeitites worldwide
indicates multiple styles of grain growth, and in
some cases the alternation of static crystallization,
hydrofracture, resorption, and grain size reduction
by ductile deformation. Cycles of jadeite crystalliza-
tion begin with near–end member compositions, and
evolve to contain up to 10% diopside solid solution.
More than one of these sequences is recorded by
some jadeitite samples. Abundant growth bands,
seen both in CL and backscattered electron imaging
or X-ray mapping with the scanning electron micro-
scope, document fractures that have been infilled
by later jadeite (see Fig. 16). Brittle deformation,
probably in the form of hydrofracture, apparently
allows fluid access to jadeitite masses. Some jadei-
tites show evidence for grain-boundary fluid perco-
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lation, seen in a new generation of jadeite that
decorates an aggregate of grains with different com-
positions. Other specimens contain shear zones that
evidently comminuted grains by orders of magni-
tude. A few jadeitite grains show resorbed cores of
one composition, surrounded by growth-zoned, idio-
blastic jadeite. Jadeitites obviously testify to a
dynamic environment of formation (Fig. 17). 

One of the puzzling features of jadeitites is the
description of albitite cores in some blocks. All
jadeitites we have examined, including those
from localities where albitite cores are documented
(Itoigawa and Myanmar), have clear textural
evidence of crystallization from a fluid, so we are
fairly certain they are not metasomatized albitite.
The critical difference between these two lithologies
in serpentinite mélanges is their silica content,
because otherwise jadeite and albite can be stable
over a sizable range of P-T conditions, between the
Anl = Jd + H2O and Ab = Jd + Qtz reaction bound-
aries (see Fig. 18); a metamorphic facies change is
not necessarily required. Most jadeitite occurrences
feature albitite as both an alteration product of jade-
itite and a separate lithology subsequent to jadeitite.
Thus, in most of the occurrences, silica activity rose
to albite saturation after jadeitite formed, rather
than before. 

However, it isn’t clear whether this depends on
local effects of serpentinization upon fluids, or a
combination of primary fluid compositions and their

P-T-x paths. Some tectonic blocks cut by jadeitite
are similar to albitite, e.g., the schists at Clear
Creek, California (Coleman, 1961), but the Itoigawa,
Japan deposits lack schist-like or other felsic
blocks, containing only albitites. We are left to con-
clude that the cases cited with albitite cores repre-
sent either misidentified tectonic inclusions that
somehow were surrounded by jadeitite crystallizing
from a fluid, an unusual example of albitite crystal-
lization from a fluid prior to jadeitite within an ultra-
mafic, or something other than a core-to-rim
relationship that may have been physically created
by deformation. T. Tatsumi (pers. comm., 2003) has
recently studied the albitite-jadeitite relationships
at Itoigawa, and confirmed that albitite only appears
to be at the cores of some jadeitites but it is actually
texturally later. So, further studies of these samples
are indeed required. 

The rarity of jadeitite within blueschist belts
means that the conditions for its formation, the
subsequent P-T and fluid regimes to which it is
exposed, and the tectonics appropriate for emplace-
ment and preservation rarely occur. The apparent
association of jadeitite-bearing serpentinite
mélange with major plate boundary zones (PBZ)
suggests more than just diapiric rise of host serpen-
tinite may be required for preservation. Recent
studies by ourselves and our co-workers (Harlow et
al., 2003b, 2004) suggest that along the Motagua
fault zone, at least some components of the

FIG. 19. Diagram of model for formation of jadeitite. A. Fracture forms in peridotite. B. Shear motion opens portions
of fracture to permit jadeite-saturated vein fluid to deposit jadeitite (shaded) in the fracture and fluid infiltration into the
peridotite commencing serpentinization (diagonal hachures). C. Successive fracturing focuses on existing brittle jadei-
tite, allowing precipitation of additional jadeitite (horizontal bars) crystallization in the vein system and further fluid
infiltration serpentinization of peridotite.
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mélanges ascended from ~60–80 km depths without
experiencing thermal metamorphism (also, evidence
for substantial extension parallel to the PBZ is
present.) Thrusting plus erosion (Harlow et al.,
2004), which seem to be a feature of oblique colli-
sion converting into a strike-slip PBZ (Avé Lalle-
mant and Guth, 1990), appear to have effected final
stages of uplift. Evidence for similar tectonic
processes is present in Myanmar and Japan. If
this particular concatenation of syn- and post-sub-
duction tectonic processes is required to exhume
jadeitite, their paucity is not particularly surprising.

Conclusions

Many nephrite and all jadeitite deposits record
fluid-rock interactions associated with serpentiniz-
ing peridotite at depths from >50 km to the near
surface in convergent margin environments.
Although the formation of large bodies of jadeitite
ought to be fairly common, its exhumation and
preservation are evidently relatively rare. These
processes may require sequences of tectonic condi-
tions that are uncommon. Both jadeitite and neph-
rite contain evidence for fluid-rock interactions over
a large range of P-T-x fluid conditions. As such, they
have recorded convergent margin processes that are
not well represented by other rock types affected by
subduction zone devolatilization. Jade, a material
long cherished by many human cultures, is thus
petrotectonically significant because of what it can
relate about mass transfer by fluids in both subduc-
tion and obduction environments of convergent
margins. Finally, Bob Coleman’s studies of jade in
California and New Zealand, and his work on
tectonic inclusions in serpentinites have formed our
fundamental inspiration for this paper, and we con-
gratulate him on the occasion of his 80th birthday. 
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