Ancient jades map 3,000 years of prehistoric
exchange in Southeast Asia
Hsiao-Chun Hunga,b, Yoshiyuki Iizukac, Peter Bellwoodd, Kim Dung Nguyene, Bérénice Bellinaf, Praon Silapanthg,
Eusebio Dizonh, Rey Santiagoh, Ipoi Datani, and Jonathan H. Mantonj
Departments of aArchaeology and Natural History and jInformation Engineering, Australian National University, Canberra ACT 0200, Australia; cInstitute of
Earth Sciences, Academia Sinica, P.O. Box 1-55, Nankang, Taipei 11529, Taiwan; dSchool of Archaeology and Anthropology, Australian National University,
Canberra ACT 0200, Australia; eDepartment of Ancient Technology Research, Vietnam Institute of Archaeology, Hanoi, Vietnam; fCentre National de la
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We have used electron probe microanalysis to examine Southeast
Asian nephrite (jade) artifacts, many archeologically excavated,
dating from 3000 B.C. through the first millennium A.D. The
research has revealed the existence of one of the most extensive
sea-based trade networks of a single geological material in the
prehistoric world. Green nephrite from a source in eastern Taiwan
was used to make two very specific forms of ear pendant that were
distributed, between 500 B.C. and 500 A.D., through the Philippines, East Malaysia, southern Vietnam, and peninsular Thailand,
forming a 3,000-km-diameter halo around the southern and eastern coastlines of the South China Sea. Other Taiwan nephrite
artifacts, especially beads and bracelets, were distributed earlier
during Neolithic times throughout Taiwan and from Taiwan into
the Philippines.

Japanese archaeologist Kano Tadao (7) recognized four types of
jade earrings with circumferential projections that he believed
originated in northern Vietnam, spreading from there to the
Philippines and Taiwan. Beyer (8), Fox (3), and Francis (9) also
suggested that the jade artifacts found in the Philippines were of
mainland Asian origin, possibly from Vietnam. In Taiwan, it was
generally believed that all prehistoric jade artifacts were exotic,
until the 1997 Raman spectroscopy sourcing study by Tan and his
colleagues (10). This confirmed that the jades from Beinan, the
largest excavated collection from Neolithic Taiwan, were of raw
material from the Fengtian source in eastern Taiwan. Visual
examination had already suggested this, because Fengtian nephrite is often a distinctive translucent green and has black spots
in its texture.

Austronesian languages 兩 electron probe microanalysis 兩 nephrite trade 兩
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Results
This article focuses on the three-pointed lingling-o and animalheaded pendants (see SI Text). To determine the geological sources
of the materials used to make these artifacts, we have undertaken
a series of mineral analyses using an electron probe microanalyzer
(EPMA) at the Institute of Earth Sciences, Academia Sinica,
Taipei. This technique, applied with wave-length dispersive spectrometers (WDS-EPMA), has been used to construct a mineralogical database for several nephrite deposits, including Fengtian in
Taiwan and other green nephrites from East Asia and the Pacific
(China, Siberia, Japan, Australia, New Caledonia, New Zealand,
and British Columbia), as well as white nephrites from China,
Luzon (Philippines), Russia, and Korea. Criteria have been proposed to identify Fengtian nephrite based on the mineral chemistry
of both the nephrite matrix and the zinc (Zn)-chromite inclusion
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rtifacts of nephrite (jade)k have been reported in great
variety and large numbers from many Neolithic and
Bronze–Iron Age archaeological sites in China, Taiwan, and
northern Southeast Asia (especially Vietnam and the Philippines). Many appear to be relatively local in origin, in terms of
both raw material and style. But within the broad range of
material represented, archaeologists have long been aware that
two very specific and fairly standardized forms of nephrite ear
ornament occur across a very large region, extending from
Taiwan through the Philippines, East Malaysia, central and
southern Vietnam, and as far southwest as eastern Cambodia
and peninsular Thailand [see supporting information (SI) Table
1]. These two forms are the so-called lingling-ol penannular
earring with three pointed circumferential projections (Fig. 1
A–C) and the double animal-headed ear pendant (Fig. 1D) (1–3).
The three-pointed lingling-o is the most widespread form of
jade ornament in Southeast Asia, with examples being reported
from southeastern Taiwan, the Philippines, Sarawak, central and
southern Vietnam, central and southern Thailand, and eastern
Cambodia, as listed in Fig. 2 and located in Fig. 3. All of these
exquisite ear ornaments share very close similarities in style,
manufacturing technology and size, being ⬇30–35 mm in diameter. The distribution of the double animal-headed ear pendants
is similar: Lanyu Island (off southeastern Taiwan), Philippines,
central and southern Vietnam, and central Thailand. Radiocarbon dates suggest an age range from 500 B.C. to 500 A.D. for
both of these remarkable artifact types in Southeast Asia (SI
Table 2), thus placing them within a period of late prehistoric
indigenous social complexity and interregional interaction, contemporary with later Zhou to Han Dynasty China and with early
trade from India but before the intensive Indian religious,
philosophical, and architectural influence that became established during the later first millennium A.D. (4–6).
Archaeologists have long noted the widespread occurrences of
these and other jade ornaments in Southeast Asia. In the 1940s,
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kJade

is a term used in the broad sense of a hard and shiny stone, applied to two
monomineralic rocks termed jadeitite and nephrite in gemology and geology. Both
jadeitite and nephrite occur in metamorphic rocks, but their chemical compositions are
different. Jadeitite is composed of jadeite (sodium clinopyroxene), whereas nephrite is
composed of tremolite and/or actinolite (calcium amphibole). All studied Neolithic and
Iron Age jade artifacts from Taiwan, the Philippines, and Vietnam are of nephrite.

lA

double animal-headed pendant was found in place on the skull of a burial at Giong Ca
Vo in southern Vietnam. ref. 2, Fig. 29.1. In the 1940s, American archaeologist H. Otley
Beyer noted that some of the jade ear pendants he encountered in the Batangas area were
similar in shape to the metal pendants worn ethnographically by the Ifugao, Bontoc, and
Kalinga peoples in the Northern Luzon Cordillera region, who termed them lingling-o. The
term is now used widely to refer to a general class of earrings with projections, but in this
article, with Fox (3), we refer only to the specific three-pointed form in jade.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0707304104/DC1.
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As shown in Fig. 4 A–E, the compositions of these 116 jade
artifacts can be identified as tremolite and/or actinolite in the
Ca-amphiboles, with Mg/(Mg⫹Fe) ratios ⬍0.93. Based on their
chemistry and fibrous textures, all of these artifacts and associated jade manufacturing waste materials are of nephrite. The
chemical compositions of their matrices are within the ranges of
Fengtian nephrite. Chromites (Cr-rich spinels), black in color,
can also be detected as inclusion minerals on the surfaces of most
specimens, and these chromites contain zinc in amounts equivalent to Fengtian nephrite (Fig. 4F). The results indicate that all
were made of nephrite raw material from eastern Taiwan.
Further EPMA sourcing studies have been undertaken on a
range of other, variously colored nephrite artifacts excavated from
the Philippines and Vietnam. These results indicate that both
countries have thus-far unlocated nephrite sources, used for the
manufacture of artifacts since the Neolithic (14) (Fig. 4 C and E and
SI Table 7). However, the mineral chemistry of these artifacts is
clearly different from that of Fengtian nephrite. Although it is
impossible for us to determine the range of chemical variation for
every nephrite source in the Asia–Pacific region, given that the
locations of many are completely unknown, we feel justified in
claiming a very high level of confidence from the matrix and
inclusion analyses reported here that the Fengtian nephrite has
been reliably characterized.

Fig. 1. Green nephrite jade ornaments and manufacturing debitage. (A–C)
Nephrite lingling-o penannular earrings with three pointed circumferential
projections. (A) Go Ma Voi, Vietnam (Institute of Archaeology, Hanoi). (B)
Uyaw Cave, the Tabon Complex, Palawan, Philippines (National Museum of
the Philippines, Manila). (C) Duyong Cave, the Tabon Complex, Palawan,
Philippines (National Museum of the Philippines, Manila). (D) Double-headed
animal nephrite ear pendant from the Philippines (collection of Ramon Villegas, Manila). (E–O) A suggested manufacturing sequence for lingling-o ear
pendants, as reconstructed from discarded raw material recovered at Pinglin,
eastern Taiwan, and Anaro, Itbayat Island, northern Philippines (these pieces
do not come from a single manufacturing event). Stage 1: E is a triangular
discard from a cut square preform ⬇1 cm thick (F), the intention being to shape
an octagonal blank (see I); from Pinglin, eastern Taiwan. Stage 2: G and I
represent the first bracelet to be drilled from an octagonal blank, in this case,
⬇2 cm thick, leaving a round core (H). Presumably, the original bracelet outer
diameter exceeded the diameter of available bamboo drills, hence this
method of manufacture, allowing the projecting corners to be ground off to
give the bracelet a round exterior; from Pinglin. Stage 3: J represents a second
(or perhaps third) bracelet drilled from a large core; from Pinglin. Successive
bracelet and flat ear ring removals could have continued from this point, until
the remaining core became too small to use. Stage 4: Items K–O all come from
Anaro, Itbayat, northern Philippines. We infer that some large discs produced
by large bracelet manufacture were brought to Anaro from Taiwan, each to
become the blank for four lingling-os, drilled in quadripartite fashion (P). O is
a drilled core from the center of a lingling-o; K–M are discards from around
and between the smaller drilled circles. N is part of a much thinner ring drilled
out to help delineate the projections, which were probably drilled finally at
90° to the axis of the core and finished by manual shaping (see A–C).

minerals (11). For the artifacts, many of them precious museum
antiquities, a low-vacuum scanning electron microscope (LVSEM)
equipped with an energy dispersive x-ray spectrometer (EDS)
offers a completely noninvasive analytical technique (12, 13). So far,
mineral analyses have been carried out on 144 jade artifacts from
22 archaeological sites in Taiwan (Taiwan proper, Penghu, Ludao,
and Lanyu) and 27 sites in Southeast Asia (Philippines, Sarawak,
central Vietnam, and southern Thailand). One hundred sixteen
specimens from 38 sites have already been confirmed as being of
Taiwan jade (SI Tables 3–7).
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Discussion
The Fengtian jade artifacts that we have analyzed belong to two
phases in Southeast Asian archaeology; the Neolithic in Taiwan
(⬇3000–500 B.C.) and the Philippines (⬇2000–500 B.C.) and
the Early Iron Age in a much vaster region across the South
China Sea between 500 B.C. and 500 A.D. In Taiwan itself, tools
and ornaments made of Fengtian nephrite have been found in
⬎108 sites dating from the early Neolithic to the Iron Age
(⬇3000 B.C. to 500 A.D.) (15).
Although not the main focus of this article, nephrite adzes,
bracelets, bell-shaped beads, and tubular beads are widespread
in both Taiwan and the Philippines. Many of these come from
Neolithic contexts within Taiwan. Those from Philippine contexts are similar to specimens in Taiwan, and all analyses so far
have traced their nephrite to Fengtian. For instance, a Fengtian
nephrite bracelet from Nagsabaran, northern Luzon, dated
between 1800 and 1500 B.C., falls in width and diameter within
the ranges for 24 jade bracelets dated 2300–1600 B.C. from
Youxianfang in southwestern Taiwan (16). Possibly, some of the
Neolithic green jade items found in the Philippines were transported as finished goods from Taiwan during this earlier phase.
After Neolithic migrants settled Luzon from Taiwan ⬇4,000
years ago (4, 17–21), the export of Fengtian nephrite from
Taiwan into the Philippines continued for ⬎2,500 years, until
well into the Iron Age. This has recently been determined from
three separate archaeological assemblages (Sunget, Anaro, and
Savidug—see Fig. 3) in the Batanes Islands, between Taiwan and
Luzon, each with Fengtian nephrite present at many dates
between 1000 B.C. and 500 A.D. (22). However, the circumstances of manufacture and the scale of the trade both changed
dramatically during the Iron Age (⬇500 B.C. to 500 A.D.).
During this time, the ear pendants described above appeared in
an extensive region of Southeast Asia, although only one has so far
been found in Taiwan itself—a three-pointed lingling-o from Jiuxianglan in southeastern Taiwan. This situation suggests an export of
‘‘blanks’’ to further regions where artisans manufactured artifacts
tailored to local taste. This scenario is supported by a presence of
slate cutting tools and pieces of worked Fengtian nephrite, including
drilled-out cores, annular rings, rectangular cut pieces and recycled
artifacts, in several Iron Age habitation sites in Southeast Asia.
These cut nephrite fragments often indicate that lingling-o or
animal-headed ear pendants were being made locally by using
Fengtian nephrite blanks.
Hung et al.

Fig. 4. Chemical compositions of nephrite jade artifacts. (A–E) Chemical compositions of the nephrite jade matrices of studied artifacts from Taiwan (A and
B), the Philippines (C and D), and Borneo, Vietnam, and Thailand (E). The x and y axes represent, respectively, Si (atoms per formula unit on the basis of 23 oxygen)
and Mg/[Mg⫹Fe2⫹] ratios, with the ideal chemical formula of calcium amphibole (Ca2[Mg,Fe]5[Si,Al]8O22[OH]2). Relative standard deviations (1) of measurements are shown as error bars. (A) Symbols represent the WDS-EPMA results for 42 artifacts from 17 Taiwan sites. The upper shaded area encloses the chemical
compositions of white-colored nephrite jade deposits from China (Liaoning, Xinjiang, Gansu, and Jiangsu Provinces) and Korea (Chuncheon) (11–13). The lower
shaded area represents the chemical compositions of green nephrite jade raw materials from the Fengtian deposit (eight hand specimens) and a nearby riverbed
(nine hand specimens) in eastern Taiwan (11). The chemical boundary between tremolite and actinolite is marked by the Mg/(Mg⫹Fe) ratio of 0.90 (SI Table 3).
(B–E) Analytical results obtained by the noninvasive LVSEM-EDS technique. The enclosed areas delimit the range of chemical compositions for Fengtian green
nephrite jades. (B) Yugang and Guanyindong on Ludao Island, Lanyu High School on Lanyu Island, and Liyushan (Wangan Island) and Nangang (Qimei Island),
Penghu Archipelago (12 artifacts from five sites, SI Table 4). (C) Anaro on Itbayat Island, Sunget on Batan Island, Savidug on Sabtang Island, Nagsabaran in the
Cagayan Valley, and Kay Daing in Batangas, northern Philippines (30 artifacts from five sites) (SI Tables 4 and 5). The white nephrite (tremolite) artifacts from
Uilang Bundok (UB: 1 adze) and Pila (PB: 3 adzes) in Batangas, and 12 adzes and two preforms from H. Otley Beyer’s 1940s Batangas collection in the National
Museum of the Philippines, are shown as gray symbols. In terms of their mineral chemistry and archaeological contexts, the white nephrites in the Philippines
are probably of local origin (14) (SI Table 7). (D) Tabon Caves, Palawan (22 ornaments from nine sites: see SI Table 6). Seven lingling-o penannular earrings with
three pointed circumferential projections and a single bicephalous (double-headed) animal ear pendant are plotted. (E) Artifacts from Niah Cave (Sarawak), Go
Ma Voi (GMV) (central Vietnam), and Khao Sam Kaeo (KSK) in peninsular Thailand are represented here, including the lingling-o penannular earrings with three
pointed circumferential projections from Niah and GMV (10 ornaments and worked pieces from three sites: see SI Table 4). White to green nephrite artifacts from
northern Vietnam (MB, Man Bac; TK, Trang Kenh; XR, Xom Ren; GB, Go Bong; QC, Quy Chu; YB, Yen Bac), from central Vietnam (GMV; GD, Go Dua), and from
southern Vietnam (GL, Giong Lon), shown by gray and black symbols, are not of Fengtian nephrite in terms of their mineral chemistry (see SI Table 7). (F) Chemical
compositions of zinc-bearing chromite ([Mg,Fe,Zn][Al,Cr]2O4) inclusions in the surfaces of nephrite artifacts, analyzed by the noninvasive LVSEM-EDS technique.
Symbols represent the value for zinc oxide (ZnO in wt %) and the Cr/(Cr⫹Al) ratio for each artifact. Because the chromite in Fengtian nephrite jade bears
significant amounts of zinc (2 to 11 wt % in ZnO) (11) in comparison with the other possible nephrite (actinolite/tremolite) jade sources tested (Chara Jelgra,
Siberia and Nanshan, Gansu), the Zn content provides a good clue for the identification of Fengtian nephrite.
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Global warming could lead to increased
severe thunderstorms
Scientists anticipate intensified precipitation by the end of the
century as increased anthropogenic greenhouse gas concentrations are expected to raise average temperatures by 2–6°C
around the world. Robert
Trapp et al. used global and
high-resolution regional climate models to examine
whether the intensified precipAnomaly in severe thunderstorm itation will arise from severe
environment days (NDSEV) in thunderstorms. The authors
spring (Left) and summer (Right). evaluated two quantitative
measures of thunderstorm environments: the convective available potential energy (CAPE),
a measure of a storm’s energy, and the storm’s wind shear.
High CAPE and shear values in localized areas are known to
promote damaging storms that produce large rainfall rates, hailstones, destructive surface winds, and tornadoes. The authors
discovered that under greenhouse gas emission scenarios predicted by the Intergovernmental Panel on Climate Change, the
number of days on which meteorological conditions occur that
would support the formation of severe thunderstorms increases
⬎100% in the United States. The increase will be particularly
notable in densely populated regions of the southern and eastern United States, including cities such as Atlanta and New
York. Reduced emissions, the researchers say, could reduce the
increases they have projected. — F.A.
‘‘Changes in severe thunderstorm environment frequency during the
21st century caused by anthropogenically enhanced global radiative
forcing’’ by Robert J. Trapp, Noah S. Diffenbaugh, Harold E. Brooks,
Michael E. Baldwin, Eric D. Robinson, and Jeremy S. Pal (see pages
19719–19723)
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Prehistoric Asian jade linked to Taiwan
The ratio of elements in jade and its inclusions can pin it to the
locality where it was quarried. In previous work, Hsiao-Chun
www.pnas.org兾cgi兾doi兾10.1073兾iti5007104

Hung and Yoshiyuki Iizuka developed a database for jade sites
around the Pacific Rim. Now, assisted by their coauthors, they
have analyzed a set of artifacts dated from 3000 B.C. to 500
A.D. and shown that, although
jade artifacts can be found
across a broad swath of southeast Asia, most of them can
be traced to a single geological origin: Fengtian, in Taiwan. The authors used a
low-vacuum scanning electron
microscope with an energy
dispersive x-ray spectrometer
2,000-year-old jade earrings.
to identify the relative
amounts of iron, magnesium,
and silicon, together with the inclusion minerals, in the jade.
Two types of ear ornament were chosen for the study: the
three-pointed ‘‘lingling-o’’ and a two-headed animal pendant,
both of which were popular in southeast Asia between 500 B.C.
and 500 A.D. The authors analyzed 144 artifacts, including
some Neolithic specimens, from Taiwan, the Philippines, Malaysia, Vietnam, and Thailand. Based on elemental composition,
116 were identified as originating in Fengtian. The source of
the others remains unknown. This work, the authors say, reveals
one of the most extensive prehistoric trading networks in semiprecious stone. — K.M.
‘‘Ancient jades map 3,000 years of prehistoric exchange in Southeast
Asia’’ by Hsiao-Chun Hung, Yoshiyuki Iizuka, Peter Bellwood, Kim
Dung Nguyen, Bérénice Bellina, Praon Silapanth, Eusebio Dizon, Rey
Santiago, Ipoi Datan, and Jonathan H. Manton (see pages 19745–
19750)
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High folate levels are linked to exacerbation
of vitamin B12 deficiency
The metabolism of the vitamins folic acid and B12 is linked and
deficiency in either can lead to anemia and macrocytosis. Deficiency in vitamin B12, but not folate, may also be associated
with neurological and neuropsychiatric abnormalities. Previous
research has shown, among participants in a United States survey, that prevalence of anemia and cognitive impairment is apPNAS 兩 December 11, 2007 兩 vol. 104 兩 no. 50 兩 19657–19658

proximately five times higher in people who have low vitamin
B12 status and high blood folate levels, compared with those
who had low vitamin B12 status but normal blood folate levels.
These data seem to suggest that high blood folate is associated
with amplifying clinical manifestations of vitamin B12 deficiency. Jacob Selhub et al. show that high folate may worsen
clinical manifestations of B12 by altering the activity of two enzymes that require B12 to function. In people with vitamin B12
deficiency, high blood folate levels are linked to higher levels of
homocysteine and methylmalonic acid, biomarkers of B12 status,
versus individuals with B12 deficiency and normal blood folate
levels. These data relating high folate and low B12 to clinical
and biochemical outcomes were obtained from a sample of the
elderly population in the United States after foods such as
flour and cereal were mandated by the U.S. Food and Drug
Administration to be fortified with folic acid in 1998. The authors conclude that the levels of folate associated with adverse
effects are only attainable through folic acid supplements and
fortified foods, not from natural folate. — B.T.
‘‘In vitamin B12 deficiency, higher serum folate is associated with
increased total homocysteine and methylmalonic acid concentrations’’ by Jacob Selhub, Martha Savaria Morris, and Paul F. Jacques
(see pages 19995–20000)

NEUROSCIENCE

Touch of a vanished hand
The lack of feedback provided by touch typically limits amputees’ use of prosthetic arms. This limitation could be partially
alleviated if sensors in artificial fingertips could connect to
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nerve endings on an amputee’s body. Todd Kuiken et al. have
taken a step toward this solution by rerouting the major hand
nerves to the pectoral muscle in a 54-year-old man and a 24year-old woman who had lost
arms. This surgery allowed the
nerves to reinnervate the
chest skin, where they established sensation of the missing
hand. Although signals from
the transferred hand nerves
overlapped in some areas with
those from the chest, no confusion arose; the patients reported feeling being touched
in two places simultaneously.
The authors characterized the
results of the surgery by measuring thresholds for touch,
heat/cold, and electricalinduced pain, and noting
Sensation in the patients’ reinnerwhich areas of the patient’s
vated chest skin referred to the
chest corresponded to which
missing hand.
region of the phantom hand.
Despite the fact that the transferred hand nerves were integrated over the new area in a complex manner, the transferred
hand sensation thresholds did not differ much from normal skin
in all modalities. With appropriate hardware connections, the
authors say, this type of surgery could allow patients more sophisticated use of prostheses. — K.M.
‘‘Redirection of cutaneous sensation from the hand to the chest skin
of human amputees with targeted reinnervation’’ by Todd A. Kuiken,
Paul D. Marasco, Blair A. Lock, R. Norman Harden, and Julius P. A.
Dewald (see pages 20061–20066)

