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Archaeomineralogy of Taiwan Nephrite:
Sourcing Study of Nephritic Artifacts
from the Philippines

Yoshiyuki lizuka* and Hsiao-chun Hung**

ABSTRACT

Green-colored nephritic jade artifacts are commonly found in Neolithic archaeological sites
in Taiwan and some regions of the Philippines. Nephrite deposits only occur rarely in nature, and it is
widely accepted that chemical analysis is required if nephritic artifacts are to be sourced to specific
quarries. In order to define the mineralogical character of the Fengtian nephrite in Taiwan, an electron
probe micro analysis (EPMA) was carried out on nephrites from this source and others in East Asia
and the Pacific region. Seventeen nephrite specimens were analysed, and found to be composed of tremolite-
actinolite amphiboles (Mg/[Mg+Fe] less than 0.93) with fibrous texture, and bearing chromian-spinel
inclusions with significant amounts of manganese (Mn: up to 9 wt.%) and zinc (Zn: up to 7 wt.%).
These chemical characters can be applied to differentiate the Fengtian nephrite from others.

An EPMA sourcing study was also applied to a series of green- and white-colored nephritic
artifacts excavated from the Philippines. These included nine green nephritic ornaments from the
Tabon Caves on Palawan Island, a fragment of a green nephritic bracelet from the Nagsabaran site
in the Cagayan Valley, northern Luzon, and four white nephritic adzes from Batangas, south-
western Luzon. The results indicate that there are at least two kinds of nephrite raw material that
were used in the Philippines. The green nephrite, used mostly for the ornaments, was derived from
the Fengtian deposits in eastern Taiwan. The white nephrite found in many Batangas sites, not of
high quality, was only used for tools such as adzes and chisels and may have been acquired from a
local Luzon source. Consequently, this study provides some important evidence about interaction
between different prehistoric populations across a large area of Island Southeast Asia.
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INTRODUCTION

In Chinese culture, JADE (nephrite) has been more highly valued for over 8000
years than any other gem stone material. The toughness of nephrite is remarkable.
Nephrite has strength greater than most of steel, and was used for axes, adzes, chisels,
arrowheads and spearheads in human prehistory. Nephrite was also a highly symbolic
stone, used for ornaments and ritual objects since the Neolithic. Nephrite deposits only
occur in specific tectonic settings, and it is widely accepted that geochemical characterization
of nephrite artifacts is essential for the study of their quarries (Wen & Jing 1992; 1996;
Douglas 1996; 2003; Yui et al. 2001).

Nephritic artifacts have been found widely distributed in Neolithic archaeological
sites in Taiwan and nearby islands such as Penghu, Ludao and Lanyu (e.g., Kano 1946;
Sung 1980; Kobubu 1981; Tsang 1992; Chen 1998; Huang & Chou 2001; Lien 2002; Liu
2003; Hung 2004). These nephritic tools and ornaments, mostly green in color, have been
reported from more than 108 locations (Hung 2004). Since green nephrite occurs in the
Fengtian area in eastern Taiwan, it is generally accepted that this area was a major
source for the ancient nephritic artifacts in Taiwan (Wang et al. 1996; Lien et al. 1996; Tan
et al. 1997; Huang & Chou 2001; Yui et al. 2001; Lien 2002).

In the Philippines, green nephritic ornaments have recently been recognized as being
extremely similar in their technology of manufacture, style and texture to those
discovered in Taiwan. These green nephritic artifacts have been discovered from the
islands of Itbayat (Batanes), northern and south-western Luzon, and Palawan (Hung et al.
2004; Hung & lizuka 2004; Bellwood and Dizon 2005; Hung 2005: this issue). On the other
hand, a large quantity of nephritic tools (axes, adzes and chisels), which are mostly white
in color, were collected by H. Otley Beyer during the 1930s and 1940s from Batangas,
Rizal and Laguna Provinces in southwest Luzon (Beyer 1948). These materials are now
stored in the Beyer's collection in the National Museum of the Philippines, Manila.
During the 1960s and 1970s, green nephrite artifacts were excavated by Robert B. Fox
(1970) from the Tabon Caves Complex on Palawan Island. The green nephrite ornaments,
such as earrings, bracelets, and beads were found in Leta-Leta Cave near El Nido, and in
the Tabon Caves Complex, including the caves of Duyong, Manunggul, Uyaw, Guri,
Rito-Fabian and Tadyaw, near Quezon on Palawan (Fox 1970:14-17; Fox 1977a:303-308;
Fox 1977b:228-234; Peralta 1977:226). Recently, a fragment of a green nephritic bracelet
was excavated from the early Neolithic red-slipped pottery layer at Nagsabaran site, near
Lallo in Cagayan Province, northern Luzon (Tsang et al. 2002:244). A small bell-shaped
green nephrite bead was also found in Kay Daing site in Batangas (Hung et al. 2004). As
noted by Beyer (1948)(1) and Fox (1970)®@), the sources of both the green and the white

(1) Beyer stated "where the raw material came from is still uncertain, as no natural source for it has yet been discovered
in the Philippines" (Beyer 1948: 44-45).

(2) Fox commented "although there is no question that nephrite was worked extensively elsewhere in the Philippines,
notably in Batangas Province where the writer believes a local but still undiscovered source of nephrite was known and
worked, the ornaments of jade found in Palawan appear to have been introduced at different periods" (Fox 1970: 131).
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nephrites are an important issue in Philippine archaeology. However, mineralogical
investigation including sourcing study has not been carried out yet.

In any sourcing study of nephrite artifacts, it is important to be able to compare the
chemical signatures of composed minerals with raw material samples, without causing
damage to the artifacts as small as possible. Most of geological and mineralogical
studies of nephrite artifacts which have been done in last decade are divided into 3-
categories; 1st: mineral descriptions based on optical observation by microscope; 2nd:
crystallographic studies by X-ray diffraction (XRD) for powdered sample (e.g., S.B. Lin et
al. 1996; Hung 2000; S.F. Lin et al., 2002) or non-destructive Raman spectroscopy (e.g., Xu
et al. 1996; Lien et al. 1996); and 3rd: bulk-rock chemistry such as major element
compositions or limited elemental measurement by X-ray fluorescence analysis (XRF)
and oxygen and hydrogen isotopes by mass spectrometers (Douglas 1996; 2003; Wen &
Jing 1992; 1996; Yui et al. 2001) to understand their forming processes. Recently,
advanced analysis methods have been established; combined technique of PIXE and
micro-Raman to measure transition elements of nephrite (Chen et al. 2004), nephrite Ar-
Ar dating (Chou et al., 2003; 2004) to understand their geological origin. However, many
of methods were not able to identify specific quarry clearly because of similarity of
mineralogy and whole rock chemistry®).

A number of accessary minerals have been reported within nephrites (e.g., Tan et al.
1978; Wen & Jing 1996). The chemistry of the accessary minerals is important to
understand origin of nephrite deposits, and it should be individually studied from
nephrite matrix instate of whole rock analysis. However it has not well investigated yet.
An electron probe micro analyzer (EPMA) with wavelength dispersive X-ray spectro-
meters (WDS) is powerful equipment for this purpose that needs only a small amount of
specimen. Since the 1970s, the use of EPMA has become routine in geology for the study
of minerals, because it has a spatial resolution of 1 to a few um. It performs precise and
accurate analysis in weight percentage (wt.%), because the interactions between an
electron beam and the atoms in the target materials, are well understood and the target,
such as the accessary minerals, can be focused with both the secondary and the back-
scattered electron images.

This paper presents the mineral chemistry of nephrites and their accessary minerals
from the Fengtian deposits in eastern Taiwan, and several sources in the Asian and
Pacific regions. Based on comparison of mineral chemistry in both nephrite matrix and
its accessary minerals, we propose criteria for discriminating Fengtian nephrite from the
others using EPMA technique. And we present results of sourcing study of green and
white nephritic artifacts from Taiwan and the Philippines, and discuss that the green
nephrites originated from Fengtian deposit in eastern Taiwan, and that the white ones
are probably from a local and missing source on Luzon.

(3) Recently, study for trace element composition, which is thought to be geochemical fingerprint of their origin, by ICP-
MS (Inductively coupled plasma mass spectrometry) and PIXE-PIGME (proton induced x-ray and proton induced
gamma-ray emission) have been succeed on pottery and obsidian sourcing study, respectively (Kennett et al. 2004;
Summerhayes 2004). However these methods have not been applied for nephrite sourcing study yet.
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NATURAL NEPHRITES IN TAIWAN AND OTHER LOCATIONS

1. Nature of nephrite

Jade (yu in Chinese) is a term applied to the two minerals JADEITE and NEPHRITE in
mineralogy, green-colored stones, such as serpentine, talc, diopside (clinopyroxene;
Cpx), titanite and some others are called as jade (or Psudojade) occasionally though. Both
jadeite and nephrite are similar in appearance, which occur in relatively high-pressure
and high-temperature metamorphic rocks, but their crystal structures and chemical
compositions are different. Jadeite is a sodium clinopyroxene (Na-CPX: chemical formula
NaAlSi»Os; Density=3.2-3.4; Hardness=6, and nephrite is a calcium amphibole (Ca-
amphibole: Cax[Mg,Fe]s[SisO2][OH],; D=2.9-3.5; H=5-6)

Nephrite owes its compactness to its tough fibrous crystalline texture (also known as
nephrite texture), composed of tremolite-actinolite crystals (Beck 1970; Wen & Jing 1996).
Tremolite is an Mg-end member of Ca-amphibole, and is white to grey in color usually.
Ferrous iron (Fe2?"), which is substituted in the Mg site, is often present in small amounts,
and the tremolite gradually becomes green and then grades into actinolite as the Fe
content increases. In most of case, Ferric iron (Fe®') is rarely in nephrite (Tan et al. 1978).
Tremolite and actinolite can be specified in the plot of Si (atoms per formula unit) vs.
Mg# (Atomic ratio of Mg/[Mg+Fe]) (Fig. 1) (Leake et al. 1997).
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Fig. 1. Si vs. Mg# plot of Fengtian nephrites. The line at Mg# = 0.9 indicates the chemical boundary between tremolite
and actinolite. Whole rock chemistry are also plotted (N=10 after Tan ef al. 1978).
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It is generally agreed the process of forming the minerals tremolite-actinolite
required that the original rocks prior to metamorphism were either carbonates or
serpentinite (Wen & Jing 1992, Tsien et al. 1996). Tremolite is derived from carbonate,
such as limestone, and marble, which have less iron. Actinolite, on the other hand, is
associated with serpentine, which is an alteration product of mantle peridotite (usually
Mg# is 0.9), and sedimentary rocks. Share stress should be required to form the fibrous
crystalline texture during the metamorphic process.

2. Nephrite deposits in the Fengtian area, Hualien, Taiwan

Nephrite deposits are located west of the town of Fengtian in Hualien County,
eastern Taiwan. The nephrite occurs mainly in serpentinite layers between black schists
or muscovite-quartz schist in the greenschist facies (Tan et al. 1978). The Fengtian area
was mined for industrial asbestos (serpentine) in the late 19th century. There were then
about a dozen nephrite mines and prospects, and high quality nephrite was mined
between the early 1960s and early 1980s. The mining ceased when resources became too
depleted. Nowadays, cobbles and boulders of nephrite are occasionally found in the
riverbed below the mines®. Another nephrite deposit occurs west of the town of
Wangrong, about 15 km south-southwest of Fengtian. The Wangrong deposit belongs
to the same geological sequence as the Fengtian deposits, but was smaller than the
Fengtian deposits.

3. Studied natural nephrites

The nephrite samples studied from the Fengtian area are listed in Table 1. There are
seven samples from the Fengtian mine field and one from Wangrong. Nine cobble and
boulder samples from the riverbed downstream from Fengtian were also studied.

The green nephrites in the comparative study are collected from Xiuyan in
Liaoning, Jiuquen and Nanshan in Gansu and Qiemo in Xinjiang in China, Gifu in
Japan, near the Lake Baikal, Onot River, and Chara Jelgra River in Yakut in Siberia,
Cowell in South Australia, Ouen Island in New Caledonia, Otago area in South Island
of New Zealand, British Columbia and Wyoming (Table 2). Although the nephrite
from North America is unlikely to occur in the Southeast Asian Neolithic, the
mineralogical investigation has been carried out because North American nephrites,
especially Canadian nephrite are commonly used for replica artifacts and modern arts.
We investigated some other green stones which are so-called "jade" regionally, from
several deposits in Taiwan, China, Vietnam and Japan. However, they were not
identified as nephrite or Ca-amphibole, so there are not described in this report except
the green stones from the Philippines, which describe the later section. White-colored
nephrites from known nephrite deposits in provinces of Liaoning, Xinjiang and Jiangsu
in China, Chun-cheon in Korea, and Siberia in Russia are also studied (Table 3).

(4) Collection of nephrite in this area is prohibited by law of the Republic of China (Taiwan).
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A drilled sampling serpentine (WT-9019), which attached with nephrite deposit in
Fengtian, was studied for comparison study of accessary minerals between nephrites
and serpentine.

ANALYTICAL PROCEDURE

1. Sample preparation

The natural nephrites were sliced in several small pieces (less than few cm in size
with few mm in thickness) by a micro-diamond saw with the distilled water. Cleaned
samples were mounted in a cold-mounting epoxy resin and the exposed surfaces were
well polished with Alumina paste. Each polished sample was then carbon coated.

2. Electron probe micro analysis

Mineral identification and quantitative chemical analyses were made with a JEOL
EPMA JXA-8900R at Institute of Earth Sciences, Academia Sinica at Taipei. An operated
beam condition is 15kV, 10 nA, and 2 um defocused beam for the acceleration voltage,
beam current and beam size, respectively. Analysed points were selected within the
secondary and the back-scattered electron images to avoid cleavage and weathered areas.
The quantitative data were corrected by PRZ method to calculate as oxide compositions,
using the standard calibration of synthetic and natural chemical-known standards;
Wollastonite for Si and Ca, rutile for Ti, corundum for Al, Chrome-oxide for Cr, fayalite
for Fe, tephroite for Mn, pyrope for Mg, Ni-olivine for Ni, albite for Na, adularia for K,
apatite for P, and Zinc-oxide for Zn. The relative standard deviations of analysis for all
13-elements are less than 1.0%.

Because Ferric iron (Fe®) is rarely in nephrite (Tan et al. 1978), all analysis data is
concerned FeO as total iron. For Ca-amphibole, the number of cations of nephrite is
calculated on the basis of 23 oxygen atoms and mineral name were classified based on
nomenclature of amphiboles (Leake et al. 1997).

MINERALOGY OF NEPHRITE

1. Fengtian nephrites

Mineral descriptions are shown in Table 1 and the EPMA data are listed in
Appendix 1 and 2. Although the color of the Fengtian nephrites varies from dark green
through yellowish green to opaque white, most is green in color and characterized by a
fibrous texture (Fig. 2). Chromian spinel (Cr-spinel), black in color (up to few mm in
size), can be observed as an inclusion mineral in the Fengtian nephrite (Fig. 2-c).
Chlorite, serpentine and talc are often observed within the fibrous texture as brownish
to white impurities. These are secondary products of nephrite-forming metamorphism
or hydrothermal alteration.
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TABLE 3. List of studied world known white-colored nephrites.

sample No. and locality mineral name  n.o.a.  Mg/(Mg+Fe) Al/(Al+Cr) color texture _inclusions
Russia
LB C2 L. Baikal tremolite 57 1.000-0.996  1.00-0.90 grey-white massive no
LB C5 L. Baikal tremolite 53 0.999-0.995  1.00-0.92  white-brown massive no
Sb-7 Onot River tremolite 39 0.940-0.919  1.00-0.66 white fibous  no
China
CDO014  Kuan dian, Liao ning tremolite 55 0.996-0.988  1.00-0.88  yellow-white  massive no
Trk-1  Kun lun, Xing jian tremolite 41 0.995-0.964  1.00-0.88 white fibous  apatite, galena
Trk-2  Kun lun, Xing jian tremolite 40 0.996-0.982  1.00-0.91 white fibous  no
MLG1 Hsiao mei lin, Jiang su tremolite 20 0.995-0.988  1.00-0.92 white massive Cpx
Korea
KN 2-2A Chun cheon tremolite 54 0.978-0.957  1.00-0.96 white massive Cpx
KN 2-2B Chun cheon tremolite 52 0.996-0.992  1.00-0.92 white massive no
KN 2-2C Chun cheon tremolite 42 0.997-0.993  1.00-0.94 white massive no
KN 3 Chun cheon tremolite 28 0.989-0.984  1.00-0.92 white massive no
KN 3-1 Chun cheon tremolite 73 0.994-0.978  1.00-0.91 white massive  no

The quantitative analyses of the 17 nephrite samples from the mine areas and the
riverbed bed show a rather broad compositional range for Mg# from 0.93 to 0.8 (average
of all 675 points is about 0.9 in Mg#), which ranges from tremolite to actinolite (Fig. 1).
Results of whole rock chemical analysis of Fengtian nephrites by Tan et al. (1978: 10 hand
specimens) are also shown in Figure 1. Whole rock major element compositions show
that Mg# ranges from 0.887 to 0.924 with SiO; ranges from 55.0 to 58.6 wt.% (52.5-59.3
wt.% in EPMA). And other elements show similar range of their variations with EPMA
results. Unrelated to their sampling locality and color, the Fengtian nephrites show FeO
content between 4 and 6 wt.% (3.5-5.1 wt.% from Tan ef al. 1978). The range of Mg# from
samples Yui-1 (the cat's eye nephrite) and J1-3, white in color, shows between 0.91 and
0.78, and these FeO values seem slightly higher than that of the common (green-colored)
nephrites. All samples show also a broad compositional range of Al# (Al/[Al+Cr]) from
1.0 to 0.4, though most have Al,O3 and Cr2O3 contents less than 1 wt.% (1.9 wt.% in Al,O3
and 0.2 wt.% in Cr;0;3: Tan ef al. 1978). MnO contents are less than 0.3 wt.% (0.5 wt.%:
Tan et al. 1978), and NayO, K,O and TiO; contents are less than the detection limit of
analysis (0.1 wt.%) (these are less than 0.5 wt.%: Tan et al. 1978).

Since the analysed points were on unweathered surfaces, and the data were
collected from several localities (with 675 analysed points in total), and also the EPMA
data are also consistent with the whole rock whole rock chemistry by Tan et al. (1978),
the range of variation should be accurate for Fengtian nephrite. This chemical range
allows discrimination of Fengtian nephrite from the tremolite nephrites.

2. Accessary minerals of Fengtian nephrites

In the Fengtian nephrites, Cr-spinel (chemical formula: [Mg,Fe][Al,Cr].O4) is the
most abundant and a characteristic accessary mineral. The Cr-spinel can be observed
in patches associated with chlorite veins. In the larger Cr-spinel grains (> 1 mm), the
cores are enriched in Al and Mg, and the exteriors are enriched in Fe and Cr. As shown
in Figure 3, chemical compositions of Cr-spinels are gradually increasing in Fe firstly
and increasing in Cr secondary from the cores to the rims. The cores show 0.35-0.40 in
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FT-nerh

Fig. 2. Fengtian nephrites.

(a) Representative color variation and texture of Fengtian nephrite with Cr-spinel inclusions (black in color).
(b) A back-scattered electron micrograph of the matrix of Fengtian nephrite. The fibrous texture can be observed.
(c) A back-scattered electron micrograph of Cr-spinels (grey to white in color) in Fengtian nephrite.

Fe# (Fe/[Mg+Fe]) and 0.50-0.55 in Cr# (Cr/[Al+Cr]). Most small Cr-spinel grains are the
Cr-end members of Cr-spinel (chromite) and are similar to the outer part of the larger
grains in chemical composition. Manganese (Mn) and Zinc (Zn) contents in chromites are
between 2 and 9 wt.%, and 2 and 7 wt.% respectively (Fig. 4 and Table 4).

As other accessary minerals, Cr bearing Ca-garnet (uvarovitic grossular:
Caj3[Cr,Al]2Si3012) is occasionally observed. Grain size of Cr-Ca-garnet is mostly less than
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Fig. 3. Fe# vs. Cr# plot of Cr-spinels in Fengtian nephrite. The points at the lower left and at the upper right represent
the end-members of spinel (MgAl,O4) and chromite (FeCr;O4). Arrows indicate the trajectory of chemical
alteration from the cores to the rims. The chemical compositions of cores of Cr-spinel in serpentine (WT-9019),
which is the host rock of the Fengtian nephrites, are also shown in the circle.

Imm in size and brilliant green in color. Titanite, diopside (Cpx), allanite and Ni-As
sulphides are rarely recognized. Although existing of chalcopyrite and pyrrhotite are
reported by Tan ef al. (1978), there are not identified in this study.

3. Green nephrites from Asia and Pacific region

Mineral descriptions and chemical compositions of the green nephrites are listed in
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4. Chemical compositions of Cr-spinel in green nephrites (Mg#<0.93).
(a) Fe# vs. MnO plot; (b) Fe# vs. ZnO plot. Cores and rims are Al-chromites and Zn-chromites, respectively.
Symbols: squares: Fengtian (Taiwan); circles: New Zealand (NZ-2 and NZ-3); triangles: Nanshan, Gansu, China
(GS-6); diamonds: Siberia (Sb-1 and Sb-3). Arrows represent alteration trajectories from the cores to the rims.

Fig.

Table 2 and Appendix 3, respectively. Except New Caledonian Jade, in terms of surface
features, the nephrites from China, Canada, and Yakut (Yk-1, 3, 4: Lake Baikal) show
massive texture instead of the fibrous texture in the nephrites from Fengtian (Taiwan),
Siberia (Sb-1 and Sb-3), Japan (JN-130) and Oceania (Aus-1 and all-NZ).

As shown in Figure 5, the green nephrites are divided into 3 groups in Mg#.
Group-I is Mg-rich tremolite (Mg#>0.96: the topmost shaded area in Fig. 5). It consists of
Liaoning (LN-2 and LN-6), Jiuquen in Gansu (GS-1 and GS-2), Xinjiang (XT-1), Yakut
(Yk-1, Yk-3 and Yk-4), and South Australia (Aus-1). The nephrites in this group are light
green in color and have a fairly narrow compositional range for Mg# and Si. There is also
a narrow compositional range for Al/[AI+Cr] (Al#), and this group has lower Cr:Os,
FeO, and MnO contents than the other two.

Group-II is Fe-rich tremolite (Mg# =0.95 to 0.91: at the center in Fig. 5). It
includes nephrites from Siberia (Sb-1) and Wyoming (Wy-6), and has a fairly narrow
compositional range for Mg#. The nephrites in both groups I and II can be termed tremolite.
They have no Cr-spinel inclusions, except for Sb-1. Chemical composition of Japanese
nephrite (JN-130) ranges from group-I to 11, and Si compositions are also widely scattered.

Group-III is Fe-rich tremolite to actinolite (Mg# < 0.93). It includes nephrites
from Nanshan in Gansu (GS-6), Siberia (Sb-3), New Zealand (NZ-1, NZ-2 and NZ-3), and
British Columbia (BC-1, BC-2, BC-3 and BC-4). This group shows a spread over the
compositional field from tremolite to actinolite that overlaps with the Fengtian nephrites,

as shown in Figure 5.
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TABLE 4. Mn and Zn contents in chromite inclusions in the green nephrites.

sample No. Locality n.o.a. Mn, wt.% Zn, wt.%
Natural nephrite
The Fengtian nephrite (overall) 267 2.0-9.2 2.0-7.0
YT-9 Fengtien, Taiwan 40 6.0-9.2 2.6-3.1
S3-1 2 2.1-2.7 dnd**
I-1 15 4.0-8.7 4.2-5.0
#1074 30 4.3-8.1 2.8-4.5
CM-31 8 7.1-8.2 2.2-2.8
LTS-9 50 3.3-39 2.0-4.9
FT-R4 1 3.0 3.8
FT-C2 37 22-2.7 2.4-3.6
FT-C3 10 3.0-3.3 dnd*
FT-C4 4 2.9-3.1 2438
FT-C5 34 2.3-3.1 3.5-7.0
FT-C6 36 2.9-4.6 3.5-6.9
Green nephrites (Mg#<0.93)
Sb-1 Siberia, Russia 18 1.4-2.4 <25
Sb-3 Siberia, Russia 16 1.4-3.1 <12
GS-6 Gan su, China 44 0.5-2.9 <13
NZz-2 South Island, New Zealand 5 0.3-2.7 <34
NZ-3 South Island, New Zealand 16 0.3-0.5 <0.6
BC-1 B.C., Canada 12 <1.7 <0.6
BC-2 B.C., Canada 4 <17 <13
BC-3 B.C., Canada 7 <13 <2.6
BC-4 B.C., Canada 6 <0.4 **
Nephritic artifacts
Taiwan
R17b Qigu 4 2.3-2.6 2.7-32
R9 (R-3H) Shanyuan 5 2.9-3.4 1.7-2.3
R-00KT Kending 46 3.9-42 2.6-3.3
R-25 Zhishanyan 20 2.0-2.5 1.6-2.2
Philippines
NL3466-1 Nagsabaran, Cagayan 16 29-34 1.8-2.3
Duy-1 Tabon Caves, Palawan 8 2.8-3.2 2.0-2.5
M-2 Tabon Caves, Palawan 10 1.9-2.2 2.0-2.8
M-3 Tabon Caves, Palawan 18 2.7-3.3 2.8-3.6
RF-4 Tabon Caves, Palawan 10 2.6-2.7 2.5-2.8
62-2-12 Tabon Caves, Palawan 52 2.0-2.6 2.4-43
62-2-31 Tabon Caves, Palawan 20 1.6-2.9 1.3-2.7
P-122 Tabon Caves, Palawan 10 1422 1.2-2.7

Mn = [MnO] x 0.7745; Zn = [ZnO] x 0.8035.

*: do not determine but confirmed Zn peak; **: less than the detection limit (0.1 wt.%).
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Fig. 5. Si vs. Mg# plot of green nephrites from Asian and Pacific regions. There are three groups in Mg# values (see
text). From the top, the shaded areas represent group-I, group-II, and the chemical field of Fengtian nephrite,
which almost overlaps with group-IIIL.

Ca-amphibole in New Caledonian Jade (NC-1*) have significantly different chemical
composition in Si-Mg# plot. The EPMA results of Ca-amphiboles show that Mg# ranges
between 0.91 and 0.89, and low Si contents, which cause by higher abundance of
Alumina (2.7-4.1 wt.% in AlOs) in compared with other nephrites (Appendix 3).
However, mineralogical investigation indicate that green-colored Ca-amphibole (tremolite
and actinolite) and diopside occur as inclusion mineral in anorthite (Ca-feldspar) matrix, and
abundance of Ca-amphibole is less than 10 vol.%, as well as diopside. Thus New Caledonian
Jade can not be termed as nephrite.

4. Accessary minerals in green nephrites
Cr-spinels can be observed in samples GS-6, Sb-1, Sb-3, NZ-2, NZ-3, and the Canadian

nephrites. The large grains (> 1 mm) of Cr-spinel show compositional zoning as same as
the Fengtian nephrite (Fig. 6), with Al- and Mg-enriched cores and Cr- and Fe-enriched rims.
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Fig. 6. Fe# vs. Cr# plot of Cr-spinel inclusions in the Group-III green nephrites. For comparison, Cr-spinel compositions in
the upper mantle xenoliths (spinel lherzolite) from San Carlos (USA) and Central Vietnam are also plotted (Y.
lizuka unpublished data). Enclosed areas represent the different tectonic settings of peridotite evolution in the
upper mantle, Alpine-type and Mantle xenoliths (Irvine & Findley 1972). If the cores still have their original
chemistry in the peridotite, all nephrite deposits, shown here, are related with the alpine type peridotite, which is
thought be the upper mantle material in the subduction zone, but their original P-T conditions should be different.
The shaded zone represents chemical variation of Cr-spinel in the Fengtian nephrite (Taiwan). It shows a different
chemical alteration trajectory when compared with other nephrites from China, Siberia, Canada and New Zealand.

The chemical compositions of rims show almost the same as the end member of chromite in
the spinel-chromite plot, but the cores have different chemical composition in each
nephrite. GS-6 is relatively enriched in Cr# (0.7) compared with NZ-2, NZ-3 (Cr# 0.45),
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Fengtian (Cr# 0.5), and BC-3 (Cr# 0.4). The compositional ranges of the Cr-spinel are
variable in the spinel-chromite plot (Fig. 6). GS-6, Sb-1 and BC-3 (perhaps also BC-1) show
the same chemical alteration pattern as Fengtian nephrite, in that Fe increases firstly and
then Cr increases to the rim. On the other hand, the chemical trend of NZ-2 seems different
from the others.

Both Mn and Zn contents of chromites in GS-6, Sb-1, Sb-3, NZ-2 and NZ-3 are lower
(< 3.5 wt.%) than those of Fengtian nephrites, and those in the Canadian nephrites are
lower (< 2.5 wt.%) than the other green nephrites.

Cr-Ca garnets can be observed in NZ-3 and the Canadian nephrites.
Especially in the Canadian nephrite, Cr-garnets are more abundant than other mineral
inclusions. This brilliant green colored garnet is a distinctive feature of the Canadian
nephrites. Rutile attached with titanite can be observed in GS-1 and Yk-3, and apatite can be
identified in Yk-1 and Aus-1. Titanite can be also observed as an accessary mineral in
Wy-6, in the Fe-enriched tremolite group. Fe-Ni sulfide (Pentrandite; [Fe,Ni]Sz) can be
identified in NZ-2, NZ-3 and BC-1. JP-130 contains significant amount of diopside (more
than 20 vol.%) but there is no any other accessary minerals. Chlorite is commonly
observed within the vein texture but its chemical composition is not significantly
different between samples.

5. Comparison using the accessary minerals within green nephrites

The group-III green nephrites have similar range of chemical compositions to the
Fengtian nephrites. However, the inclusion minerals, especially the Cr-spinels, have
unique signatures.

5-1. Cr-spinel and its chemistry:

Cr-spinels are common in small amounts in peridotite and related metamorphic rocks.
In the peridotite, the Cr-spinel compositions relate to variations in pressure (P) and
temperature (T) and melt composition in the upper mantle (e.g., Irvine 1965; Arai
1992; Barnes & Roeder 2001). In metamorphic rocks, on the other hand, Cr-spinel
compositions change with regional metamorphic processes with P-T conditions as
well (e.g., Evans & Frost 1975, Burkhard 1993; Figueiras & Waerenborgh 1997;
Abzalov 1998).

As shown in Figure 3, both core of Cr-spinel in serpentine (WY-9019) and the
core of Cr-spinels in nephrites from Fengtian have the similar ratios of Al and Cr, and
show low abundances of Zn and Mn in termes of detection limits. Since actinolitic
nephrite is commonly considered as the metamorphic products of serpentine (Tsien et
al. 1996), the Cr-spinel might preserve the original composition. These indicate that the
cores of Cr-spinel in nephrites should preserve their original chemical compositions of
serpentine, which is an altered upper mantle peridotite. Since the actinolite amphibole
(group-III green nephrites in this study) is associated with serpentine (Wen & Jing
1992), the chemical compositions of the cores of Cr-spinels in the nephrites may
indicate their peridotite origin.
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Alteration patterns from core to rim in Cr-spinel have been well described in many
metamorphic fields, and such enrichment patterns for Fe# and Cr# in Cr-spinel
(chromite) indicate differences in alteration or metamorphic history (e.g., Kimball 1990;
Burkhard 1993). Most chromites in the Fengtian nephrite are enriched in Mn and Zn.
Since the ratio of Mn and Zn vs. Fe# is in direct proportion; with Mn and Zn increasing
as Fe# increases, the Mn and Zn should substitute into the Fe-Mg site of Cr-spinel.
Such geological evidences are reported from several sedimentary and granitic rocks
related metamorphic rocks (e.g., Figueiras & Waerenborgh 1997; Abzalov 1998).
Because Mn and Zn are not the primary element in spinel in the mantle peridotite,
chemical exchange between Mg-Fe and Mn-Zn should be reflected their specific
nephrite forming episode.

The Cr-spinel chemistry both of the core and the rims among the group-IIl green
nephrites (Mg#<0.93) from Fengtian (Taiwan), New Zealand, Nanshan in Gansu, Siberia
and British Columbia are different (Fig. 6). It implies that there are different origin of
serpentine (peridotite) and different metamorphic process during nephrite formation.
This indicates, therefore, that such geological and mineralogical fingerprints can be used
to trace different geological origins. Although more detailed studies in this regard are
needed on the host rocks of nephrites, such as serpentine, the differences in chemical
character of the inclusions should be applicable in any sourcing study of nephrites.

5-2. Other accessory minerals:

Ni-bearing iron sulfide (pentlanditic pyrite) is identified as accessory mineral of
nephrites from both New Zealand and Canada, but is rare. Although iron sulfide has
not been observed in Fengtian nephrite, the Fengtian serpentine (WT-9019) which is the
host for the nephrite contains Ni-Fe sulfide. So it is possible that it occurs also in the
Fengtian nephrite.

Cr-Ca-garnet, brilliant green in color, is occasionally observed as another accessory
mineral in Fengtian, New Zealand and Canadian nephrites. This mineral often occurs in
metamorphic rocks such as green nephrite and other serpentine-related deposits.
However, substitution between Cr and Al is in rather wide range, so there is no
characteristic signature to discriminate specific sources.

6. White nephrites

The chemical compositions of the white nephrites are listed in Appendix 4. The
white nephrites from China and Russia are greater than 0.98 in Mg#, and the Korean
nephrites are greater than 0.96 in Mg#. These white nephrites can be termed tremolite
(Fig. 7). Sample Sb-7 from Siberia has relatively lower Mg# amongst the white nephrites.
Their Mg# range is between 0.92 and 0.94, and it shows the fibrous texture.

Accessory minerals are rare in this white nephrite (tremolite) group; most have no
inclusion minerals and massive texture. Diopside can be observed in KN2-2A from Korea,
and MLG-1 from China. No Cr-spinel was observed.
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Fig. 7. Sivs. Mg# plot of white nephrites from Asia. The chemical field of the Fengtian nephrites is also shown as a shaded area.

All of white nephrites are clearly discriminated from green nephrite in chemical compositions.

7. Criteria for identifying Fengtian (Taiwan) nephrite

Fengtian nephrites have unique mineral characteristics which have variable
color from deep green though light green to white with fibrous texture. The Fengtian
nephrites are tremolite-actinolitic amphibole (Mg#<0.93) (Fig. 1), and Mn-Zn bearing
chromite occurs commonly as the accessory mineral. The Mn and Zn contents in
chromites are between 2 and 9 wt.%, and 2 and 7 wt.%, respectively (Fig. 4). These
contents are significantly higher than in other chromite inclusions in the group-III
(tremolitic to actinolitic: Mg#<0.93) green nephrites in other parts of the world. On these
points, Fengtian nephrite can be distinguished from all others.

Xu et al. (1996) demonstrated a numbers of Raman spectrums of minerals, such as
tremolite, actinolite, serpentine, jadeite, and others, which are mostly used for stone
artifacts and show efficiency of mineral identification among different crystallography.
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The Raman spectroscopy is useful and easy to obtain the crystal information in non-
destructive. Some Raman spectroscopic studies have been carried out on Fengtian nephrite
and Neolithic nephrite artifacts in Taiwan. These studies suggested that chromium (Cr)
can be used to characterize Fengtian nephrite (Xu et al. 1996; Lien et al. 1996). However, the
Cr contents in the Fengtian nephrites are mostly less than 1 wt.%, and it is not remarkable
to compare with other nephrites. Since the Fengtian nephrite contains many Cr-spinel as
accessary minerals, these results were probably caused by mis-shooting the laser beam on
to a tiny Cr-spinel inclusion. Because of this, it is unlikely that the Raman peak for Cr in
the nephrite matrix can be used to differentiate Fengtian nephrite.

On the other hand, EPMA sourcing is rather difficult to apply for white nephrites which are
indistinguishable in mineral chemistry, such as the tremolitic nephrites from China and Korea.

SOURCING STUDY OF NEPHRITE ARTIFACTS

A series of EPMA sourcing study was carried out on green nephritic artifacts from
Taiwan, and green and white nephrite artifacts from the Philippines.

A small piece (less than few mm) with spinel grain, if it was available, was sliced
out by diamond wafering blade (0.3 mm in thickness) from each artifact, and mounted
into epoxy resin before being polished. The quantitative chemical analyses were carried
out by EPMA, as the analyses of the natural nephrites in the previous part.

1. Analysis results of green nephrite artifacts in Taiwan

The EPMA analysis was carried out more than a hundred nephrite artifacts from over
20 archaeological sites in Taiwan and near by islands such as islands of Penghu
Archipelago and Lanyu. These nephrite artifacts were thought to be originated from
Fengtian nephrite deposit in their color and context of design (e.g., Hung 2000:31-32, 34-
35; 2004:63). Here, nephrite artifacts from representative different four locations in
Taiwan were selected to show: Shanyuan site in Taidong (southeast), Zhishanyan site in
Taipei (north), Qigu site in Nantou (central west) and Kending site in Pingtong (south).
Fig.8 shows EPMA results of 4-nephrite artifacts with the former EPMA data of six nephrite
artifacts from Beinan site in Taidong (after Wang et al. 1996). The results show that chemical
compositions of nephrite matrix are comparable to the Fengtian nephrite. The ranges for
Mn and Zn content in chromites are 2.0-4.2 wt.% and 1.6-3.3 wt.% respectively (Table 4).
Both chemical compositions of nephrite matrix and accessory mineral are consistent with
Fengtian nephrite. Thus, it can reliably be concluded that these nephrites are comparable
with the Fengtian nephrite. It is suggested that most of nephrite artifacts in Taiwan were
originated from the Fengtian deposits. The detail information both in archaeological and
mineralogical analysis would be reported (lizuka and Hung in prep.).

2. Analysis results green nephrite artifacts in the Philippines

The studied nephrite artifacts from the Philippines are listed in Table 5 with mineralogical
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Fig. 8. Comparative plot of Si vs. Mg# for the 4 nephrite artifacts from Neolithic sites in Taiwan with former EPMA
data after Wang et al. (1996: N: number of specimens) Enclosed area represents chemical field of Fengtian
nephrite. (n) is numbers of analysis points on each artifact.

descriptions (Fig. 9). The chemical compositions of the green nephritic ornaments are
listed in Appendix 5. The nine green nephrite ornaments were excavated from the Tabon
Caves Complex in Palawan (Figs. 9-a to -h), and a broken bracelet was excavated from
the Nagsabaran site in Cagayan (Fig. 9-j). The four white nephrite adzes are from the
Beyer's collection (Figs. 9-k to -n). Oxygen isotopes analyses have already been carried
out on these 4 adzes (Hung 2000:96).

The matrix colors are mostly green to dark green. Both bracelet fragments (NL3644 and
Duy-1) are partially brown and white in color on the surface, but the cut sections are
green. The fibrous textures can be observed in all specimens. As shown in Fig. 10, the
chemical compositions of the analysed green nephrites are tremolite-actinolite (Mg/
[Mg+Fe]=0.93-0.85), and the chemical variations are consistent with Fengtian nephrite.
Zn and Mn bearing Cr-spinels (chromites) occur in all the studied samples except U-1,
and the Zn and Mn contents are equivalent to those of the chromites in Fengtian nephrite
(Table 4). Samples 62-2-12 and 62-2-31 have Cr-spinels that show the characteristic
chemical zoning from core to rim, and the chemical variation is identical with Fengtian
nephrite (Fig. 11). Therefore, the studied green nephritic ornaments from the Philippines
are very similar to Fengtian nephrite.
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Duyong Cave [Duy-1] TWN nephrite

Fig. 9. Nephritic artifacts from the Philippines:

(a)

Bracelet fragment from Duyong Cave
(Duy-1): views from 4 directions.

Flattened spherical beads from Tadyaw
Cave (Tad-1). Diameters of holes: 1-3 mm.
A tubular bead from Manunggul Cave,
Chamber-A (M-2). Hole diameter:

0.5-1 mm.

Tubular beads from Manunggul Cave,
Chamber-B (M-3). Hole diameter: 1 mm.
Tubular bead from Rito-Fabian Cave
(RF-4). Hole diameter: 0.5-1 mm.

Broken hexagonal bead from Uyan
Cave (U-1): outside (top) and inside
(bottom). The tapered hole is 2 mm
diameter at the center, 5 mm at the
edges.

A fragment of Hong-Kong type ornament
with four circumferential projections (62-
2-12) from Uyaw Cave. Outer and inner
diameters are 30.5 mm and 19.5 mm
respectively; thickness: 5.0 mm.

A broken lingling-o (62-2-31) from Uyaw
Cave. Width: 33 mm; thickness: 12 mm;
the tapered hole is 5.4 mm diameter at the
center, 7.3 mm at the surface.

A broken lingling-o (P-122) from Duyong
Cave. Width: 30.5 mm; thickness: 14.5
mm; the tapered hole is 6.4 mm in
diameter at the center, 9.0 mm at the
surface.

Fragment of a bracelet from Nagsabaran
site (NL3644), viewed from 2 directions.
White nephrite adze from Batangas
(Beyer's collection) (P-1) from Pila, Banua:
80 = +14.3%o

White nephrite adze from Batangas
(Beyer's collection) (P-2): from Pila,
Banua: §°O = +14.6%o

White nephrite adze from Batangas
(Beyer's collection) (P-3): from Pila,
Banua: §°O = +14.3%o

White nephrite adze from Batangas
(Beyer's collection) (C-9): IV-95-Y-22143:
from Uilang Bundok site, Kalatagan: 5“0
= +14.1%o
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Fig. 10. Chemical compositions of the 10 green nephritic ornaments and the 4 white nephritic artifacts (enclosed by a
dashed circle) on Si vs. Mg# plot. The chemical variation of the Fengtian nephrite is shown as a shaded area.

3. Analysis results of white nephrite artifacts in the Philippines

The chemical compositions of the white nephritic artifacts are listed in Appendix 6. The
matrix colors vary from brown, grey, milky white to transparent white. The matrix portions
of Mg# are greater than 0.96 with a relatively narrow range (Fig. 10), so these white nephrites
can be termed tremolite. Inclusion minerals are relatively rich and there are commonly Cpx,
and apatite, and a small amount of dolomite. Allanite and titanite are rarely observed. In
comparison to the green nephritic ornaments, purity of studied white nephrites are no good.
The high Mg# ratios and the existence of dolomite inclusions suggest that those tremolites
should be related to a carbonate (marble and/or limestone) origin.

DISCUSSION

This is the first report to demonstrate that the white nephritic stone tools from the
Batangas are made of tremolite amphibole. Their chemical compositions clearly differ
from the green (actinolite) nephrites, such as the Taiwan nephrite. Although there are
similarities with the white nephrites from China and Korea (Fig. 5), the oxygen isotope
ratios of the Philippine white nephrites are higher (880 = +14.2 to +14.6; Hung
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2001:96) than those for Asian nephrites (Wen & Jing 1996; Wang et al. 1996)6). It can be
concluded from these differences that the Philippine white nephrites could not have
originated from the known deposits in Asia. Given that so many white nephrite artifacts,
including preforms and unworked raw material, have been collected in the Batangas
area, it is likely that the source region lies in carbonate fields around southwestern
Luzon (Bayer 1948; Geological map of the Philippines 1981).

A workshop of green nephrite manufacturing has recently been found on Itbayat in
the Batanes Islands (Bellwood 2005:137; Bellwood & Dizon 2005: this issue). However,
any workshop site of neither green nor white nephrite has yet been found in the main
islands of the Philippines. A numbers of imitation jade ornaments, similar in style to
some of the green nephrite ornaments, are stored in the Beyer's collection and have also
been found in Palawan and Cagayan (pers. comm.: Mr. Rey Santiago of National
Museum of the Philippines, and Dr. Kazuhiko Tanaka of Sofia University, Tokyo). These
imitation jades are of green minerals such as mica (so-called "Mindoro jade")®), talc,
serpentine, quartz, and andesitic volcanic rocks (Y. lizuka unpublished data). Since the
white nephrite adzes in the Uilang Bundok site in Batangas date from about 800 BC
(Hung et al. 2004), the prospective workshop site might have been in existence since the
Late Neolithic.

This EPMA sourcing study of nephrites indicates that at least two kinds of nephrite
raw materials were used in the Philippines. The white nephrites, not of high quality,
found in many Batangas sites were used only for tools such as adzes and chisels. As
previous studies suggested (Kano 1946; Bayer 1948), this may have come from a local
Luzon source. The green nephrites, on the other hand, were derived from Taiwan and
were used mostly for ornaments.

In terms of style and context, the green nephrite ornaments in the Philippines belong
to two phases; Neolithic and Early Metal. Most green nephrite ornaments from
Philippine Neolithic contexts are similar in style with contemporary ornaments in
Taiwan (Hung 2005: Tables 3 and 4: this issue). For example, the Neolithic green jade
bracelets from Duyong Cave (Fig. 9-a) on Palawan and Nagsabaran in the Cagayan
Valley (Fig. 9-j) are identical in size with those from the Beinan site in southeastern
Taiwan. The age of these green nephrite ornaments goes back to 1400 BC (early
Neolithic) in Nagsabaran (Tsang ef al. 2002). Moreover, the bell-shaped and tube beads
(Fig. 9-c to -e) from both Taiwan and the Philippines are almost identical in style and
size (Hung et al. 2004:46-47). During the Early Metal Age, the green nephrite ornaments
from the Philippines also show similarities with those from Ludao and Lanyu islands off

(5) Oxygen isotope ratios (8'%0) from the white nephrites: Kunlun, Xingjiang, NW China: +1 to +4%o; Kuandian,
Liaoning, NE China: +2 to +8%o; Xiaomeiling, Liyang, Jiangsu, SE China: +6 to +10%o: Chun-choen, Korea: -9 to -7%o
(Wen & Jing 1996); Siberia, Yakut, Russia: +6.5 to +7.0%o0 (Wang et al. 1996).

(6) The Mindoro jade, green in color, from the Mindoro Island, the Philippines, can be termed muscovite (mica) in
mineralogy (Y. lizuka: unpublish data).
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Fig. 11. Cr-spinel inclusions in the green nephritic artifacts from the Philippines on Fe# vs. Cr# plot. Arrows
indicate trajectory of chemical alteration from the cores to the rims. The shaded zone represents the
chemical variation of Cr-spinels in the Fengtian nephrites.

southeastern Taiwan (Kano 1946). The results of this study imply, therefore, that the
green nephrites in the Philippines were made of Fengtian nephrite and were widely
distributed in the Philippines from the early Neolithic to the Metal Age.

One remarkable discovery from this study is that the two Palawan lingling-o (62-2-31
and P-122) are made of Taiwan nephrite (Figs. 9-h and -i). These lingling-o have three
circumferential protuberances, and are of the type called by Robert Fox (1970) the "Sa
Huynh type lingling-0". Such earrings are noticeable amongst the green nephritic
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ornaments (Anaro site on Itbayat Island: lizuka et al. 2005: this issue; Kay Daing
site: Hung et al. 2004; Cagayan and Palawan: this study).

ornaments that belong to the Southeast Asian Metal Age, and have been found in several
locations around the South China Sea, particularly in the Tabon Caves on Palawan, in Sa
Huynh sites in south-central Vietnam (Kano 1946; Fox 1970; Sung 1989; Dizon 1998; Ha
1998; Nguyen 1998), and in the Niah Caves in Sarawak (Chin 1980). Although a similar
ornament has been reported from Lanyu island (Kano 1946), such have never been found
in Taiwan proper. In addition to the above, the discovery of two drilled-out cores from
the central perforations in lingling-o type ornaments, made of Taiwan nephrite, from the
Anaro site on Itbayat Island is also significant (Bellwood & Dizon 2005: this issue; lizuka et al.
2005: this issue). These specimens date from the first millennium AD.

The distance between the Fengtian source and the Tabon Caves is more than 1500 km
by sea, through the Batanes (approx. 350 km), Cagayan (approx. 500 km) and Batangas
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(approx. 1000 km) in Luzon to Palawan (Fig. 12). Consequently, this study provides some
important evidence for long distance interaction, trade and transport between people
living in different regions of Island Southeast Asia in prehistory.

CONCLUSION

In order to define the mineralogical quarry of nephrite artifacts, especially the
Fengtian nephrite in Taiwan, electron probe micro analysis (EPMA) was carried out on nephrites
from this source and others in East Asia and the Pacific region. The results show that the
Fengtian (Taiwan) nephrites can be discriminated from others under the following condition;

(1) The Fengtian nephrites are tremolite-actinolite amphiboles. Although the Si-Mg#
range is fairly wide, Mg# is under 0.93 in all cases (the median in Mg# is 0.9).

(2) The Fengtian nephrites have the unique characteristic of Cr-spinel as a major accessory
mineral, bearing significant amounts of Zn and Mn.

An EPMA sourcing study was also applied to a series of green- and white- colored
nephritic artifacts excavated from the Philippines. The results indicate that there are at
least two kinds of nephrite raw material that were used in the Philippines. The green
nephrite, used mostly for the ornaments, was derived from the Fengtian deposits in
eastern Taiwan. The white nephrite, used mostly for tools, was probably collected from
local sources in the Philippines.

It might be noted that more exploration for nephrite deposits and further addition of
mineralogical data from nephrite artifacts will be necessary.
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