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NATURAL RADIOACTIVITY IN SELECT
SERPENTINITE-RELATED NEPHRITE SAMPLES:
A COMPARISON WITH DOLOMITE-RELATED
NEPHRITE

Dariusz Malczewski, Michat Sachanbinski, and Maria Dziurowicz

The published literature offers only a few records of direct measurement of the natural radioactivity in nephrite.
The present study used high-purity germanium (HPGe) low-background gamma-ray spectrometry to measure
activity concentrations of primordial radionuclides in 11 serpentinite-related nephrite (ortho-nephrite) samples
from deposits in Poland, Russia, Canada, and New Zealand, along with three samples of rodingite and serpen-
tinite from a nephrite deposit in Nastawice, Poland. All nephrite samples exhibited very low °K, 2?Th, and #2U
activity concentrations that fell within the range of published values for ultrabasic and basic rocks. The nephrite
samples from Jordan6éw (Poland) gave the highest uranium and thorium activity concentration values. Two sam-
ples of plagiogranitic rodingite showed significantly higher 2*3U and 2**Th activity concentrations than the values
measured for nephrite. Nephrite thorium and uranium concentrations correlated strongly (r = 0.98), and the
corresponding Th/U ratios appear unique according to geographical location. The mean estimated potassium,
thorium, and uranium concentrations from ortho-nephrite analyzed here were compared with corresponding
mean values previously reported for dolomite-related nephrite (para-nephrite). The comparison indicates that
the ortho-nephrites studied have similar uranium concentrations but lower mean potassium concentrations and

higher mean thorium concentrations than those reported for para-nephrite in the literature.

made of full-grained (felted), cryptocrystalline

amphiboles (actinolite and tremolite) (Eobo$
et al., 2008; Adamo and Bocchio, 2013; Gil et al,,
2020; Gao et al., 2020). Nephrite usually appears
green with varying degrees of saturation but may also
exhibit white, gray, black, yellow, brown, and red col-
oration (Luo et al., 2015; Gil et al., 2020). In most
cases, the color of nephrite is influenced by Cr®, Fe*,
and Fe?* ions that produce a wide range of light to dark
green hues (Suturin et al., 1980; Hobbs, 1982). The in-
tensity of the green coloration is mainly a function of
the total iron content (Wilkins et al., 2003; Grapes and
Yun, 2010). This sometimes creates mottled, striped,
or veined varieties with marbled patterns.

N ephrite jade is an almost monomineral rock
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Nephrite’s internal structure typically appears fi-
brous, with an intricately woven microstructure of
thin tremolite filaments and microtubules that form
kidney-like shapes. The name “nephrite” thus de-
rives from the Greek word for kidney (Lobo$ et al.,
2008). It is characterized by a high degree of compact-
ness and coherence as well as extreme compressive
strength. One nephrite from British Columbia,
Canada, exhibited a fracture strength of about 200
MN m~? (Makepeace and Simandl, 2001). By contrast,
nephrite has a hardness of approximately 6.5 on the
Mohs scale. The specific gravity of nephrite usually
ranges between 2.90 and 3.06 (Zaba, 2006). The main
global economic deposits of nephrite jade occur in
Canada, Russia, China, the United States, South
Korea, New Zealand, Australia, Poland, Italy, and
Switzerland. These are usually classified as:

1. Endogenic deposits formed as a result of geo-
logical processes of internal origin. The origin
of these deposits relates to serpentinites
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(ortho-nephrite, serpentinite-related nephrite)
and dolomites (para-nephrite, dolomite-re-
lated nephrite).

2. Exogenic deposits representing secondary
placer deposits of nephrite blocks associated
with river and stream sediments, for instance,
in East Sayan (Russia), New Zealand, and
British Columbia (Canada).

This study measured the radioactivity concentra-
tion of “K, 2Th, and >**U in ortho-nephrite samples
from five known nephrite deposits using gamma-ray
spectrometry. A major goal of this research was to as-
certain whether, as valued decorative stones and
gemstones, nephrite may pose a radiological risk to
those who handle them, such as artisans or collec-
tors. The authors also sought to compare Th/U ratios
of ortho- and para-nephrite. As a secondary goal, the
research sought evidence that Th/U concentration
ratios vary with the geographic origin of nephrite.
The results were compared with limited data avail-
able from previous studies on samples from the same
localities. Previously published data consist prima-
rily of potassium concentrations but also include
thorium and uranium concentrations reported for
para-nephrite and obtained by other analytical meth-
ods (Leaming, 1978; Lobos et al., 2008; Grapes and
Yun, 2010; Burtseva et al., 2015; Gil et al., 2015).

Dolomite-related nephrite forms at the contact
between dolomite marble and a granitic intrusion or
siliceous metasediments (Nichol, 2000; Yui and
Kwon, 2002; Gil et al., 2015). Different formation
processes cause ortho-nephrite and para-nephrite to
vary in terms of their concentrations of transition
metals and trace elements. Due primarily to lower
iron and chromium concentrations, para-nephrite
displays lighter colors ranging from white to light
green (Luo et al., 2015). Ratios of iron to magnesium
and concentrations of chromium, nickel, cobalt, and
manganese distinguish para-nephrite from ortho-
nephrite. Along with trace element concentrations,
hydrogen and oxygen stable isotopic ratios have
been used to determine the geographic origin of se-
lect dolomite-related nephrite deposits (Gao et al.,
2020). As many concentrations of minor elements
overlap for both types of nephrite, expanding the
range of trace element determinations and overall
geochemical datasets could refine models and crite-
ria for distinguishing dolomite-related and serpenti-
nite-related nephrite. Expanded geochemical
datasets also offer greater accuracy and precision to
studies of nephrite provenance.

RADIOACTMITY IN SERPENTINITE-RELATED NEPHRITE

Consensus holds that ortho-nephrite forms due to
initial rodingitization and subsequent serpentinite
transformation under the influence of gabbroic or acid
magma injection (Gil et al., 2015). Genetic relations
between these phases and associated rock types thus
warranted investigation of both serpentinite and
rodingite that co-occur at the Nastawice locality.

In Brief

e Gamma-ray measurements indicate very low “K,
22Th, and #8U activity concentrations in 11 serpenti-
nite-related (ortho-nephrite) samples.

e Two samples of plagiogranitic rodingite from a nephrite
deposit in Nastawice (Poland) showed significantly
higher 238U and #**Th activity concentrations than those
measured for nephrite samples.

¢ Thorium and uranium concentrations correlate posi-
tively and linearly in the ortho-nephrites analyzed.

* Nephrite, a valued decorative stone and gemstone, does
not pose a radiological risk to artisans or collectors.

MATERIALS AND METHODS

This study analyzed samples of gem-quality ortho-
nephrite originating from Poland (Nastawice, Jor-
danéw), Russia (Siberia, East Sayan), Canada (British
Columbia), and New Zealand (South Island). Pol-
ished nephrite samples referred to as NS1, NS2, and
NS3 (table 1 and figure 1, A-C) were collected by M.
Sachanbifiski from an active serpentinite and
nephrite quarry in Nastawice (Lobos et al., 2008).
Raw jade samples referred to as JR1, JR2, and JR3
(table 1 and figure 1, D-F) belong to the collection of
M. Sachanbiniski and come from the historic jade
quarry in Jordanow (Prichystal, 2013). Nephrite in
Nastawice and nearby Jordanéw occurs in serpenti-
nite of the Gogoléw-Jordanéw Massif (GJM), which
forms part of the Sleza Ophiolite, itself part of the
Mid-Sudetic Ophiolite (Gil, 2013; Gil et al., 2020).
These nephrites occur as irregular bodies within the
so-called black wall, a chlorite body within a contact
zone of rodingite dikes and serpentinite. The serpen-
tinites in Jordanéw and Nastawice host completely
transformed gabbro and plagiogranites as well as par-
tially rodingitized leucogranites. Nephrite from Jor-
danéw and Nastawice is considered of high
gemological quality and usually appears green but
without uniform coloration. Varied shades of green
create unique patterns on the material’s surface.
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Figure 1. Photographs of ortho-nephrite samples analyzed. A: From Nastawice (NS1), 7 cm in length. B: From
Nastawice (NS2), 7 cm in length. C: From Nastawice (NS3), 3 cm in length. D: From Jordanéw (JR1), 4 cm in
length. E: From Jordanoéw (JR2), 4 cm in length. F: From Jordanéw (JR3), 4 cm in length. G: From Siberia (SB1), 3
cm in length. H: From Siberia (SB2), 3 cm in length. I: From Siberia (SB3), 3 cm in length. |: Bear carving from
British Columbia (CN1), 7 cm in length. K: From New Zealand (NZ1), ~7 cm across. All photos by D. Malczewski.
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Actinolite represents the main mineral comprising
nephrite, and secondary minerals include chlorite,
antigorite, grossular, chromite, and iron oxides.

Russian nephrite samples SB1, SB2, and SB3 (table
1 and figure 1, G-I) belong to the collection of M.
Sachanbiniski. These were donated by a Russian ge-
ologist during the International Mineralogical Asso-
ciation conference in Novosibirsk, Russia, in
September 1978. The samples come from the Ospa
deposit located in the East Sayan nephrite-bearing
area (southern folded periphery of the Siberian cra-
ton). This deposit represents an apo-ultrabasic
nephrite (Burtseva et al., 2015). Nephrite from the de-
posit appears greenish blue in color and exhibits dif-
ferent degrees of saturation (Suturin et al., 1980).
Mineral compositions consist primarily of actinolite
and tremolite fibers, pyroxene, diopside, serpentine,
talc, chromite, graphite, and fuchsite. Accessory
mineral content ranges from 0.5 to 1.5%. All of the
above-mentioned nephrite samples from Nastawice
and Jordanow (Poland) and Siberia (Russia) will be do-
nated to the Mineralogical Museum of the Univer-
sity of Wroctaw (Poland).

Canadian sample CNI1 is a dark green nephrite
carved in the form of a small bear (table 1 and figure
17). This carving also belongs to the collection of M.
Sachanbinski and was purchased during the 17th Gen-
eral Meeting of the IMA in Toronto in August 1998.
It was made by a First Nations artisan using material
from British Columbia, where more than 50 nephrite
occurrences have been reported. These consist of in-
dividual blocks, talus blocks, boulder fields, and in
situ bodies that occur primarily at contacts between
serpentinite and cherts, or other metasedimentary and
igneous rocks formed in submarine environments.
Secondary minerals in the nephrite include spinel,
diopside, uvarovite, titanite, chlorite, and talc (Leam-
ing, 1978; Makepeace and Simandl, 2001).

Nephrite sample NZ1 from the South Island of
New Zealand exhibits a waxy luster and blackish
green color (table 1, figure 1K). This sample was do-
nated to the Mineralogical Museum at the Institute
of Earth Sciences, University of Silesia by L.
Sajkowski, a Polish geologist living and working in
New Zealand. Grapes and Yun (2010) describe this
nephrite from northern Westland as occurring as rare
pebbles and boulders weighing up to several tons,
found in glacial outwash gravels and till. They also
appear in streams and rivers that drain the nephrite
source area of the pounamu ultramafic rocks located
in the northern part of the Southern Alps (Ireland et
al., 1984; Cooper, 1995).

RADIOACTMITY IN SERPENTINITE-RELATED NEPHRITE

Samples RN1, RN2, and RN3 represent rodingite
(table 1). Rodingite is a rare type of metasomatic
rock consisting of grossular, diallage, and accessory
magnetite, apatite, and serpentinized olivine. It can
be enriched in epidote, prehnite, and vesuvianite
(Bell et al., 1911; O’Brien and Rodgers, 1973; Hatzi-
panagiotou and Tsikouras, 2001; Kobayashi and
Kaneda, 2010; Heflik et al., 2014). The samples and
rock type are considered to have high ornamental
value. The analyzed samples belong to the collec-
tion of S. Madej from the University of Wroctaw
and come from an active serpentinite and jade
quarry in Nastawice. Dubiniska et al. (2004) distin-
guish two types of rodingite. The first type, boninite
rodingite, contains relict clinopyroxene and vesu-
vianite, garnet, and diopside. The second type, pla-
giogranite rodingite, contains relics of checkerboard
albite and hydrogrossular, clinozoisite, zoisite, and
late diopside. Macroscopically, samples RN1 and
RN2 (plagiogranite rodingites; figure 2, A and B) ex-
hibit alternating, fine-grained, light and pink-col-
ored laminae and medium-grained, dark gray
laminae. In their study of the phase compositions
of this type of rodingite, Szeteg (2006) reported
quartz (approx. 63%), zoisite (approx. 25%), carbon-
ate-hydroxyl apatite, hydrogrossular, albite, and
smaller amounts of apatite, titanite, chromite,
uraninite, and thorianite. Sample RN3 (boninite
rodingite) (figure 2C) exhibits dull to light green
color and varied mineral composition.

Sample SRN (table 1, figure 2D) belongs to the
collection of M. Sachanbinski and represents a typi-
cal serpentinite from the deposit in Nastawice. Ser-
pentinites occurring there formed as a result of
complex, long-term transformation of harzburgite
and lherzolite (Dubiniska and Gunia, 1997). These be-
long to the Gogotéw-Jordanéw Serpentinite Massif
of the Sleza Ophiolite and probably formed at around
400 Ma (million years ago) (Gil et al., 2015). The ser-
pentinite from Nastawice appears dark green in color
and consists primarily of antigorite and sometimes
contains olivine, bronzite, diallage, diopside, and
hornblende. They sometimes resemble nephrite or
are nephritized to varying degrees. Subordinate min-
erals include magnesite, braunite, chromite, apatite,
garnet, and others. Macroscopically, these minerals
are prized for their decorative value. The use of ser-
pentinite as tools or decorative objects dates back to
the Neolithic (around 3000 BCE) in Lower Silesia.
The stone was originally used in tools and weapons
(e.g., axes, knives, and hoes) and is used today in or-
namental objects (see box A).

Gems & GEMOLOGY SUMMER 2022 199



Figure 2. Samples of rodingite and serpentinite from Nastawice. A: Plagiogranitic rodingite (RN1), 4 cm in length.
B: Plagiogranitic rodingite (RN2), 6 cm in length. C: Boninitic rodingite (RN3), 6.5 cm in length. D: Serpentinite
(SRN), 6 cm in length. All photos by D. MalczewsKki.

The activity concentrations (in Bq kg™') of the nat-
urally occurring radionuclides in nephrite, rodingite,

Box A: USe OF NEPHRITE JADE

and serpentinite samples, shown in table 1, were
measured using a GX4018 gamma-ray spectrometry

The practical and ornamental use of nephrite jade by hu-
mans dates back to at least the early Neolithic. Because
its fracture yields sharp, durable edges, nephrite was ini-
tially used to make axes, knives, scrapers, and other sim-
ple cutting tools. A pile deposit discovered along the
shores of Lake Constance, Switzerland, contained 30,000
jade axes weighing a total of 6000 kg (Hobbs, 1982;
Prichystal, 2013). A younger Stone Age site near Jor-
dan6w (Jordansmuhl) in Lower Silesia, Poland, is inter-
preted as a serpentinite and nephrite mining and
processing center (Prichystal, 2013). A block of jade
weighing over two tons excavated from the Jordanow
site in 1889 was on display in the New York Metropoli-
tan Museum of Art (Gil, 2013).

200 RADIOACTIVITY IN SERPENTINITE-RELATED NEPHRITE

Jade continues to be used for ornamental and decora-
tive objects such as jewelry and art. Some of the highest-
quality nephrite, referred to as pounamu in the Maori
language, is mined in New Zealand (Hobbs, 1982; Prichys-
tal, 2013). The Maori utilized jade for ornaments, art, and
tools—in the latter case until the introduction of metal in
the nineteenth century. Chinese culture and artwork have
featured jade since its earliest inception, and jade carving
is particularly well developed in East Asia (Douglas, 2005;
Wang, 2011). Nephrite jade has been considered a symbol
of wealth and power, and thus many jade artifacts have
survived intact into modern times. From antiquity to the
present day, nephrite jade has been considered a store of
value and items made from it have been prized as gifts.
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TABLE 1. Measured radionuclide activity concentrations and calculated weight concen-
trations of “°K, #*?Th, and 2*®U from ortho-nephrite, rodingite, and serpentinite samples.?

g 22Th =y

Rock/Sample Bq kg™ |Total Kwt.%"| Bqkg™ ppm Bq kg™ ppm
Nephrite

NS1 1.5 0.005 0.5 0.12 1.6 0.13
NS2 1.2 0.004 0.6 0.15 1.8 0.15
NS3 5.5 0.018 2.0 0.49 4.5 0.36
JR1 17 0.055 4.4 1.08 19 1.34
JR2 13 0.042 4.7 1.16 20 1.62
JR3 14 0.045 4.3 1.06 17 1.38
SB1 5.1 0.016 1.9 0.47 6.2 0.50
SB2 6.8 0.022 2.0 0.49 5.9 0.48
SB3 5.1 0.016 1.9 0.47 6.6 0.53
CNI1 27 0.087 0.8 0.20 1.2 0.10
NZ1 4.2 0.014 1.5 0.37 1.3 0.11
Rodingite

RN1 14 0.045 130 32.0 292 23.6
RN2 28 0.091 18 4.43 172 13.9
RN3 2.7 0.009 4.6 1.13 10 0.81
Serpentinite

SRN 1 0.003 0.7 0.17 1.1 0.09

*Measurement uncertainties are plotted with this data in figures 4-7.

bThe following conversion factors were used: K (wt.%) = *K (Bq kg™)/309.11; Th (ppm) = *?Th (Bq kg™')/4.06;
and U (ppm) =#U (Bq kg™')/12.35 (International Atomic Energy Agency, 2003). Uncertainties fell within 5—

10% of measured values for activity concentrations below 2 Bq kg™

system at the Laboratory of Natural Radioactivity,
Institute of Earth Sciences, University of Silesia
(Malczewski et al., 2018a, 2018Db; see also box B). The
system uses a high-purity germanium (HPGe) detec-

RADIOACTMITY IN SERPENTINITE-RELATED NEPHRITE

tor (45.2% efficiency) in a lead and copper shield (10.2
cm) with a multichannel-buffer Lynx instrument.
The energy resolutions of the detector were 0.8 keV
at 122 keV and 1.7 keV at 1330 keV. Each sample was
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analyzed for 96 h. The activity concentrations of
22Th and ***U were determined based on the gamma-
ray activity concentrations of 2°8T1, 212Pb, and 2*Ac
for thorium, and 2Pb and 2"*Bi for uranium. Ra-
dionuclide activity concentrations were calculated
from the following gamma-ray transitions (energy in
keV): “OK (1460.8); 25T1 (583.1, 860.5, 2614.5); 22Ph
(238.6, 300.1); 24P (242, 295.2, 351.9); 24Bi (609.3,
1120.3, 1764.5); and 2%Ac (338.32, 911.6, 964.6,
969.1). Laboratory Sourceless Calibration Software
(LabSOCS) and Genie 2000 v.3.4 software packages
were both used to analyze spectra, calibrate effi-
ciency, and determine radionuclides.

Consistency of the activity concentrations calcu-
lated for gamma-ray transitions for a given multiline
radionuclide (e.g., 2°°T1, 2“Bi, *“Pb, and **Ac) were
checked using line activity consistency evaluator
(LACE) analysis. For all measurements, the multiline
radionuclides gave activity concentration ratios ap-
proaching unity. The average minimum detectable

Box B: NATURAL RADIOACTIVITY

activity concentration (MDA for measured radionu-
clides was 0.1 Bq kg!. Figure 3 shows examples of
gamma-ray spectra for nephrite samples NS1 and JR1
and rodingite sample RNI1.

RESULTS AND DISCUSSION

Table 1 lists measured activity concentrations for “K,
22Th, and %U in Bq kg™ and calculated potassium
(wt.%), thorium (ppm), and uranium (ppm) concentra-
tions for nephrite, rodingite, and serpentinite samples.

40K. As seen in figure 4 and table 1, the K activity
concentrations recorded for nephrite samples analyzed
ranged from 1.2 Bq kg for NS2 to 27 Bq kg™ for CNI1.
Nephrite from Nastawice, Jordanow, and Siberia gave
average values of 2.7, 15, and 5.7 Bq kg!, respectively.
The New Zealand nephrite (NZ1) had an intermediate
value of 4.2 Bq kg'. The average value for all samples
was 9.1 Bq kg (figure 4). These values exceed “K ac-

Natural radioactivity results from the spontaneous decay
of naturally occurring radioisotopes. All elements having
an atomic number greater than 83 consist only of radioac-
tive isotopes. The three natural types of radioactive nuclei
decay include alpha (0, emission of helium nuclei), beta (3,
emission of electrons or positrons), and gamma (Y, emis-
sion of the shortest electromagnetic waves) decay. The SI
unit of radioactivity is the becquerel (Bq), equal to one
decay per second. The becquerel replaced the curie (Ci),
the unit equal to 3.7 x 10'° disintegrations per second or
the radioactivity of 1 g of °Ra (1 Bq =0.27 x 10-° Ci). The
main source of radioactivity in minerals, rocks, and soils
derives from the *Th, U, U decay series, and “K (non-
series). The 2Th, »°U, and **U series consist of 6 a and 4
B, 7 o and 4 B, and 8 & and 6 B decays, respectively. Many
of the o and f decays are accompanied by gamma-ray ra-
diation. The major gamma transitions from potassium,
thorium, and uranium are commonly used in estimating
weight concentrations based on measured activity concen-
trations. Due to the low natural abundance of ***U (0.72%
of natural uranium), the activity concentration of this iso-
tope is usually negligible compared to that of 2¥U. Its ac-
tivity concentration is thus not taken into account.
Typical soils and carbonate rocks give average *°K,
232Th, and U activity concentrations of 400, 30, and 35
Bq kg! and 80, 7, and 27 Bq kg, respectively (Van
Schmus, 1995, UNSCEAR, 2000). Among the most com-
mon rock types, acidic igneous rocks such as granite and
rhyolite give the highest radioactivity values. These typ-
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ically range from 900-1400, 50-200, and 37-72 Bq kg!
for “K, >*Th, and »®U, respectively.

The activity concentration index assesses radiologi-
cal hazards to human health posed by building materials,
including rock surfaces used in paneling or countertops.
The European Union standard index I, as defined by the
European Atomic Energy Community (2013), represents
the sum of three isotopic fractions expressed as:

e A An A
300Bq kg 200 Bqkg~ 3000 Bq kg

where Ag,, A, and Ay represent *°Ra (»%U), 2Th, and
YK (Bq kg) activity concentrations in surroundings or
material. The value of index I should not exceed unity,
which corresponds to the indoor dose rate of 1 mSv y.
The sievert (Sv) is the SI unit of equivalent dose and ef-
fective dose equal to 1 J kg™'. The external hazard index
H _ is also commonly used to evaluate the radiological

ex
risk of building materials. It is calculated as follows:

. Apa Am Ag
= + +
~ 370Bq kg? 259 Bqkg! 4810Bqkg!

An H,, index equal to unity corresponds to an external
gamma-ray dose of 1.5 mSv y! from a material. With a
few exceptions, the overwhelming majority of rock
building materials are characterized by I and H,, values
less than one. All ortho-nephrites measured in this
study have extremely low average I and H,, values of
0.04 and 0.03, respectively.
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MEASURED 4°K ACTIVITY CONCENTRATION VALUES
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MEASURED 233U ACTIVITY CONCENTRATION VALUES
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Plewa, 1992). Typical granites give values ranging from
900-1400 Bq kg

22Th. As seen in table 1 and figure 5, the nephrite
from Jordanéw had the highest activity concentra-
tion values associated with ***Th series isotopes. Val-
ues of 4.3, 4.4, and 4.7 Bq kg yielded an average
2%2Th activity concentration of 4.5 Bq kg'. The sam-
ples from Siberia and Nastawice (NS3) showed the
second-highest values at about 2 Bq kg'. Sample
NZ1 had a similar value of 1.5 Bq kg!. The samples
from Nastawice (NS1 and NS2) gave the lowest >**Th
activity concentrations of 0.5-0.6 Bq kg'. Sample
CN1 also had a low value of 0.8 Bq kg'. All samples
combined gave an average >**Th activity concentra-
tion of 2.2 Bq kg! (figure 5). All measured activity
concentrations exceeded values reported for ultraba-
sic rocks of an order of 10> Bq kg (Van Schmus,
1995). The **2Th activity concentration for all sam-
ples except NS1 and NS2 exceeded that measured
from SRN (0.7 Bq kg™'). Activity concentrations for
nephrite samples analyzed fell below the average es-
timated for gabbros from Lower Silesia (6.4 Bq kg!)
and well below that previously estimated for gran-
ites, which give 2*Th activity concentrations ranging
from 50-200 Bq kg' with an average of 70 Bq kg™!
(Eisenbud and Gesell, 1997).
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28U. Table 1 and figure 6 show that the nephrite sam-
ples from Jordanéw had the highest average activity
concentration associated with 23U series isotopes (19
Bq kg!). Samples from Siberia gave the second-high-
est average value at 6.3 Bq kg'. Samples CN1 and
NZ1 showed the lowest >*U activity concentrations
of 1.2 and 1.3 Bq kg!, respectively. As with their “K
and *”Th values, the NS1 and NS2 nephrites from
Nastawice gave lower >**U activity concentration val-
ues (1.6 and 1.8 Bq kg!) relative to sample NS3 (4.5
Bq kg). All samples had higher 38U activity concen-
tration values than those measured from ultrabasic
rocks (~0.1 Bq kg™'; Van Schmus, 1995) and from the
serpentinite sample SRN (1.1 Bq kg™'). As shown in
figure 6, the »**U activity concentration average of 7.7
Bq kg measured for all nephrite samples exceeded
the average of 4.1 Bq kg! measured from gabbros
(Plewa and Plewa, 1992). This relatively high value
arises from the significantly higher >**Th activity con-
centration measured in the nephrite samples from
Jordanéw. The calculated mean for the ortho-
nephrites analyzed fell below the previously reported
average values for granite of 40 Bq kg (Eisenbud and
Gesell, 1997).

This study also compared K, »*Th, and >**U ac-
tivity concentrations from ortho-nephrite with those
previously measured from marbles using the same
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technique. Calcite marbles from the Stawniowice
quarry (Lower Silesia, Poland) and Alpine marbles
from the vicinity of Aussois (France) gave average
2%2Th activity concentration values of 2.4 Bq kg
(Malczewski and Zaba, 2012; Moska, 2019). This ap-
proximated average value for 2Th (2.2 Bq kg!) was
measured from the ortho-nephrites analyzed. The
280 activity concentrations in calcite marbles ranged
from 16-23 Bq kg!. Nephrite **U activity concentra-
tions ranged from 2 to 20 Bq kg! with an average
value of ~8 Bq kg!. The measured “’K activity con-
centrations for calcite marbles ranged from 12-80 Bq
kg!, while that for nephrite ranged from 1.2-27 Bq
kg with an average of 9 Bq kg™'. The dolomite mar-
bles collected from the Stawniowice mine gave K
activity concentrations of 122 Bq kg™ and >*Th activ-
ity concentrations of 5 Bq kg™'. These exceeded values
measured from calcite marbles, but the two rock
types exhibited similar 2*U concentrations of ~13 Bq
kg!. The ortho-nephrites analyzed gave comparable
22Th and »**U activity concentration values but lower
40K activity concentration values relative to those of
calcite and dolomite marbles. Based on their analyses
using an HPGe detector, Fares et al. (2011) reported a

higher average 2**U activity concentration of 57 Bq
kg for commercial marbles from Egypt.

Rodingite. As noted earlier, the rodingite samples as-
sociated with the Nastawice and Jordan6w nephrite
deposits classify as boninite (RN3) and plagiogranite
rodingite (RN1 and RN2). As shown in table 1 and
figure 7, sample RN1 gave the highest U and >*Th
activity concentrations of 292 and 130 Bq kg!, re-
spectively. These values significantly exceed the ac-
tivity concentrations of all examined nephrites and
activity concentrations of typical granites of 40 and
70 Bq kg! for 28U and *Th, respectively (Eisenbud
and Gesell, 1997). Sample RN2 also exhibited high
uranium activity concentration but lower thorium-
related activity concentration relative to sample
RNI1. The high »**U and ?**Th activity concentration
values in RN1 and RN2 rodingite samples likely re-
flect the presence of accessory zircon, thorianite, and
uraninite (Szeteg, 2006). As expected, sample RN3,
which was collected from a body in direct contact
with the nephrite-bearing zone, exhibited signifi-
cantly lower >¥U and ***Th activity concentrations
than samples RN1 and RN2. Activity concentrations

MEASURED “°K, 232Th, AND 238U ACTIVITY CONCENTRATION VALUES

300

40K

250 22Th

238(

(Bq kg™

Average *?Th value activity concentrations
Average 3*U value activity concentrations

Figure 7. Measured “K,
252Th, and ?*¢U activity
concentration values
for rodingite. The thin
and thick horizontal
lines respectively show
the average ?***Th and
28U activity concentra-
tions in typical granites
(Eisenbud and Gesell,
1997). The thin vertical

lines are error bars.

RN1 RN2
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measured from RN3 for 22U (10 Bq kg™!) and *2Th (5
Bq kg!) exceeded those observed in ortho-nephrite
samples from Nastawice, Siberia, British Columbia,
and South Island but resembled those measured from
the Jordanoéw samples. The rodingite samples exhib-
ited relatively low K activity concentrations with a
mean value of 15 Bq kg™, which exceeded the mean
value of 9.1 Bq kg! measured from the nephrite sam-
ples. As with 2**U and **Th activity concentrations,
sample RN3 gave the lowest ¥K activity concentra-
tion of 3 Bq kg!. Samples RN1 and RN2 gave higher
activity concentrations of 14 and 28 Bq kg!. These
resembled values measured from the Jordanow
nephrite samples and from CNI1.

Comparison of K, Th, and U Concentrations with
Previous Data. Concentrations estimated for potas-
sium (wt.%), thorium (ppm), and uranium (ppm)
showed similar trends among the samples as those
observed for the “°K, >*Th, and **U activity concen-
tration values. Nephrite potassium concentrations
varied from 0.004 wt.% for sample NS2 to 0.087
wt.% for sample CN1, and the samples overall gave
amean value of 0.03%. Concentrations estimated for
potassium, thorium, and uranium generally resem-
bled the few previously obtained results for ortho-
nephrite from the same locations. The nephrite
samples from Nastawice in particular showed similar
potassium concentrations. £obo$ et al. (2008) report
average potassium concentrations of 0.004, 0.008, and
0.016 wt.% for three types of nephrite based on elec-
tron microscope analysis. These values correspond to
40K activity concentrations of approximately 1.2, 2.5,
and 5.0 Bq kg! and thus agree very well with activity
concentrations measured from samples NS1, NS2,
and NS3 by gamma-ray spectrometry (table 1).
Prompt gamma neutron activation energy analysis
(PGAA) indicated a bulk-rock potassium concentra-
tion of about 0.016 wt.% for the Jordanéw nephrite
sample. This value corresponds to a “°K activity con-
centration of less than 5 Bq kg (Gil et al., 2015). The
concentration value and associated K activity con-
centration fell below values obtained by this study for
the three samples from Jordanéw, which gave an av-
erage potassium concentration of 0.050 wt.% and an
average K activity concentration of 15 Bq kg™ (table
1). Extensive studies by Leaming (1978) and Nichol
(2000) report an average potassium concentration of
0.038 wt.% and a corresponding “°K activity concen-
tration of 12 Bq kg for Canadian nephrite from
British Columbia. Gamma-ray measurements (table
1) of sample CNI1 indicate a higher but comparable
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K activity concentration value of 27 Bq kg (0.087
wt.%). Grapes and Yun (2010) report average potas-
sium concentrations for South Island nephrite of
0.012 wt.% based on electron microprobe analysis.
These correspond to a “°K activity concentration of
3.8 Bq kg! and fall within the measurement uncer-
tainty of potassium values obtained for sample NZ1
(4.2 Bq kg and 0.014 wt.%). The above-mentioned
literature sources provide no data on thorium and ura-
nium concentrations.

Ortho-nephrite samples from the East Sayan area
exhibit relatively large differences in potassium, tho-
rium, and uranium concentrations. Inductively cou-
pled plasma-mass spectrometry (ICP-MS) analysis
gave average potassium concentrations of 0.05 wt. %
(16 Bq kg™ of “K) for samples from the area (Burtseva
et al., 2015). This value exceeds the average value of
0.016 wt.% (6 Bq kg of “’K) obtained for samples
SB1, SB2, and SB3. Burtseva et al. (2015) reported av-
erage thorium and uranium concentrations for nine
samples of 0.06 ppm (~0.3 Bq kg™ for thorium) and
0.05 ppm (~0.6 Bq kg for uranium). The present
study obtained mean thorium and uranium activity
concentrations of 1.9 and 6.2 Bq kg™, corresponding
to concentrations of 0.48 and 0.51 ppm from East
Sayan nephrite (table 1).

Comparison of K, Th, and U Concentrations Meas-
ured from Para-Nephrite. Luo et al. (2015) present de-
tailed laser ablation-inductively coupled-mass
spectrometry (LA-ICP-MS) trace element data for
138 samples collected directly from eight major
dolomite-related nephrite deposits in East Asia. Fig-
ure 8 compares mean potassium, thorium, and ura-
nium concentrations reported in Luo et al. (2015)
with results from ortho-nephrite samples reported
in this study. As seen in figure 8A, the ortho-
nephrites exhibit an average potassium concentra-
tion of 0.03 wt.%, whereas the para-nephrites from
East Asia exhibit an average potassium concentra-
tion of 0.07 wt.% (22 Bq kg!) with standard devia-
tions of 0.02 and 0.04 %, respectively. Nichol (2000)
reports a mean potassium concentration of 0.1 + 0.02
wt.% for para-nephrite samples from southern Aus-
tralia. This corresponds to a “°K activity concentra-
tion of approximately 30 Bq kg, a value that
resembles that measured for sample CN1, which
gave the highest “°K activity concentration among
the ortho-nephrite samples (table 1). Similarly,
dolomite-related nephrite from Val Malenco (Italy)
had a mean potassium concentration of 0.04 + 0.004
wt.%, which slightly exceeded the average values
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Figure 8. Comparison of calculated average concen-
trations of potassium (wt. %), thorium (ppm), and ura-
nium (ppm) in ortho-nephrites (serpentine-related,
darker green bar) analyzed in this study and from
para-nephrite (dolomite-related, lighter green bar)
data reported by Luo et al. (2015). The thin vertical
lines are error bars.

obtained for ortho-nephrites reported here. A con-
centration of 0.04 wt.% potassium corresponds to a
40K activity concentration of about 12 Bq kg™. This
estimate resembles values measured for the Jor-
danow nephrites (table 1). Results also show that the
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mean potassium concentration calculated from
ortho-nephrite K activity concentration generally
falls below that measured for para-nephrite (figure
8A). However, potassium concentrations often over-
lap for both types of nephrite. Serpentinite-related
nephrites gave an estimated average thorium con-
centration of 0.55 = 0.30 ppm, which exceeds that
estimated for para-nephrite (0.26 + 0.18 ppm or 1.1
+ 0.7 Bq kg!) by a factor of two (figure 8B). The rela-
tively large dispersion of thorium concentrations for
both types of nephrite means that value ranges par-
tially overlap. Excluding the Jordanéw samples with
the highest thorium concentrations gives a calcu-
lated mean of 0.35 for the remaining serpentinite-re-
lated nephrites. This value still exceeds the values
estimated for dolomite-related nephrite. As shown
in figure 8C, serpentinite-related nephrites gave an
average U concentration of 0.63 = 0.57 ppm, while
dolomite-related nephrites had an average uranium
concentration of 0.74 = 0.44 ppm (9.1 = 5.4 Bq kg™!).
Ortho-nephrite and para-nephrite showed very sim-
ilar average uranium concentrations, but samples
from different nephrite deposit locations give rela-
tively variegated values. In summary, the relatively
large standard deviations associated with calculated
mean potassium, thorium, and uranium concentra-
tions suggest that these parameters alone would not
be enough to clearly distinguish ortho-nephrite from
para-nephrite but may serve as approximate indica-
tors of host rock type, especially in terms of their
potassium and thorium parameters.

Correlations Between Th and U Concentrations. As
seen in figure 9, 22*Th and ***U concentrations corre-
late strongly in ortho-nephrites analyzed and give a
correlation coefficient of 0.98. A fitted line shows
samples NS1 and NZ1 deviate slightly from this
trend. Figure 9 shows that Jordanow samples
(JR1-JR3) form a distinct data cluster with uranium
concentrations ranging from 1.3 to 1.7 ppm and tho-
rium concentrations from 1.0 to 1.2 ppm. All other
ortho-nephrite samples range from about 0.1 to 0.6
ppm in terms of both uranium and thorium concen-
trations. A gap of 0.7 to 1.3 ppm for uranium and 0.6
to 1.0 for thorium thus exists between the Jordanéw
samples and others. Excluding the CN1 sample, other
samples also show strong K-Th and K-U correlations
(table 1).

The dolomite-related nephrites from deposits in
East Asia studied by Luo et al. (2015) showed weaker
correlations between average thorium and uranium
concentrations. These gave average thorium concen-
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Figure 9. Correlation
between thorium (ppm)
and uranium (ppm) for
ortho-nephrites ana-
lyzed in this study. The
solid line represents the
linear fit of Th (ppm) =
0.16 + 0.62 x U (ppm),
with a correlation coef-
ficient of r = 0.98.
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trations of 0.07 to 0.70 ppm and uranium concentra-
tions from 0.2 to 1.4 ppm. Data from these para-
nephrites show a high degree of visible scatter, and
linear regression gives a correlation coefficient of 0.42
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(figure 10). The weaker correlation between thorium
and uranium concentrations for para-nephrite (figure
10) compared to that observed for ortho-nephrite (fig-
ure 9) most likely arises from greater differentiation of

Figure 10. Correlation
between thorium (ppm)
and uranium (ppm) for
para-nephrites based on
data reported in table 2
of Luo et al. (2015). The
solid line represents a
linear fit of Th (ppm) =
0.13 + 0.17 x U (ppm),
with a correlation coef-
ficient of r = 0.42.
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Th/U CONCENTRATION RATIOS
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Figure 11. Concentra-
tion ratios of Th/U. The
thick horizontal line
shows the average for
ortho-nephrites in the
present study. The thin
horizontal line shows
the average for para-
nephrites based on data
reported by Luo et al.
(2015). The thin vertical

NEPHRITE SAMPLE NO.

thorium and uranium concentrations in dolomites
(and carbonates in general), which are the host rocks
for para-nephrite.

Th/U Concentration Ratios. As shown in figure 11,
Th/U ratios for the serpentinite-related nephrites
vary from 0.70 to 3.51 with an average value of 1.30.
The average Th/U concentration ratios were 1.11 =+
0.12, 0.73 + 0.02, and 0.95 + 0.05 for nephrite from
Nastawice, Jordanow, and Siberia, respectively.
Nephrite from these locations can be differentiated
within standard deviations based on their Th/U ratio
(figure 11). Despite its higher thorium and uranium
concentrations, sample NS3 gave a Th/U ratio simi-
lar to that of samples NS1 and NS2. Samples CN1
and NZ1 gave relatively higher Th/U ratios of 2.03 +
0.14 and 3.51 = 0.25, respectively.

The data presented by Luo et al. (2015) indicates
a calculated mean Th/U value of 0.5 for dolomite-re-
lated nephrite. This value falls below the value of 1.3
estimated for serpentinite-related nephrite by the
present study (figure 11). The calculated values of 1.3
and 0.5 for serpentinite- and dolomite-related
nephrite (respectively) resemble Th/U concentration
ratios in the host rocks. Serpentinites and their peri-
dotite protoliths both exhibit a Th/U ratio of approx-
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imately 2 (Van Schmus, 1995; Pasquale et al., 2001).
As listed in table 1, the serpentinite from Nastawice
(SN1) gave a ratio of 1.9, which approaches the mean
value estimated for ortho-nephrite. Previous studies
of dolomite and dolomite marble using gamma-ray
spectrometry show that the average Th/U ratio for
these rocks is about 0.5 (Chiozzi et al., 2002; Mal-
czewski et al., 2005; Malczewski and Zaba, 2012;
Moska, 2019). Generally, carbonate rocks have a
mean Th/U value of 0.8 (Van Schmus, 1995). Again,
the average value of the Th/U ratio calculated for the
para-nephrites based on the results obtained by Luo
et al. (2015) agrees well with those reported for car-
bonate rocks and especially dolomites.

CONCLUSIONS

This study reports gamma-ray spectrometric analy-
sis of serpentinite-related nephrite samples from
several well-known global localities. Measurements
indicate very low “K, >*Th, and **U activity con-
centrations that pose no radiological risk. Measured
activity concentrations fell below values reported
in the literature for acid igneous rocks. By contrast,
the mean *°K, 22*Th, and 2**U activity concentration
values exceeded average values reported in litera-
ture sources for ultrabasic rocks and, to a lesser ex-
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Figure 12. This 90 x 20 mm nephrite carving is from the Kutcho Jade mine in northwest British Columbia,
Canada. Photo by Robert Weldon; courtesy of Jade West Group.

tent, for serpentinites. Compared to gabbroic rocks  hibited lower “°K and >**Th activity concentrations
from Lower Silesia (Poland), the ortho-nephrites ex-  and slightly higher 2**U activity concentrations. The
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measured serpentinite-related nephrites were char-
acterized by extremely low average values of radio-
logical hazard indices I and H,_of 0.04 and 0.03,
with the upper levels of both indices equal to unity.
Calculated thorium (ppm) and uranium (ppm) con-
centrations strongly correlate. Nephrite from
Nastawice, Jordanéw, and Siberia show distinct
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