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The Gogotéw-Jordanéw Massif (GIM) in the Fore-Sudetic Block, SW Poland, hosts nephrites traditionally interpreted as ser-
pentinite-related (ortho-nephrite). This contribution confirms the serpentinite-related origin of the nephrites on the basis of
mineralogy, bulk-rock chemistry, and O and H isotopes. Rock-forming amphiboles from nephrites of the GJM have
7.73-7.99 Si apfu, comparable to 7.76-8.03 Si apfu of serpentinite- related Crooks Mountain nephrite amphibole (Granite
Mountains, Wyoming, USA). The GJM amphiboles also have Mg/(Mg + Fe*") values ranging from 0.8210 0.94, similar to ser-
pentinite-related Crooks Mountain and New Zealand nephrites amphiboles with Mg/(Mg + Fe?") values of 0.86-0.90 and
0.91t0 0.92, respectively. The GIM nephrite amphiboles differ from the Val Malenco dolomite-related nephrite (Italy) amphi-
bole, e.g., Val Malenco has a higher Si content (~8.0 Si apfu), although it overlaps with some of the GIM nephrite samples,
and ~1.0 Mg/(Mg + Fe?"), also higher than the GJM samples. Also, apatite in the nephrite studied from the GJM has a slightly
higher Ca content than apatite from dolomite-related nephrite. Chlorites found in the Jordanéw nephrite have similar compo-
sitions to that of chlorites in the serpentinite-related nephrites and also to chlorites associated with serpentini-
sation/rodingitisation. The bulk-rock FeO vs. Fe/(Fe + Mg), Cr, Ni, and Co are also typical of the serpentinite-related
nephrites. The §'%0 values range from +6.1 to +6.7%o (+0.1%o), and the average 3D values = —61%o, corresponding with the
serpentinite-related nephrites range. Based on petrographic observations, we suggest four crystallisation stages (including
rodingitisation prior to nephrite formation): 1 — leucogranite rodingitisation and black-wall formation; 2 — tremolite formation at
the expense of rodingite diopside and black-wall chlorite (nephritisation) and garnet break-down, with spinel and chlorite for-
mation (chlorite can be a product of garnet break-down or spinel with serpentine reaction); 3 — prehnite vein formation; 4 —
tremolite formation at the expense of prehnite veins and actinolite veins formation. Spinels composed of 0.29-1.96 wt.%
MgO, 24.87-29.67 wt.% FeO, 8.72-22.82 wt.% Fe,03, 3.11-4.36 wt.% Al,O3, and 39.07-54.46 wt.% Cr,0O3 suggest
nephritisation in the greenschist to lower-amphibolite-facies conditions.
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INTRODUCTION an interlocking fabric, also known as nephritic texture. This in-
terlocking fibrous fabric results in an extreme toughness, com-
bined with a relatively low hardness (ca. 5.5-6.5 in Mohs’

Nephrite (nephrite jade) is one of the two forms of jade, the ~ scale), making nephrite a valuable carving material. Nephrite
other being jadeitite. Nephrite is a monomineral amphibole  has been used since the Early Neolithic period and currently is
rock, composed of fibrous tremolite and/or actinolite, forming  primarily used for the carving of decorative items and jewellery.

The largest nephrite deposits are located in British Colum-
bia (Canada; Simandl et al., 2000; Makepeace and Simandl,
] ) o ) 2001), Wyoming, California, and Alaska (USA; Sinkankas,
* Correspor;dmg {:llulthor, Ie-mallz grzegorz.gil@ing.uni.wroc.pl; 1959; Sherer, 1972; Middleton, 2006), Siberia (Russia; Harlow
grzegorz.gil@mailplus.p and Sorensen, 2001, 2005; tapot, 2004; Kostov et al., 2012),
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(China; Liu et al., 2010, 2011a, b; Sigin et al., 2012), Chun-
cheon (Korea; Yui and Kwon, 2002), Hualien (Taiwan; Wan and
Yeh, 1984, Siqin et al., 2012), South Australia and New South
Wales (Australia; Aitchison et al., 1992; Harlow and Sorensen,
2001, 2005), and the South Island (New Zealand; Middleton,
2006; Adams et al., 2007; Grapes and Yun, 2010). There are
also nephrite deposits in Europe — Sondrio (Italy; Adamo and
Bocchio, 2013), Scortaseo (Switzerland; Dietrich and de
Quervain, 1968; Adamo and Bocchio, 2013; Péterdi et al.,
2014), Thuringia and Bavaria (Germany; tobos et al., 2008;
Péterdi et al., 2014), and Usinmaki and Pakila (Finland; Gunia,
2000). In addition, there are at least two nephrite-bearing areas
in Lower Silesia (SW Poland) — the Gogotéw-Jordanéw Massif
(GIM) and Ztoty Stok (former German name Reichenstein;
Traube, 1885a, b, 1887, 1888; Sachs, 1902; Beutell and Hein-
ze, 1914; Maciejewski, 1966; Heflik, 1974, 2010; Majerowicz,
2006; Middleton, 2006; Gil, 2011, 2013). Within the GJM, two
major occurrences are distinguished — Jordanéw (German
name Jordansmuhl) and Nastawice (German names Naselwitz
and Steinberge; Majerowicz, 2006; tobos et al., 2008; Gil,
2013). The Lower Silesian deposits place Poland amongst the
largest nephrite-bearing areas in Europe (Heflik, 1974; Middle-
ton, 2006; tobos et al., 2008; Gil, 2013). These deposits are
also amongst the earliest-discovered, in the 1880s (Traube,
1885a, b, 1887, 1888; Sachs, 1902; Beutell and Heinze, 1914;
Maciejewski, 1966; Middleton, 2006; Heflik, 2010).

Nephrite can be divided into serpentinite-related (ortho-
nephrite) and dolomite-related (para-nephrite), depending on
origin (Harlow and Sorensen, 2005; Middleton, 2006). Serpen-
tinite-related nephrite forms at the contact between serpentinite
or peridotite with more silicic rocks (usually a granitic intrusion,
rodingitised plagiogranite, or metasediment). Dolomite-related
nephrite forms at the contact between dolomitic marble and a
granitic intrusion (cf. Harlow and Sorensen, 2001, 2005; Yui
and Kwon, 2002). The proposed metasomatism during serpen-
tinite-related nephrite formation assumes SiO, migration from
rodingitised rock through the black-wall and Ca migration from
rodingitised rock and/or from serpentinising peridotite through

black-wall (Harlow and Sorensen, 2005 and references
therein). Clinopyroxene breakdown is a likely Ca source for
nephritisation. Apart from the geological position and
petrographic association, the serpentinite-related nephrites dif-
fer from dolomite-related ones in minor mineral constituents
and accessory phases, mineral chemistry, bulk-rock trace ele-
ments, and O and H isotope ratios. The elemental concentra-
tions of Cr, Ni, and Co and the Fe/Mg ratio in rock-forming min-
erals and bulk-rock composition are diagnostic of its origin
(Harlow and Sorensen, 2005; Middleton, 2006; Liu et al.,
2011a, b). However, these concentrations can overlap (as
shown in Table 1), so conclusions about serpentinite-related or
dolomite-related origin should be based on multiple observa-
tions. For example, rock-forming amhiboles of serpentinite-re-
lated nephrites usually have higher Cr,03 (0.02—0.43 wt.%; see
Table 1; Grapes and Yun, 2010; Liu et al., 2011a) than dolo-
mite-related nephrites (0.00-0.09 wt.%; Liu et al., 2011a; Ling
et al., 2013), although several studies (Liu et al., 2010, 2011b)
described dolomite-related nephrite amphiboles with elevated
Cr,03 (0.03-1.18 wt.%). Amphiboles NiO and diopside Cr,03
are also characteristic (both higher in serpentinite-related neph-
rite; Table 1), but unfortunately, NiO is usually not included in
standard nephrite amphiboles electron microprobe analyses.
Serpentinite-related nephrites tend to have bulk-rock Cr con-
centrations between 900 and 2812 ppm, Ni between 959 and
1898 ppm, and Co between 42 and 207 ppm, whereas dolo-
mite-related varieties have lower Cr concentrations, between 2
and 179 ppm, Ni between 0.05 and 471 ppm, and Co between
0.5 and 10 ppm (Table 1; Grapes and Yun, 2010; Liu et al.,
2011b; Kostov et al., 2012; Siqin et al., 2012). Sigin et al. (2012)
shows that serpentinite-related nephrites have bulk-rock Fe/(Fe
+ Mg) >0.060, whereas most dolomite-related nephrites are
<0.060, although there is some overlap and some dolomite-re-
lated nephrites also have a Fe/(Fe + Mg) ratio >0.060. Serpen-
tinite-related nephrites tend to have §*°0O values between 4.5
and 9.6%o., and dD values between —67 and —33%. (Yui et al.,
1988; Yui and Kwon, 2002), whereas dolomite-related
nephrites have §'®0 values between —9.9 and 6.2%o, and 8D

Table 1

Selected characteristic features of the serpentinite-related and dolomite-related nephrites compiled
from published data and our analyses

Serpentinite-related ’ N
Sample Feature nephrite Dolomite-related nephrite
0.08-0.36% 0.07-0.43°; d. e. f. i
Cr,03 Wt.% 0.020-0 127% 0.39-1.14% 0.00-0.07%; 0.03-1.18"; <0.05-0.09
Amphibole | NiO wt.% 0.08-0.25°; 0.08—0.§6e 0.00-0.08°%; <Q.05—0.06‘
5"50%o 4.5-5.3% 6.9-9.6" -9.9 to -8.2"% 0.5-3.4"; 1.1-5.6°% 3.2-6.2'
5D%o —67 to —33% —54 to —39" —114 to —105"; —124 to -56°; —72.4 to —55.7°%; —94.7 to —-83.0"; 113 + 4.8’
Diopside Cr,03 Wt.% 0.018-0.640" 0.00-0.03"
1220-1890°%; 900-1113%; £, h
Cr ppm 1505_3_2812_1% 8.95-178.70"; 1.9-67.9
- 1199-1484°; 1887-1898Y; :
Bulk-rock Ni ppm Fr e 0.05-3.95'; 22.2-470.7"
Co ppm 204-207%; 42.0-53.0" 0.5-9.8"
Fel(Fe + Mg) above 0.060" usually below 0.060"

a—Yuietal. (1988); b - Yui and Kwon (2002); note: b — detailed study of dolomite-related Chuncheon nephrite (many analyses), b' — compila-
tion of single analyses from several serpentinite-related and dolomite-related nephrite deposits (other than Chuncheon), both from the same
work, for details see also Figure 11; c — Grapes and Yun (2010); d — Liu et al. (2010); e — Liu et al. (2011a); f— Liu et al. (2011b); g — Kostov et
al. (2012), data without Jordanéw nephrite, discussed extensively in present paper; h — Sigin et al. (2012), Cr, Ni and Co recalculated from
wt.%; i — Adamo and Bocchio (2013); j— Ling et al. (2013); k — present study of comparable material from Crooks Mountain and New Zealand

nephrites, for details see Appendix 2
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values between —124 and —56%o (Yui and Kwon, 2002; Liu et
al., 2011a, b; Adamo and Bocchio, 2013).

Nephrites in the GIM were interpreted as serpentinite-re-
lated (ortho-nephrite), due to their occurrence within a serpen-
tinite massif (Maciejewski, 1966; Gunia, 2000; Harlow and
Sorensen, 2005; Middleton, 2006; tobos et al., 2008). How-
ever, detailed mineralogical and geochemical studies which
would support this interpretation are missing. The present pa-
per provides an overview of recent studies on the GJM nephri-
tes, presents new mineralogical and geochemical data that fo-
cus on their origin, and discusses geochemical data compared
with nephrites worldwide. The GJM nephrites light isotope com-
positions have never been analysed before. Until now, there
were only §'®0 and 3D of serpentines from Jordanéw and
Nastawice (Jedrysek et al., 1991), and &0 and &C of
magnesite from Nastawice (Jedrysek and Hatas, 1990), there-
fore our nephrite O and H isotope study provides original new
data. We also present new results on the GJM nephrite mineral
chemistry and new petrographic and microprobe results on ser-
pentinite-related nephrites from Crooks Mountain (the Granite
Mountains, Wyoming, USA) and the South Island (New Zea-
land). Finally, we propose the crystallisation sequence of the
GJIM nephrites.

GEOLOGICAL SETTING

Jordanéw (or Jordanéw Slaski in full) and Nastawice are lo-
cated in Lower Silesia (SW Poland), ca. 25 km SSW of Wro-
ctaw. Nastawice lies 3 km NW from Jordanéw. The two neph-
rite-bearing quarries, Jordanéw and Nastawice, are ca. 2 km
from one another. Both quarries are situated in serpentinites of
the GJM, and are covered by Cenozoic deposits. The area
studied is located in the strongly peneplained Fore-Sudetic
Block, separated by the Sudetic Boundary Fault from the
Sudetes Mountains in the west and south. The entire area
forms the NE edge of the Bohemian Massif. The Sudetes (to-
gether with the Fore-Sudetic Block) are divided into the West,
Central, and East Sudetes, composed of tectono-stratigraphic
units juxtaposed during the Variscan orogeny (Mazur et al.,
2006). The area studied lies in the Central Sudetes sector (Fig.
1), which is composed of the Géry Sowie, Orlica, Snieznik,
Klodzko, and Kamieniec medium- to high-grade, Neoprotero-

. %,
Cretaceous basin

PRAGUE
®

150 km

Fig. 1. Schematic geological map of the NE Bohemian
Massif (modified after Matte et al., 1990, fide Mazur et al.,
2006), with indicated East, Central and West Sudetes

zoic-Lower Paleozoic metamorphic units, and the Ordovician-
-Lower Carboniferous Bardo Sedimentary Unit, Lower Devo-
nian Central Sudetic Ophiolite, Niemcza and Skrzynka Shear
zones, and several smaller units, and a number of Variscan
granitic plutons, in which the Strzegom-Sobotka is one of the
largest (Fig. 2A; Mazur et al., 2006).

The GJM is the lowermost part (built of serpentinites; geo-
graphically southern and eastern) of the Sleza Ophiolite, which
belongs to the Central Sudetic Ophiolite — a dismembered unit
bordering the Gory Sowie Massif from the N, E, S, and SW
(Majerowicz, 1963, 1979, 1984, 2006; Jamrozik, 1981a, b;
Narebski et al., 1982; Borkowska et al., 1989; Gunia, 1992;
Mierzejewski and Abdel-Wahed, 2000; Mazur et al., 2006;
Kryza and Pin, 2010; Kryza, 2011). Central Sudetic Ophiolite
consists of the four major ophiolites: the Nowa Ruda Massif in
the south, comprising peridotites and serpentinites, gabbros,
diabases, and pillow lavas, metamorphosed in low grade, up to
greenschist facies; the Braszowice Massif in the south-east,
comprising serpentinites and deformed gabbros, containing
rodingites; the Szklary Massif in the east, comprising weathered
serpentinites, also containing rodingites; the Sleza Ophiolite in
the north, comprising serpentinised peridotites, ultramafic
cumulates (rich in pyroxene and amphibole), metagabbros,
diabases (sheeted dykes), metabasalts (pillow lavas), plagio-
granite and rodingite bodies, and dark radiolaria-bearing meta-
cherts (Majerowicz, 1984; Dubinska, 1995; Kryza and Pin,
2010; Heflik et al., 2014 and references therein). The N-S
trending Niemcza Shear Zone separates the Gory Sowie Mas-
sif from the Kamieniec Metamorphic Belt, and is interpreted as
mylonitised Gory Sowie gneisses (Mazur et al., 2006). The
Niemcza Shear Zone is composed of mylonites, with subordi-
nate non-mylonitised gneiss and mica-schist lenses, Variscan
granitoid dykes, and also hosts parts of the Central Sudetic
Ophiolite — e.g., the Szklary and Braszowice ophiolites.

The nephrites studied occur within serpentinites of the Sleza
Ophiolite (Fig. 2B). These serpentinites are adjacent to the
Niemcza Shear Zone (to the south), Paleozoic metasedimentary
rocks (mostly phyllite and black meta-siliceous shales, and minor
granitogneiss; to the east), the upper segments of the Sleza
Ophiolite (metagabbros and amphibolites; to the west and
north-west), and to the Variscan Strzegom-Sobdtka Granite,
several kilometres farther W and NW (Fig. 2B; Gazdzik, 1960;
Trepka and Mierzejewski, 1961; Mierzejewski and Abdel-
-Wahed, 2000: Kryza, 2011). The Sleza Ophiolite is the largest
and best-studied part of the Central Sudetic Ophiolite, is rela-
tively well-preserved, and shows MOR characteristics (Kryza
and Pin, 2010). Serpentinites build southern and eastern ophio-
lite parts (ca. 100 km?), metagabbros build central parts, and
metadiabases and metabasalts build northern parts (Gazdzik,
1960; Trepka and Mierzejewski, 1961; Mierzejewski and Abdel-
Wahed, 2000). GIM serpentinites comprise pseudomorphic
lizardite-chrysotile type serpentinite blocks (early low-tempera-
ture, zeolite facies metamorphism), adjoining the massive, non-
-pseudomorphic antigorite type serpentinites (greenschist facies
metamorphism), and also contain serpentinite mylonites rich in
chrysotile. Serpentinites adjacent to black-walls are generally
antigorite rich (cf. Majerowicz, 1984; Dubinska et al., 2004).
Ultrabasites represent serpentinised harzburgites and Iherzolites
equilibrated in the spinel-peridotite stability field, although the
spinel-pyroxene domains observed are interpreted as garnet
breakdown products (Dubinska et al., 2004). The contact of
serpentinites with gabbros is strongly tectonised, and the entire
ophiolite is in intrusive contact with the Strzegom-Sobotka Gran-
ite (Kryza and Pin, 2010). Two varieties of rodingites were docu-
mented in the GJM: boninitic rodingite and plagiogranitic
rodingite. These rocks experienced several episodes of brittle


https://gq.pgi.gov.pl/article/view/7608/pdf_11
https://gq.pgi.gov.pl/article/view/7608/pdf_11

460 G. Gil, J.D. Barnes, C. Boschi, P. Gunia, G. Szakmany, Z. Bend6, P. Raczynski and B. Péterdi

S1°N= WROCLAW I—
z - Sleza

Ophiolite Map B

0,

L5 JORDANOW
— Niemcza Shear Zone
W Gory, Sqwie Strzelin
ng: % R Massif
IS s b 37 -
o i % Kamieniec
U0 =% : = Metamorphic
Ktodzko™ 9, Belt

Metamorphic Bardo Sedimentary Unit

o
ZLOTY STOK
Skrzynka Shear
Zone

o,

sedimentary cover (C,-RE)

molasse (D,-C,)

Variscan granitoids

mylonites

ophiolites (D,)

metamorphic basement (gneisses,

amphibolites, mica schists, phyllites,

greenschists) (Pt;-C,)

major fault

$ major city

‘;‘f{ nephrite deposit

gb

Sr

nephrite deposit
Cenozoic sedimentary cover
granite and granodiorite (C,)

granitic aplite (C,)

- A

gabbro (D,)
- amphibolite (D,)
serpentinite (D,)

phyllite and granitogneiss (Pt,?-S?)

Fig. 2A — simplified geological map of the Sudetes (legend on the right), modified after Aleksandrowski et al. (1997, fide
Mazur et al., 2006); B — detailed geological map of the eastern part of the Sleza Ophiolite — nephrite-bearing eastern part of
the Gogotéw-Jordanéw Massif (legend below), modified after Gazdzik (1960) and Trepka and Mierzejewski (1961)

deformation (Dubinska, 1995; Dubinska et al., 2004 and refer-
ences therein). Rodingites are composed of grossular, hydro-
grossular, diopside, augite, chlorite, and vesuvianite, and contain
relict and accessory phases: clinozoisite, zoisite, prehnite,
tremolite, talc, albite, anorthite, K-feldspar, titanite, apatite,

magnesite, spinel, sphalerite, and galena (Majerowicz, 1979,
1984; Dubinska, 1995; Dubinska et al., 2004; Heflik et al., 2014).
The black-wall thickness varies from a few centimetres to ca.
1 m. The black-walls surrounding rodingite dykes are heteroge-
neous and composed of two clast types: coarse-crystalline com-
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posed of chlorite with minor ilmenite, and homogeneous clayey
clasts containing corrensite. In general, black-walls are com-
posed of clinochlore and corrensite, and contain minor ilmenite,
apatite, zircon, magnetite, hematite, opal and chalcedony
(Dubinska et al., 2004). In some works, the black-wall is divided
into mineral zones, i.e. the quartz-zoisite zone adjacent to
rodingite/plagiogranite, the quartz-zoisite-tremolite zone, the talc
schist, and the talc-chlorite schist adjacent to serpentinite (cf.,
Gunia, 2000; Péterdi et al., 2014). These zones can reflect the
intensity of metasomatic influx.

Nephrite in the area studied occurs within chlorite black-
walls, at the contact between rodingitised dykes and host-
serpentinites (Fig. 3A, B). The rodingitised dyke orientation var-
ies from vertical to horizontal. In addition, single rodingitised
dykes with changing orientations are observed. The black-wall
thickness varies from several centimetres to ~1 m. Nephrite oc-
curs as irregular veins and nests with variable directions and
strike, within the black-walls, which are < ~50 cm thick. Histori-
cally, nephrite bodies up to ~1.5 m long and ~0.5 m thick and
weighing > ~2 tons were excavated (cf., Gil, 2013). In addition
to completely rodingitised dykes, partially-rodingitised leuco-
granite veins are also present. The serpentinisation and
rodingite black-wall formation age, based on the U-Pb age of
zircon from a black-wall, was assumed to be 400 +4/-3 Ma
(Dubinska et al., 2004); however, a similar age (400 + 10 Ma),
obtained by SHRIMP U-Pb method on zircon from gabbros,
was assumed as the magmatic ophiolite age (Kryza and Pin,
2010). The U-Pb zircon age of a leucogranite vein from
Jordanéw is 337 + 4 Ma (Kryza, 2011). This leucogranite age
corresponds with granitoid veins from the Niemcza Shear Zone
(338 +2/-3 Ma; Oliver et al., 1993), rather than with the
Strzegom-Sobétka Granite (~310-294 Ma; cf., Kryza, 2011).
Recent work determines the Strzegom-Sobétka Granite to be
between 304.8 + 2.7 Ma and 294.4 + 2.7 Ma (Turniak et al.,
2014), younger than the leucogranite from Jordandw.

chlorite b ach.-wa-lt
hosts nephrite bodies

nephrite

MATERIALS AND METHODS

Field studies were performed in the historical, abandoned
quarry at Jordanéw, and in the active quarry at Nastawice. In
the Jordandw Quarry, samples were collected directly from the
quarry walls, mostly from a black-wall at the contact of partially-
rodingitised leucogranite. In contrast, no nephrite samples were
found at Nastawice. It is assumed that earlier-reported nephrite
from that quarry was either exploited or all accessible nephrite
has been removed by mineral collectors. Therefore, the Nasta-
wice nephrite description and mineral chemistry presented here
are from tobos et al. (2008). For comparison, Crooks Mountain
(Granite Mountains, Wyoming, USA) and South Island (New
Zealand) serpentinite-related nephrites were obtained for in-
vestigation from the University of Wroctaw Mineralogical Mu-
seum collection.

The field-collected and museum samples were thin-sec-
tioned and examined under a Nikon Eclipse E600 POL stan-
dard petrographic microscope, whereas cathodoluminescence
(CL) petrology was performed on thin sections under the cold
cathodoluminescence instrument Cambridge Image Technol-
ogy Ltd. CL mk3a, equipped with a Nikon Eclipse E400 POL
petrographic microscope (both at the Institute of Geological Sci-
ences, the University of Wroctaw). CL observations were per-
formed under 12.0-14.0 kV voltage, and 400-500 mA current.
Several of the field-collected samples were investigated under
the AMRAY 1830 scanning electron microscope (SEM) with an
energy-dispersive spectrometer (EDS) at the Institute of Geog-
raphy and Earth Sciences (E6tvos Lorand University, Buda-
pest, Hungary), under 20.0 kV acceleration voltage, 1.0 nA
beam current, and 50-100 nm beam diameter. Mineral chemi-
cal composition was determined using a Cameca SX 100 elec-
tron microprobe (EMPA) with EDS and wavelength-dispersive
spectrometers (WDS), in the Microscopy and Microprobe Labo-
ratory (Warsaw University, Poland). Analyses were performed

Fig. 3. Field and macrophotographs

A — partially-rodingitised leucogranite dyke and
chlorite black-wall with nephrite bodies in the aban-
doned serpentinite quarry at Jordanéw; B — rodin-
gitised dyke within serpentinites in the active quarry in
Nastawice; C — polished Jordandéw nephrite hand-
specimen; hammer (A) and hammer and backpack (B)
for scale in the middle of the photographs A and B
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with a 15.0 kV acceleration voltage and 10.0 and 20.0 nA beam
current. The FeO and Fe, O3 ratios in spinels and garnets were
calculated by charge balance, assuming ideal stoichiometry,
using the Cameca SX 100 routine. The analyses were recalcu-
lated from oxides in weight percent (wt.%) to atoms per formula
unit following the method of Leake et al. (1997).

The Jordanéw nephrite bulk-rock chemical composition
was determined by prompt-gamma neutron activation analysis
(PGAA) by Péterdi et al. (2014) in the PGAA Laboratory of the
Budapest Neutron Centre (Hungary). However, Péterdi et al.
(2014) did not mention all measured oxides/elements, hence
the composition cited is complemented by some previously un-
published elemental concentrations (cf. Table 2). In Table 2 we
also present major oxide and trace element concentrations of
Jordanow nephrite, performed by means of the proton micro-
beam particle-induced X-Ray emission (micro-PIXE), by
Kostov et al. (2012).

Table 2

Jordanéw nephrite bulk-rock chemical
composition measured by the prompt-
amma neutron activation analysis
PGAA), and proton microbeam particle-in-
duced X-Ray emission (micro-PIXE); Fe,O3
recalculated from FeO

[wt.%] PGAA micro-PIXE
SiO, 56.70° 56.63"
TiO, 0.0048 <0.0025"
Al,O, 2.33° 0.98"
Fe20san 3.89° 4.61°
MnO 0.127% 0.029°
MgO 21.30% 22.82"
caO 12.40% 13.39°
Na,O 0.05° 0.03"
K,0 <0.02 0.00°
H20 2.84°
SOs <0.05 <0.01"
As;03 <0.50
Total 99.642 98.489

[ppm]
P 178"
B 1.6
cl <10 <35°
v <40 86"
Cr 1220 719°
Co 47 260°
Ni 1408 1623°
Cu 4°
Zn 84°
Nd <5
Sm <0.5
Gd <0.5
FeO [ppm] 35003 41500
Fel(Fe + Mg) 0.084 0.093

a — after Péterdi et al. (2014); b — after Kostov
et al. (2012); 0.00 — concentration below de-
tection limit; <0.02 — below given detection
limit; (empty space) — not analysed

The oxygen isotope composition of two nephrite samples
was determined using the laser fluorination method of Sharp
(1990). Samples were crushed and ~2.0 mg nephrite fragments
were picked under a binocular microscope to ensure a homoge-
neous sample (i.e., no inclusions). The samples were heated
with a New Wave Research MIR10-30 laser in the presence of
BrFs, and the purified O, was then introducted into a Thermo-
Electron MAT 253 mass spectrometer, housed in the Depart-
ment of Geological Sciences (Jackson School of Geosciences,
University of Texas at Austin, USA). In order to check for the
precision and accuracy of the analyses, garnet standard
UWG-2 (5"%0 value = +5.8%) (Valley et al., 1995) and quartz
standard Lausanne-1 (80 value = +18.1%o) were run. All §'%0
values are reported relative to SMOW, where the 5'®0 value of
NBS-28 (biotite) is +9.65%o.. The precision is £0.1%o.. The hydro-
gen isotope composition of powdered nephrite samples was
measured using the Finningan MAT Delta Plus isotope ratio
mass spectrometer, coupled with a thermal conversion elemen-
tal analyser (TC/EA-IRMS) in the Institute for Geosciences and
Earth Resources of The National Research Council of Italy in
Pisa (CNR-IGG). The measured isotopic composition is ex-
pressed in per mil notation relative to Standard Mean Ocean
Water (SMOW) and normalised to a biotite NBS-30 standard
(dD value = —65%0). The precision is +2%o.

PETROLOGY, MINERALOGY, BULK-ROCK
GEOCHEMISTRY, AND ISOTOPIC
CHARACTERISTICS OF NEPHRITE

PETROGRAPHY

The Jordanéw nephrite’s (Fig. 3C) general appearance is
typical of most nephrites, i.e., chaotic, flat-parallel or wavy fab-
ric, and transparency from semitranslucent to opaque. The
presence of chlorite schist, serpentinite and rodingite nests,
and layers in some of the nephrite samples is visible macro-
scopically. Black spinels in nephrite locally form a spotted tex-
ture. Nephrite is white, greenish-creamy, bluish-green, and
most commonly bright to dark green; the rock luster is usually
waxy or greasy (Traube, 1885a, b, 1888; Sachs, 1902; Heflik,
1974; Gunia, 2000; Gil, 2013). Under the petrographic micro-
scope (Fig. 4A), nephrite shows typical chaotic fabric (close
intergrowths of fine tremolite fibers) and minor foliated zones
(flat-parallel or folded). The tremolite fibers’ size is usually ca.
10-60 um, whereas tremolite porphyroblasts can reach up to
~0.6 mm (600 um). Samples can be divided into nephrite
sensu stricto and nephrite schist (cf., Gil, 2013). Nephrite is
composed of tremolite (87.2-89.8 vol.%), diopside
(4.7-5.7 vol.%), chlorite (3.8-8.1 vol.%), Cr-spinel (trace, to
0.2 vol.%), and grossular garnet (absent, to 0.5 vol.%); where-
as, the nephrite schist (resembling semi-nephrite, also hydro-
thermally altered semi-nephrite) is composed of tremolite
(33.5-79.7 vol.%, although in transition to rodingite and chlo-
rite schist, the tremolite content can drop to 11.4 vol.%), diop-
side (7.4-55.1 vol.%), chlorite (5.0-38.9 vol.%), Cr-spinel
(trace, to 4.2 vol.%), grossular garnet (trace, to 10.8 vol.%),
prehnite (absent, to 0.5 vol.%), titanite (trace, to 0.8 vol.%),
and opaque + clay minerals-oxides aggregates (trace, to
9.7 vol.%,; Gil, 2013). Hydrothermally-altered semi-nephrite
samples are especially rich in opaque + clay minerals-oxide
aggregates. The transition from nephrite to nephrite schist is
common on a single specimen-scale. The other accessory
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Fig. 4. Thin-section photomicrographs under plane-polarized light (B, E)
and cross-polarized light (A, C, D, F), cathodoluminescence photomicrograph (G),
and back-scattered electron (BSE) images (H-J) of Jordanéw nephrite

A—nephrite tremolite groundmass; B — green actinolite vein cutting colourless tremolite nephrite; C
— tremolite needles formed at the expense of prehnite (tremolite replacing prehnite veins); D —
nephrite (tremolite) nests formed at the expense of chlorite schist; E — vein composed of garnet
mantled by chlorite in nephrite; F — acicular fan-shaped diopside aggregates and garnet veins; G —
bright orange to yellow cathodoluminescent garnets; H — aggregate composed of Cr-spinel and
garnet cores mantled by chlorite; | — Cr-spinel with chlorite mantle; J — dismembered and altered
spinel with chlorite rim; Act — actinolite, Chl — chlorite, Di — diopside, Grt — garnet, Prh — prehnite,
Spl — spinel, Tr — tremolite
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phases, in both nephrite and nephrite schist, are antigorite,
hydrogrossular, zircon, apatite and monazite (Gil, 2013).

Nephrite tremolite groundmass contains relics of diopside,
chlorite, and garnet; some larger diopside porphyroblasts are
rotated and cataclased, and have chlorite-tremolite pressure
shadows. Some, partly-replaced by tremolite chlorite nests,
show interlocking non-pseudomorphic textures (Gil, 2013). Our
present study reveals rare, green, secondary actinolite veins
cutting colourless tremolite groundmass in Jordanéw nephrite
(Fig. 4B). Prehnite veins cutting nephrite schist groundmass,
composed of tremolite and diospide, are then replaced by sec-
ondary, automorphic tremolite needles (Fig. 4C). Secondary
tremolite, replacing prehnite veins can be isochronous with sec-
ondary actinolite veins. In some places, prehnite veins are com-
pletely replaced by the secondary tremolite. Tremolite usually
replaces diopside (tremolite overgrowing diopside), although in
places tremolite (nephrite) nests within chlorite schist form at
the expense of chlorites (Fig. 4D). Automorphic tremolite
porphyroblasts are present, although automorphic diopside is
very rare; it is usually cataclased and partly replaced by
tremolite. Automorphic garnet crystals are more common, al-
though the majority of the garnets are rotated (locally with
chlorite pressure shadows), elongated or are overgrown by
chlorite, tremolite, and Cr-spinel. Some grossular garnets occur
as crystals mantled by chlorite (Fig. 4E); other garnet aggre-
gates are vein-shaped or occur with acicular fan-shaped diop-
side aggregates (rodingite relics; Fig. 4F). Garnets’ cathodo-
luminescence is yellow, bright orange or orange (Fig. 4G).
Cr-spinels occur as dismembered and altered aggregates or
single crystals, with chlorite intergrowths and rims (Fig. 4H, |, J).
Within spinel-chlorite aggregates, elongated garnet relics are
present (Fig. 4H).

According to tobos et al. (2008), some of the Nastawice
nephrite samples show homogeneous surfaces, whereas oth-
ers are spotted (black spots) or patchy. Its transparency varies
from semitranslucent to opaque. The nephrite’s colour is white,
green, dark green or emerald-green, and its polished surface
luster is vitreous or greasy. The rock is composed of tremolite-
actinolite amphiboles (size 20-100 pum), diopside, Cr-garnet,
and Cr-spinel (garnet usually has amphibole and Cr-spinel
overgrowths; tobos et al., 2008).

The Crooks Mountain nephrite, examined in the present
study, is opaque with minor semitranslucent zones, and bright
to dark green, with minor white and creamy elongated vein-like
zones. The polished surface is chaotic, layered or spotted
(black opaque spinel spots). The luster is dull, waxy, greasy or
sub-vitreous. The specimen analysed, based on petrology,
modal mineralogy, and its fabric, is identified as a nephrite-
-schist (also semi-nephrite). It is composed of actinolite
(60.11 vol.%), diopside (33.74 vol.%), chlorite (4.75 vol.%),
and opaque minerals (Cr-spinel and heazlewoodite; 1.41
vol.%). Accessory phases are Cr-garnet, hydrogrossular, and
titanite. Actinolite needles are between ~10 and 50 um in
length.

The New Zealand nephrite specimen is semitranslucent
with an intense green to dark green colour. Its polished surface
is either homogeneous or spotted (black opaque spinel spots),
and it has a waxy to greasy luster. The specimen is a nephrite
sensu stricto and is composed of tremolite (87.46 vol.%),
chlorite (12.19 vol.%), and opaque minerals (Cr-spinel and
heazlewoodite; 0.35 vol.%). The tremolite needles are ca.
10-60 pm in length.

MINERAL CHEMISTRY

The Jordandéw nephrite amphibole is tremolite with Si be-
tween 7.73 and 7.99 apfu, Mg/(Mg + Fe?*) from 0.90 to 0.94,
0.02-0.32 wt.% Cr,03, and 0.03-0.28 wt.% NiO (Appendix 1%).
Diopside is composed of 47-51 wollastonite (Wo), 41-48 en-
statite (En), and 3-9 ferrosilite (Fs), and contains
0.00-0.51 wt.% Cr,0O3 and 0.00-0.09 wt.% NiO. In the present
study, we divided chlorites to “chlorite I” and “chlorite 11", repre-
senting primary chlorite forming black-wall, and secondary
chlorite formed as a result of rodingite garnet decomposition,
respectively. Previously studied (Gil, 2013) chlorites (cf.
“chlorite 1” and subordinate “chlorite I1”) have Si (IV) between
2.92 and 3.58, Fe?*/Sum R?*" from 0.06 to 0.28, and contain
0.00-0.87 wt.% Cr,0O3. We analysed chlorite rims around spinel
crystals (“chlorite 11"), which have the following composition: Si
(IV) 2.84-3.14, Fe*"/Sum R?* from 0.10 to 0.12, and Cr,03 from
1.37 to 4.41 wt.%. Garnet has Ca/(Ca + Mg) between 0.96 and
1.00, Mg/(Mg + Fe) ratios from 0.03 to 0.73 and contains
0.01-1.20 wt.% Cr,03. Spinels (also spinel cores surrounded
by chlorite rims) are composed of: MgO (0.68—1.96 wt.%), FeO
(24.87-27.91 wt.%), Fe,O; (8.72-16.49 wt.%), Al,O3
(3.53-4.36 wt.%), and Cr,03 (46.74-54.46 wt.%). Apatite has
Ca between 39.26 and 40.38 wt.%, and P between 18.25 and
18.96 wt.% (Appendix 1).

tobos et al. (2008) describe the Nastawice nephrite amphi-
bole as actinolite, although according to the Leake et al. (1997)
classification, some samples contain tremolite, rather than
actinolite (Fig. 5). Amphiboles have 7.85-7.94 Si apfu and
0.82-0.92 Mg/(Mg + Fe?"), and contain 0.26—0.94 wt.% Cr,O5
and 0.08-0.21 wt.% NiO (Appendix 1). Clinopyroxene (diop-
side) is composed of 50-51 Wo, 44-45 En, and 5-6 Fs, and
contains 0.20-0.83 wt.% Cr,03 and 0.06—0.08 wt.% NiO. Gar-
net has Ca/(Ca + Mg) ~1.00, Mg/(Mg + Fe) ratio from 0.01 to
0.04 and contains 14.37-15.13 wt.% Cr,0O3. Spinel is com-
posed of: MgO (0.29-0.51 wt.%), FeO (29.40-29.67 wt.%),
Fe,03 (20.70-22.82 wt.%), Al,O3 (3.11-3.27 wt.%), and Cr,03
(39.07-41.00 wt.%; tobos et al., 2008).

The Crooks Mountain nephrite actinolite has 7.76-8.03 Si
apfu, 0.86-0.90 Mg/(Mg + Fe*"), and contains 0.02—0.11 wt.%
Cr,03 (Appendix 2). Diopside is composed of 47-51 Wo,

1.0
NLOL) 0o °s L® . tremolite
L 0.
2@ . +++ A
= 0.8 actinolite
(o))
=

0.7 T T T T

8.0 7.9 7.8 7.7 7.6 7.5
Si in formula

¢ Jordanéw nephrite (n = 9)

+ Nastawice nephrite (n = 6)

/A Crooks Mountain nephrite (n = 4)
U New Zealand nephrite (n = 5)

O Val Malenco nephrite (n = 4)

Fig. 5. The GIM nephrites (Jordanow and Nastawice quarries,
Gil, 2013; tobos et al., 2008, respectively) amphiboles compo-
sition compared with the serpentinite-related Crooks Mountain
(the Granite Mountains, Wyoming, USA) and New Zealand
nephrites amphiboles (this study), and with the dolomite-re-
lated Val Malenco nephrite amphibole (Iltaly; Adamo and
Bocchio, 2013); classification diagram after Leake et al. (1997)

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1228
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41-48 En, and 5-9 Fs, and contains 0.02—0.64 wt.% Cr,O3 and
0.00-0.11 wt.% NiO. Chlorite has Si (IV) between 3.10 and
3.35 apfu, Fe?/Sum R?* from 0.15 to 0.18, and Cr,O3 from 0.67
to 6.34 wt.%. Garnet has Ca/(Ca + Mg) from 0.92 to 0.98,
Mg/(Mg + Fe) ratio from 0.20 to 0.61, and Cr,O3 from 14.10 to
16.43 wt.%. Spinels are composed of MgO (7.02—14.90 wt.%),
FeO (13.85-22.26 wt.%), Fe,O; (2.15-5.81 wt.%), Al,O;
(10.88-35.91 wt.%), and Cr,03 (30.52-58.05 wt.%).

The New Zealand nephrite tremolite has 8.00-8.05 Si apfu,
0.91-0.92 Mg/(Mg + Fe?*), and contain 0.05-0.13 wt.% Cr,O4
(Appendix 2). Chlorite has Si (IV) between 2.99 and 3.07,
Fe*"/Sum R* from 0.14 to 0.15, and contains 0.48 to 5.33 wt.%
Cr,0;. Spinels are composed of MgO (9.97-11.72 wt.%), FeO
(14.67-17.48 wt.%), Fe,O; (1.61-3.01 wt.%), AlO;
(5.92-20.77 wt.%), and Cr,O3 (47.48—65.68 wt.%).

BULK-ROCK CHEMICAL COMPOSITION

The bulk-rock composition of the Jordanéw nephrite
(PGAA; in wt.%) is: 56.70 SiO,, 0.0048 TiO,, 2.33 Al,O3, 3.89
Fe,03, 0.127 MnO, 21.30 MgO, 12.40 CaO, 0.05 Na,0, <0.02
K>0, 2.84 H,0, <0.05 SO3, and <0.50 As,O3. Trace elements
concentrations (in ppm) are as follows: 1.6 B, <10 Cl, <40 V,
1220 Cr, 47 Co, 1408 Ni, <5 Nd, <0.5 Sm, <0.5 Gd; Fe/(Fe +
Mg) ratio 0.084 (cf., Table 2; Péterdi et al., 2014).

According to Kostov et al. (2012), the bulk composition of
the Jordandw nephrite (by means of proton microbeam parti-
cle-induced X-Ray emission, micro-PIXE) is (in wt.%): 56.63
SiO,, <0.0025 TiO, (detection limit recalculated from ppm Ti),
0.98 Al,O3, 4.61 Fe,0O;3 (recalculated from FeO), 0.029 MnO,
22.82 MgO, 13.39 Ca0, 0.03 Na;0, <0.01 SO; (detection limit
recalculated from ppm S); trace elements (in ppm): 178 P, <35
Cl, 86 V, 719 Cr, 260 Co, 1623 Ni, 4 Cu, 84 Zn; calculated
Fe/(Fe + Mg) ratio 0.093 (Table 2).

OXYGEN AND HYDROGEN ISOTOPE
COMPOSITION

The nephrite schist’'s H isotope composition was not ana-
lysed to avoid mixed signals of tremolite and chlorite (high
chlorite amounts in nephrite schist). Nephrite schist O isotope
analysis was duplicated to ensure that chlorite did not affect the
380 value (analyses duplicate well). Jordanéw nephrite and
nephrite schist §*°0 values are +6.1%o (n = 1) and +6.7%o (n =
2), respectively (Table 3). The nephrite 3D value is —61%o (N = 2;
Table 3).

Table 3

Oxelgen and hydrogen isotope composition
of Jordanéw nephrite and nephrite schist
relative to SMOW

Analyse no Sample 50 %0 | 5D%o
1 nephrite 6.12°¢ | -61™¢
2 nephrite schist | 6.7%%¢

a — analysed in the Jackson School of Geosciences,
the University of Texas at Austin, United States; b —
analysed in the Institute for Geosciences and Earth Re-
sources, the National Research Council of Italy in Pisa;
¢ — error £0.1%o; d — average value from 2 analyses

DISCUSSION

SERPENTINITE-RELATED ORIGIN

The Jordanéw nephrite can be divided into nephrite sensu
stricto and nephrite schist (semi-nephrite). The nephrite sensu
stricto composition (87.2—89.8 vol.% amphiboles, 4.7-5.7vol.%
diopside, 3.8-8.1 vol.% chlorites, up to 0.2 vol.% Cr-spinels,
and up to 0.5 vol.% garnets) corresponds with New Zealand
nephrite (87.46 vol.% amphiboles, 12.19 vol.% chlorite, and
0.35 vol.% Cr-spinel and heazlewoodite). All known New Zea-
land nephrites are interpreted as serpentinite-related (Middle-
ton, 2006; Adams et al., 2007). The Jordanéw nephrite schist
composition (33.5-79.7 vol.% amphiboles, 7.4-55.1 vol.% di-
opside, 5.0-38.9 vol.% chlorites, up to 4.2 vol.% Cr-spinels, up
to 10.8 vol.% garnets, up to 0.5 vol.% prehnite, up to 0.8 vol.%
titanite, up to 9.7 vol.% clay minerals-oxides aggregates, acces-
sory e.g., hydrogrossular) corresponds with the nephrite-schist
(semi-nephrite) from Crooks Mountain (60.11 vol.% amphi-
boles, 33.74 vol.% diopside, 4.75 vol.% chlorite, 1.41 vol.%
Cr-spinel and heazlewoodite, accessory Cr-garnet, hydro-
grossular garnet and titanite), which is also interpreted as ser-
pentinite-related (Middleton, 2006).

The Jordandw nephrite contains solely tremolite, whereas
the Nastawice nephrite contains both actinolite and tremolite
(Fig. 5). Hence, the Nastawice nephrite amphiboles are slightly
Fe-enriched compared to Jordanéw nephrite amphibole, al-
though both the GJM nephrites have Fe contents in amphi-
boles, comparable with the serpentinite-related Crooks Moun-
tain and New Zealand nephrite amphiboles. The amphiboles in
GJM nephrites have similar Si apfu (7.73-7.99) to those from
Crooks Mountain (Si apfu = 7.76-8.03). The amphibole Mg/(Mg
+ Fe?) ratio (0.82-0.94) is also similar to those of Crooks
Mountain (0.86—0.90) and New Zealand (0.91 to 0.92) nephrite
amphiboles. Most of the GIJM samples contain amphiboles that
have lower Si apfu and Mg/(Mg + Fe®") ratios than those re-
ported from the dolomite-related Val Malenco nephrite (Italy)
amphibole, which has Si apfu ~8.0 and Mg/(Mg + Fe*") ~1.0
(Fig. 5; Adamo and Bocchio, 2013). However, there is an over-
lap in several samples, cf., 7.99 and 8.0 Si apfu. The Cr,0O3 con-
tent in the GJM nephrite amphiboles (0.02—0.94 wt.%) is more
similar to the serpentinite-related nephrite amphiboles
(0.02—-0.43 wt.%), rather than to the majority of the dolomite-re-
lated nephrite amphiboles (0.00-0.09 wt.%; Liu et al., 2011a;
Ling et al., 2013), although there are several dolomite-related
nephrites with elevated Cr,O3 in amphiboles (0.03-1.18 wt.%;
cf., Table 1). Also, the GJM nephrite amphiboles’ NiO content
(0.03-0.28 wt.%) is more similar to the serpentinite-related am-
phiboles (0.08-0.36 wt.%), rather than to dolomite-related
(0.00-0.08 wt.% NiO) type amphiboles (cf., Grapes and Yun,
2010; Liu et al., 2011a; Ling et al., 2013), although there is
some overlap.

The diopside composition (Morimoto et al., 1988) of the
GJM nephrites (Fig. 6A) is more similar to the serpentinite-re-
lated Crooks Mountain nephrite diopside (Fig. 6B) than to the
dolomite-related Hetian (Liu et al., 2011a) and Alamas (Liu et
al., 2011b) nephrite diopsides (both Xinjiang, NW China; Fig.
6C). The wollastonite component in diopside in the GIJM neph-
rite varies from the maximum amount (51 Wo) to close to augite
(47 Wo), similar to the Crooks Mountain diopside (47-51 Wo;
Fig. 6A, B). The ferrosilite component (3—9 Fe) is similar to the
Crooks Mountain diopside (5-9 Fe), and higher than in dolo-
mite-related Chinese nephrite diopsides (1-6 Fe; Fig. 6C). The
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Fig. 6. The GIM (Jordanéw and Nastawice quarries; Lobos et
al., 2008; Gil, 2013, respectively), Crooks Mountain (this study),
and Hetian and Alamas (both Xinjiang, China) nephrite clino-
pyroxenes composition: A — Jordanéw and Nastawice nephri-
tes, B — Crooks Mountain serpentinite-related nephrite, C —
Hetian (Liu et al., 2011a) and Alamas (Liu et al., 2011b) dolo-
mite-related nephrites; classification diagram after Morimoto et
al. (1988)

diopside in the GJM samples has Cr,O3; concentrations
(0.00-0.83 wt.%) similar to the serpentinite-related Crooks
Mountain nephrite diopside (0.02—0.64 wt.%), in contrast to
those in the dolomite-related Alamas nephrite diopside
(0.00-0.03 wt.%; Liu et al., 2011b), but with some overlap.

The Jordanéw nephrite apatite composition, presented as
the variation of P (wt.%) vs. Ca (wt.%) diagram (Kuroda et al.,
2005), differs from the dolomite-related Hetian nephrite apatite
(Liu et al., 2011a) — the Jordanéw samples are slightly enriched
in Ca (Fig. 7). The difference may be due to a serpentinite-re-
lated origin or to different P—T conditions during crystallisation.

In the Jordanéw nephrite, chlorite rims around spinel crys-
tals (“chlorite 11”; clinochlore and subordinate penninite) are sim-
ilar in composition to chlorites from chlorite schists in Ronda
peridotites in Spain (major population plots as clinochlore,
brunsvigite and ripidolite, with subordinate penninite and sheri-
danite; Esteban et al., 2007), from which serpentinite-related
nephrites were also described (Cuevas et al., 2006). Addition-
ally, the “chlorite II” is also similar in composition to spinel
chlorite rims from the New Zealand serpentinite-related neph-
rite (Fig. 8).

Garnets from the GJM nephrites plot within the crustal-de-
rived garnets field (Fig. 9), which implies a possible genetic rela-
tionship with leucogranite rodingitisation. The Fengtien serpen-
tinite-related nephrite (Wan and Yeh, 1984) and Crooks Moun-
tain serpentinite-related nephrite garnets also plot in the
crustal-derived garnets field (Fig. 9). In addition, the garnet in
the Nastawice nephrite is Mg-depleted [0.01-0.04 Mg/(Mg +
Fe)] relative to that from the Jordanéw nephrite [0.03-0.73
Mg/(Mg + Fe)]. The garnet in the Nastawice samples is also
more abundant in Cr (14.37-15.13 wt.% Cr,O3) and less abun-
dant in Al (3.04—4.05 wt.% Al,O3) in comparison to garnet from
Jordanéw samples (0.01-1.20 wt.% Cr,O3 and 20.82-22.32
wt.% Al,O3). Hence, the composition of garnets in nephrite can
vary significantly within the deposit; Cr content dramatic rises
and Al drops at the distance of ca. 2 km towards NW, from
Jordandw to Nastawice Quarry.

The bulk-rock major element composition of the Jordanéw
nephrite also supports a serpentinite-related origin. The varia-
tion of FeO (ppm) vs. Fe/(Fe + Mg) (Sigin et al., 2012) of the two
Jordandéw nephrite analyses (performed by different methods —
the prompt-gamma activation analysis, PGAA; Péterdi et al.,

40 »
— 30
R
z
© -
8 20
10
0 —
0 10 20

P [wt.%]

‘ Jordandéw nephrite apatite (n = 3)
<> Hetian nephrite apatite (n = 4)

Fig. 7. Jordanéw nephrite (Gil, 2013) and dolomite-related
Hetian nephrite (Liu et al., 2011a) apatites composition pre-
sented on P (wt.%) vs. Ca (wt.%) diagram after Kuroda et al.
(2005)
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11”, Gil, 2013) compared with chlorite rims on spinels from
the serpentinite-related Crooks Mountain and New Zealand
nephrites (this study) on Foster’s diagram (1962, fide
Esteban et al., 2007)
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Fig. 9. Garnets from the Jordanéw (garnet relict within
spinel-chlorite aggregate, this study, and previously pub-
lished undivided garnet, Gil, 2013) and Nastawice (Lobos et
al., 2008) nephrites comparison with garnets from serpen-
tinite-related Fengtien (Taiwan; Wan and Yeh, 1984) and
Crooks Mountain (this study) nephrites on Schulze’s (2003)
discrimination diagram; Chl — chlorite, Spl — spinel

2014, and the proton microbeam particle-induced X-Ray emis-
sion, micro-PIXE; Kostov et al., 2012) show that the nephrite
plots in the serpentinite-related nephrites field, regardless of
analytical method (Fig. 10). The Fe/(Fe + Mg) ratios of 0.084
and 0.093 are similar to the serpentinite-related nephrite type
values proposed by Sigin et al. (2012) — the Fe/(Fe + Mg) ratios
above 0.060. In addition, the bulk-rock trace elements also cor-
respond with the serpentinite-related nephrites, based on Cr
and Ni concentrations (Fig. 11). In the Jordan6éw nephrite, Cr
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Fig. 10. Jordanéw nephrite bulk-rock chemical composi-
tion performed by different methods (i.e., prompt-gamma
activation analyse, PGAA, Péterdi et al., 2014, and proton
microbeam particle-induced X-Ray emission, micro-
PIXE, Kostov et al., 2012) on discrimination diagram after
Sigin et al. (2012)
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Fig. 11. Jordanow nephrite bulk-rock Cr and Ni on discrimi-
nation diagram modified after Adamo and Bocchio (2013);
the dolomite-related and serpentinite-related nephrite fields
based on analyses by means of glow discharge mass spec-
trometry (GD-MS) after Sigin et al. (2012), and proton
microbeam particle-induced X-Ray emission (micro-PIXE)
after Kostov et al. (2012)

For other explanations see Figure 10

(719 and 1220 ppm) is more similar to that of the serpentin-
ite-related nephrites (900-2812.1 ppm Cr), rather than that of
the dolomite-related ones (1.9-178.7 ppm Cr). The bulk-rock Ni
(1408 and 1623 ppm) is typical of the serpentinite-related sam-
ples (958.7-1898 ppm Ni) and much higher than in the dolo-
mite-related type (0.05-470.7 ppm Ni; cf., Table 1). The ser-
pentinite-related nephrites bulk-rock Co concentration is usually
higher than that of the dolomite-related samples (Middleton
2006 and references therein). The Jordan6éw nephrite bulk-rock
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analyses show 47-260 ppm Co, depending on method (Ta-
ble 2), which is similar to serpentinite-related nephrites from
China, Siberia, New Zealand, and Canada (42—-207 ppm Co;
Kostov et al., 2012; Sigin et al., 2012, recalculated), and higher
than of the dolomite-related nephrites from China (0.5-9.8 ppm
Co; Sigin et al., 2012, recalculated).

The nephrite and nephrite schist §*°0 values (+6.1 to +6.7 +
0.1%o) in Jordanéw samples correspond with published data
from the serpentinite-related nephrites elsewhere (+4.5 to
+9.6%o), although they overlap with the upper limit of the dolo-
mite-related nephrites (9.9 to +6.2%o; Yui et al., 1988; Yui and
Kwon, 2002; Liu et al., 2011a, b). The Jordanéw nephrite and
nephrite schist 8*0 values are higher than the published %0
values of OH groups of serpentines from Jordanéw (6.3 to
+1.6%0) and Nastawice (—7.8%o; Jedrysek et al., 1991). The
nephrite 8D value (—61%o) corresponds with the lower limit of
the published serpentinite-related nephrites (—67 to —33%o; Yui
et al., 1988; Yui and Kwon, 2002), although they also overlap
with the dolomite-related type upper limit (=124 to —55.7%o; Yui
and Kwon, 2002; Liu et al., 2011a, b; Adamo and Bocchio,
2013). The Jordanéw nephrite 8D value is lower than in the ser-
pentines from Jordandw (—48.5 to —40.3%0) and Nastawice
(—96.8%0 and —46.3 to —43.1%o; Jedrysek et al., 1991). How-
ever, the lowest 3D value of the serpentines from Nastawice
probably reflects late stage interaction with meteoric water, un-
related to the nephrite formation. It should be noted that in case
of nephrite, similar oxygen and hydrogen isotope compositions
do not necessarily reflect similar origins (cf., Yui and Kwon,
2002; Liu et al., 2011a), as isotopic compositions may vary due
to fluid source, temperature of formation, and water/rock ratio.
However, when plotted in diagram 80 vs. 8D, modified after
Yui and Kwon (2002) and Liu et al. (2011a, b), the Jordanow
nephrite corresponds with data published for the serpentin-
ite-related nephrites, although it plots not far from several dolo-
mite-related nephrites (Fig. 12).

CRYSTALLIZATION STAGES

Four crystallisation stages in the Jordanow nephrites are
proposed, based on microscopic observations, including data
available from other nephrite deposits. The first crystallisation
stage, prior to nephrite formation, was rodingitisation: granite
was replaced by rodingite mineral paragenesis (diopside and
garnet; see Fig. 4F), and chlorite black-wall (“chlorite 1”) was
formed at the rodingite contact. The second stage was
nephritisation: tremolite (“tremolite ") formed at the expense
of diopside within rodingite and at the expense of “chlorite I
within chlorite black-wall (see Fig. 4D), garnet breakdown into
chlorite (“chlorite 11”), and spinel (see Fig. 4E, H-J). The third
crystallisation stage was the formation of prehnite veins (see
Fig. 4C). The fourth crystallisation stage was a secondary am-
phibole formation, replacing the prehnite veins with tremolite
(“tremolite 1I"; see Fig. 4C) and the formation of actinolite veins
(see Fig. 4B).

Diopside recrystallisation to tremolite is one of the major
mechanisms of nephrite formation (e.g., Liu et al., 2011a, b).
Chlorite (e.g., Devine et al., 2007) and spinel (e.g., Dubinska et
al., 2004; De Hoog et al., 2009) are common products of garnet
breakdown. However, chlorite rims around spinel crystals
(“chlorite 11") can also form due to the metamorphic reaction of
spinel with serpentine minerals above 400°C (the upper-
-greenschist facies), documented in numerous chromitite bod-
ies (Derbyshire et al., 2013 and references therein). The GIM
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Fig. 12. Jordanow nephrite (this study) stable isotope com-
position, compared with published serpentinite-related
nephrites (solid symbols; Chara Jelgra River, Red Mountain,
Mt. Ogden and Shulaps Range, all after Yui and Kwon, 2002,
and Fengtien after Yui et al., 1988) and dolomite-related
nephrites (open symbols; Chuncheon, Turkestan, Cowell,
Wyoming, all after Yui and Kwon, 2002, Hetian, after Liu et
al., 2011a, and Alamas, after Liu et al., 2011b); diagram modi-
fied after Yui and Kwon (2002) and Liu et al. (2011a, b); we
note that the Wyoming sample plotted here is a dolomite-re-
lated nephrite, as opposed to the serpentinite-related Wyo-
ming sample studied in this contribution

nephrite spinels presented on the discrimination diagram (mod-
ified after Proenza et al., 2004; Barkov et al., 2009 and refer-
ences therein; Fig. 13) show variable compositions — chromite
with increasing magnetite content and constant Al
(3.11-4.36 Wt.% AlL,O3). The least abundant in Fe** are spinel
crystals surrounded by chlorites (garnet break-down products,
second crystallisation stage) from Jordanéw. In contrast, spinel
from Nastawice has the most Fe®". The spinels with the lowest
Fe*" contents likely formed during greenschist facies metamor-
phism. Hence, spinels composition suggests that the second
stage of nephrite formation occurred under greenschist-facies
conditions, although lower-amphibolite-facies cannot be ex-
cluded. Another explanation of the formation of the chlorite rims
around spinel crystals (“chlorite II"; spinel with serpentine miner-
als reaction in temperatures above 400°C) also correlates the
second nephrite crystallisation stage with upper-greenschist or
lower-amphibolite-facies conditions. Figure 13 shows that spi-
nels from Crooks Mountain and New Zealand nephrites are
more Al-abundant and less Fe*-abundant than the GJM neph-
rite spinels. The Crooks Mountain and New Zealand nephrites
spinels plot in the greenschist-facies and lower-amphibolite-fa-
cies fields, and the minerals from the same specimen can plotin
both fields.

Most chlorites (“chlorite I”, subordinate “chlorite 1I”) from the
Jordandéw nephrite are penninite, with subordinate clinochlore
and diabantite (Fig. 8; Gil, 2013). Some chlorite rims around
spinel crystals (“chlorite 11”) are clinochlore and minor penninite
(see Fig. 8). Hence, spinel chlorite rims (“chlorite 11") contain
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Fig. 13. Spinels from the Jordanéw (spinel rimmed by
chlorite, this study, and undivided spinel, after Gil, 2013),
Nastawice (undivided spinel, after tobos et al., 2008),
Crooks Mountain and New Zealand nephrites (this study)
on discrimination diagram modified after Proenza et al.
(2004) and Barkov et al. (2009) and references therein

less Si (IV) — 2.84-3.14 (29.16-31.89 wt.% SiO,), compared to
the major chlorite population (“chlorite 1", subordinate “chlorite
I1M: Si (IV) — 2.92-3.58 (30.94-38.56 wt.% SiO,). In addition,
the chlorite rims around spinel crystals (“chlorite 11”) have higher
Cr concentrations (1.37-4.41 wt.% Cr,03) than the major
chlorite population (“chlorite 1", subordinate “chlorite 117
0.00-0.87 wt.% Cr,03).

An assignment of the exact ages to the crystallisation
stages is problematic. Black-wall around rodingite formation in
Nastawice is dated based on zircon inclusions U-Pb age to 400
+4/-3 Ma (Dubinska et al., 2004), which can be correlated with
the first crystallisation stage (black-wall in Jordanéw composed
of “chlorite I"). A partially-rodingitised leucogranite vein, adja-
cent to the contact zone (black-wall) from which most of the ex-
amined nephrite samples were extracted, contains zircon dated
with the U-Pb SHRIMP method to 337 + 4 Ma (main zircon pop-
ulation; Kryza, 2011), hence, this age can also be correlated
with the first crystallisation stage.

SUMMARY AND CONCLUSIONS

We show that the GIJM neprites are of serpentinite-related
origin (ortho-nephrite), which is confirmed by the mineralogical
and geochemical data obtained using various analytical tech-
niques. The Jordandéw nephrite sensu stricto and nephrite

schist (semi-nephrite) compositions are similar to the serpentin-
ite-related nephrites from Crooks Mountain and New Zealand.
Amphiboles from the GJM nephrite contain 0.02—-0.94 wt.%
Cr,03, similar to the serpentinite-related nephrite amphiboles
(0.02-0.43 wt.% Cr,03), rather than to the dolomite-related va-
riety amphiboles (0.00-0.09 wt.% Cr,03). The NiO contents
(0.03-0.28 wt.%) are also more similar to the serpentinite-re-
lated nephrite amphiboles (0.08-0.36 wt.% NiO), than to the
dolomite-related type amphiboles (0.00—-0.08 wt.% NiO).

The diopside from the GJM nephrites is compositionally
more similar to the serpentinite-related Crooks Mountain neph-
rite diopside, than to the dolomite-related Hetian and Alamas
nephrites diopside. The GJM nephrites diopside contain high
Cr,0; contents (0.00-0.83 wt.%), similar to the serpentinite-re-
lated Crooks Mountain nephrite diopside (0.02—-0.64 wt.%
Cr,0s3), and different from the consistently low Cr,O3 concentra-
tions in the dolomite-related Alamas nephrite diopside
(0.00-0.03 wt.% Cr,03). In addition, the Jordan6éw nephrite ap-
atite contains more Ca compared to the dolomite-related Hetian
nephrite apatite.

The chlorite rims around spinel crystals (“chlorite 1I”; clino-
chlore and subordinate penninite) in the Jordanéw nephrite are
similar to the important population of chlorites (clinochlore,
brunsvigite, ripidolite, and subordinate penninite and sheri-
danite) from chlorite schists of the Ronda peridotites (one of the
largest orogenic lherzolite bodies in the world, located in Spain,
serpentinised, containing rodingite, gabbro, granite, and chlo-
rite schist bodies; cf. Cuevas et al., 2006; Esteban et al., 2007),
associated with the serpentinite-related nephrites. The chlorite
rims (“chlorite 1I") are also similar to spinel crystals chlorite rims
(clinochlore) from the New Zealand serpentinite-related neph-
rite. The GJM nephrites garnets are crustal-derived, similar to
garnets from the Fengtien and Crooks Mountain serpentin-
ite-related nephrites. Interestingly, the garnet from Nastawice
nephrite is Mg- and Al-depleted (0.01-0.04 Mg/(Mg + Fe) and
3.04-4.05 wt.% Al,O3) and Cr-enriched (14.37-15.13 wt.%
Cr,0s3), relative to the Jordanéw nephrite garnet (0.03-0.73
Mg/(Mg + Fe), 20.82-22.32 wt.% Al,O3 and 0.01-1.20 wt.%
Cr,03), which shows that the garnets composition can vary sig-
nificantly within a given nephrite occurrence.

The Jordandw nephrite has high bulk-rock Fe/(Fe + Mg) ra-
tios, corresponding to the serpentinite-related nephrites. The
bulk-rock Cr, Ni, and Co are also typical of the serpentinite-re-
lated nephrites and higher than in the dolomite-related varieties.
The measured concentrations are similar to the serpentinite-re-
lated nephrites regardless of the analytical method used, whe-
ther that be prompt-gamma activation analysis (PGAA) or pro-
ton microbeam particle-induced X-Ray emission (micro-PIXE).

The nephrite and nephrite schist from Jordanéw have §'°0
values ranging from +6.1 to +6.7%0, and the average nephrite
8D value is —-61%o0. The average 8D value is lower than the 8D
values of most serpentine samples from the host-rocks. The
nephrite 820 and 8D correspond with the published data on the
serpentinite-related nephrites, although they plot not far from
several dolomite-related specimens.

According to the observed mineral paragenesis in the GIM
nephrites, four crystallization stages are proposed:

— leucogranite rodingitisation (diopside and garnet) and

chlorite black-wall (“chlorite 1) formation;

— nephritisation — tremolite (“tremolite 1”) after diopside in
rodingite and after “chlorite I in chlorite black-wall; spinel
and chlorite (“chlorite 1I") formed as a result of garnet
breakdown, although “chlorite 11" can be formed in the
way of spinel with serpentines reaction;
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— prehnite veins formation;

— tremolite (“tremolite 1I") after prehnite veins, actinolite

veins formation.

Further studies can precisely identify proposed crystallisa-
tion stages.

The spinels composition in the GIM nephrites suggests, at
least for the second crystallisation stage, greenschist-facies
conditions, although lower-amphibolite-facies is not excluded.
The chlorite rims around spinel crystals (“chlorite 11") contain
less Si (1V): 2.84-3.14 apfu (29.16-31.89 wt.% SiO,), and more
Cr (1.37-4.41 wt.% Cr,03), relative to the major chlorites popu-
lation in nephrite (“chlorite 1", subordinate “chlorite 11”) — Si (1V):
2.92-3.58 (30.94-38.56 wt.% SiO,) and 0.00—0.87 wt.% Cr,03.
The chlorite rims around spinel crystals (“chlorite II”) seems to
have elevated Cr inherited from the garnet or spinel, unlike
chlorite black-wall (“chlorite I"), which is less abundant in Cr,
due to the lack of an abundant source.

The first crystallisation event can be tentatively assigned to
either the zircon age from rodingite black-wall in Nastawice (400
+ 4/-3 Ma; Dubinska et al., 2004), or the zircon age from par-
tially-rodingitized leucogranite in Jordanéw (337 + 4 Ma; Kryza,
2011). Detailed timing of the crystallisation stages requires fur-
ther investigation.
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