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ABSTRACT

Scheelite is the main ore mineral in skarn-type tungsten deposits, and a common
accessory mineral in a variety of rock-types. The Baoshan deposit in South China is
one of the most important polymetallic scheelite skarn deposits in China, hosting
40,000 t of WO3 with economic concentrations of Zn, Cu, and Ag. It is hosted by a
calcic skarn that is zoned outwards mineralogically from garnet-clinopyroxene,
through clinopyroxene-garnet, to wollastonite, and overprinted by retrograde minerals.
Scheelite occurs in both the prograde and retrograde skarns, and is complexly zoned.
On the basis of its textures, the scheelite was classified into three types. Scheelite 1
and II belong to the early and late prograde stages, respectively, and Scheelite III
precipitated during the retrograde stage. The molybdenum (Mo) content of these
scheelite types ranges from 54 ppm to 24 wt.%, and the total rare earth element
content ranges from 12 to 321 ppm. Rare earth element (REE) concentrations and
chondrite-normalized REE profiles vary with the distribution of major elements. The
profiles indicate variable degrees of REE enrichment, which correlates negatively
with the Mo content. Molybdenum-rich scheelite displays a negative Eu anomaly, and
Mo-poor scheelite a positive Eu anomaly. Crystal structure provided the first-order
control on the minor and trace element composition of the scheelite. Incorporation of
REE’" into scheelite was controlled partly by a coupled substitution involving Mo.
The lattice strain model was used to estimate scheelite-fluid partition coefficients for
the REE from the contents of these elements in the scheelite and to predict the relative
distributions of the REE in the ore-forming fluids. It is proposed that conditions were
initially oxidizing, leading to strong incorporation of Mo in Scheelite I, that they
became more reducing with the crystallization of Scheelite II containing lesser Mo,

and that during retrograde skarn formation there was a return to oxidizing conditions
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due to an influx of meteoric waters, which altered Scheelite Il giving rise to the
formation of Scheelite III. The study shows that the composition of scheelite recorded
the history of the Baoshan hydrothermal system, and that the behaviour of the REE
could be used to quantitatively reconstruct the changing physicochemical conditions

during ore formation.

Keywords: Skarn deposit; Scheelite; Rare earth elements; Lattice Strain Model; South

China
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1. Introduction

Rare earth elements (REEs) are important as geochemical tracers (Lipin et al.,

1989; Linnen et al., 2014). They are widely used in petrogenetic studies of magmatic

systems because the distribution of the REE in in the bulk rock and minerals varies
with the magmatic process, e.g., magma mixing, magmatic assimilation and fractional

crystallization, as well as with the source of the magma (Hanson, 1980). The controls

on the partitioning of the REE between melt and minerals are relatively well
understood. Little is known, however, about the partitioning of the REE between
minerals and hydrothermal fluids, and consequently there have been few studies

employing REE as geochemical tracers in hydrothermal systems (e.g., Bau, 1996;

Ghaderi et al., 1999; Brugger et al., 2000; Smith et al., 2004; Brugger et al., 2008;

Gaspar et al., 2008).

Many studies have shown that, in hydrothermal systems, adjacent isovalent REEs
can be fractionated from one another depending on the crystal structure and the

chemistry of the fluids (e.g., Bau, 1991; Williams-Jones et al., 2012; Migdisov and

Williams-Jones, 2014; Migdisov et al., 2016). Thus, in principle, the serial behaviour

of the REE should allow them to become powerful tools for interpreting hydrothermal

processes (e.g., Smith et al., 2004; Gaspar et al., 2008), although the capacity of the

REE to complex with multiple ligands may complicate this application (van Hinsberg
et al., 2010). Until now, applications of inter-element fractionation among the REEs
in hydrothermal systems have largely been limited to geochronologic and other types
of isotopic studies, particularly those involving fractionation between Sm and Nd

(e.g., Poitrasson et al., 1998; Brugger et al., 2002; Smith et al., 2004). Significantly,

only two studies have employed a full set of REE to interpret hydrothermal systems,

namely those of Ghaderi et. al. (1999) and Brugger et al. (2000), who used the REE
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chemistry of scheelite to gain insights into fluid evolution in orogenic gold ore-
depositing systems.

Scheelite is a common mineral in skarn, porphyry, hydrothermal vein, and

metamorphic stratabound deposits (e.g., Brugger et al., 1998; Uspensky et al., 1998;

Brugger et al., 2000; Song et al., 2014; Guo et al., 2016). It has a simple crystal

structure with tetrahedral [WO4]* groups and irregular dodecahedral [CaOs]'* groups,
and a basic formula of CaWOs with tetragonal symmetry. The Mo®" ion can substitute
for W in any proportion to form a complete solid solution between scheelite

(CaWOs4) and powellite (CaMoOs) (Hsu and Galli, 1973; Tyson et al., 1988). Owing

to ionic radii that are similar to that of Ca, significant amounts of REEs, Sr, Nb, and

Pb can also substitute into the scheelite structure (Raimbault et al., 1993).

In this paper, we describe the petrography of scheelite from the Baoshan
polymetallic tungsten skarn deposit of South China, and present results of in situ
major and trace element analyses for this mineral. The purpose of this study is to
decipher scheelite chemistry in this deposit, and to determine how the evolving
distribution of the REE in relation to Mo and Nb in this mineral might be used to gain
a better understanding of hydrothermal ore-forming processes at Baoshan and
elsewhere.

2. Geological Setting

The Baoshan skarn deposit is located in the town of Qianchang, about 50 km
southwest of Ganzhou City, South China (Fig. 1). Although sulfide ores (e.g.,
sphalerite, chalcopyrite, and pyrrhotite) have been mined at Baoshan since the Ming
Dynasty (17" century BCE), and slags dating to this time have been discovered in the
Western Ore Zone, it was not until 1967, that the Geological Team of Jiangxi

Province recognized its tungsten mining potential, and carried out the first modern
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exploration. The deposit contains about 40,000 t of WOs grading ~0.5 wt%,
accompanied by economic concentrations of Zn, Cu, and Ag, making it one of the

most important polymetallic tungsten skarns in China (Zhao et al., 2017).

The tungsten skarns are located along the contacts between the Mesozoic
Baoshan granitic pluton and the Carboniferous Huanglong and Chuanshan Formations
(Fig. 1). The latter are composed mainly of limestone, which is accompanied by
minor dolomitic limestone, and sandwiched between sandstone and siltstone of the
Lower Carboniferous Zishan Formation and Permian Maokou Formation. The
Baoshan granitic pluton comprises equigranular and porphyritic facies and has a S-

type composition (Guo, 2010). It was emplaced at ~160 Ma during crustal extension

associated with the subduction of the paleo-Pacific plate (Zhou et al., 2006; Guo,

2010; Mao et al., 2013; Zhao and Zhou, 2015; Zhao et al., 2017). The most important

fault in the area, the northeastern-trending Tongtianyan strike-slip Fault, displaced the
Carboniferous and Permian strata and the Mesozoic granites (Fig. 1).

The deposit has been subdivided into four ore zones: the Western Ore Zone,
Northern Ore Zone, Eastern Ore Zone, and Southern Ore Zone. The most important of
these zones, the Eastern Ore Zone, is currently the main mining site (Fig. 1).
Tungsten-mineralized skarns are best developed in this ore zone, and are distributed,
both horizontally and vertically, in zones where the contacts between the granites and
marble define embayments in the granites; they are most weakly developed where the
contacts define salients (Fig. 1). Skarns in the embayments are usually several meters
in width (Fig. 2A). They are dominated by anhydrous prograde mineral assemblages,
and are zoned outwards mineralogically from coarse-grained grandite garnet adjacent
to the granite, through grandite garnet-calcic clinopyroxene and fine-grained calcic

clinopyroxene, to minor wollastonite (£vesuvianite) adjacent to marble (Fig. 2B).
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Minor subcalcic garnet with magnetite occurs in the endoskarns, which are of very
limited extent. Retrograde skarn assemblages, including the hydrous silicates,
ferroactinolite, epidote, and chlorite, and the sulfides, chalcopyrite, pyrrhotite,
sphalerite, and molybdenite, replaced the margins of the prograde skarn minerals, and
occur in interstices among these minerals and in veins.

3. Methodology

This study was based on 10 samples of pyroxene skarn rich in scheelite that were
collected on underground Level 410 of the Baoshan deposit (Fig. 1). These samples
were coarsely crushed and the scheelite rich fragments were mounted in epoxy
holders (BSS5-1, BSS5-2, BSS5-3, BSS5-4, BSS5-6, and BSS5-7) and polished for
microscopic observation and analysis.

Scheelite was identified in mounts and sections using a Leica DM RD polarizing
microscope at the Department of Earth Sciences, The University of Hong Kong
(HKU). Selected samples were observed using a Hitachi S-3400N scanning electron
microscope (SEM) under high vacuum (10 torr) and in variable pressure mode (10°!
torr) at the Electronic Microscopy Unit, HKU. Semiquantitative analyses of scheelite
were conducted using an energy dispersive X-ray analysis system (EDS) with an
accelerating voltage of 15 kV, a working distance of 10 mm, and Thermo Scientific
NORAN System SIX software. Backscatter electron (BSE) imaging was performed
using a high-sensitivity semiconductor detector located directly above the sample.
Cathodoluminescence imaging (CL) was performed at the State Key Laboratory of
Continental Tectonics and Dynamics, Chinese Academy of Geological Sciences,
using a Cathode generator Mono CL4 detector, operated at about 15 kV and 20 nA.

Electron Microprobe (EMP) analyses were carried out at the Department of Earth

Sciences, HKU. Major element compositions of scheelite, clinopyroxene, and garnet
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were obtained by wavelength dispersive spectrometry using a JEOL JXA8230
electron microprobe operating at an accelerating voltage of 20 kV with a 20 nA beam
current, 1 pm beam diameter, and a 10-30 s counting time. The precision of all
analyzed elements was better than 1.5%. Minerals and synthetic oxides were used as
standards. All data were corrected using the ZAF procedure.

Trace element contents of scheelite and clinopyroxene were measured by Laser
Ablation Inductively Coupled Plasma Mass Spectroscopy (LA-ICP-MS) at the
FocuMS Mass Spectroscopy Laboratory, Nanjing. Laser sampling was performed
using a Photon Machines Excite 193nm laser ablation system, coupled to an Agilent
7700x ICP-MS with a 1 m transfer tube. Helium was used as a carrier gas and argon
was used as the make-up gas and mixed with the carrier gas via a T-connector before
entering the ICP. The carrier and make-up gas flows were optimized by ablating the
NIST SRM 610 standard to obtain maximum signal intensity while keeping low
ThO/Th (0.1-0.3%) and Ca?*/Ca* (0.4-0.7%) ratios to reduce the oxide and doubly
charged ion interferences. The 2**U/>*2Th ratio, which was used as an indicator of
complete vaporization, was kept at ~1 while ablating NIST SRM 610. Each analysis
incorporated ~30 s of background acquisition (gas blank) followed by 50 s of data
acquisition from the sample. A spot with a diameter of 25 um was used to ablate
zones in scheelite crystals, whereas a spot with a diameter of 70 pm was used to
ablate domains in clinopyroxene crystals. Every eighth to tenth spot analysis was
followed by a NIST SRM 610 analysis to correct the time-dependent drift of

sensitivity and mass discrimination of the ICP-MS (Liu et al., 2008; Sun and Chen,

2017). Reference glasses (GSE-1G, BHVO-2G, BCR-2G, and NIST SRM 612) were
analyzed prior to and after the sample measurements. The NIST SRM 610 glass was

used as an external calibration standard, and the Ca content of each scheelite crystal
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and Si of each clinopyroxene crystal, which had been analyzed using the electron
microprobe were used as internal standards. Off-line selection and integration of
background and analyte signals, and time-drift correction and quantitative calibration

were performed by ICPMSDataCal (Liu et al., 2008; Liu et al., 2010). The precision

and accuracy were within 10% of the reported values; for values used in the lattice
strain calculations they were within 5%.
4. Skarn Mineralogy

Based on the observed textural relationships, the mineral paragenesis in the
Baoshan scheelite skarn was subdivided into two main stages (Fig. 3), a high-
temperature prograde skarn stage and a low-temperature retrograde skarn stage. The
earliest prograde skarns are characterized by Mg-enriched clinopyroxene (Dis2-41Hda3-
28Jo17-11), and Al-enriched garnet (Grs76-60Andis4-11Sps3o-11); there is a zone of
wollastonite in contact with the marble (Fig. 4A). Minor Mo-enriched scheelite occurs
together with Mg-rich clinopyroxene as inclusions in early Al-rich garnet (Fig. 4B).
The early Mg-rich clinopyroxene and Al-rich garnet were replaced and rimmed by
late Fe-rich clinopyroxene (Dii-«Hds7-s1Joi6-11) (Fig. 4C) and Fe-rich garnet (Grs3o-
2Andes-67Sps4-3) (Fig. 4D-E), respectively, and accompanied by fluorite (Fig. 4E),
which formed during the late prograde skarn mineral stage.

The retrograde stage overprints the prograde stage mineral assemblages. Prograde
minerals, such as garnet, were transformed into hydrous minerals (e.g., epidote) and
subsequently carbonate (Fig. 4E-F). However, an Al-rich garnet (Grses-40Andzo-
15Sps39-17) was also deposited; it occurs in millimeter- to centimeter-wide discordant
veins that cut the prograde skarn (Fig. 4H). Newly formed hydrous minerals (e.g.,
chlorite) and carbonate also precipitated in the pores of early minerals (Fig. 4g).

During the late retrograde stage, sulfides precipitated around the early retrograde
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minerals or in centimeter- and/or meter-thick bands along fractures and lithologic
contacts (Fig. 4H). The most abundant sulfide is pyrrhotite, although molybdenite,
chalcopyrite, sphalerite, galena, and native bismuth also have been identified..

The late prograde hedenbergite skarn, which contains a high proportion of
scheelite, is the main skarn type at Baoshan. The scheelite in this skarn occurs either
as inclusions in the clinopyroxene (Fig. 5A) or as small subrounded isolated
disseminated crystals that are frequently intergrown with the clinopyroxene (Fig. 5B).
In back-scattered electron images (BSE), isolated scheelite crystals exhibit texturally
complex zoning patterns as dark and light domains (Fig. 6A), with the cores being
richer in Mo than the rims. The light domains form vein-like structures that, together
with molybdenite, crosscut the dark domains. Locally, they also form breccias that
cement fragments of the dark domains. The dark inner domains represent primary
Scheelite I, whereas the light domains clearly formed later and could represent the
late prograde stage (Scheelite II) or the retrograde stage (Scheelite III). In the
corresponding cathodoluminescence (CL) image (Fig. 6B), the light domains display
contrasting lighter and darker domains. Moreover, the darker domains, which show
evidence of oscillatory zoning, in some cases, are surrounded or crosscut by lighter
domains (Fig. 6C), and locally fluorite (white) is enclosed by the lighter domains (Fig.
6D). These relationships indicate that the oscillatory-zoned (darker) scheelite is
Scheelite 11, that it precipitated together with fluorite and that the lighter scheelite,
which mostly co-exists with molybdenite (Fig. 6E), is Scheelite III. The scheelite
filling interstices among clinopyroxene crystals (Fig. 5A) is light in BSE images (Fig.
6F), and in CL images consists mainly of light domains surrounding dark domains
(Fig. 6G). This scheelite is therefore interpreted to be Scheelite II (CL-dark) that was

overprinted by Scheelite III (CL-light).
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5. Scheelite chemistry

Compositional data for scheelite from the Baoshan skarn deposit are presented in
Table 1 and Supplementary Data Table Al. As might be expected from the BSE and
CL imaging, this scheelite varies considerably in composition. The concentrations of
the major element oxides, WO3 and CaO, range from 54.91 to 82.17 wt%, and from
19.39 to 22.28 wt%, respectively. Molybdenum is both a major and a trace element,
ranging from a concentration high of 24.12 wt% MoOs to a low of 54 ppm Mo. Taken
together, the contents of these three element oxides reflect the fact that the scheelite is
actually a scheelite-powellite solid solution ranging compositionally from end-
member scheelite to a variety containing 41% of the powellite component.

The only elements, in addition to those mentioned above, that are in significant
concentration in the scheelite, are Na (below detection to 50 ppm), St (16 to 72 ppm),
Nb (3 to 122 ppm), Ta (below detection to 0.5 ppm), Pb (2 to 8 ppm), and the REEs
(12 to 321 ppm). Concentrations of Zr and Hf are below the detection limits of LA-
ICP-MS (<0.1 ppm). Normalized to chondrite, the scheelite is enriched in light REEs
(LREEs), depleted in middle and heavy REEs (MREEs and HREEs) and displays
both negative and positive Eu anomalies (Fig. 7).

Scheelite I has a very high Mo content (56,000 to 160,000 ppm) and relatively
low ZREE content (12 to 158 ppm), with MREE and HREE contents being mostly
below the detection limit (Fig. 8A). Two subgroups can be distinguished on the basis
of their Mo and REE contents. Scheelite Ia has the higher Mo content and a low
YREE content, whereas Scheelite Ib (lower Mo content) contains a much higher
YREE concentration (Fig. 9). Both Scheelite la and Ib exhibit small negative

chondrite-normalized Eu anomalies. Scheelite II has an intermediate Mo content
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(6,900 to 9,900 ppm) and a content of XREE, which is generally greater than that of
Scheelite I (114 to 197 ppm). Concentrations of the MREEs are higher than those of
Scheelite I, but most of the HREESs have concentrations below the detection limit and,
as for Scheelite I, there is a small negative Eu anomaly (Fig. 8B). Scheelite I1I has the
lowest Mo content of the three scheelite types (54 to 90 ppm), but a wide range of
>REE content, from 42 to 321 ppm. In contrast to Scheelite II, the concentrations of
even the HREEs are above the detection limit, and there is a strong positive Eu
anomaly (Fig. 8C). Moreover, the Eu anomalies of Scheelite I and Scheelite II are
similar (negative) with a 1:1 slope below the Eux/Eu'N=1 line, whereas those of
Scheelite 1T (positive) are variable above the Eux/Eu'~n=1 line (Fig. 10A). However,
the Eu anomalies of the three types of scheelite do not show any obvious correlation
with Mo content, except for the two Scheelite III crystals with smaller positive Eu
anomalies that have higher Mo contents than the crystal with the large positive Eu
anomaly (Fig. 10B).
6. Discussion
6.1. Substitution of REEs for Ca in scheelite

The substitution of REE*" for Ca?* requires a charge-compensating mechanism to

maintain electrical neutrality (Mclntire, 1963). Several coupled substitution

mechanisms involving REE** and Ca?" in both the eightfold and fourfold coordination

sites have been proposed (e.g., Nassau and Loiacono, 1963; Burt, 1989):

(1),
2),

and

3).

where OCa represents the Ca-site vacancy.
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It is possible to assess the relative importance of the different substitutions using
binary plots of the concentrations of the substituting and substituted elements (e.g.,

Ghaderi et al., 1999; Brugger et al., 2000; Song et al., 2014). The low concentration

of Na and poor correlations between Na and REE (Fig. 11A) indicate that the
eightfold-site Na compensation mechanism (Substitution 1) did not play an important
role in the incorporation of the REEs into the scheelite. On the other hand, the
concentration of Nb is elevated (Table 1), and binary plots display generally positive
correlations of Nb+Ta and ZREE-Eu+Y concentrations for Scheelite Ib and II (Fig.
11B), implying that a substitution involving Nb could have been important for these
varieties of scheelite. However, the slopes for the most Mo-enriched Scheelite Ia and
most Mo-depleted Scheelite III approach zero, unexpectedly indicating that
substitution of the REE was not coupled significantly to that of Nb. It should be noted
that the most Mo-depleted Scheelite III has higher contents of Nb and REEs than the
most Mo-enriched Scheelite la, and that Mo-poor Scheelite Ib and Scheelite II is
relatively enriched in Nb (Table 1), implying that Mo in scheelite has a negative
effect on the incorporation of Nb. Considering that the radius of Nb>* (0.48 A) is
closer to that of Mo>" (0.46 A) than those of Mo®" (0.41 A) and W (0.42 A)

(Shannon, 1976), the incorporation of Nb could have been coupled mainly to the

concentration of Mo>" in the corresponding scheelite, and thus the incorporation of

the REE was likely due to:

4,
where X is a variable that depends on how much Nb>* can substitute for Mo®" in the
fourfold site. This reaction shows that a lower Mo®/Mo>*(Mo*") ratio (e.g., Scheelite
IT) would favour the incorporation of the REEs more than a higher ratio (e.g.,

Scheelite Ia). Furthermore, only Mo* (0.46 A) can replace W' (0.42 A) or Mo®"
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(0.41 A), and Mo*" does not substitute in the fourfold coordination site (Shannon

1976). This implies that during the later Mo-depleted Scheelite III period, Mo*" was
dominant in the system consistent with the occurrence of molybdenite.
6.2. Modeling REE partitioning
6.2.1. The Lattice Strain Model

The distribution of a trace element between a mineral and a liquid (melt or
aqueous fluid) can be described by a partition coefficient that is under the first-order
control of the properties of a major element site in the mineral. Accordingly, the
partitioning of isovalent cations can be explained by a simple model involving the

size and elasticity of the crystal lattice sites (Blundy and Wood, 2003). The

quantitative relationship between the elastic properties of a crystal and its element

partitioning is referred to as the lattice strain model (LSM) (Brice, 1975; Blundy and

Wood, 1994).

In the LSM, the partition coefficient Di at equilibrium for a cation with radius ri

entering a particular crystal lattice site, M, is given by:

. 2 3
D=D, exp_l ~4nE N, _[n.(_r,—n,.) N ) l
‘ ‘ RT 2 3 ’
L 7 (5),

where Do is the partition coefficient of an isovalent ion of radius ro, which enters the
site without strain, Em is the Young’s modulus of site M, Na is Avogadro’s Number,
R is the universal gas constant, and T is temperature in Kelvin. The relationship is
most often illustrated on an Onuma diagram as the logarithm of the partition
coefficient versus the ionic radius (Fig. 12A):

4nN loge E, ’L(”. -, ) N (_'r; —I'U)j

IDgD‘:logDU—T'?‘ 2 3

(6),
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which produces a parabolic distribution. The value for Do for a cation with optimal
radius, ro, fixes the “height” of the parabola, the curvature of which is controlled by T
and E for the site M. The parameters, ro, E, and T establish the deviations of the
partition coefficients from Do, and when combined with Do, yield the partition
coefficients, Di (e.g., those for a series of cations, such as the REEs).

The first step in applying the LSM is to determine the values of Do ro, and E. In
the case of the partitioning of elements between a mineral and a melt, the best
approach to calculating these parameters involves fitting the partitioning data for

experimental or natural mineral-glass pairs (e.g., Hill et al., 2011). It is also possible

to estimate the ro and E values of any mineral from the empirical equations of Hazen

and Finger (1979). However, it is not possible to reliably estimate Do without

information on the composition of the mineral and coexisting glass (or in our case
aqueous fluid), and the pressure-temperature conditions. Unfortunately, neither
mineral-aqueous liquid or mineral-melt partitioning data are available for scheelite,
and thus it is not possible to reliably calculate absolute partition coefficients for this
mineral with aqueous liquid. On the other hand, as Do only determines the “height” of
the parabola, it should be possible, in principle, to determine the relative values or
ratios of the partition coefficients for a given set of elements of the same charge, in
the case of this study, the REE.
6.2.2. Determining LSM parameters for Scheelite |1

Rather than evaluating the partition coefficients for scheelite directly from ro and

E values determined using the equations in Hazen and Finger (1979), and selecting an

arbitrary value of Do, we decided to approach the problem indirectly. This approach
involved evaluating the partition coefficients for Fe-rich clinopyroxene (which was

roughly coeval with Scheelite II) from the values of the corresponding mineral-melt
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LSM parameters, and using them and the clinopyroxene REE chemistry to calculate
the concentrations of the REE in the Baoshan fluid. We then employed these latter
concentrations to regress values of the LSM parameters for scheelite. The advantage
of this approach is that it afforded us an opportunity to test the reliability of our
relative REE concentrations by comparing the calculated ro and E values for scheelite,

with those computed using the equations of Hazen and Finger (1979).

The values of Do, ro and E for clinopyroxene employed in the calculations were

taken from Olin and Wolff (2010), who determined partition coefficients for REEs

between clinopyroxene and melt in natural samples (coexisting clinopyroxene and
volcanic glass) that are compositionally very similar to the clinopyroxene of the
Baoshan skarn, i.e., dominated by Ca in the eightfold site and Fe?" in the sixfold site
(Supplementary Data Table A2). They extracted values of ro, E and Do by fitting their
data to a two-site (sixfold and eightfold co-ordination) LSM and obtained sets of
values for ro, E and Do for each site. To minimize the effect of temperature, we
selected the values of these parameters for their lowest temperature sample (namely
the Bandolier Tuff), which was emplaced at 700 °C, i.e., close to the probable
temperature of the granitoid magma and exsolving magmatic hydrothermal fluid that
was responsible for prograde skarn formation at Baoshan. Using these values
(ro=1.055 A, E=3,390 kbar, and Do=9.0 for the eightfold site; ro=0.772 A, E=11,000
kbar, and Do=200 for the sixfold site), we calculated the clinopyroxene-fluid REE
partition coefficients (Fig. 12B), and based on them and the contents of the REEs in
the Baoshan Fe-rich clinopyroxene, we estimated the concentrations of the REEs in
the hydrothermal fluid that would have been in equilibrium with this Fe-rich

clinopyroxene.
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As illustrated in Figure 12C, the Baoshan fluid is predicted to have had a
chondrite-normalized REE profile characterized by strong enrichment in the LREE,
depletion in the MREE and modest enrichment in the HREE. Significantly, the profile

is very similar in shape to that reported by Banks et al. (1994) for magmatic

hydrothermal fluids from the Capitan Mountains, New Mexico, USA, which, to our
knowledge represents the only comprehensive study of the REE content of fluids
from a granitoid-related magmatic hydrothermal system. Their profiles for the fluid
prior to saturation with REE minerals display very strong enrichment in the LREE
and flattening towards the HREE, whereas for the fluid after REE mineral saturation,
the profiles also display weak HREE enrichment. The absolute concentrations of the
individual REE, however, are considerably higher for the Capitan Mountains samples
than for Baoshan, e.g., ~75-335 ppm versus 0.72 ppm for La and ~1.2-7.8 ppm versus
0.0048 ppm for Yb. This partly reflects the unusual, hypersaline nature of the Capitan
Mountains fluid, and the fact that it deposited REE-minerals, whereas the Baoshan
fluid was clearly undersaturated in the REEs, which occur only in trace quantities in
minerals like scheelite. It may also, however, reflect the assumption that mineral-
aqueous fluid partition coefficients are equivalent to mineral-melt partition
coefficients. In view of the above, we therefore conclude that the relative REE
concentrations predicted by the modeling (but not their absolute values) are reliable.
We used the REE content of the fluid determined above to extract the LSM
parameters for scheelite at its crystallization temperature, assuming that the REE
content of the fluid did not change significantly until the end of prograde skarn
formation. This temperature was assumed to be 427 °C (700 K), which is within the
range of temperature that has been determined for scheelite-bearing late prograde or

early retrograde garnet-pyroxene skarns (e.g., Singoyi and Zaw, 2001; Lu et al., 2003;
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Timén et al., 2009; Soloviev, 2011). In as much as at least three REEs were sufficient

to obtain a unique solution for Equation 5, we used those in greatest abundance for
this purpose, i.e., La, Ce, Pr, Nd, Sm, Gd, and Tb. We calculated the REE partition
coefficients for the average Scheelite II composition by fitting the Scheelite II-
Baoshan fluid REE concentration ratios iteratively to Equation 5 (Fig. 12B;
Supplementary Data Table A3). This produced values for Do, ro and E of 660 (T=700
K), 1.072 A, and 4,565 kbar, respectively. In order to assess the reliability of the

values for ro and E, we used the empirical equations of Hazen and Finger (1979) and

Blundy and Wood (1994) to calculate these values independently. For ro, the equation

is based on the metal-oxygen bond length, and for E, it is based on the correlation
between Young’s modulus and the charge/volume (Z/d?) of the lattice site (Z: ionic
charge; d: metal-oxygen bond length). The optimal radius, ro, for scheelite and
powellite, is equal to the difference between the Ca-O bond length (2.457 A for
scheelite; 2.458 A for powellite) and the radius of fourfold-coordinated O ions

(1.380 A) (Shannon, 1976; Smyth and Bish, 1988; Blundy and Wood, 2003). The

resulting ro values for scheelite (CaWOs4) and powellite (CaMo0QOa4) are 1.077 and
1.078 A, respectively, which are very close to the value for ro for Scheelite II of 1.072
A, which was determined above. The value of E was calculated to be between 2,273
(Z/d*=0.2020) and 2,275 (Z/d*=0.2023) kbar. By contrast, our E value regressed for

Scheelite II is 4,565 kbar. However, as shown by Blundy and Wood (2003), the true

values of the Young’s modulus can deviate from the estimated values by up to several
thousands of kbar with Z/d? ratios of around 0.2. We therefore conclude that the
regressed ro (1.072 A) and E (4,565 kbar) values are consistent with those calculated

empirically, and provide confidence that the mineral-fluid REE partition coefficients
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determined for Scheelite II by regressing the clinopyroxene-predicted fluid
composition are reliable for predicting relative concentrations of elements.
6.2.3. Estimating LSM parameters for Scheelite | and 11l

As discussed above, the uptake of the REE by the Mo-bearing scheelite was
controlled by coupled substitutions involving eightfold- and fourfold-coordinated
sites (Substitution 4). Owing to the rigidity of the fourfold WO3 and MoQOs lattice

sites (Smyth and Bish, 1988), an element partitioning into the eightfold Ca-site will

not be affected significantly by the concentration of Mo. Thus, the regressed ro (1.072
A) for Scheelite II also can be used to model REE partitioning into Scheelite I and
Scheelite III.

As noted earlier, values of E depend on temperature and pressure and thus, in
principle, the E values for Scheelite I and particularly Scheelite III (retrograde skarn)
should differ from those for Scheelite II. However, as the E value extracted for

Scheelite II is similar to that for clinopyroxene (e.g., Wood and Blundy, 1997; Blundy

and Wood, 2003), we conclude that values of E for scheelite varied little with P and T

during skarn formation (P<1 GPa, T<1000 K) and any potential variation can be
ignored. Accordingly, the value of E (4,565 kbar) regressed for Scheelite II was
assumed for Scheelite I and III.

The relative chondrite-normalized REE distributions for Scheelite I and III were

predicted by a Do-normalized equation derived from the LSM equation (Eq. 6) as:

N,
where Xi stands for the chondrite-normalized concentration of element i in scheelite.

6.2.4. Implications of the REE profiles for scheelite
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The Baoshan tungsten deposit is typical of many tungsten skarns, in that it is
characterized by early Mo-enriched scheelite and late Mo-poor scheelite. This could
reflect a trend of decreasing temperature, as numerous studies have shown that during
scheelite formation, temperature decreases from near magmatic values (~625 to 450

°C) to between 300 and 200 °C (e.g., Einaudi et al., 1981; Newberry, 1998; Singoyi

and Zaw, 2001; Lu et al., 2003; Meinert et al., 2005; Timoén et al., 2009; Soloviev,

2011). For example, at Kara, Tasmania, and Kensu, Kyrgyzstan, the early, relatively
Mo-enriched scheelite formed at temperatures up to 600 °C, whereas the late scheelite

formed at ~250 °C (Zaw and Singoyi, 2000; Singoyi and Zaw, 2001; Soloviev, 2011).

Accordingly, for the purpose of our calculations, we propose that in the Baoshan
skarns, the early Mo-rich Scheelite I precipitated at 900 K (627 °C), Scheelite II
precipitated at 700 K (see above) and the late Mo-rich Scheelite III precipitated at 500
K (227 °C). The relative REE distributions (XreeDo/Dree) of the Baoshan
hydrothermal fluids in equilibrium with Scheelite I, II, and III were calculated from
the REE contents of these minerals and the corresponding assumed formation
temperatures using Equation 7. They are illustrated in Figure 13, from which it is
evident that the hydrothermal fluids responsible for precipitation of the three scheelite
types were very similar compositionally. This implies that they crystallized from the
same magmatic fluid, except perhaps Scheelite I1I, which may have crystallized from
a modified meteoric fluid and acquired a magmatic signature by remobilizing
Scheelite II.

A feature of the fluid during the precipitation of Scheelite I is that it was depleted
in MREEs and HREE:s relative to Scheelite II (Fig. 13a and b). We speculate that this
was the result of reaction of the fluid with limestone to form the garnet-clinopyroxene

skarn, and the preferential incorporation in the garnet of the MREE and HREE (e.g.,
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Smith et al., 2004; Gaspar et al., 2008). Another related feature already referred to, is
that the earliest scheelite (Scheelite I) was the most enriched in Mo, and the Mo
content decreased progressively from Scheelite Il to Scheelite III. As discussed
previously, the formation of early Mo-enriched Scheelite I corresponds to a high
Mo®"(Mo>")/Mo*" ratio in the fluid and thus oxidizing conditions, whereas the lower
Mo content of the later scheelite types likely reflects lower values of this ratio and

more reducing conditions (Hsu and Galli, 1973; Hsu, 1977; Rempel et al., 2009). This

may parallel the zonation of the skarn from garnet (Fe**) near the granite to pyroxene
(Fe*") distal from it, which also records a trend from oxidizing to reducing conditions

(Meinert et al., 2005). However, all that is evident from the textural relationships is

that Scheelite I preceded pyroxene crystallization (Scheelite I is mantled by pyroxene)
and Scheelite Il occurs in interstices among pyroxene crystals. Scheelite is not
observed in contact with garnet. Nonetheless, it is reasonable to propose that the
decrease in Mo concentration from Scheelite Ib, to Scheelite Ia, and to Scheelite 11
records a progressive decrease in oxygen fugacity with evolution of the prograde
hydrothermal system.

Although the changing redox conditions clearly played an important role in
controlling the scheelite chemistry, particularly in respect to Mo, it is possible that
other compositional parameters also played a role. Indeed, it is noteworthy that
Scheelite II is accompanied by fluorite, which suggests that HF and F- activity was
higher than in the preceding stage. As the Nb and Ta contents of Scheelite II are
higher than those of the other two scheelite types (Table 1), and as Nb and Ta have
been shown experimentally to reach their highest concentrations in hydrothermal

fluids as hydroxy-fluoride complexes (Timofeev et al., 2015, 2017), it seems highly
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likely that an elevated HF activity was partly responsible for the high Nb and Ta
contents of Scheelite II.

Although the REE composition interpreted for the fluid responsible for the
deposition of Scheelite III is very similar to that interpreted for Scheelite I and
Scheelite 11, the distribution of the REE in Scheelite I1I differs from those in Scheelite
I and II in one important respect. The Eu anomaly for Scheelite III is positive,
whereas those for Scheelite I and II are weakly negative. A possible explanation for
this lies in the observation that the difference between the radii of Eu?* (1.250 A) and
Ca?" (1.120 A) in eightfold co-ordination is greater than that between Eu* (1.066 A)

and ro** (1.072 A) (Shannon, 1976). Based on experimental measurements and

theoretical estimates of the proportions of divalent and trivalent cations in the fourfold

site of clinopyroxene (Blundy and Wood, 1994), we speculate that the scheelite-fluid

partition coefficient of Eu’" is significantly greater than that of Eu?*, which is

consistent with the findings of Nassau and Loiacono (1963) and Brugger et al. (2000).

Consequently, if conditions are very oxidizing, the Eu**/Eu?" ratio of the fluid will be
unusually high and Eu will tend to incorporate preferentially in scheelite, producing a
positive Eu anomaly. Although the high Mo content of Scheelite I attests to a
relatively high oxygen fugacity and the lower Mo content of Scheelite Il to more
reducing conditions, we infer that conditions were most oxidizing during the
retrograde event responsible for Scheelite I1I. We suggest that this was the case due to
the influx of a relatively low temperature external fluid of meteoric origin, and
propose that this fluid locally remobilized Scheelite II to form Scheelite III. Owing to
the high oxygen fugacity, Eu’" was therefore concentrated preferentially in Scheelite
III, and due to the low temperature, Mo precipitated as molybdenite (Williams-Jones

and Migdisov, 2014).
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7. Conclusions

Scheelite in the Baoshan skarns evolved from an early Mo-rich prograde variety
(Scheelite 1) through a late prograde variety (Scheelite II) with an intermediate Mo
content to a Mo-poor retrograde variety (Scheelite III). Incorporation of REEs into

scheelite was controlled by a fourfold-site compensating substitution (i.e.,

). The concentrations of
the REEs in the fluid interpreted to have been responsible for prograde skarn
formation were estimated using the lattice strain model and the corresponding REE
concentrations in the pyroxene. The fluid was shown to be strongly enriched in the
LREE, depleted in the MREE and modestly enriched in the HREE. These data were
used to extract lattice strain parameters for Scheelite II (ro and E), on the assumption
that the magmatic fluid in equilibrium with the pyroxene also crystallized Scheelite II.
The same values of the lattice strain parameters were used for Scheelite I and III.
Application of the lattice strain model showed that relative to Do, which could not be
estimated reliably, the distribution of the REEs in the fluid was similar during all
stages of scheelite deposition, but evolved from strong enrichment in the LREE and
strong depletion in the MREE during Scheelite I deposition to weaker enrichment in
the LREE and less depletion in the MREE during crystallization of Scheelite III. The
Eu?*/Bu?* ratio evolved from relatively low in Scheelite I and II to high in Scheelite
III. The model that best fits the data is one in which conditions were initially
oxidizing, leading to strong incorporation of Mo in Scheelite I, became more reducing
with less incorporation of Mo in Scheelite 11, and during retrograde skarn formation II
became oxidizing due to an influx of meteoric waters, which mobilized Scheelite 11

and crystallized Scheelite III. This study provides a clear demonstration of the
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potential utility of scheelite REE chemistry for quantitatively interpreting

hydrothermal processes.
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Figure captions

Figure 1: Geological sketch map of the Baoshan tungsten skarn deposit, Nanling,
South China, and a schematic cross section through the Western Ore Zone,
showing the location of samples used in this study.

Figure 2: A: A photograph of skarn located between altered granite and marble in the
underground working Level 410 of the Baoshan deposit. B: Skarn zoned from
garnet, pyroxene, wollastonite towards marble.

Figure 3: Paragenetic sequence of skarns in Baoshan deposit.

Figure 4: A: Prograde skarn assemblages of wollastonite and clinopyroxene under
crossed transmitted light. B: Mo-enriched scheelite and Mg-enriched
clinopyroxene enclosed in the altered Al-enriched garnet grain, under crossed
transmitted light. C: Mg-enriched clinopyroxene rimmed by Fe-enriched
clinopyroxene; andradite occurs in the pores of clinopyroxene, under crossed
transmitted light. D: Al-enriched garnet rimmed by Fe-enriched garnet
surrounded by clinopyroxene, under crossed transmitted light. E: Al-enriched
garnet replaced by Fe-enriched garnet, further altered by retrograde minerals,
under crossed transmitted light. F: the same region of Fig. 4E under plane
transmitted light; clinopyroxene and fluorite filling in the pores of the single
garnet grain. G: the retrograde chlorite in the pores of prograde garnet and
fluorite, under plane transmitted light. H: chalcopyrite and pyrrhotite in a quartz
vein cutting the prograde pyroxene skarn.

Figure 5: A: Anhedral scheelite coexisting with isotropic fluorite in pores within
pyroxene skarn. B: Granular fractured scheelite crystals surrounded by
clinopyroxene, and retrograde sulfides, such as molybdenite, that overprinted

these prograde minerals.
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Figure 6: Back-scattered electron (BSE) and secondary electron (SE) images (A and
F) and cathodoluminescence (CL) images (B, C, D, E, and G) of scheelite. A, B,
C, D, and E: images of scheelite in Figure 2B, showing paragenitic relationship
among Scheelite I, Scheelite II, and Scheelite III. F, G: images of a scheelite
crystal from a pore in pyroxene skarn, showing Scheelite II overprinted by
Scheelite III.

Figure 7: Back-scattered electron (BSE) images of representative scheelite crystals
and chondrite-normalized REE profiles for the corresponding areas. Owing to the
extremely high contrast required to show zonation in the scheelite, the
surrounding minerals appear in black. A, B: BSE image of complexly zoned
scheelite (Sch I and Sch II), with REE profiles and major element compositions
of texturally defined regions. C, D: BSE image of zoned scheelite (Sch I and Sch
II), with REE profiles and major element compositions of core and rim. E, F:
BSE image of a single grain of extremely low-Mo scheelite (Sch III), with its
REE profile and major element composition. The diameter of the ablation crater
is ~25 um. Concentrations were normalized to the chondrite values of

McDonough and Sun (1995).

Figure 8: Chondrite-normalized REE profiles of scheelite from the Baoshan tungsten
skarn. A: Scheelite I (Sch Ia and Sch Ib). B: Scheelite II (Sch II). C: Scheelite 111
(Sch III). The dotted line shows the chondrite-normalized LA-ICP-MS detection
limits for each REE. Concentrations were normalized to the chondrite values of

McDonough and Sun (1995).

Figure 9: A plot of Mo in ppm versus total REEs (XREE) in ppm for Scheelite I, II

and III.
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Figure 10: A: Plot of chondrite-normalized Eu concentrations (Eun) versus calculated
Eu"~ values, where Eu"N=(SmnxGdn)"? for Scheelite 1, II, and III. B: Eun/Eu'~
ratios versus Mo content for Scheelite I, II and III. Concentrations were

normalized to the chondrite values of McDonough and Sun (1995).

Figure 11: A: Plot of Na versus XREE-Eu+Y of Scheelite I, II, and III. The dashed
line indicates the detection limits of LA-ICP-MS analyses for Na. B: Plots of
Nb+Ta versus XREE-Eu+Y for Scheelite I, II, and III. The dashed line is the 1:1
correlation line assuming.

Figure 12: A: A schematic Onuma representation of the Lattice Strain Model (LSM)
showing the log (partition coefficient) versus the ionic radius for elements of the
same valence state and same coordination number. Do is the partition coefficient
for the optimal ionic radius ro, and Em is the Young’s modulus for the site. B:
Mineral-fluid partition coefficients for Bandolier Tuff Fe-rich clinopyroxene

reported by Olin and Wolff (2010), and for Scheelite II that were calculated (La,

Ce, Pr, Nd, Sm, Gd, and Tb; with error bars) and regressed using the composition
of the fluid in equilibrium with clinopyroxene (see text for further detail). Dashed
circles represent REEs (i.e., Dy, Ho, Er, Tm, and Lu) with analyses below
detection limits, which were not used for regression. C: Chondrite-normalized
REE concentrations of the fluid in equilibrium with Scheelite II calculated using
the partition coefficients illustrated in Fig.12B and in equilibrium with Fe-rich
clinopyroxene. Concentrations were normalized to the chondrite values of

McDonough and Sun (1995).

Figure 13: Predicted REE distributions in ore-forming fluids of different skarn stages
relative to. A: Scheelite I (Sch I). B: Scheelite II (Sch II). C: Scheelite III (Sch

II1). The shaded region shows the ranges of data of Scheelite II. The letter X refers
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to the chondrite-normalized REE concentrations in scheelite relative to Do.

Concentrations were normalized to the chondrite values of McDonough and Sun

(1995).

Table 1: Selected element concentrations (in ppm) of representative samples of
scheelite from Baoshan skarns.

Supplementary Table A1: EMP analyses (in wt % oxides) of scheelite from Baoshan
skarns.

Supplementary Table A2: Composition of the Baoshan and Bandolier Tuff Fe-rich
clinopyroxenes.

Supplementary Table A3: Data used in regression or for reference.

Supplementary Table A4: Major elemental compositions of garnet and

clinopyroxene from Baoshan skarns.
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Table 1 Representative EMP and LA-ICP-MS analyses of scheelites from Baoshan skarns.

First-stage scheelite (Sch I)

M7-Sopt 13 M4-Spot 55 M4-Spot 54 M2-Spot 131 M2-Spot 135 M4-Spot 52 M1-Spot 106 M6-Spot 22 M6-Spot 17

M6-Spot 13 M6-Spot 18 M1-Spot 113 M1-Spot 103

EMP analyses (in wt % oxides)

MoO; 24.12 17.12 17.12 16.09 16.09 14.18 15.50 14.99 11.94
CaO 22.28 21.75 21.75 21.40 21.40 21.11 21.57 20.99 20.98
ZnO - 0.01 0.01 - - - - 0.01 -
MnO 0.02 - - 0.02 0.02 - - 0.03 -
WO, 5491 62.01 62.01 63.34 63.34 65.36 64.13 66.28 68.91
SrO - - - - - - - - -

PbO - - - - - - - - -

FeO 0.01 - - - - 0.02 0.01 0.16 0.06
Total 101.33 101.34 101.34 100.89 100.89 101.10 101.22 102.84 102.38
LA-ICP-MS analyses (in ppm)

Na - 50 - 32 33 - - - -

Sr 30.6 57.4 67.2 58.9 60.3 47.0 64.7 71.5 55.1
Y 0.26 - 0.13 0.44 0.20 - 0.16 0.13 0.09
Zr - - - - - - - - -

Nb 2.96 6.41 4.13 3.20 4.24 3.80 5.27 8.00 32.06
Mo 159159.1 126087.6 110506.5 100993.6 97943.7 92847.2 91548.6 89950.3 89355.3
La 6.40 8.21 433 7.80 11.33 6.46 11.24 19.56 24.42
Ce 6.79 10.48 5.37 9.01 12.57 8.06 13.62 24.50 37.24
Pr 0.54 0.67 0.37 0.76 0.94 0.49 0.92 1.87 2.93
Nd 1.2 1.4 1.4 1.8 2.1 0.7 1.3 2.7 4.8
Sm - - - 0.2 - - 0.2 - -

Eu - - - 0.05 - 0.04 - 0.05 -

Gd - - - - - - - - 0.2
Tb - - - - - - - - -

Dy - - 0.16 0.11 - 0.10 - 0.09 0.18
Ho - - - - - - - 0.03 0.08
Er - - - 0.07 - - - - 0.07
Tm - - - - - - - - -

Yb - 0.2 - - - - - - -

Lu - - 0.02 - - 0.02 - - -

Hf - - - - - - - - -

Ta - 0.08 0.08 0.09 0.09 0.07 0.06 0.02 0.06
Pb 7.39 4.42 3.43 4.10 3.63 3.92 4.18 3.93 2.84
YREE 14.94 20.99 11.63 19.85 26.94 15.89 27.29 48.82 69.93

11.18
21.73

0.01
66.79

0.10
99.83

57.8
0.29
78.78
79662.1
51.53
70.96
5.01
7.2
0.2
0.04
0.3
0.02

0.05

0.06

3.18
135.41

10.02
20.40

0.01
69.73

0.02
100.18

53.2
0.33
103.49
65032.7
44.64
67.64
5.17

8.1

0.7

0.05

0.27

0.06

0.12

7.94
126.72

11.25
20.94

0.03
70.47

0.06
102.76

44.7
0.16
91.41
64830.1
54.43
83.13
6.33
12.2
0.7
0.07
0.6

0.17

7.36
20.41
0.01
72.76

33.5
0.22
114.55
56393.2
52.05
70.12
5.35

8.4

0.2

0.03

0.15
3.40
136.22
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Table 1 Continues

Second-stage scheelite (Sch II)

Third-stage scheelite (Sch I1I)

M2-Spot 124  M6-Spot 25 M2-Spot 125 M2-Spot 126 M6-Spot 23 M5-Spot 28 M1-Spot 107  M3-Spot 60  M1-Spot 97 M1-Spot 104

M3-Spot 57 M3-Spot 66 M3-Spot 58

EMP analyses (in wt % oxides)

MoO; 1.65 1.24 1.65 1.41 1.19 1.32 1.29 1.19 1.07 0.78 - 0.02 0.06
CaO 19.70 19.00 19.70 19.64 19.46 19.77 19.84 19.73 19.62 19.47 19.64 19.52 19.80
ZnO - - - - - - - - - 0.01 0.01 - -
MnO 0.03 0.01 0.03 - - - - - 0.01 0.02 - 0.03 0.02
WO, 79.05 79.22 79.05 79.02 80.33 79.65 80.09 80.31 80.22 80.62 82.17 82.17 81.19
SrO - - - - - - - - - - - - -

PbO - - - - - - - - - - 0.01 - -

FeO 0.23 0.04 0.23 0.06 0.02 0.06 0.16 0.04 0.16 0.02 0.14 0.22 0.23
Total 100.67 99.80 100.67 100.52 101.02 100.82 101.40 101.28 101.33 100.93 101.98 102.46 101.33
LA-ICP-MS analyses (in ppm)

Na - 20 23 27 - - - - 24 - - - 22
Sr 242 16.9 22.6 19.3 18.6 19.6 254 22.1 16.0 15.6 52.2 53.2 49.5
Y 0.80 0.61 0.36 0.84 0.71 3.87 1.72 1.33 2.80 3.16 222 10.74 3.02
Zr - - - - - - - - - - - - -

Nb 100.54 81.82 122.02 108.31 78.97 75.44 65.24 72.14 61.43 97.34 53.94 79.27 79.48
Mo 9862.2 9795.9 9714.0 9089.6 8852.7 8411.1 8208.8 7676.2 7399.9 6925.4 53.5 89.2 87.3
La 48.02 43.05 47.76 39.49 36.23 28.93 25.38 30.85 35.83 29.67 13.05 72.08 35.28
Ce 96.26 90.12 106.36 101.33 83.80 78.67 56.66 69.24 89.17 93.37 13.76 139.13 59.77
Pr 11.13 8.70 11.68 11.13 10.82 12.52 6.54 7.98 10.91 11.46 1.79 16.20 8.10
Nd 31.5 19.7 29.1 27.8 29.6 394 19.5 25.1 28.1 343 5.8 55.2 30.3
Sm 22 1.7 1.7 1.2 3.4 5.0 2.5 5.1 43 4.8 1.5 13.7 9.3
Eu 0.20 0.23 0.22 0.14 0.20 0.38 0.51 0.50 0.50 0.44 5.37 11.82 6.66
Gd 0.6 0.5 0.4 1.0 0.9 2.7 1.7 1.6 2.0 2.1 0.5 6.1 3.1
Tb 0.11 0.06 0.02 0.06 0.17 0.24 0.17 0.14 0.18 0.24 0.05 0.75 0.34
Dy - 0.16 - 0.16 0.26 0.68 0.82 0.35 1.17 0.78 0.24 3.70 1.46
Ho - - 0.02 - 0.03 0.17 0.04 0.02 0.07 0.12 0.02 0.38 0.11
Er 0.12 - - - 0.11 0.21 0.13 0.13 0.28 0.13 0.18 0.78 0.42
Tm - - - - - 0.02 0.02 - 0.04 - - 0.14 0.03
Yb - - - - - - - - - - - 1.0 0.2
Lu - - - - - - - - 0.07 - - 0.10 0.04
Hf - - - - - - - - - - - - -

Ta 0.49 0.26 0.51 0.46 0.15 0.32 0.23 0.32 0.29 0.54 0.16 0.20 0.13
Pb 2.86 2.39 3.02 3.03 2.80 2.32 2.36 2.95 4.45 3.78 7.00 6.90 6.05
YREE 190.26 164.14 197.19 182.37 165.56 169.00 113.92 140.97 172.57 177.45 42.28 321.15 155.18
Note: "-": values that below the detection limits.
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