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for Sulfides from Magmatic Cu-Ni-PGE Complexes and
Hydrothermal Pb-Zn, Au-Mo, and Gold Deposits
Pavel A. Serov

Geological Institute of the Kola Science Centre, Russian Academy of Sciences, 184209 Apatity, Russia;
serov@geoksc.apatity.ru

Abstract: The effect of enrichment with Nd in sulfides from magmatic Cu-Ni-PGE complexes and
sulfide ores from hydrothermal Pb-Zn, Au-Mo, and gold deposits was found and characterized. This
paper concerns the report and analysis of isotopic geochemical data on the sulfide ores from the
large Paleoproterozoic mafic–ultramafic magmatic Cu-Ni-PGE complexes of Fennoscandia and the
literature data on sulfide ores from the Qingchengzi Pb-Zn deposit (northeastern China), Tokuzbay
gold deposit (southern Altai, northwestern China), and Dahu Au-Mo deposit (central China). The
mineral/rock partition coefficients for Nd and Sm (the DNd/DSm ratio) are defined as a prospec-
tive tool for the reconstruction of the sulfide mineral formation and geochemical substantiation of
possible sources of ore-forming fluids for deposits of various genetic types. The observed selective
Nd accumulation indicates either hydrothermal or metamorphic (metasomatic) impact, which is
associated with increased Nd mobility and its migration or diffusion. Due to this process, there
is a relative Nd accumulation in comparison with Sm and a consequent increase in the DNd/DSm

ratio. At the isotopic system level, this leads to a sufficient decrease in the Sm/Nd ratio for the
secondary sulfides of such kind. The revealed effect may serve as an isotopic geochemical marker
of recent processes. These processes are quite frequently associated with the most important ore
formation stages, which bear the commercially valuable concentrations of ore components. Sulfides
from magmatic Cu-Ni-PGE complexes are more characterized by the selective accumulation of Nd in
the sequential sulfide mineral formation. For sulfides from hydrothermal deposits, the effect of Nd
enrichment is more intense and closely related to ore-forming fluids, under the influence of which
sulfide mineralization is formed in multiple stages. The study aims at expanding the knowledge
about fractionation and the behavior of lanthanides in ore-forming processes and allows the develop-
ment of additional criteria for the evaluation of the ore potential of deposits with different geneses,
ages, and formation conditions.

Keywords: sulfides; REE distribution; silicate inclusions; Fennoscandian Shield; Cu-Ni-PGE ores;
Pb-Zn deposit; Au-Mo deposit; gold deposit

1. Introduction

During the last decades, the Sm-Nd system application has gone far beyond the
classical techniques of dating the ancient mafic–ultramafic rocks and minerals composing
those rocks (e.g., pyroxene, plagioclase, garnet, amphibole). At present, the use of the
Sm-Nd system of sulfide minerals for dating the ore process and revealing the sources of ore
matter of Cu-Ni-PGE, Au-Mo, Pb-Zn-Ag, and other deposits is becoming more and more
popular. The obtained results hold out the prospect of the wider use of this method [1–8].
Numerous studies concerning the ore–magmatic system evolution generally assume the
application of isotopic geochronological methods. The obtained results contribute much
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to the study of ore-forming processes and ore component sources. They also allow the
scientists to come right up to the creation of genetic models of the deposits.

Furthermore, the geochronological studies of Nd isotopes (alongside Sr and Pb iso-
topes) may be used in geochemical theory. Though the forms of REE occurrence in sulfides
are to be debated [9–18], their isotopic geochemical markers are successfully used in the
monitoring of the syngenetic and epigenetic conditions of deposit formation. Moreover, the
markers often serve as a key to understanding the evolution of fluids that are responsible for
sulfide mineralization [8,14]. However, the substantiation of REE isomorphism in a sulfide
mineral structure nowadays is of hypothetical nature. It is partially proven for the hy-
drothermally generated sulfides only. In spite of this, different researchers quite confidently
postulate the fact that the character of REE distribution in sulfide inherits its composition
from ore-bearing fluid, which has influenced the formation of sulfide minerals [19,20].

Earlier, an important observation was made in the result of the analysis of entire
Sm-Nd isotopic data available on sulfide minerals and their host rocks from the Paleo-
proterozoic Cu-Ni-PGE deposits of the Fennoscandian Shield. The isotopic geochemical
markers were set for each particular deposit by way of defining the ratio of Nd and Sm
concentrations in sulfides and parent rocks (DNd and DSm coefficients). The entire amount
of data allowed the determination of the limits of these variations for different sulfide min-
erals, i.e., pyrite, pyrrhotine, chalcopyrite, pentlandite, and the sulfide mixed fractions. The
obtained coefficients for sulfides from the different deposits showed a wide dispersion of
values, but at the same time, the DNd/DSm ratio proved to be more stable and demonstrated
fairly limited variations for the primary sulfide minerals, i.e., syngenetic ones or the sulfides
of the early stages of ore genesis [1]. The analysis of obtained data revealed that, generally,
the DNd/DSm ratio value increases sharply for the minerals of recent processes, which
corresponds to the redeposition of ores, metamorphism, or hydrothermal impact. The
observed effect of increasing the DNd/DSm ratio value is caused by a selective accumulation
of Nd (relative to Sm) in sulfides and may be utilized as an indicator of a secondary process
of sulfide formation at the recent stages of composition of the deposits and also as an
indicator of the redeposition of sulfides, metasomatism, fluid impact, etc. [1]. Developing
the idea, in our paper, we present and analyze isotopic geochemical data on the sulfide ores
from the large Fennoscandian Paleoproterozoic mafic–ultramafic Cu-Ni-PGE complexes,
i.e., ore deposits of Finland and the Russian Arctic Zone (Kola Peninsula and Karelia), and
the literature data on the sulfide ores from the Qingchengzi Pb-Zn deposit (northeastern
China), Tokuzbay gold deposit (south Altai, northwestern China), Dahu Au-Mo deposit,
and Salla-Kuolajarvi albitites (Mo-bearing Ozernoe, Karelia). Thus, we were able to study
not only magmatic Cu-Ni-PGE complexes but also deposits closely related to hydrothermal
processes, i.e., clearly different in their genesis and formation conditions. This allowed us
to obtain new data on REE fractionation during late hydrothermal processes in economi-
cally significant deposits and expand our understanding of the geochemistry of rare-earth
elements in sulfide minerals.

2. Geological Settings
2.1. Magmatic Cu-Ni-PGE and Fe-Ti-V Complexes of the Fennoscandian Shield

In the northeastern part of the Fennoscandian Shield are large-scale mafic–ultramafic
deposits of platinum-group elements (PGE), Cu-Ni-Co, and Fe-Ti-V. There are economically
significant, especially the deposits containing critical raw materials, such as PGE, Ti, Co, and
V (Figure 1). There are major Cu-Ni-Cr deposits in the Monchegorsk ore district [21–24]
and Pechenga [25–28], Kolvitsa Fe-Ti-V deposit [29,30], PGE-bearing Fedorovo-Pansky
complex [4,5,31–33], and Burakovsky intrusion [34], and Cu-Ni-PGE deposits in Finland,
i.e., Kemi [24,35], Penikat [36], Portimo [37], Akanvaara, Koitelainen [38], Tornio [37], etc.
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Figure 1. Generalized geological map of the northeastern part of the Fennoscandian Shield and
the location of main Paleoproterozoic mafic–ultramafic Cu-Ni complexes (modified from [1]. Red
asterisks indicate sampling locations).

The dated deposits were formed in two major episodes of 2.53–2.39 Ga and 2.0–1.8 Ga,
corresponding to the early [1,5,24,25,33,39–51] and late [25–28,52,53] stages of rifting in the
Fennoscandian Shield.
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2.1.1. Pilgujärvi Cu-Ni Deposit

The Pilgujärvi Cu-Ni deposit occurs in the central part of the Pechenga ore field [28,53].
The deposit is associated with the peridotite lower parts of the differentiated intrusions.
The ore formation at the age of 1.98 Ga and sulfide segregation are syngenetic in relation to
the injection of intrusions, differentiation, and cooling of the nickel-bearing magma [26,28].

2.1.2. Kaula-Kotselvaara, Pechenga

The Kotselvaara massif is essentially an interstratal intrusive body in the tufogenic
sedimentary rocks of the Pechenga western ore field [25,54]. The intrusion is vividly
differentiated into three zones (from bottom to top): serpentinites (about 70% of volume),
pyroxenites (5%–6%), and gabbro (24%–25%).

The majority of the sulfide copper–nickel mineralization is concentrated at the bottom
part of the massif, mainly in peridotites and pyroxenites. Small amounts of Ni and Cu
are known to occur in gabbro. The copper–nickel ores can be divided into four main
types according to their composition and structure [55]. These are (1) disseminated ores
in serpentinites (modified peridotites); (2) breccia ores; (3) massive sulfide ores; and
(4) vein-disseminated ores in schists.

Over the course of metamorphism, the most intense processes of the desulfidation and
oxidation of primary sulfides take place in massive and breccia ores, after which magnetite,
violarite, and siderite accompanied by chlorite, talc, and dolomite metasomatically occur.

2.1.3. Ahmavaara Deposit, Portimo Complex (Finland)

The Portimo complex includes the Narkaus and Sukhanko-Konttijärvi intrusions, with
a crystallization age of 2.44 Ga, which are presumably related to a coeval swarm of dikes
known as the Portimo dikes [37]. It is assumed that this complex was formed due to two
different magmas, and the early magma was richer in MgO, Cr, and LPEE than the later
magma. Both magmas contain low contents of TiO2 and belong to the boninite series [56].

2.1.4. Monchegorsk Ore Field

The Monchegorsk ore field includes rocks of the ore-bearing Monchepluton, gabbro–
anorthosite massifs of the Monchetundra and Chunatundra, Ostrovskoy, and Yarva-Varaka
intrusions, and a dike swarm cutting through the Monchepluton [23,42,57]. The complex
formed in an interval of 2.51–2.46 Ga [33,42,58].

Monchepluton has an arcuate shape and consists of two branches (or chambers).
The northwestern branch is represented by the Nittis–Kumuzhya–Travyanaya (or NKT)
massifs, and the branch nearby from east to west is composed of the Sopcha–Nyud–
Poaz and Vurechuayvench massifs. The complex is composed of dunites, harzburgites,
orthopyroxenites (NKT), orthopyroxenites (Sopcha), norites (Nyud), and gabbronorites
(Poaz and Vurechuayvench), which form a single syngenetic rock sequence. It is clearly
differentiated both vertically and horizontally, which is generally expressed in the reduced
basicity of the rocks from the bottom up and from west to east [23,41,42].

2.1.5. Fedorovo-Pansky 2.5 Ga Layered Complex

The Fedorovo-Pansky layered complex occurs in the central part of the Kola Peninsula
at the boundary of the Early Proterozoic volcanic-sedimentary rift series and Archean
basement gneisses. The Fedorovo-Pansky complex is mainly represented by gabbro-norites
with different contents of dark-colored minerals and various structural features. From
bottom to top, the layered sequence looks like this [5,31,33]: amphibole schists, which
belong to hardened marginal rocks; a taxite zone (30–300 m) containing ore-bearing gab-
bronorites (2485 Ma), and xenoliths of pyroxenites and norites (2526–2516 Ma). Syngenetic
ores are represented by copper and nickel sulfides, as well as platinum and palladium
sulfides, bismuth tellurides and arsenides, and a Noritic zone (50–200 m) with interbeds of
harzburgites and pyroxenites.
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2.2. Tokuzbay Gold Deposit (South Altai, Northwest China)

The geological structure of the Tokuzbay gold deposit is rather simple. It is associated
with permeable shear zones. The ore zones comprise metasandstones, phyllites, and crys-
talline limestones of the Altai suite. The ore bodies are limited by the faults of northwestern
trending [6]. Magmatic fields are widely distributed in the area, including plagioclase
granites and dikes of diorite and granite–porphyry that cut through the granites. The pla-
gioclase granites, granite–porphyries, and diorite dikes were formed at 406.3 ± 2.1 Ma [59],
384.1 ± 1.5 Ma [60], and 375.5 ± 4.8 [61] Ma, respectively.

Four stages of mineral formation are distinguished within the deposit, the third stage
being the main ore-forming one. The gold-bearing quartz veins were intruded in the
diorite dikes as well as in metasediments, thus forming the disseminated ores [6]. The
age of sulfide mineralization associated with gold mineralization formation is ca. 292 Ma
(39Ar/40Ar method) [62].

2.3. Qingchengzi Pb-Zn (Northeastern China)

The Qingchengzi ore field is located on the Liaodong Peninsula, in the northeastern
part of the North China Craton. It comprises the Archean and Paleoproterozoic basement
rocks, overlaid by the Mesoproterozoic–Cenozoic sedimentary cover [63].

Volcanogenic sedimentary rocks of the Liaohe Group (2.2–2.0 Ga) rest with unconfor-
mity on the Late Archean rocks. They host giant non-ferrous and precious metal deposits,
including world-class magnesite, borate, and Pb-Zn-Au-Ag deposits [18,64]. The Liaohe
group is divided into five formations, i.e., Langzishan, Lieryu, Gaojiayu, Dashiqiao, and
Gaixian [65]. The Dashiqiao Formation is the main ore-bearing bed of the Pb-Zn ore bodies,
whereas the Ag-Au ore bodies may be found mostly in the Gaixian Formation [66].

Four stages of mineralization are distinguished, i.e., (1) dolomite–quartz–pyrite;
(2) pyrite–arsenopyrite–sphalerite–galena–chalcopyrite; (3) sulfides–quartz–carbonate; and
(4) carbonate with minor sulfides. Pyrite occurs at all stages but decreases in amount from
the early to late stages [67]. The Pb-Zn mineralization age is consistent with the age of the
intrusion of the Late Jurassic granites in this region (151.8 ± 5.2 Ma) [18].

2.4. Dahu Au-Mo Deposit

The Dahu Au-Mo deposit is a structurally limited deposit system situated in the
northern part of the Xiaoqinling terrane (the second largest gold province in China),
Qinling orogen.

The Dahu Au-Mo deposit is situated on the northern margin of the Xiaoqinling terrane
and comprises biotite-plagioclase and migmatite gneisses of the Taihua Supergroup [7].
Gold and molybdenum mineralization is associated with a series of quartz veins limited by
the faults of northeastern and northwestern trending.

A hydrothermal process that formed the ore system of the Dahu Au-Mo deposit may
be divided into four stages, i.e., (1) brecciated coarse-grained molybdenite–pyrite veins;
(2) fine-grained quartz–molybdenite–pyrite–gold veinlets and phenocrysts; (3) quartz–
polymetallic sulfide–gold veins containing pyrite, chalcopyrite, galena, sphalerite, and
other minerals; and (4) quartz–carbonate veins, sometimes containing pyrite. The second
and third stages are called the “main mineralization stage” [68]. The Dahu Au-Mo deposit
was formed in the Late Triassic, as the U-Th-Pb dating of hydrothermal monazite syngenetic
with the early stage molybdenite yielded an age of 216 ± 5 Ma [69]. The monazite also
indicated a rejuvenated U-Th-Pb age close to 125 Ma, which suggests the idea that the Dahu
mineral system was transformed as the result of a recent tectonic-thermal event, which in its
turn led to the formation of large-scale gold mineralization in the Xiaoqinling terrane [69].

3. Samples and Methods

Sulfides from Paleoproterozoic rocks (2.53–1.98 Ga) of magmatic Cu-Ni-PGE deposits
of the Fennoscandian Shield were studied by mass-spectrometric technique (Finnigan
MAT-262, Waltham, MA, USA) and ICP-MS to define REE in samples.
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Data for the Tokuzbay gold deposit (Southern Altai, North-Western China), Dahu Au-
Mo deposit, and Salla-Kuolajarvi albitites (Ozernoe, Karelia) were taken from [6,7,18,70].

3.1. Sm-Nd Analytical Methods

The isotope research was carried out in the Collective Use Centre of the Kola Science
Centre RAS (Apatity, Russia). In order to define concentrations of Sm and Nd, the sam-
ple was mixed with a compound tracer 149Sm/150Nd prior to dissolution. It was then
diluted with a mixture of HF + HNO3 (or +HClO4) in Teflon sample bottles at a temper-
ature of 100 ◦C until complete dissolution. Further extraction of Sm and Nd was carried
out using standard procedures with two-stage ion exchange and extraction chromato-
graphic separation using ion-exchange tar “Dowex” 50 × 8 in chromatographic columns
employing 2.3 N and 4.5 N HCl as an eluent. The separated Sm and Nd fractions were
transferred into a nitrate form, whereupon the samples (preparations) were ready for
mass-spectrometric analysis.

The isotope Nd composition and Sm and Nd contents were measured by a 7-channel
solid-phase mass-spectrometer, Finnigan-MAT 262 (Waltham, MA, USA), equipped with a
Retarding Potential Quadrupole (RPQ) in a static double-band mode, using Ta + Re fila-
ments. A mean value of 143Nd/144Nd ratio in a JNdi-1 standard was 0.512081 ± 13 (N = 11)
in the test period. An error in 147Sm/144Nd in ratios was 0.3% (2σ), which is the mean
value of 7 measurements in a BCR-2 standard [71]. An error in the estimation of isotope
Nd composition in an individual analysis was up to 0.01% for minerals with low Sm
and Nd contents. The blank intralaboratory contamination was 0.3 ng in Nd and 0.06 ng
in Sm. The accuracy of the estimation of Sm and Nd contents was ±0.5%. Isotope ra-
tios were normalized per 146Nd/144Nd = 0.7219, and then recalculated for 143Nd/144Nd in
JNdi-1 = 0.512115 [72]. The parameters of isochrons were estimated using the ISOPLOT pro-
gram complex [73]. Values of εNd(T) and T(DM) model ages were estimated using present-
day values of CHUR as described in [74] (143Nd/144Nd = 0.512630, 147Sm/144Nd = 0.1960)
and DM as described in [75] (143Nd/144Nd = 0.513151, 147Sm/144Nd = 0.2136).

3.2. ICP-MS

To define REE in samples with no preliminary separation and concentration, reference
values of REE concentrations in the GSO 2463 standard (apatite), sulfide from the Talnakh
deposit, and international standard samples from the Centre of Petrographic and Geo-
chemical Research (Nancy, France) were reproduced using the ELAN 9000 DRC-e (Perkin
Elmer, Waltham, MA, USA) quadrupole mass-spectrometer at the Tananaev Institute of
Chemistry KSC RAS (Apatity, Russia). The samples were separated under the conditions
provided in [76].

The analysis was based on the following parameters: plasma power of 1300–1350
W; sprayer gas flow (high-clean Ar) within 0.75–1.0 L/min−1; ion lens voltage < 11 V;
and level of doubly charged and oxide ions < 2.5%. A geological sample weighing up to
100 mg in the polystyrene hermetically sealed test tube mixed with distilled acids (HNO3,
HF, HCl 5 mL each) was exposed to a water bath at a temperature of 50–60 ◦C until fully
dissolved. No HCl was added in the course of the opening of sulfide minerals. When
opening the sample, we registered an increased pressure of acid and nitrogen oxide vapor
that suppressed the volatility of the components in the sample. The chilled sample was
mixed with 0.1 mL H2O2, and the dissolved sample was diluted with 2% HNO3. The level
of total REE content in the blank sample was <0.5 ppb. This blank sample qualifies the level
of analytical accuracy and the limit of element detection. Since the samples have yielded
high concentrations of those elements that may cause matrix effects and ion interference,
the calibration curves were plotted with an interfering agent added to the blank calibration
solution. The multicomponent standard solutions by Perkin Elmer (“Multi-element ICP-MS
Calibration Std”) were used. The sample itself was selected as an interfering agent. The
amount of the interfering agent was chosen so that the macrocomponent concentration after
mixing exceeded the REE concentration in the calibration solution by a factor of 100. The
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approximation linearity of the REE correction curves is ≥99.99%. Spectral superimposition
was recognized by ELAN 9000 DRC-e MS software (Perkin Elmer, Waltham, MA, USA)
and adjusted by the introduction of correction equations into the analytic program defined
with reference to the natural abundance of REE isotopes. The blank sample solution free of
the interfering agent was used to analyze the solution of the opened sample.

3.3. Coefficients Sulfide/Whole Rock

The coefficients of sulfide/whole rock were calculated according to the equations:

DNd = [Nd]Sulf/[Nd]WR

DSm = [Sm]Sulf/[Sm]WR

where DNd and DSm are the sulfide/rock partition coefficients for Nd and Sm; [Nd]Sulf and
[Sm]Sulf—concentration of Nd and Sm in sulfide; and [Nd]WR and [Sm]WR—concentration
of Nd and Sm in the whole rock (WR).

4. Results and Discussion

The presented results are based on a regularly updated analytical Sm-Nd database.
It concerns sulfides from the large Precambrian magmatic Cu-Ni-Cr-PGE deposits and
ore occurrences of the Fennoscandian Shield and the western part of the Russian Arctic
(Table 1). Some parts of the database were published in [1,33,70,77,78]. The literature
data were used to analyze and establish the rules of REE behavior in sulfides from the
hydrothermal Pb-Zn, Au-Mo, and orogenic gold deposits (references are given in the table
against the names of the deposits). There are Sm-Nd data on each studied deposit for the
sulfides (often represented by the sulfides from several stages) as well as for the rocks
encompassing these sulfides (Table 1). This allowed us to calculate sulfide/rock coefficients
for neodymium (DNd) and samarium (DSm) and define their ratio (DNd/DSm “marker”).

Table 1. Neodymium and samarium concentrations in sulfide minerals from the magmatic and
hydrothermal complexes and the respective DNd/DSm ratio values.

Sample Rock and Geological Setting
Concentrations
in Sulfide, ppm

Concentrations in
Whole Rock, ppm DNd/DSm

Sm Nd Sm Nd

Monchegorsk area (Kola Peninsula, Russia)
1 B58/111 Mix Plagioclasite 0.030 0.120 0.970 4.62 0.83
2 B58/111 Pn Plagioclasite 0.109 0.350 0.970 4.62 0.67
3 B70/111 Mix Olivine orthopyroxenite 0.034 0.188 0.041 0.131 1.73
4 MT-3 Mix Orthopyroxenite 0.020 0.090 0.245 1.055 1.05
5 P-1/109 Mix Orthopyroxenite 0.032 0.123 0.678 2.09 1.23
6 P-1/109 Po Orthopyroxenite 0.018 0.095 0.678 2.09 1.73

Fedorovo-Pansky complex (Kola Peninsula, Russia)
7 FPM-1 Ccp Gabbronorite 0.049 0.248 0.563 3.12 0.91
8 FPM-1 Po Gabbronorite 0.028 0.176 0.563 3.12 1.14
9 FPM-1 Po-2 Gabbronorite 0.073 0.294 1.132 6.01 0.75

10 FPM-1 Ccp + Pn Gabbronorite 0.022 0.122 1.044 4.99 1.14
11 FPM-1 Mix Gabbronorite 0.424 1.663 0.563 3.120 0.71
12 MP-1 Po Gabbronorite 0.029 0.151 1.044 4.99 1.11
13 BGF-616 Py + Pn Gabbro 0.153 0.912 1.313 5.77 1.36
14 BGF-616 Py Gabbro 0.082 0.452 1.313 5.77 1.26
15 BGF-616 Py Gabbro 0.157 0.934 2.49 8.41 1.76
16 BGF-616 Ccp Gabbro 0.104 0.597 1.313 5.77 1.30

Pechenga (Kola Peninsula, Russia)
17 Pilg-4/3 Pn Massive ore (Pilgujärvi) 0.040 0.210 0.26 1.700 0.80
18 Pilg -4/3 Po Massive ore (Pilgujärv) 0.180 2.180 0.260 1.700 1.85
19 Pilg-4/3 Mix Massive ore (Pilgujärvi) 0.070 1.050 0.260 1.700 2.29
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Table 1. Cont.

Sample Rock and Geological Setting
Concentrations
in Sulfide, ppm

Concentrations in
Whole Rock, ppm DNd/DSm

Sm Nd Sm Nd

20 Pilg-4/3 Ccp Massive ore (Pilgujärvi) 0.040 0.230 0.260 1.700 0.88
21 KT-10 Mix Antigorite with sulfides (Kotselvaara) 0.291 1.221 0.260 1.700 0.64
22 KT-6 Mix Sulfides from talc vein (Kotselvaara) 0.055 0.167 0.260 1.700 0.46
23 KT-8 Mix Sulfides from a carbonate vein (Kotselvaara) 0.046 0.278 0.260 1.700 0.92
24 KT-9 Mix Quartz-sulfide vein (Kotselvaara) 0.135 0.701 0.260 1.700 0.79

Finnish Group Intrusions, Finland
25 F-6 Py Gabbronorite (Penikat) 0.417 1.706 0.850 4.41 0.79
26 F-4 Mix Gabbronorite (Penikat) 0.114 0.709 2.00 10.07 1.23
27 F-4 Py Gabbronorite (Penikat) 0.117 0.767 2.00 10.07 1.31
28 F-4 Ccp Gabbronorite (Penikat) 0.109 0.647 2.10 10.07 1.19
29 F-4 Po Gabbronorite (Penikat) 0.301 2.020 2.00 10.07 1.32
30 F-8 Ccp Gabbronorite (Penikat) 0.005 0.019 0.710 2.87 0.86
31 F-8 Pn Gabbronorite (Penikat) 0.005 0.017 0.710 2.87 0.71
32 F-8 Pn Gabbronorite (Penikat) 0.008 0.044 1.044 4.99 1.00
33 F-8 Mix Gabbronorite (Penikat) 0.008 0.038 0.710 2.87 1.18
34 F-28 Ccp Massive ores (Ahmavaara) 0.761 5.140 1.132 6.01 1.27
35 F-28 Pn Massive ores (Ahmavaara) 0.151 0.842 1.132 6.01 1.05
36 F-28 Po Massive ores (Ahmavaara) 0.073 0.394 1.132 6.01 1.02

Qingchengzi Pb-Zn deposits, northeastern China (data from [18])
37 Py Pb-Zn ores (Qingchengzi) 0.05 0.65 16.71 117.3 1.85
38 Py Pb-Zn ores (Qingchengzi) 0.02 0.11 16.71 117.3 0.76
39 Py Pb-Zn ores (Qingchengzi) 0.04 0.17 16.71 117.3 0.62
40 Py Pb-Zn ores (Qingchengzi) 0.02 0.10 16.71 117.3 0.86
41 Py Pb-Zn ores (Qingchengzi) 0.00 0.02 16.71 117.3 0.71
42 Py Pb-Zn ores (Qingchengzi) 0.17 1.34 16.71 117.3 1.11
43 Py Pb-Zn ores (Qingchengzi) 0.16 0.99 16.71 117.3 0.88
44 Py Pb-Zn ores (Qingchengzi) 0.08 0.48 16.71 117.3 0.85
45 Py Pb-Zn ores (Qingchengzi) 0.07 0.50 16.71 117.3 0.99
46 Py Pb-Zn ores (Qingchengzi) 0.10 0.50 16.71 117.3 0.75

Tokuzbay gold deposit (south Altai, northwest China) (data from [6])
47 26-1-3 Py Disseminated ores (Stage-1) 0.36 1.41 2.73 13.1 0.82
48 S3 Py Quartz–pyrite vein (Stage-2) 0.1 0.46 2.73 13.1 0.96
49 S1 Py Quartz–pyrite vein (Stage-2) 0.07 0.39 2.73 13.1 1.16
50 TK-Py Py Quartz–pyrite vein (Stage-2) 0.08 0.38 2.73 13.1 0.99
51 5-3-83-4 Py Quartz–pyrite vein (Stage-2) 0.1 0.64 2.73 13.1 1.33
52 33-6-Py Quartz–polymetallic sulfides vein (Stage-3) 0.09 0.60 2.73 13.1 1.39
53 33-6-Ccp Quartz–polymetallic sulfides vein (Stage-3) 0.04 0.24 2.73 13.1 1.25
54 I-py Quartz–polymetallic sulfides vein (Stage-3) 0.03 0.15 2.73 13.1 1.04
55 33-3 py Quartz–polymetallic sulfides vein (Stage-3) 0.22 1.15 2.73 13.1 1.09
56 33-3-ccp Quartz–polymetallic sulfides vein (Stage-3) 0.46 2.45 2.73 13.1 1.11
57 26-1-10 Py1 Disseminated ores (Stage-1) 0.59 2.57 3.14 10.18 1.34
58 26-1-a Py1 Disseminated ores (Stage-1) 0.75 2.71 3.14 10.18 1.11
59 26-1-1 Py1 Disseminated ores (Stage-1) 0.44 2.42 3.14 10.18 1.70

Redeposited, metamorphic, and hydrothermally altered ores
60 KT-2 Mix Disseminated ore (Kotselvaara) 0.100 2.546 0.260 1.700 3.89
61 KT-4 Mix Massive ores (Kotselvaara) 0.013 0.322 0.260 1.700 3.79
62 F-27 Pn Redeposited ores (Ahmavaara) 0.192 4.990 2.49 8.41 7.70
63 F-27 Ccp Redeposited ores (Ahmavaara) 0.183 3.040 2.49 8.41 4.95
64 F-27 Po Redeposited ores (Ahmavaara) 0.263 1.975 2.49 8.41 2.22
65 Ccp Albitites Salla-Kuolajarvi (Karelia) [70] 0.762 10.52 2.66 6.01 6.11

66 TK-P1 Py3 Quartz–polymetallic sulfides vein (Stage-3)
Tokuzbay gold deposit [6] 0.03 0.70 3.14 10.18 7.20

67 6-x-2 Py3 Quartz–polymetallic sulfides vein (Stage-3)
Tokuzbay gold deposit [6] 0.04 0.25 3.14 10.18 1.93

68 B66/111 Py Ore-bearing norites Nyud-II 0.029 0.168 1.322 3.46 2.21
69 B66/111 Ccp Ore-bearing norites Nyud-II 0.082 0.556 1.322 3.46 2.59
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Table 1. Cont.

Sample Rock and Geological Setting
Concentrations
in Sulfide, ppm

Concentrations in
Whole Rock, ppm DNd/DSm

Sm Nd Sm Nd

Dahu Au-Mo deposit (data from [7])
70 7-002-2 Py Dahu Au-Mo deposit 0.06 0.62 4.90 16.98 2.98
71 7-005-3 Py Dahu Au-Mo deposit 0.01 0.06 4.90 16.98 1.73
72 DH-3 Py Dahu Au-Mo deposit 0.43 4.42 4.90 16.98 2.97
73 DH07-1 Py Dahu Au-Mo deposit 0.13 1.16 4.90 16.98 2.58
74 DH07 Py Dahu Au-Mo deposit 0.09 0.37 4.90 16.98 1.19
75 7-005-1 Py Dahu Au-Mo deposit 0.01 0.12 4.90 16.98 3.47
76 7-002-1 Py Dahu Au-Mo deposit 0.02 0.12 4.90 16.98 1.73
77 35-010-1 Py Dahu Au-Mo deposit 0.08 0.62 4.90 16.98 2.24
78 DH-4 Gal Dahu Au-Mo deposit 0.03 0.11 4.90 16.98 1.06
79 DH08-20 Gal Dahu Au-Mo deposit 0.37 3.06 4.90 16.98 2.39
80 35-010-2 Gal Dahu Au-Mo deposit 0.17 1.21 4.90 16.98 2.06

The mean concentrations of neodymium and samarium in host rocks calculated on
the ground of [6,7,18] were applied in the calculation of the DNd/DSm ratio for the sulfides
from the Qingchengzi Pb-Zn deposit, Tokuzbay gold deposit, and Au-Mo deposit.

The neodymium concentrations in the studied examples of sulfide minerals are defined
within the 0.017–10.52 ppm range and samarium concentrations are defined within the
0.005–0.762 ppm range. Most of the studied sulfide minerals contain small amounts of ppm
of Nd and Sm (Table 1).

4.1. Forms of REE Occurrence in Sulfides

As a rule, the sulfides are REE-depleted because of the large difference in ionic radii
between REE3+ (0.98–1.16 Å) and main cations, which impedes the replacement [79,80]
of main cations by REE in the crystal lattice of a sulfide. On the other hand, it is defined
that the mineral inclusions may control low-level REE concentrations in sulfide [1,81]. It is
important to note that the sulfides forming in REE-rich environments may couple the first
ppm of REE in their structure because of the lattice defects or adsorption [82,83].

Different scientists have proposed several hypotheses of REE occurrence in sulfides at
various times:

- The isomorphic replacement of main cations in a lattice [9];
- Silicate micro-inclusions within the sulfide with a certain REE composition [10];
- REE occurrence in defects of the crystal lattice of a sulfide mineral [11,83];
- The sorption of light REE on the surface of sulfide minerals [12,82];
- The bulk composition of REE in a sulfide as a sum of the contributions of silicate and

fluid inclusions and REE isomorphic admixture, as well [84,85].
- Fluid inclusions with inherited REE composition from an ore-bearing melt [8,13–19,86].

Many hydrothermal ore deposits are known to be formed by the interaction of ore
fluids with the host rocks. Thus, the isotopic composition of ores depends on the
isotopic composition of the host rocks and ore-forming fluids [7,87,88]. Notably, de-
spite the publications where the REE occurrence in the form of fluid inclusions in
hydrothermally generated sulfides is postulated, there are no pictures of these in-
clusions. This is probably caused by the difficulties of the optical detection of such
inclusions due to the non-transparency of a sulfide mineral and the incapability of
opening the sulfide without breaking a fluid inclusion capsule. Having taken this
reason into consideration, we suggested that heterophase inclusions in the form of
sub-micron bubbles of fluids or melt may be a possible source of REE in sulfides [1].
However, the results of the computer micro-tomography of disseminated ore sulfides
from the Pilgujärvi Cu-Ni deposit (Pechenga, Kola Peninsula) and ore gabbronorites
from the platinum-bearing Fedorovo-Pansky complex (Kola Peninsula) did not sup-
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port this hypothesis, as the studied sulfide minerals showed their homogeneity to the
scale of one micron [89]. The absence of silicate micro-inclusions of a size bigger than
one micron in the studied sulfides allows us to suggest the isomorphic form of REE
occurrence in sulfides. On the other hand, there is a hypothesis that the composition
of REE silicate micro-inclusions is a part of a general balance of REE fluid from which
the sulfide had crystallized. So, the bulk composition of REE in a mineral may be
treated as a composition of an ore-forming fluid [10,84,85]. Otherwise, the neodymium
isotopic anomalies in sulfides may also be the result of segregation in lattice defects
and similar defects may serve as channels for a swift diffusion of elements [90].

4.2. REE Distribution in Sulfides

Our earlier studies of REE distribution in the sulfides of the Cu-Ni ores from the
northeastern Baltic Shield deposits (the Pilgujärvi deposit, Pechenga, and the Penikat
intrusion, Finland) showed (Figure 2) that features of REE distribution in sulfides repeat
the REE distribution in rock [1,76,91]. Similar patterns of REE distribution in sulfides are
also noticed in many hydrothermal deposits, where the role of fluids and hydrothermal
processes in ore genesis is crucial [7,18–20]. A similar pattern may be observed for the
sulfides from black and white smokers, as it was previously shown that the REE structures
in these sulfides bear a resemblance to the REE structures of the hydrothermal fluids [92,93].
As for the Rainbow hydrothermal field (the Mid-Atlantic Ridge), it was shown that the
REE sulfide composition clearly depicts the REE structure with a sufficient enrichment
of light REE [93]. The total REE composition in a sulfide can be taken as a reflection of
the ore-forming fluid composition [10,84]. The distribution of REE in sulfide is part of
the overall balance of REE in the ore-forming system. In the vast majority of cases, the
inheritance pattern of REE distribution in the whole-rock and sulfide minerals is observed.
Moreover, this effect is observed both in igneous and hydrothermal ore systems.
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Figure 2. REE distribution in rock (WR) and sulfide minerals from magmatic Cu-Ni-PGE complexes
of the Fennoscandian Shield: (a) Penikat intrusion, Finland; (b) Pilgujärvi Cu-Ni deposit (Pilg) and
Ahmavaara intrusion (F-28). Pn—pentlandite; Ccp—chalcopyrite; Pn—pentlandite; Po—pyrrhotine;
WR—whole rock.

4.3. Selective Enrichment of Nd in Sulfides

Apart from the geochronological age determinations, an important observation con-
necting Nd and Sm concentrations in sulfides and rock was made as the result of the
analysis of the entire Sm-Nd isotopic data available on sulfide minerals and their host
rocks. Having defined the ratio of Nd and Sm concentrations in sulfides and rock (DNd and
DSm coefficients), we managed to set up isotopic geochemical markers for each particular
deposit, and the entire body of data allowed us to determine the limits of these variations
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for different sulfide minerals, i.e., pyrite, pyrrhotine, chalcopyrite, pentlandite, and the
sulfide mixed fractions [1]. The coefficients obtained for sulfides from the different deposits
showed a wide dispersion of values (Figure 3), but at the same time, the DNd/DSm ratio
proves to be more stable and varies within quite narrow limits for primary sulfide minerals,
syngenetic, or sulfides of the early stages of mineral formation [1]. The DNd/DSm ratios
were calculated on the basis of the entire body of analytical and literature data (80 samples
of sulfides). The DNd/DSm ratio value equal to 1.65 is the mean value of the whole analyzed
collection (80 samples), and the DNd/DSm ratio value equal to 1.15 is a value with no regard
to redeposited and hydrothermal sulfides (a mean value taken from 66 samples). Thus, the
mean value of the DNd/DSm ratio is 1.4, which perfectly matches the DNd/DSm ratio value
calculated earlier only for the sulfides from the Cu-Ni-PGE complexes of the Fennoscandian
Shield (45 samples). Furthermore, a DNd/DSm ratio value of 1.4 is an ideal match with an
interval of values that were obtained earlier as the result of the experiment with sulfide
liquids [94]. The paper presented the dependence of Nd and Sm distribution coefficients
on FeO content and temperature. It was experimentally determined that the DNd/DSm
ratio in sulfide liquid increases and approaches a 1.3–1.5 range of values [94] when the
temperature decreases and the pressure is 1.5 GPa. This may cause the differences in Sm
and Nd distribution coefficients for different sulfides during their sequential formation,
depending on the temperature. Actually, we determined a trend of an increasing DNd/DSm
ratio in a sequence of pyrite–chalcopyrite–pyrrhotine–pentlandite from 0.96 for pyrite to
1.93 for pentlandite [1] regarding the analyzed sulfide minerals.
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Figure 3. Partition coefficients DNd–DSm in sulfide minerals from the Cu-Ni-PGE deposits of the
Fennoscandian Shield and hydrothermal Qingchengzi Pb-Zn (northeastern China) deposit [18],
Tokuzbay gold deposit [6] (south Altai, northwest China), and Dahu Au-Mo deposit [7].

This effect opens perspectives to reconstruct a possible sequence of sulfide crystalliza-
tion and define the conditions for ore formation within intrusive complexes of various ages
and geneses. For example, three stages of mineral formation are determined for the Kun-
Manje Cu-Ni deposit (Russia) with a general sequence of pyrite–chalcopyrite–pyrrhotine–
pentlandite [95]. The ore mineral formation sequence of pyrite–chalcopyrite–pyrrhotine is
also determined for the Irankuh Zn-Pb deposit (Iran), Koudiat Aïcha Zn-Cu-Pb deposit (Mo-
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rocco), and Shanggong Gold Deposit (China) [87,96,97]. Further increases in the DNd/DSm
ratio above the values of 2.0–2.5 (with decreasing temperature) probably correspond to
a hydrothermal process. The analysis of the obtained data showed that, generally, the
DNd/DSm ratio value increases sharply in the case of minerals from recent processes that
correspond to the redeposition of ores, metamorphism, or hydrothermal impact. This type
of DNd/DSm behavior was demonstrated for the sulfides from the magmatic Cu-Ni deposits
of Nyud (Monchegorsk ore district, Russia) and Ahmavaara (Finland). The DNd/DSm ratios
have a mean value of 1.3 in sulfides from the syngenetic ores of the Ahmavaara deposit,
whereas the DNd/DSm ratio value lies within the range of 2.2–7.7 for the redeposited ore
(Figure 4). A similar pattern may be observed concerning the sulfides from the Nyud
deposit. The DNd/DSm ratio has a value of 1.3 in sulfides from the syngenetic ores, whereas
the metamorphosed ores indicate increasing DNd/DSm ratio values of 2.2–2.6 (Figure 4).

Minerals 2022, 12, x FOR PEER REVIEW 13 of 21 
 

 

 

Figure 4. Mineral Sm-Nd isochrones for Ahmavaara and Nyud-II Cu-Ni deposits and DNd/DSm ratios 

for syngenetic and redeposited (or metamorphic) ores. 

The same effect may be noticed at the Middle Devonian gold deposit of Tokuzbai 

(Southern Altai, China), where the DNd/DSm ratio increases as a result of the selective 

accumulation of Nd (in relation to Sm). Earlier, a complex Nd-Sr-Pb study was carried out 

concerning the sulfides and their host rocks from this deposit [6]. This study allows us to 

calculate the DNd/DSm coefficients and show that the revealed effect of selective Nd 

accumulation at the recent stages of sulfide mineral formation is of universal character. 

Furthermore, we have age values for the host rocks and the age of sulfide mineralization 

occurrence (292 Ma [62], defined by the 39Ar/40Ar method) for the studied deposit. Thus, 

we have the complete data necessary for the DNd/DSm coefficient calculation. 

The calculation showed that the DNd/DSm ratios do not exceed the mean value of 1.3–

1.5 regarding the primary disseminated mineralization in the hosting metasediments and 

diorite dikes. At the same time, the DNd/DSm ratio values increase to 2.3–8.5 for the late 

pyrites and chalcopyrites of the main ore stage from the diorite dikes. This indicates the 

concordance between the source of ore fluid and the diorite dike matter, which is one of 

the most important conclusions of the paper [6]. Neodymium and samarium behave the 

same way in some sulfide ores of the Kotselvaara deposit (Pechenga) and in the pyrites of 

the Dahu Au-Mo deposit (Table 1), as well. The observed selective Nd accumulation 

indicates a secondary hydrothermal or metamorphic impact, which led to the increased 

mobility and migration of Nd. Generally, chemical sulfide remobilization associated with 

the high mobility of certain elements was previously described for sphalerites [98]. 

Figure 4. Mineral Sm-Nd isochrones for Ahmavaara and Nyud-II Cu-Ni deposits and DNd/DSm

ratios for syngenetic and redeposited (or metamorphic) ores.

The same effect may be noticed at the Middle Devonian gold deposit of Tokuzbai
(Southern Altai, China), where the DNd/DSm ratio increases as a result of the selective
accumulation of Nd (in relation to Sm). Earlier, a complex Nd-Sr-Pb study was carried
out concerning the sulfides and their host rocks from this deposit [6]. This study allows
us to calculate the DNd/DSm coefficients and show that the revealed effect of selective Nd
accumulation at the recent stages of sulfide mineral formation is of universal character.
Furthermore, we have age values for the host rocks and the age of sulfide mineralization
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occurrence (292 Ma [62], defined by the 39Ar/40Ar method) for the studied deposit. Thus,
we have the complete data necessary for the DNd/DSm coefficient calculation.

The calculation showed that the DNd/DSm ratios do not exceed the mean value of
1.3–1.5 regarding the primary disseminated mineralization in the hosting metasediments
and diorite dikes. At the same time, the DNd/DSm ratio values increase to 2.3–8.5 for the
late pyrites and chalcopyrites of the main ore stage from the diorite dikes. This indicates
the concordance between the source of ore fluid and the diorite dike matter, which is one of
the most important conclusions of the paper [6]. Neodymium and samarium behave the
same way in some sulfide ores of the Kotselvaara deposit (Pechenga) and in the pyrites
of the Dahu Au-Mo deposit (Table 1), as well. The observed selective Nd accumulation
indicates a secondary hydrothermal or metamorphic impact, which led to the increased
mobility and migration of Nd. Generally, chemical sulfide remobilization associated with
the high mobility of certain elements was previously described for sphalerites [98].

This process causes the relative accumulation of Nd in comparison with Sm and a
consequential increase in the DNd/DSm ratio. At the isotopic system level, this leads to a
sufficient reduction in the Sm/Nd ratio for such secondary sulfides, their figurative points
at isochrones aiming to an area of low 147Sm/144Nd values (Figures 4 and 5).
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Figure 5. Chart demonstrating the effect of selective enrichment by neodymium in a hypothetical
isochronous diagram. The process of relative Nd enrichment in comparison with Sm leads to a
reduction in the Sm/Nd ratio for redeposited sulfides (Stage-2). In this case, the sulfide figurative
points at an isochron often aim to the area of low 147Sm/144Nd ratio values. In this respect, the
syngenetic ores form an isochron that corresponds to the age of the formation of the ore at the
magmatic stage (Stage-1).
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4.4. Nd and Sm in Magmatic Sulfides

Sulfides from the magmatic Cu-Ni-PGE complexes feature a more characteristic pre-
dominant (selective) accumulation of Nd in the sequence of pyrite–chalcopyrite–pyrrhotine–
pentlandite, which corresponds to the most probable script of ore formation in intru-
sive complexes [1].

The crystallization of sulfides from the sulfide liquid happens at temperatures of
1200–1100 ◦C, where monosulfide solid solution (MSS) and Cu-rich residual melt form
first, then the association recrystallizes into pyrrhotine, pentlandite, and chalcopyrite at
temperatures below 650 ◦C [99]. Nd partially migrates from the Cu-rich melt to MSS during
the separation of sulfide liquid into the Cu-rich melt and MSS (Figure 6). Then, the system
keeps cooling down to a temperature below 650 ◦C, and there occurs the formation of
chalcopyrite and the decomposition of MSS to pyrrhotine and pentlandite. In this case,
pentlandite formation takes place at the late stages between pyrrhotine and chalcopyrite.
Nd migrates to pentlandite from the neighboring minerals (chalcopyrite and pyrrhotine),
thus causing the consequential increase in the DNd/DSm ratio from early sulfides (chal-
copyrite, pyrrhotine) to late pentlandite (Figure 6). This scheme of the enrichment of late
magmatic sulfides by Nd provides a reasonable explanation for the higher DNd/DSm ratios
in pentlandite and pyrrhotine in relation to chalcopyrite and pyrite, which are often formed
at the early stages of ore formation.
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4.5. Nd and Sm in Hydrothermal Sulfides

Data on REE mobility in a system of magmatic–hydrothermal fluids [19] provide
important conclusions that support our hypothesis of the selective accumulation of more
mobile Nd in sulfides from the deposits closely associated with hydrothermal and metaso-
matic processes. Moreover, several ore-forming fluids, which form different generations of
sulfides, are often revealed, and the REE composition may be subject to local physical and
chemical conditions, i.e., temperature, fO2, and pH [19,100,101].

Rather than high-temperature sulfides from mafic–ultramafic complexes, the hy-
drothermal sulfides are likely to feature a more characteristic REE accumulation in fluid
inclusions and in crystal lattice defects besides the REE isomorphism. Taking into consider-
ation a sufficient Nd interchange between the ore and host rocks [6] that may occur in the
course of the hydrothermal process, the total effect of the Nd enrichment of sulfides will be
more observable than that of the sulfides from the magmatic mafic–ultramafic complexes
(Figure 7).
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Figure 7. The effect of the Nd enrichment of sulfides from the magmatic mafic–ultramafic complexes
(a) and that of the sulfides from different stages of the formation of minerals from the hydrothermal
deposits (b). Sulfides from the magmatic Cu-Ni-PGE complexes feature a predominant (selective) ac-
cumulation of Nd in the sequence of pyrite–chalcopyrite–pyrrhotine–pentlandite, which corresponds
to the most probable script of ore formation in intrusive complexes. The sulfides from hydrothermal
deposits feature a more significant Nd enrichment effect that is closely associated with ore-forming
fluids, which cause the formation of sulfide mineralization in several stages.

Thus, the higher mobility of light REE, fluid inclusions in sulfides, and active neodymium
interchange between the host rocks and ores altogether may be treated as control factors
of REE accumulation in sulfides with vividly expressed selective neodymium enrichment.
This leads to considerable decreases in the Sm/Nd ratio (aiming at the 0.06–0.02 range of
values) in similar sulfides, which is a “fingerprint” of a more recent process.
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5. Conclusions

(1) The DNd/DSm ratio is shown to increase for the sulfide minerals of late processes,
which correspond to the redeposition of ores or hydrothermal or metamorphic impact.
This process causes relative Nd enrichment in relation to Sm and the consequent
increase in the DNd/DSm ratio for the sulfide minerals of late processes.

(2) Sulfides from magmatic Cu-Ni-PGE complexes feature a more characteristic selective
Nd accumulation in a sequence of pyrite–chalcopyrite–pyrrhotine–pentlandite, which
corresponds to the most probable sequence of ore formation in magmatic complexes.

(3) The hydrothermal sulfides feature a more characteristic REE accumulation in fluid
and silicate inclusions and in crystal lattice defects. The total effect of the Nd en-
richment of such sulfides will be more observable than that of the sulfides from the
magmatic complexes.

(4) The mineral/rock partition coefficients for Nd and Sm (the DNd/DSm ratio) in sulfides
may serve as a prospective tool for the reconstruction of the sulfide mineral formation
and geochemical substantiation of possible sources of ore-forming fluids for the
deposits of various genetic types.
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