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Abstract: In situ analyses of trace elements and rare-earth elements (REEs) were performed by use
of laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) on scheelite samples
from the Yingzuihongshan tungsten deposit in western Inner Mongolia Autonomous Region, China.
The contents of trace elements Nb, Ta and Mo of scheelite indicate that the ore-forming fluid is
magmatic hydrotherm and is exsolved from highly fractionated granitic melt. The scheelite has
high REE contents and ∑REE values, and a very inhomogeneous distribution of REEs exists in
different scheelite grains or even in one scheelite grain. The cathodoluminescence (CL) images of
scheelite grains display well-developed zoning or fine oscillatory zoning. Development of zoning is
closely related to the variable contents of REEs, and the darkness of shade of CL images are mainly
determined by ∑REE values, but they have no correlation with the distribution patterns of REEs.
The chondrite-normalized REE distribution patterns of scheelite are classified as the middle REEs
(MREEs)-enriched type, except for a strong negative Eu-anomaly, which could be a REE-flat type
and or a MREEs-depleted type. Trace element composition of scheelites from the Yinzuihongshan
tungsten deposit reflect that the ore-forming materials mainly came from the crust and the ore-
forming fluids are dominantly derived from the granitic magma in an oxidizing environment,
in which very dynamic conditions of the hydrothermal system prevailed during precipitation of
scheelite. On the basis of the above understanding and field geological featured, we considered that
the Yingzuihongshan tungsten deposit is the quartz-vein-hosted tungsten type that is genetically
associated with monzonitic granite.

Keywords: scheelite; trace elements; rare earth elements; in situ analysis; Yingzuihongshan tung-
sten deposit

1. Introduction

Rare earth elements(REEs) which belong to immobile elements have similar chemical
properties and the ability to migrate as a whole during geological processes, and the
composition and distribution patterns of REE are often used as a tracer to study the
characteristics of ore-forming fluids that are the source of ore-forming materials and ore
genesis as a tracer [1–8]; Scheelite(CaWO4) belongs to the Ca-bearing minerals category
(e.g., scheelite, fluorite and calcite), and REEs are usually incorporated into Ca2+ sites
through the crystal structure of the Ca-bearing minerals in hydrothermal deposits [6,9]. In
general, Ca-bearing minerals have a great capability to accommodate REEs, and therefore
have a high content of REE. The scheelite is usually an ore mineral in hydrothermal
tungsten deposits, and recently increasing attention has been paid to the study of REE
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characteristics of scheelite [4,5,10–13]. It was indicated that inhomogeneous distribution of
REEs in individual grains is caused by the variation of dynamic conditions in hydrothermal
systems [5,8,14,15].

Traditional methods of REE analysis cannot reveal the inhomogeneous distribution of
REEs, whereas in situ analysis can reveal the inhomogeneous distribution of REEs not only
in different grains but also in different parts of the same grain. In addition, in situ analysis
(by use of LA-ICP-MS) can ensure the facticity of experiment data, and therefore has
significant advantages compared with traditional methods [8,16]. An increasing number of
studies have been focused on the REE distribution of the scheelite, garnet and fluorite by
use of LA-ICP-MS [5,8,14,17–23].

The medium-scale Yingzuihongshan tungsten deposit is located in the EjinaBanner,
AlashanLeague, Inner Mongolia, and is about 45km to the north of Dongqiyi Mountain
(Figure 1a). It was first discovered by the Qilianshan Geological Brigade of Gansu Bu-
reau of Geology and Mineral Resources in 1950. Recently, the Pantuoshan, Guoqing, and
Wangxushan tungsten deposits were discovered in the Pantuoshan-Yingzuihongshan gran-
itoid belt. Previous studies have summarized the geological characters of the Pantuoshan-
Yingzuihongshan granitoid belt and the relevant tungsten deposits, together with geochrono-
logical and geochemical work [24–29].However, the previous REE geochemical studies
of country rocks are limited, and the mineralogical and geochemical features of scheelite
within the tungsten deposits have not been studied. The intentions of this contribution
are to study the characteristics of trace element and REEs of scheelite in the Yingzui-
hongshan tungsten deposit, which will lead to a better understanding on the source of
ore-forming fluid, the source of ore-forming materials and the mineralization process of
the tungsten deposit.

Figure 1. (a) Location of the study area. (b) simplified geological map of the tungsten-bearing granitoid belt and adjacent
areas [26]. 1Quaternary; 2 Cretaceous Chijinbao Formation: conglomerate, sandstone, siltstone and mudstone; 3Upper
Ordovician Baiyunshan Formation: sandstone, conglomerate and limestone, intercalated with intermediate-acidic volcanic
rocks and jasperite; 4Middle Ordovician Xilinkebo Formation: intermediate-basic volcanic rocks, intercalated with carbonate
and minor clastic rocks; 5Ordovician Luoyachushan Formation: clastic rocks, intercalated with argillaceous limestone and
minor chert; 6Cambrian Xishuangyingshan Formation: carbonate, chert and siliceous slate; 7Mesoproterozoic to Neoprotero-
zoic: marble, dolomitic limestone, dolomite and siliceous bands intercalated with limestone; 8Paleoproterozoic Gudongjing
Group: phylite, slate, quartzite, and sercite-quartz schist, intercalated with marble; 9granite; 10granodiorite; 11gabbro;
12plagioclase-pyroxene peridotite and serpentinized peridotite; 13tungsten deposit; 14Yingzuizhongshan tungsten deposit.
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2. Geological Background and Mineralization Characteristics

The Yingzuihongshan tungsten deposit is located in the Beishan orogen, which belongs
to the southern margin of CAOB (the Central Asia Orogenic Belt), and in the east section of
the Pantuoshan-Gudongjing tectonic lift extending in the E-W direction due to compressive
stress, which is closely adjacent to the north side of the Hongliuhe-Niujuanzi-Xichangjing
ophiolitic tectonic melange (Figure 1b).Large amounts of granitoids were emplaced in
the Beishan region, and many ore deposits were formed in the granitoids, varying from
Caledonian to Hercynianore deposits [30–33]. The Pantuoshan, Guoqing, Wangxushan
and Yingzuihongshan tungsten deposits occur in the same granitoid belt [26,27].

Adjacent to the Yingzuihongshan tungsten deposit, the widely distributed Paleopro-
terozoic Gudongjing Group is composed of phylite, slate, quartzite and sericite-quartz
schist, intercalated with minor marble. With an outcrop area of about 150km2, the Yingzui-
hongshan granitic pluton which intruded into the Gudongjing Group (Figure 1b) is com-
posed mainly of biotite granite and monzonitic granite. The granitic rocks of the Yingzui-
hongshan tungsten deposit are S-type and I-type, and were formed in the Late Devo-
nian [25]. Tungsten mineralization occurs mainly within a series of quartz veins in the
northern inner contact zone of the granitic body, and the shape of the orebody is controlled
by the NE-striking fault or a small part of the NW-striking fault, and these faults are also
important conducting and host structures of tungsten deposits [25].

The mining area of the Yingzuihongshan tungsten deposit is composed of east and
west blocks. The eastern ore block is discussed on this paper. The length of the eastern ore
block is 185 m and the width is 70 m, and this block contains dozens of scheelite-quartz
veins (Figure 2).The ore body of W18 is the biggest one of the eastern ore block, and its
length is 102 m, the average thickness is 2.8 m, the thickness of the ore body decreases
gradually from the northwest to the southeast region, the maximum inclined depth is less
than 70 m and the attitude is close to upright [34] (Figure 2).

Quartz-vein tungsten deposits, which are associated with granite, are the most im-
portant tungsten deposit type in the Beishan area, including for the Yingzuihongshan
tungsten deposit. Ore minerals are mainly wolframite and scheelite, followed by chal-
copyrite, pyrite, galena, molybdenite and arsenopyrite. Gangue minerals are dominated
by quartz, followed by tourmaline, potassium feldspar, sericite, beryl, fluorite and calcite.
There are three mineralization stages: the first and main stage is taxitic-spotted wolframite;
the second stage is massive wolframite; the third stage is fine veined wolframiteand and
scheelite. Ore textures are mainly hypidiomorphic-idiomorphic granular. Ore structures
are mostly taxitic-spotted, veinlet and disseminated [34].

The major ore types of the Yingzuihongshan tungsten deposit include scheelite-
wolframite-quartz vein and tourmaline-wolframite-quartz vein, and the minor ore type
is scheelite-wolframite-arsenopyrite-quartz vein. The wall rocks are intensively altered,
and the predominant alteration types are silicification and greisenization, with minor
tourmalinization, sericitization and pyritization. The silicification is closely related to the
tungsten mineralization, while the intensive silicification belt usually occurs in both sides
of the tungsten bearing quartz veins [26].
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Figure 2. Simplified geological map of the eastern ore block of the Yingzuihongshan tungsten deposit [34].

3. Sample Descriptions and Analytical Methods

Previous studies for in situ analysis were performed by use of LA-ICP-MS on a single
crystal or thin section of scheelite. Because it is difficult to collect single scheelite crystal
from lode tungsten deposits, and in situ analysis on thin sections that are not the direct
analytical object may affect the experimental results, in this study the trace element in situ
analysis was carried out by use of LA-ICP-MS on individual scheelite grains, which were
mounted in epoxy.

Four samples were collected from a scheelite-quartz vein of the western district of
the eastern ore block of the Yingzuihongshan tungsten deposit. Scheelite is white colored,
with oil luster, and the crystal habit is mostly in a euhedral tetragonal bipyramid form.
The samples were preprocessed through crushing and grinding, and then by the use of
conventional density techniques, scheelite grains(from 40 to 60 meshes) were separated
from the scheelite-quartz vein. The scheelite grains with a purity of above 99% were selected
by means of a fluorescent lamp, and were mounted in epoxy mounts, which were then
polished to section the crystals in half for in situ analysis. The trace element in situ analyses
were performed by laser ablation inductively coupled plasma-mass spectrometry(LA-
ICP-MS (Agilen, Yokogawa, Japan)), and the content of CaO was measured on the laser
ablation pits by electron microprobe(EMP (JEOL, Tokyo, Japan)), with the content of
calcium as an internal standard. Analytical work by use of LA-ICP-MS, and EMP, CL
imaging (Figure 3a–d) and analysis of REEs of host rock were all carried out at the Key
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Laboratory for the Study of Focused Magmatism and Giant Ore Deposits, Ministry of Land
and Resources, Xi’an Center of Geological Survey. Samples were analyzed by use of an
Agilent 7700× ICP-MS (Agilen, Yokogawa, Japan) equipped with a ComPex102 Excimer
193-nm ArF laser and MicroLasGeoLas 200 M optics. The laser ablation of a single pit was
found to be 44 µm wide and 20–40 µm deep. NIST610 and NIST612 were used as external
standards by using analytical procedures similar to those described by [35]. The content
of CaO of scheelite was analyzed by use of a JXA-8230 electron microprobe (JEOL, Tokyo,
Japan)operated at 20 kV and 10 nA, with an electron beam(5 µm in diameter). X-Series II
inductively coupled plasma-mass spectrometry(analytical error below 5%) was used for
the analysis of REEs of the host rock.

Figure 3. CL images of scheelite grains of four samples (a–d) collected from the Yingzuihongshan tungsten deposit. The
small circles with numbers represent laser ablation pits.

4. Analytical Results of Trace Elements in Scheelite

The analyzed scheelite grains contain 43.21–130.65 ppm of Sr, 0.68–99.83 ppm of Ta and
1.99–9.66 ppm of Mo, and have high Nb contents ranging from 45.55 ppm to 2667.10 ppm
(Table 1).

Compared with other mineral deposits whose trace element characteristics of scheelite
in the quartz vein were well used in the study of ore genesis (Table 2), the Sr contents
of scheelite from the Yingzuihongshan tungsten deposit are much lower than those of
scheelite from the Yangjingou scheelite deposit in Jilin Province, Daping gold deposit in
Yunnan Province and Archaean greenstone belt gold deposit in Western Australia. In
contrast, the Mo, Nb and Ta contents of scheelite from the Yingzuihongshan tungsten
deposit are much higher than those of scheelite from the Yangjingou scheelite deposit in
Jilin Province and Daping gold deposit in Yunnan Province, and are different from those of
scheelite from the Archaean greenstone belt gold deposit in Western Australia. In general,
Mo, Nb, Ta and W are mainly enriched at the pneumato hydrothermal stage, and are the
products of magmatic crystallization differentiation in the late period; these elements have
similar geochemical behavior and mainly exist in scheelite or wolframitein the form of
isomorphic admixture, especially Mo when it is enriched in scheelite [36]. Scheelite from
the Yingzuihongshan tungsten deposit has high contents of Mo, Nb and Ta (Table 1), which
suggest that the ore-forming fluid may be derived predominantly from the magmatic
hydrotherm. Moreover, the content of Mo is higher than that of primitive mantle, but is
comparable to the continental crust (the Mo contents of primitive mantle and continental
crust are 0.059 ppm and 1 ppm, respectively; [37]). This suggests that the ore-forming
materials of the Yingzuihongshan tungsten deposit may be related to the continental crust.
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Table 1. Trace element contents (×10−6) of scheelite grains from the Yingzuihongshan tungsten deposit.

Sample Ba Sr Nb Ta Mo Sample Ba Sr Nb Ta Mo

13BS032h-1 0.333 87.06 740.63 18.93 3.91 13BS033h-10 0.0207 48.73 595.78 16.06 3.36
13BS032h-2 0.226 67.3 825.91 45.81 8.15 13BS033h-11 0.0164 44.21 462.96 9.16 3.29
13BS032h-3 0.389 57.35 647.74 33.57 9.66 13BS033h-12 0.0055 44.79 490.39 10.55 2.82
13BS032h-4 0.0087 54.48 839.54 27.24 3.41 13BS033h-13 0.0112 47.02 455.37 9.85 2.71
13BS032h-5 0.0377 53.94 644.67 18.31 3.27 13BS033h-14 1.289 49.36 446.43 9.93 4.69
13BS032h-6 0.0053 45.96 556.55 13.78 2.77 13BS033h-15 0.0206 44.17 478.23 9.76 3.32
13BS032h-7 0.0414 48.46 811.12 25.41 2.37 13BS033h-16 0.0148 51.61 689.52 37.47 5.49
13BS032h-8 0.0364 72.54 1325.15 44.25 1.99 13BS033h-17 2.32 55.74 978.04 60.31 4.41
13BS032h-9 0.0428 54.99 804.19 53.11 5.62 13BS033h-18 0.228 50.91 661.37 13.16 3.51

13BS032h-10 0.0078 48.56 710.7 38.28 3.86 13BS033h-19 0.181 49.16 484.02 9.21 3.76
13BS032h-11 0.0132 50.5 823.79 35.48 3.88 13BS034h-1 0.0446 55.01 874.33 48.18 4.26
13BS032h-12 0.0321 46.46 642.77 19.24 3.75 13BS034h-2 0.049 50.58 636.85 25.52 4.33
13BS032h-13 0.064 43.21 473.66 10.64 2.83 13BS034h-3 0.116 130.65 549.93 10.99 2.99
13BS032h-14 0.312 55.43 774.83 21.02 3.31 13BS034h-4 0.208 51.38 755.18 22.04 3.16
13BS033h-1 0.11 60.54 444.23 9 2.97 13BS034h-5 0.0029 48.68 449.33 8.91 2.4
13BS033h-2 0.0026 54.2 271.68 5.06 2.23 13BS036h-1 0.084 71.63 125.64 1.66 2.46
13BS033h-3 0.0028 50.95 55.55 0.864 2.87 13BS036h-2 0.0111 44.78 103.62 1.266 2.43
13BS033h-4 0.283 53.96 605.07 14.66 3.83 13BS036h-3 0.295 47.04 85.58 1.009 2.08
13BS033h-5 0.0273 54.57 464.74 12.04 3.52 13BS036h-4 0.0155 44.75 630.57 38.49 9.48
13BS033h-6 0.122 51.33 162.14 3.13 3.49 13BS036h-5 0.0156 50.65 925.56 38.3 6.34
13BS033h-7 0.138 52.93 488.74 9.42 2.34 13BS036h-6 0.127 44.7 813.17 20.63 7.8
13BS033h-8 0.0075 59.21 45.55 0.68 2.77 13BS036h-7 0.0449 46.58 913.87 49.18 6.27
13BS033h-9 0.045 63.6 2667.1 99.83 3.07 13BS036h-8 0.0415 49.37 627.52 34.8 4.66

Table 2. Trace element contents (×10−6) of scheelite from different mineral deposits.

Element
Daping Gold Deposit
in Yunnan Province,

China

Yangjingou Scheelite
Deposit in Jilin
Province, China

Archaean Greenstone
Belt Gold Deposit in

Western Australia

Yingzuihongshan
Tungsten Deposit

Mo 0.47–1.39 0.06–0.15 LOD–3.71 1.97–9.66
Sr 1127–1610 168–238 341–4280 43.21–130.65
Nb 0.01–0.02 0.08–0.32 0.06–3.18 45.55–2667.10
Ta 0.10–0.11 0.03–0.04 85.3–1142 0.68–99.83

data sources [38] [12] [14] This paper

LODlimit of detection calculated from repeated measurements of NIST610.

REE analytical results are listed in Table 3, and the REE distribution patterns of
scheelite from the Yingzuihongshan tungsten deposit are presented in Figure 3. The REE
geochemical characteristic is described as follows:

(1) The analyzed scheelite grains have higher REE contents, with ∑REE values ranging
from 715.86 to 3947.95 ppm and ∑REE+Y values ranging from 1031.05 to 5638.83 ppm. The
∑REE+Y values of scheelite from the Yingzuihongshan tungsten deposit are obviously
higher than those of scheelite samples which come from the Yangjingou scheelite deposit
in Jilin Province (178.7–276.6 ppm; [12]), Daping gold deposit in Yunnan Province (1760–
2004 ppm; [38]), Woxi Au-Sb-W deposit in western Hunan Province (40.5–123.6 ppm; [4]),
Zhazixi W-Sb deposit in western Hunan Province (11.3–136.9 ppm; [5]), Xianghuapu
tungsten deposit in southern Hunan Province (0.73–61.13 ppm; [8]), Xuebaoding W-Sn-Be
deposit in Sichuan Province (369–1302 ppm; [10]), Archaean greenstone belt gold deposit
in Western Australia (288 to 4376.91 × 10−6; [14]) and gold deposits in the Kalgoorlie-
Norseman region in Western Australia (17.01–2746 ppm; [18]).

(2) Ghaderi et al. [18] subdivided the scheelite from the Archaean greenstone belt gold
deposit in Western Australia into two distinct types according to the chondrite-normalized
REE distribution patterns: middle REEs (MREEs)-enriched type (humped-shaped; type I)
and MREEs-depleted type (flat; type II), which have been widely accepted [5,10,13,14,18,38].
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Samples 13BS032h and 13BS034h from the Yingzuihongshan tungsten deposit show con-
vex upward REE distribution patterns (Figure 4) that are nearly the same as those of
MREEs-enriched type (type I), except for a strong negative Eu-anomaly. However, samples
13BS033h and 13BS036h have two or more kinds of REE distribution patterns. For example,
points 3, 6, 7 and 8 of sample 13BS033h show MREEs-depleted patterns, and points 16 and
17 have the same REE patterns as those of samples 13BS032h and 13BS034h, whereas the
other points of sample 13BS033h show MREEs-depleted patterns with a flat shape (type
II) except for a strong negative Eu-anomaly. Points 1, 2 and 3 of sample 13BS036h show
flat REE distribution patterns with negative (points 1 and 2) or weak positive (point 3)
Eu-anomalies, and point 6 shows MREE-impoverished patterns, whereas the other points
of sample 13BS036h show the same patterns as those of samples 13BS032h and 13BS034h.

Figure 4. Chondrite-normalized [39] REE distribution patterns of scheelite grains from the Yingzuihongshan tungsten
deposit.

The REE distribution patterns of scheelite from the Yingzuihongshan are very in-
homogeneous and can change abruptly among different scheelite grains from the same
sample, or even in different zones of the same scheelite grain (e.g., points 1, 2 and 3 of
sample 13BS033; point 4, 5, 6, 7 and 8 of sample 13BS036). Although this study supports
the viewpoint of REE inhomogeneity proposed in previous studies [5,14,16,18], the REE
distribution patterns of scheelite from the Yingzuihongshan tungsten deposit are complex,
especially with obviously negative Eu-anomalies (except for point 3of sample13BS036h)
that are different from those of typical type I and type II REE distribution patterns. In
addition, points 3, 6, 7 and 8 of sample 13BS033h show MREEs-depleted patterns which
were only reported from the Zhazixi W-Sb deposit in western Hunan Province by [5].
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Table 3. The REE contents (×10−6) and the relevant parameters of scheelite (the Yingzuihongshan tungsten deposit) and both country-rock and relative parameters from the
Yingzuihongshan tungsten deposit.

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y ∑REE δEu δCe

scheelite
13BS032h-1 79.5 442.36 104.86 745.34 314.19 9.68 292.71 40.46 196.36 33.68 73.98 9.19 60.11 7.67 653.9 2410.09 0.10 1.00
13BS032h-2 87.49 491.59 111.59 707.41 267.37 8.26 216.28 30.2 141.66 22.48 51.18 6.59 40.87 4.84 624.9 2187.81 0.10 1.04
13BS032h-3 77.25 432.58 99.47 632.34 237.98 8.64 197.27 27.66 132.87 21.68 50.33 6.54 41.98 5.14 622.6 1971.73 0.12 1.03
13BS032h-4 100.4 548.2 131.27 866.98 374.83 8.75 322.72 42.39 190.61 29.5 66.46 8.8 57.69 6.94 615.8 2755.51 0.08 0.99
13BS032h-5 87.95 481.55 104.73 666.64 271.02 7.54 251.42 35.18 174.71 30.15 72.13 9.98 67.44 8.47 666.6 2268.91 0.09 1.07
13BS032h-6 81.65 437.24 95.58 614.02 258.35 3.98 227.39 30.2 137.98 22.75 54.05 7.78 56 7.16 486.5 2034.13 0.05 1.06
13BS032h-7 74.41 433.17 101.24 670.07 301.04 5.46 258.88 34.3 151.02 23.16 53.31 7.56 52.86 6.81 520.6 2173.29 0.06 1.03
13BS032h-8 103.7 524.6 120.08 762.11 345.38 6.46 311.57 43.92 202.65 33.33 83 12.96 101.19 14.07 664.1 2664.97 0.06 1.01
13BS032h-9 107.5 561.18 142.49 868.78 326.62 8.84 304.24 47.38 245.57 40.53 87.4 9.96 55.36 6.23 760.4 2812.10 0.08 0.94

13BS032h-10 85.39 499.79 113.87 714.1 277.4 7.45 263.66 40.91 216.82 37.06 83.42 9.89 57.52 6.61 777.7 2413.89 0.08 1.05
13BS032h-11 98.32 539.6 135.48 871.55 342.78 6.52 281.02 39.57 192.05 31.57 71.31 8.84 54 6.4 698.7 2679.01 0.06 0.96
13BS032h-12 92.12 505.76 111.95 676.22 245.83 9.96 209.98 31.19 163.32 29.83 73.96 10.04 65.63 8.18 711.9 2233.97 0.13 1.05
13BS032h-13 110.2 537.29 100.1 499.18 152.24 6.88 122.32 19.89 120.8 25.27 78.55 13.25 97.96 12.85 666 1896.77 0.15 1.16
13BS032h-14 119.8 616.2 132.63 739.76 250.98 9.66 189.1 27.33 142.45 25.89 69.85 10.77 73.27 9.15 626.3 2416.83 0.13 1.06
13BS033h-1 137 562.24 102.76 496.14 162.83 11.41 138.19 24.02 145.99 30.39 91.59 15.14 112.35 14.47 648.9 2044.47 0.23 1.11
13BS033h-2 159.3 540.17 84.78 401.13 136.35 5.43 119.47 20.56 126.21 27.61 90.07 16.38 134.85 18.71 539.9 1880.98 0.13 1.13
13BS033h-3 74.41 170.57 20.6 78.18 23.41 6.35 22.3 5.41 48.26 13.91 60.73 14.56 151.88 25.29 315.2 715.86 0.84 1.05
13BS033h-4 132.4 553.89 118.54 541.9 146.15 13.59 122.29 23.5 151.93 31.58 91.83 14.18 95.2 11.68 752.9 2048.67 0.30 1.00
13BS033h-5 102.1 506.36 91.81 437.72 126.15 9.58 110.62 20.53 131.45 27.47 80.5 12.54 85.38 10.75 758.6 1752.91 0.24 1.18
13BS033h-6 105.5 204.05 21 72.33 18.01 4.94 17.79 4.95 45.61 13.33 57.84 14.27 150.99 24.95 333.8 755.58 0.83 1.00
13BS033h-7 175.9 410.07 44.18 149.85 36.48 10.38 30.79 7.07 58.77 15.97 66.86 15.89 162.88 24.47 462.5 1209.60 0.92 1.11
13BS033h-8 107.7 227.39 26.49 105.5 29.55 3.77 27.16 6.07 50.28 14.02 60.37 14.59 155.63 25.77 358.9 854.30 0.40 1.01
13BS033h-9 241.2 932.07 183.65 880.51 268.54 20.58 282.33 57.78 388.42 81.25 236.41 39 296.99 39.23 1691 3947.95 0.23 1.03

13BS033h-10 102.4 542.42 110.24 601.48 199.39 10.94 193.04 33.05 199.79 39.51 102.96 13.88 90.56 11.28 856.7 2250.97 0.17 1.11
13BS033h-11 144 569.22 94.26 465.83 139.2 8.23 133.77 24.49 167.17 38.86 118.7 18.78 136.58 18.13 777.6 2077.17 0.18 1.16
13BS033h-12 116.3 549.96 107.41 596.83 198.94 8.36 173.8 27.12 155.13 30.71 88.4 14.22 107.14 14.14 709.3 2188.49 0.13 1.11
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Table 3. Cont.

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y ∑REE δEu δCe

13BS033h-13 102.9 505.17 101.35 595.34 214.87 10.84 191.52 28.84 161.01 31.75 89.82 14.1 101.97 13.26 681.2 2162.69 0.16 1.10
13BS033h-14 105.1 515.33 101.07 592.18 209.06 10.64 184.15 28.69 161.36 31.67 90.28 14.15 102.29 13.29 681.4 2159.26 0.16 1.12
13BS033h-15 134.1 562.72 96.39 506.78 160.14 8.17 146.17 25.37 162.57 36.41 107.96 16.66 123.91 16.3 822.7 2103.60 0.16 1.16
13BS033h-16 63.33 377.67 91.71 647.31 371.14 11.76 423.79 66.77 322.53 49.56 101.12 10.88 57.72 6.32 912.2 2601.61 0.09 1.00
13BS033h-17 88.43 539.5 130.73 846.89 380.38 8.82 380.98 60.8 315.31 51.65 108.37 11.82 63.26 6.78 947.9 2993.72 0.07 1.01
13BS033h-18 198.7 639.2 90.17 366.78 78.98 6.47 52.28 8.92 58.29 13.12 48.73 10.74 100.05 14.07 372.8 1686.52 0.29 1.17
13BS033h-19 199.1 627.63 117.19 559.69 134.81 8.41 92.04 14.32 87.97 19.35 63.92 11.74 94.23 12.2 392.6 2042.62 0.22 0.99
13BS034h-1 70.8 427.79 105.54 742.18 394.75 9.17 374.66 52.24 240.15 35.81 72.71 8.01 42.93 4.68 766.3 2581.42 0.07 0.99
13BS034h-2 82.7 456.55 102.29 622.96 241.56 8 200.65 29.12 149.31 25.56 61.75 8.33 53.16 6.56 716.5 2048.50 0.11 1.05
13BS034h-3 71.77 395.18 86.45 529.04 221.06 6.59 177.99 23.56 106.68 16.81 41.43 6.11 42.66 5.29 353.1 1730.62 0.10 1.06
13BS034h-4 101 546.9 124.62 726.28 255.85 10.24 202.81 30.22 161.13 29.58 77.76 11.11 74.19 9.05 724.4 2360.75 0.13 1.03
13BS034h-5 74.74 400.25 84.17 489.16 184.06 5.29 147.96 20.61 103.5 18.27 49.3 7.6 54.35 7.05 413.1 1646.31 0.09 1.09
13BS036h-1 49.04 174.54 29.12 157.03 58.2 7.91 60.04 10.37 63.76 13.64 44.5 8.55 71.5 10.15 390.5 758.35 0.41 1.11
13BS036h-2 75.66 240.53 34.51 157.91 44.99 13.6 44.75 9.25 71.73 17.71 65 13.21 116.2 16.76 563.6 921.81 0.92 1.15
13BS036h-3 73.05 203.95 27.01 109.59 34.89 22.11 37.8 8.32 63.8 15.32 57.49 11.98 109.05 15.56 496 789.92 1.85 1.12
13BS036h-4 78.79 449.6 98.41 601.16 233.67 7.3 228.63 37.11 203.45 35.09 82.35 10.24 61.41 7.28 884.3 2134.49 0.10 1.07
13BS036h-5 90.82 554.05 131.69 861.14 342.18 17.96 310.79 47.43 247.92 41.43 91.2 10.62 60.85 6.81 888.9 2814.89 0.17 1.02
13BS036h-6 315.6 881.85 136.93 500.45 103.42 7.54 87.82 18.91 137.76 31.08 99.09 16.96 126.77 16.32 872.3 2480.45 0.24 1.04
13BS036h-7 166.3 668.04 135.45 632.22 171.8 6.09 148.55 26.63 160.06 30.07 79.28 11.36 73.29 8.9 868.5 2318.05 0.11 1.03
13BS036h-8 95.2 509.07 103.88 578.5 199.2 6.93 191.51 32.76 187.76 33.68 81.82 10.67 66.7 7.88 884.3 2105.56 0.11 1.11

monzonitic granite
13BS037h 26.8 60.9 7.66 30.4 7.72 0.45 6.73 1.08 6.41 1.3 3.69 0.57 3.62 0.53 31.7 157.86 0.19 1.03
13BS038h 40.5 81.9 10.1 41.8 10.9 0.81 9.92 1.6 10.1 2.11 5.88 0.91 5.77 0.82 55 223.12 0.23 0.97
13BS039h 36.1 71.9 8.75 35.2 9.25 0.76 8.88 1.48 9.42 1.96 5.54 0.86 5.37 0.76 52.4 196.23 0.25 0.96
13BS040h 41.7 88.1 10.8 43.6 12.3 0.65 11.7 1.92 11.5 2.28 6.16 0.91 5.55 0.78 59.6 237.95 0.16 0.99
13BS041h 23 49.5 6.32 27.5 7.66 0.42 7.61 1.32 8.11 1.6 4.58 0.67 4.16 0.6 40.4 143.05 0.17 0.99
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5. Discussions
5.1. Ore-Forming Materials and Parent-Fluid Source of the Yingzuihongshan Tungsten Deposit

The REE composition and distribution pattern of hydrothermal Ca-bearing minerals
have been widely used to trace the source of ore-forming materials and fluids and to study
the genesis of deposits [1–3]. The ionic radius of Eu2+ is similar to that of Ca2+ of scheelite,
and is larger than that of Eu3+. Scheelite has a great capability to accommodate Eu2+, and
both Eu2+ and Eu3+ can exist in the crystal structure of scheelite [2,4]. The REE distribution
patterns of scheelite from most of the studied mineral deposits in the world show a positive
Eu-anomaly [4,5,8,12–14,18,38], and the others show a negative Eu-anomaly [10,40,41].

Scheelite from deposits hosted in felsic to intermediate rocks commonly has a neg-
ative Eu anomaly [42]; the scheelite of magmatic hydrothermal system is generally con-
sidered to inherit the REE distribution patterns of the parent granite (e.g., negative Eu
anomalies), indicating a genetic link to the granite [43,44]. In this study, Ce anomalies
of scheelite grains are not very obvious (δCe = 0.94–1.18; Table 3), whereas nearly all
analyses of scheelite grains (except for point 3 of sample 13BS036h; δEu = 1.85) from the
Yingzuihongshan tungsten deposit show strong negative Eu-anomalies (δEu = 0.05–0.92,
Table 3) (Figure 4). The REE distribution patterns of five samples collected from the
Yingzuihongshan monzonitic granite (Figure 5) are also characterized by an obvious
negative Eu-anomaly (δEu = 0.16–0.25, Table 3). The scheelite grains have almost no ob-
vious Ce-anomaly (δCe = 0.94–1.18, Table 3), which is consistent with the Ce-anomaly
(δCe = 0.96–1.03, Table 3) of the ore-bearing monzonitic granite. The characteristic of the
Ce-anomaly also implies that the monzonitic granite is the main source of mineralization
to a certain extent. The REE geochemical characteristic of both the monzonitic granite and
scheelite, combined with the close spatial relationship between the monzonitic granite
(host rock) and tungsten deposit, suggests that they have a genetic relationship. The char-
acteristics of trace elements of scheelite also indicate a curst-origin of the mineral in this
deposit. Moreover, the Ca2+ source is also crucial for the forming of the scheelite. Due to
the monzonitic granite that intruded into the Gudongjing Group in the Yingzuihongshan
mining area, we inferred that the Ca2+ of scheelite is largely provided by the marble in the
Gudongjing Group. Furthermore, the Yingzuihongshan tungsten deposit is related to the
S-type granite [26]. The evidence listed above shows that the ore-forming materials mainly
come from the crust source.

Figure 5. Chondrite-normalized [39] REE distribution patterns of monzonitic granite adjacent to the
Yingzuihongshan tungsten deposit.

Mo content in scheelite could be affected by the redox conditions of ore-forming fluids;
when the oxygen fugacity is high, Mo occurs as Mo6+ to replaces W6+ in scheelite, while
a high Mo content in scheelite generally reflects an oxidizing environment [18,23]. The
scheelite of the Yingzuihoignshan tungsten deposit has a high Mo concentration that pos-
sibly indicates an oxidizing environment. In the vein type tungsten deposit, ore-forming
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materials and fluid have a relatively single magmatic origin [45], and the ore-forming
fluids of quartz-vein-hosted tungsten deposits are generally derived from magmatic evo-
lution [45–47]. Therefore, evolved granitic magmas in an oxidizing environment are
considered as the main ore-forming fluid source of the Yingzuihongshan tungsten deposit,
though more detailed identification of the ore-forming fluid source requires further isotopic
evidence to be obtained.

5.2. Inhomogeneous Distribution of REEs in Scheelite

The backscattered electron (BSE) images of scheelite grains do not show any zonation
and growth gaps, but zonal structures of some scheelite grains are obvious in their CL
images (Figure 3a–d). Zoning of scheelite grains in CL images is closely related to the REE
contents and their distribution patterns [14,48]. LA-ICP-MS analyses in this study indicate
that dark gray zones in CL images have higher REE contents than the light gray zones
(Figure 3a–d). The ∑REE+Y values of scheelite from the Yingzuihongshan tungsten deposit
are higher than those of scheelite grains from the worldwide mineral deposits reported in
the references. The internal zones or oscillatory zoning in the CL images of scheelite grains
from other mineral deposits (e.g., the Zhazixi W-Sb deposit, [5]; Xianghuapu tungsten
deposit, [8]; Daping gold deposit, [49])do not exist or are not as clear as those of scheelite
from the Yingzuihongshan tungsten deposit. This suggests that the depth of shade of CL
images is mainly determined by the ∑REE values. Because the CL images of scheelite
grains from the Archaean greenstone belt gold deposit in Western Australia [14] have
been digitally enhanced, they cannot be compared with those of scheelite grains from the
Yingzuihongshan tungsten deposit.

Some scheelite grains from the Yingzuihongshan tungsten deposit are characterized
by a fine oscillatory zoning, with zone widths smaller than 25 µm. Variation of ∑REE
values reveals that the definition of zoning is closely related to higher REE contents.
The depth of shade of CL images is mainly determined by the ∑REE values, but has no
correlation with the REE distribution patterns of the same grain, which suggests that REEs
are inhomogeneously distributed in scheelite from the Yinzuihongshan tungsten deposit.

The REE zoning in various minerals has been reported by many authors, for example
in zircon [50], calcite [51], fluorite [52] and scheelite [53]. Inhomogeneous distribution
of trace elements in natural minerals may arise from various primary and secondary
processes. Sector zoning formed during crystallization dynamic processes is a primary
feature causing the inhomogeneous distribution of trace elements, and secondary processes
often involve fluids which infiltrate along the rim of a mineral or within fractures [54]. The
analytical points of inhomogeneous distribution of REEs in this study are not along the rim
of scheelite or within fractures, which suggests that the factor of involved fluid is evaded.
Therefore, this implies that the internal zoning and REE inhomogeneity of scheelite grains
from the Yingzuihongshan tungsten deposit may be determined by the crystallization
dynamic processes.

In addition, cautions have been taken while conducting traditional REE analyses of
bulk samples of REE-rich scheelites, as this only yields a mixed average value, and this
value may provide false geochemical information [5,14]. In this study, the in situ LA-ICP MS
methods for scheelite grains confirmed the fact that the obvious REE inhomogeneity among
the scheelite from the Yinzuihongshan tungsten deposit found through in situ analysis
methods for scheelite ensures that credible geochemical information can be obtained.

5.3. Ore-Forming Hydrothermal System of the Yingzuihongshan Tungsten Deposit

Because the ionic radii of REE3+ are similar to that of Ca2+, scheelite is a Ca-bearing
mineral and usually contains abundant REE in the form of isomorphism [6,14]. REE-
bearing minerals and REE-rich inclusions do not exist in the scheelite of Yingzuihongshan,
as evidenced under the electron microscope; therefore, isomorphism is the main existing
form for REE from Yingzuihongshan scheelite. The REE contents and their distribution
patterns of scheelite from the Yingzuihongshan tungsten deposit change abruptly among
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different scheelite grains and even in different parts of the same grain. The feature of change
was interpreted by [14], as that very dynamic conditions prevailed during precipitation
of scheelite.

In this study, all samples were collected from a scheelite-quartz vein of the Yingzui-
hongshan tungsten deposit, where scheelite coexists with quartz. This is because quartz
does not have a selectivity effect on REEs, and the REE patterns of the solution cannot
change during the precipitation of quartz. Consequently, the early precipitation of MREEs-
rich mineral may be scheelite itself, because the crystal structure of scheelite is conductive
to the enrichment of MREEs [4,14,18,22]. In the natural hydrothermal system, REE concen-
trations are usually low in hydrothermal fluids [55–57]. Precipitation of scheelite results in
a strong REE fraction, and the REE patterns of scheelite are highly sensitive to the dynam-
ics of the hydrothermal system [14,58]. Therefore, MREEs in the early ore-forming fluid
are incorporated into scheelite and the precipitation of MREEs-rich scheelite significantly
alters the composition of the hydrothermal fluid and produce a MREEs-depleted fluid,
which results in the subsequent formation of REE-flat even MREE-impoverish scheelite. In
conclusion, we consider that this likely reveals a complete dynamic evolution process with
very dynamic conditions occurring in the Yingzuihongshan tungsten deposit.

5.4. Ore Genesis of the Yingzuihongshan Tungsten Deposit

The elements Nb, Ta, REEs and Mo are generally enriched in the high-temperature
stage of magmatic crytallization differentiation, while in the vein type tungsten deposit,
ore-forming material and fluid have a relatively single magmatic origin [45]. Scheelite from
the Yingzuihongshan tungsten deposit has high contents of Mo, Nb and Ta; Eu-anomalies
of scheelite are similar to the ore-bearing monzonitic granite; the δCe value of scheelite is
basically consistent to the δCe value of the ore-bearing monzonitic granite; the monzonitic
granite of Yingzuihongshan tungsten deposit is considered to be the product of crust
remelting and belong to the S-type granite [26]; this evidence shows that the crust-derived
characteristics of ore-forming material and the ore-forming fluid were likely derived from
the magmatic origin in the Yingzuihongshan tungsten deposit. Furthermore, the main
output form is a scheelite-quartz vein of the Yingzuihongshan tungsten deposit, where
scheelite coexists with quartz. In summary, we consider that Yingzuihongshan tungsten is
a quartz-vein-hosted tungsten deposit with tungsten that is related to monzonitic granite.

6. Conclusions

(1) The high Nb, Ta and Mo contents of scheelite from the Yingzuihongshan tungsten
deposit suggest that the ore-forming materials mainly came from the crust, while
the ore-forming fluid is pneumato-hydrothermal in an oxidizing environment and is
derived from the granitic magma.

(2) Scheelite from the Yingzuihongshan tungsten deposit has much higher REE contents
and ∑REE values compared with those of scheelite from other mineral deposits in the
world. Most of them have well-developed internal zoning that is closely related to
the high REE contents. The inhomogeneous distribution of REEs exists in different
scheelite grains, or even in different parts of the same grain. The chondrite-normalized
REE distribution patterns of scheelite from the Yingzuihongshan tungsten deposit
can be classified into the MREEs-enriched type, REE-flat type and MREEs-depleted
type, probably revealing a complete dynamic evolution process with very dynamic
conditions that reflect this scheelite formation.

(3) The Yingzuihongshan tungsten deposit is the quartz-vein-hosted tungsten type asso-
ciated with monzonitic granite.
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