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Abstract

:

Most of the rare metal pegmatite deposits in China lie in West, Central and South China, and the Lijiapuzi Nb-Ta deposit is the only pegmatite-type Nb-Ta deposit in Northeast China, therefore a detailed study of the Lijiapuzi deposit is of great importance to the metallogeny and exploration of rare metal deposits in Northeast China. The Nb-Ta bearing pegmatites in Lijiapuzi district are composed of a microcline wall zone, a muscovite (lepidolite)-albite intermediate zone and a quartz core, and the rare metal mineralization mainly occurs in the intermediate zone and is intimately related to the albitization. The lithogeochemical features indicate that Lijiapuzi pegmatoids are rich in silicon and alkaline, poor in calcium, magnesium, titanium and phosphorus, and belong to peraluminous granitoid rocks. The enrichment of large ion lithophile elements (LILEs) and depletion of high field-strength elements (HFSEs), the distinct right-inclined REE pattern with obvious Eu negative anomaly, lower ratio of Nb/Ta and higher ratio of La/Nb and Rb/Sr indicate that the pegmatite was of a crustal origin and formed in relatively extensional tectonic setting of post-orogenesis. The pegmatites in Lijiapuzi area can be divided into two categories, i.e., the NW-trending pegmatites are shorter and thicker, with obvious zoning and localized in the upper part of the near-surface, while the NE-trending pegmatites are longer, thinner, devoid of zoning and localized in the lower part of the district. This probably means that excellent ore prospecting potential exists in the lower part of the Lijiapuzi district.
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1. Introduction


Rare metals are essential to modern industry, especially high-tech industries such as micro-electronics, specialty alloys and high-strength low-alloys etc., [1,2,3,4], which are regarded as strategic and critical metals [3,4,5,6]; however, their production has long been limited in a few countries, and thus their resources, types of deposit, origin, genesis, and tectonic settings attract attention worldwide [7,8,9,10]. Globally the Ta resources mainly occur in pegmatites and rare element-enriched peraluminous granites [3,4,6]; consequently, pegmatites had long been the foci of metallogenic research.



The inherent coarse-grained and in most cases zoning features make the pegmatites distinct from common rocks with similar composition, resulting in the precise determination of the bulk composition of the entire pegmatite almost impossible [11]. Even a simple classification schedule is difficult for pegmatites, as summarized by some scholars [11,12]. Currently, the five-class depth-zone classification [13] and its revision scheme [14], combined with the family classification [8], are the most widely used for granitic pegmatites. The prominence of the scheme is to introduce the geochemical subdivision of the rare element pegmatite class into three families: the niobium- yttrium-fluorine (NYF) family, the lithium-cesium-tantalum (LCT) family, and the mixed NYF-LCT family. Furthermore the NYF-LCT subdivision has become independent from the depth zone classification and been used to distinguish pegmatites of the other four classes as well [12].



In China, pegmatite deposits are one of the most important rare metal metallogenetic types [15,16,17], e.g., the famous Koktokay pegmatite in Altai [18,19] and the recently discovered Renli high-grade super-large Nb-Ta deposit in Hunan Province [20], indicating a conspicuous mineral resource potential. However, the granitic pegmatoid Nb-Ta deposits discovered so far in China are mainly concentrated in West, Central and South China. The Lijiapuzi Nb-Ta deposit, exploited in the 1970s as a muscovite deposit and confirmed to be a Nb-Ta pegmatite deposit in 2018, is the only pegmatite-type rare metal deposit proven by systematic exploration in Northeast China. Considering that both the Zhaojinggou granitic pegmatite Nb-Ta deposit in Inner Mongolia [21,22] and the Lijiapuzi pegmatite Nb-Ta deposit locate at the northern margin of North China Craton, this probably indicates that there is a large-scale rare element mineralization in this area. From this point of view, the detailed study on the metallogeny of the Lijiapuzi deposit is of great importance to evaluation of the resource potential of rare metals in Northeast China.




2. Geological Setting


North China Craton (NCC), compared to the adjacent Central Asian Orogenic Belt in the north and the Central China Orogenic Belt (Qinling-Dabie Orogenic Belt) in the south, is a relatively stable block (Figure 1). The NCC is composed of a Western Block and an Eastern Block, separated by the north-trending Trans-North China Orogen (TNCO), which developed through a series of subduction-related systems and occurred as the suture zone between the two blocks [23,24]. The TNCO and the marginal zones of NCC reactivated in the late tectonomagmatic activities, especially during the Mesozoic collision between the Pacific Plate and the Eurasian Plate, and resulted in the formation of various mineral deposits, i.e., most of the hydrothermal ore deposits are distributed along TNCO and the marginal zones of the NCC [24,25,26].



The Lijiapuzi Nb-Ta deposit, ca.110 km southeast of Shenyang city (the capital of Liaoning Province), with longitude 124°48′13″ E and latitude 41°27′46″ N, lies in the eastern margin of the NCC. Regionally, the most widely spread strata is Archean high-grade metamorphic rocks of the Anshan group, whose lithology includes plagioclase amphibolites, biotitic granulites, amphibole gneiss, migmatitic granite and banded iron formation. The Sinian shale and limestone are scattered in the south part of the research area. The phanerozoic cover layers are mainly quartz sandstone, limestone, and Mesozoic continental volcano-sedimentary formation such as tuff, shale, and volcanic breccias, which as a whole lies unconformably upon the highly deformed and metamorphosed Archean basement (Figure 1).



Since the formation of the ancient basement rocks, the studying area had experienced multiple periods of magmatism and fracturing, which was beneficial to the migration of hydrothermal fluids and the filling of dykes and veins. Regionally there occur three groups of structures, i.e., the EW trending structures which control the spatial distribution of the Archean basement; the NE- and NW-trending structures are intimately related to the Cambrian and Mesozoic volcanic sedimentary basins [27].



There are two kinds of magmatic rocks in the studying area. One is the Archean anatectic granite; the strong migmatization of volcano-sedimentary rocks was considered to be related to the formation of granitic pegmatites and also to the Nb-Ta mineralization [27]. The other is the intense Mesozoic volcanic-subvolcanic-intrusive rocks, including Jijiapuzi granite, ca.6 km north of the Lijiapuzi deposit with a total exposure area of 120 km2 that has resulted in a more than 100 km2 alteration zone which indicates as pyritization, silification, and epidotization etc. In addition, there was a lot of intermediate to acid dykes such as granite, granitic porphyry, diorite, quartz vein, etc. in the area.




3. Ore Deposit Geology


The lithology that occurred in Lijiapuzi mining district is mainly that of Archean metamorphic rocks and Mesozoic andesite and tuff (Figure 2). The former was metamorphosed so intensely that migmatization occurred widely in the mining area. The Nb-Ta bearing pegmatites were believed to be related to the regional migmatization in the southeastern part of the mining area [27], partially owing to the isotopic dating of muscovite in the pegmatites ranging from 2395 Ma to 2464 Ma (Yonghong Zhang, No. 101 Geological Team Co., Ltd, Liaoning Nonferrous Geology Bureau, Fushun, P. R. China; Unpublished work). The Mesozoic volcanic activities led to the reactivation and superimposition of the brittle fractures upon the ancient basement. The faults in the mining area can be divided into two categories, i.e., the NE trending Lijiapuzi overthrust fault, which dips to the SE with an angle of 40–60°, and the NW trending Dabuqiyan overthrust fault, which dips to the NE with an angle 40–60°. Both the faults are compressive-shearing, conjugated, and belong to the same tectonic stress field.



The detailed exploration of the Lijiapuzi deposit began in 2008 and finished in 2018 [28]. A total of 11 Nb-Ta bearing pegmatites were explored, with an average of 0.0045%Nb2O5 and 0.0312%Ta2O5 (Table 1). Generally the NE-trending pegmatites are longer but thinner, echelon arranged with relatively regular shape such as the vein-type, have large extension depth and weak or no differentiation. The NW-trending pegmatites are shorter but thicker, and usually occur near the surface with small extension depth and relatively irregular shapes such as lenticular and well-differentiated [27]. All the pegmatites are localized in Archean metamorphic rocks. Note that No.1, No.2 and No.9 pegmatite are composed of both the NE-trending and NW-trending sub-fractures, and the pegmatite dikes occur as a whole, indicating that the pegmatite-controlling fractures were formed contemporarily and probably conjugated.



The common differentiation in pegmatites manifests as the microcline wall zone, the albite intermediate zone, and the quartz core whose boundaries are obscure (Figure 3A and Figure 4B). In most cases, the aplite border zone, usually ubiquitous in other rare metal pegmatites [10], is absent in the Lijiapuzi ore district.



In the wall zone, the pegmatite is mainly composed of microcline, quartz and a small amount of garnet, with either a minor amount or no muscovite at all (Figure 3B). In some cases there are quartz-veinlets dispersed in the wall zone, resulting in weak montmorillonitization of the microcline (Figure 4A). In addition, there are few sulfide minerals (Figure 5A,B) ore Nb-Ta minerals. The intermediate zone differs from the wall zone by replacement of the microcline by albite (Figure 3C,D) with irregular boundaries (Figure 4B) and the appearance of massive greenish muscovite (Figure 3E), and occasionally purple lepidolite (Figure 3F), spodumene (Figure 4C), apatite (Figure 4E), and minor beryl, gahnite, cassiterite and zircon [27]. The Nb-Ta minerals such as tantalite and columbite, including microlite [27], were formed along the margin of albite (Figure 5E,F), indicating that the rare metal mineralization was intimately related to the albitization. Locally the mineral grains of early stages such as quartz, microcline, albite and muscovite were fractured and filled by epigenetic hydrothermal minerals. Laser Raman spectroscopy indicates that the opaque minerals involved are needle-like goethite along the cleavage or fractured margin of muscovite (Figure 4D and Figure 5C), accompanied by the accumulation of uranium minerals such as calciouranoite (Figure 5D), which means there should have been an epigenetic hydrothermal mineralization after the formation of the Nb-Ta mineralization [28]. The paragenesis of goethite and uranium minerals is well in accordance with the mineralization pattern of a unconformity-type uranium deposit [29], and so is the Lijiapuzi, which is considered to be of supergene stage [27]. Where the pegmatites become thicker, or locally dilative, for instance, the thicker NW-trending pegmatites with the high differentiation of pegmatite will result in a pure quartz core, with minor or no other minerals (Figure 3G). The miarolitic cavities are seldom seen throughout the mining area.



The wall rock alteration is weak in the Lijiapuzi ore district. Where the pegmatites are thick, especially the flanks around the local dilation parts of the pegmatites, the relatively strong alteration manifests as the chloritization of biotite and hornblende (Figure 3H), and occasionally there occurs some volatile components such as tourmaline in the host rocks (Figure 4F).



Based on the mineral assemblages mentioned above, the pegmatites in Lijiapuzi district belong to the LCT type [13,14].




4. Samples and Methods


The Lijiapuzi pegmatite deposit was first discovered in 1960s and exploited in the 1970s for mica mining. By 2018, a total of 34 boreholes had been drilled, and all the cores had been preserved in the Geological Data Center Co., Ltd., Liaoning Geological Exploration and Mining Group, Shenyang, and core sampling was forbidden. Fortunately, four abandoned mining galleries were left over near the surface (Figure 3A). Twelve rock samples from the local dilation part of No.1 pegmatite were collected from No.2 gallery, among which three were from the wall zone, eight were from the intermediate zone, and one was from the quartz core. All the samples were sliced, part of each sample was sent for the preparation of polished and thin sections, and the other was used for geochemical assay at ALS Chemex (Guangzhou) Co. Ltd.



The bulk chemical compositions were determined by an X-ray fluorescence spectrometer (PANalytical PW2424, Almelo, The Netherlands). The mixture of lithium borate and lithium nitrate were added as melting flux into one piece of rock sample powder, fully mixed and then melted at high temperature. The molten substance was poured into the platinum mold to form a flat slide and then analyzed with an X-ray fluorescence spectrometer. Meanwhile, another piece of powder was put into the muffle furnace and burned at 1000 °C, then cooled and weighed. The weight difference before and after heating is the loss on ignition.



The contents of trace elements and rare earth elements were determined by inductively coupled plasma atomic emission spectrometry (ICP-AES) and inductively coupled plasma mass spectrometry (ICP-MS). The rock powder was digested with a mixture of perchloric acid, nitric acid, hydrofluoric acid and hydrochloric acid, and diluted with hydrochloric acid and then analyzed by ICP-AES (Agilent 5110, Palo Alto, USA). If the contents of Bi, Hg, Mo, Ag and W were too high, the liquor samples were diluted and analyzed by ICP-MS (Agilent 7900, Palo Alto, USA). After the spectral interference between the elements was corrected, the final result was obtained.




5. Results


The geochemical data, including the contents of major, trace and REE elements of 12 pegmatite samples, are listed in Table 2. The data and their petrogenic significance are summarized as follows.




5.1. The Major Elements


The contents of SiO2 (65.73~88.75%), Na2O (2.19~9.04%), K2O (0.16~10.30%), and Na2O + K2O (3.97~13.67%) are very high, while the contents of CaO (0.10~0.63%), Fe2O3 (0.37~1.18%), MnO (0.01~0.04%), P2O5 (0.03~0.19%) and MgO (0.01~0.13%) is relatively low; the TiO2 content of most samples are lower than the detectable level. The ratios of Al2O3/ (CaO + Na2O + K2O) (A/CNK) range from 1.27 to 6.82, and the ratios of Al2O3/ (Na2O + K2O) (A/NK) are 1.28~6.87, indicating that the Lijiapuzi pegmatites are rich in silicon and alkaline, and poor in calcium, magnesium, titanium, and phosphorus. All the samples fall in the peraluminous range in the A/NK-A/CNK diagram [30] (Figure 6). In the Harker diagram, with the increasing of content of SiO2, the contents of Al2O3 and P2O5 decrease, while Fe2O3 increases (Figure 7). The alkaline components are another situation. Not the content of Na2O or K2O, but the sum of Na2O and K2O manifests excellent linear negative correlation with that of SiO2. Moreover, although the relationship between Na2O and K2O is not obvious, the samples from the wall zone are notably different from those of other zones, which definitely illustrate the albitization of K-feldspar (microcline). The variability of CaO, TiO2 and MgO is not obvious.



Note that the sample of LJP-5 should be the pure quartz core (Figure 3G), but the contents of Al2O3 and Na2O are obviously high. This is probably due to the albite mixed in the sample, and this should not severely disturb the interpretation of trace elements and REEs.




5.2. The Rare Earth Elements


The total contents of rare earth elements in pegmatite range from 4.0 × 10−6 to 3.77 × 10−6 with an average of 5.78 × 10−6, the light rare earth elements (LREEs) contents account for 1.98 × 10−6~12.65 × 10−6 with an average of 5.12 × 10−6, while the heavy rare earth elements (HREEs) contents account for 0.39 × 10−6~1.12 × 10−6, with an average of 0.66 × 10−6; the ratios of LREEs/ HREEs range from 3.14 to 11.5, suggestive of an obvious differentiation between LREEs and HREEs.



The chondrite-normalized rare earth element (REE) diagram exhibits a conspicuous right-inclining tendency with strong Eu negative anomalies (Figure 8); however, a slight “M-type” tetrad effect still can be seen. This means the pegmatites in the Lijiapuzi deposit should have resulted from the high fractional crystallization of magma, and probably experienced strong hydrothermal fluid interaction [31].




5.3. The Trace Elements


The features of trace elements of pegmatites in the Lijiapuzi district are similar. The primitive mantle normalized trace elements spidergram shows that Cs, Rb, K, Sr, LREEs and Ta, Pb, U etc. are enriched, while Zr, Eu, Ti, Sc, Yb are depleted (Figure 8). The sharp Ti depletion indicates that perhaps a crust-derived substance participated in magmatic activity and probably experienced the fractional crystallization of ilmenite. The ratio of Nb/Ta ranges from 0.032 to 13.0, which is much lower than that of primitive mantle and chondrite; this means the parental magma of the pegmatites was probably crust- rather than mantle- derived. The ratio of Rb/Sr ranges from 3.18 to 575.41, which is much higher than that of primitive mantle, which has an average of 0.029, suggesting that the pegmatites resulted from the high differentiation of magma and experienced the fractional crystallization of plagioclase.



The comparation of particular trace elements among various zones is more indicative of the metallogeny. In contrast with the samples of the wall zone, the contents of Cs, U, Th, Be and Sn of the intermediate zone and quartz core significantly increase, which is well in accordance with the mineral assemblages mentioned above. This means that the pegmatites of Lijiapuzi are confirmed to be of the LCT type.



Note that the characteristics of the trace and rare earth elements of samples from three distinct zones are almost the same, which indicates that the features of the elements can be used to the provenance and the tectonic study setting of the pegmatoid rocks in the Lijiapuzi district.




6. Discussion


6.1. Petrogenesis of Pegmatites


Currently, the classification scheme of granite accepted by most scholars is to be I, S, A, and M type [32], and the Amphibole, Cordierite and alkaline mafic minerals are the crucial classification criteria [33]. In the Lijiapuzi mining district, field and microscopic observation indicates that there are minor mafic minerals in pegmatites, and the pegmatites belong to peraluminous rocks in the A/NK-A/CNK diagram (Figure 6). Accordingly, as a result of geochemical assay, the contents of Fe2O3 (0.37~1.18%), MnO (0.01~0.04%) and MgO (0.01~0.13%) in Nb-Ta bearing pegmatites are very low; the content of Ti is lower than the detectable level. This means that the pegmatites belong to a crust-derived, S-type granitoid.



The pegmatites are enriched in LILEs such as Cs, Rb, K and Sr and depleted in HFSEs such as Zr, Ti and Sc (Figure 8). The high ratio of Rb/Sr indicates that there was probably fractional crystallization of plagioclase. The low amount of Yb (0.06~0.12 × 10−6) and Y (0.4~3.0 × 10−6), and the distinct differentiation between LREEs and HREEs with obvious Eu negative anomalies and the right-inclined REE normalized pattern imply that there should be garnet residue in the source magma [34]. The lower ratio of Nb/Ta and the higher ratio of La/Nb and Rb/Sr indicate that the pegmatites in Lijiapuzi should be of upper crustal origin [35,36].



It should be pointed out that the Ti contents of most of the samples in Lijiapuzi district are lower than the detectable level. The sharp Ti depletion probably indicates that rutile remained as a residual phase during the partial melting. It is well known that the cation radii of Nb+5, Ta+5 and Ti+4 are almost the same, as Nb+5 and/or Ta+5 tends to strongly partition into rutile in the crystalline phase [37,38]. Furthermore the rutile incorporates Nb preferentially over Ta, and this explains the enrichment of Ta over Nb in highly fractionated granitic rocks [39] and also the pegmatoid rocks in the Lijiapuzi deposit.




6.2. Tectonic Setting


Granitoid rocks can be used to discriminate the petrogenetic tectonic setting [8,40,41,42], and some scholars have strongly advocated a classification scheme of Nb-Ta bearing pegmatites by their tectonic setting to better understand the granitic pegmatite deposits [43]. In other words, the tectonic setting is of great importance to the metallogeny of ore deposits.



In the Y vs. Nb diagram, all of the pegmatitic rocks fall in the volcanic arc and syn-collision granite zone, in the Nb + Y vs. Rb diagram they mostly fall in the syn-collision granite zone with two rocks on the boundary line between sys-collision and volcanic arc granite zone, i.e., the pegmatite should be formed in the synorogenic tectonic setting. In the Yb vs. Ta diagram, most rocks fall in syn-collision granite zone, with two in the within-plate-granites zone, however, in the Yb + Ta vs. Rb diagram, rocks falling in the syn-collision granites zone and the within-plate granite zone are almost the same (Figure 9).



NCC, where the Liijiapuzi ore deposit is located, is a relatively stable block. The ancient Archean basic volcano-sedimentary strata experienced intense regional metamorphism and migmatism. As for the eastern Liaoning area, the thickest central part of the Proterozoic Liaohe group occurred as a result of there being intensely metamorphic volcanic rocks at the bottom and slightly metamorphic sedimentary rocks at the top. The unique lithologic sequences earned the name of “Liaodong rift” [44], whose forming mechanism is still controversial, as there is some question as to whether it resulted from the continental rift [45,46] or as the result of a modern plate collision [47,48,49]. However, there seems to be a consensus that the eastern Liaoning area was under the extensional tectonic setting in the paleo-Proterozoic era. The Lijiapuzi pegmatites clearly occurred as dikes and lens, indicating a relatively extensional environment. In summary, the Lijiapuzi Nb-Ta deposit was formed in a relatively extensional environment of the post-orogenic stage.




6.3. Nb-Ta Mineralization in Lijiapuzi Pegmatite Deposit


The Nb-Ta mineralization of pegmatite has long been disputed by many scholars worldwide. Magmatic crystallization differentiation was firstly promoted as the main rare-metal mineralization mechanism [50,51,52], but later many scholars found that the post-magmatic hydrothermal fluids and the late-stage metasomatism play an important role in the mineralization [53,54]. Currently, both of the mechanisms are advocated by most geologists [55,56,57], especially the post-magmatic supercritical fluid [58,59] and the albitization [56,57].



Field truth and microscopic observation indicate that the Lijiapuzi pegmatites exhibit obvious albitization of microcline and late-stage uranium mineralization superimposition. The Nb-Ta mineralization is intimately related to the albite metasomatism of the intermediate muscovite (lepidolite) -albite zone. The features of major components and trace elements indicate that the Lijiapuzi pegmatite was of crust-derived origin, and the residual rutile fractionated the Nb and Ta in the peraluminous granitic melts and formed in a relatively extensional environment of the post-orogenic tectonic setting, i.e., the Lijiapuzi Nb-Ta deposit was formed by the albitization processes of pegmatite in a post- orogenic collision setting in the eastern margin of NCC was and superimposed by a slightly late-stage uranium mineralization.




6.4. Implications for Nb-Ta Mineral Resource Potential in Lijiapuzi District


As mentioned above, the popular classification scheme of grantic pegmatites today gradually turns from the inferred depth-zone dependent criterion to the measurable CMS (Chemical composition—Mineral assemblage—Structural geology) criterion, with emphasis on the practical application [11,12]. However, no one unique classification scheme can include all of the pegmatiod rocks up to now [11].



Beskin and Marin discovered in their research on rare metal mineralization in Eastern Transbaikalia that the LCT pegmatites should further be divided into two types: a “multicomponent rare metal type” and an “albite-spodumene pegmatite” [60,61]. The former occurs as a large crystal with obvious zoning, of a relatively small scale and is usually localized in the upper part of the region, while the latter manifests as multiple extended dikes with no zoning, huge length, and usually locates in the underlying part of the former. Actually the long dikes are not pegmatite but granites serving as the “parent magma” of the multicomponent rare metal. These two kinds of pegmatoid rocks were rare metal mineralized. From this point of view, the classification is surely indicative of ore prospecting.



The NW-trending pegmatites in Lijiapuzi are shorter, thicker, obvious-zoning and localized in the upper part of the near-surface, while the NE-trending pegmatites are longer, thinner, devoid of zoning and localized in the lower part of the district. This probably means that there is excellent ore prospecting potential in the lower part of the Lijiapuzi district.





7. Conclusions


	(1)

	
The Nb-Ta bearing pegmatites in Lijiapuzi are mainly composed of coarse-grained microcline, albite, muscovite, lepidolite, quartz, spodumene, and apatite, with minor beryl, gahnite, cassiterite and zircon and fine-grained tantalite, columbite, microlite, goethite and uranium minerals. The rare metal bearing pegmatites belong to the LCT-type deposit. The Nb-Ta mineralization mainly occurred in the process of albitization in the intermediate zone, and was superimposed by a late-stage uranium mineralization.




	(2)

	
The lithogeochemical features indicate that Lijiapuzi pegmatoids are rich in silicon and alkaline, poor in calcium, magnesium, titanium, and phosphorus, and belong to peraluminous granitoid rocks. The enrichment of LILEs and the depletion of HFSEs, the distinct right-inclined REE pattern with obvious Eu negative anomaly, lower ratio of Nb/Ta and higher ratio of La/Nb and Rb/Sr indicate that the pegmatites were of a crustal origin and formed in relatively extensional tectonic setting of post-orogenesis.




	(3)

	
There are two kinds of pegmatites in the Lijiapuzi district, i.e., the NW-trending pegmatites, which are shorter, thicker, obvious-zoning and localized in the upper part of the near-surface, and the NE-trending pegmatites are longer, thinner, devoid of zoning and are localized in the lower part of the district. This probably means that there is excellent ore prospecting potential in the lower part of the Lijiapuzi district.
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Figure 1. Regional geologic map of Lijiapuzi. Ar-Archean metamorphic rocks; Mγ-Archean migmatitic granite; Z-Sinian shale and limestone; ∈-bitumen bearing shale and limestone; O-dolomitic limestone; C-carbonaceous shale; P-quartz sandstone; K-sandstone interlayer with andesite; Q-quaternary. 
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Figure 2. Geological map of Lijiapuzi Nb-Ta deposit. Lithology is the same as Figure 1B. 1-mineralization borehole; 2-non-mineralization borehole; 3-pegmatite ore bodies; 4-sections. 
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Figure 3. Field occurrence of pegmatites in the Lijiapuzi Nb-Ta ore deposit. (A) An abandoned mining gallery; (B) Marginal microcline rock sample, with late quartz veinlets filled in the fractures; (C,D) Transitional albite rock sample, with gradual or irregular boundary; (E) Sample close to quartz core, with greenish muscovite; (F) purple lepidolite; (G) quartz core; (H) Chloritized plagioclase amphibolite; Mcl-microcline; Q-quartz; Ab-albite; Ms-muscovite; Lpd-lepidolite. 
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Figure 4. The main minerals in the Lijiapuzi pegmatite deposit (Transmitted cross-polarized light). (A) microcline with crossed twinning, with weak alteration; (B) albitization of microcline with an irregular contact boundary between them; (C) spodumene; (D) muscovite, fractured perpendicular to cleavages and filled by late metallic minerals; (E) apatite; (F) chloritization of plagioclase amphibolites; Mcl-microcline; Ab-albite; Q-quartz; Spd-spodumene; Ms-muscovite; Apt-apatite; Chl-chlorite; Tour-tourmaline. 
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Figure 5. The major metallic minerals in the Lijiapuzi ore deposit. (A) Disseminated granular pyrite; (B) Paragenesis of chalcopyrite and pyrite; (C) Euhedral needle goethite along the cleavage and margin of muscovite, tantalite occurs as enclaves of quartz; (D) Cleavage of muscovite is metasomatized and filled with calciouranoite minerals; (E,F) ColumbiteMn distribute along the margin of albite; Py-pyrite; Cp-chalcopyrite; Ms-muscovite; Tn-tantalite; Gth-goethite; Ccr-calciouranoite; ColMn-columbiteMn; Q-quartz. Notes: (A–D) are under reflected light; (E,F) are identically the same image, E is under transmitted cross-polarized light while F is under reflected light. 
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Figure 6. The A/CNK-A/NK discriminant diagram for Lijiapuzi pegmatite. 
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Figure 7. Harker diagram for the pegmatites in Lijiapuzi deposit. Symbols are the same as Figure 6. A-The contents of Al2O3 decrease with the increasing of SiO2 contents; B- The contents of P2O5 decrease with the increasing of SiO2 contents; C- The contents of Fe2O3 slightly increase with the increasing of SiO2 contents; D/E-The contents of K2O or Na2O show no obvious relationship to those of SiO2; F-The sums of K2O and Na2O decrease with the increasing of SiO2 contents. 
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Figure 8. (Left) Chondrite normalized REE pattern; (Right) Primitive mantle normalized trace elements spidergram; Symbols are the same as Figure 6. 
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Figure 9. Tectonic discriminant diagrams of WPG and syn-GOLG suites of the Kenticha granite-pegmatite; Symbols are the same as Figure 6. A-All the rock samples fall in volcanic arc and syn-collision granites domain; B-Most of the rock samples fall in syn-collision granites domain; C-Most of the rock samples fall in syn-collision granites domain; D-Parts of the rock samples fall in syn-collision granites domain, while others fall in within-plate granites domain except for one outlier. The combination of the four subfigures indicates that the pegmatites in Lijiapuzi should be related to orogenesis. 
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Table 1. The general characteristics of Nb-Ta bearing pegmatites in Lijiapuzi deposit (Adapted from ref. [28]).
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Ore Body

	
Ore Body Size

	
Grade (%)

	
Occurrence




	
Length (m)

	
Average Thickness (m)

	
Nb2O5

	
Ta2O5

	
Dip Direction

	
Dip Angle






	
①

	
238

	
0.83

	
0.0038

	
0.0339

	
305°

	
75°




	
②

	
156

	
0.99

	
0.0040

	
0.0319

	
315°

	
75°




	
②-1

	
163

	
1.99

	
0.0074

	
0.0330

	
315°

	
65°




	
③

	
90

	
0.12

	
0.0028

	
0.0320

	
325°

	
85°




	
④

	
648

	
1.21

	
0.0051

	
0.0298

	
145°

	
75°




	
⑤

	
42

	
3.39

	
0.0022

	
0.0510

	
55°

	
40°




	
⑥

	
26

	
1.87

	
0.0035

	
0.0475

	
40°

	
50°




	
⑦

	
112

	
0.37

	
0.0020

	
0.0158

	
40°

	
65°




	
⑧

	
100

	
0.28

	
0.0020

	
0.0592

	
295°

	
40°




	
⑨

	
31

	
0.99

	
0.0036

	
0.0549

	
25°

	
75°




	
⑩

	
35

	
0.27

	
0.0020

	
0.0254

	
70°

	
55°




	
⑪

	
102

	
0.50

	
0.0033

	
0.0351

	
302°

	
65°











[image: Table] 





Table 2. Major, trace and REE data for pegmatite in the Lijiapuzi ore deposit.
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Sample

	
LJP-1

	
LJP-2

	
LJP-3

	
LJP-4

	
LJP-5

	
LJP-6

	
LJP-7

	
LJP-8

	
LJP-9

	
LJP-10

	
LJP-11

	
LJP-12




	
Wall Zone

	
Core

	
Intermediate Zone






	
Major elements (wt%)




	
SiO2

	
68.77

	
71.84

	
65.73

	
76.60

	
75.14

	
77.45

	
88.75

	
75.82

	
81.03

	
81.56

	
71.33

	
72.95




	
Al2O3

	
16.70

	
14.66

	
18.30

	
14.04

	
14.88

	
13.70

	
6.73

	
14.64

	
11.36

	
10.88

	
17.44

	
16.44




	
TFe2O3

	
0.41

	
0.40

	
0.37

	
0.53

	
1.13

	
0.65

	
0.51

	
0.85

	
1.12

	
0.83

	
1.18

	
0.53




	
Na2O

	
2.73

	
2.19

	
3.37

	
6.88

	
4.77

	
6.16

	
3.72

	
5.96

	
3.20

	
4.05

	
6.80

	
9.04




	
K2O

	
9.97

	
9.25

	
10.30

	
1.21

	
1.93

	
0.89

	
0.25

	
1.26

	
1.67

	
1.12

	
1.95

	
0.16




	
CaO

	
0.16

	
0.11

	
0.22

	
0.18

	
0.17

	
0.25

	
0.14

	
0.20

	
0.10

	
0.23

	
0.22

	
0.63




	
MgO

	
0.01

	
0.03

	
0.02

	
0.03

	
0.13

	
0.07

	
0.02

	
0.06

	
0.07

	
0.08

	
0.06

	
0.02




	
MnO

	
0.01

	
0.01

	
0.01

	
0.01

	
0.02

	
0.01

	
0.02

	
0.02

	
0.02

	
0.02

	
0.04

	
0.03




	
Cr2O3

	
0.01

	
0.01

	
0.02

	
0.02

	
0.02

	
0.01

	
0.01

	
0.01

	
0.03

	
0.01

	
0.01

	
0.01




	
P2O5

	
0.14

	
0.14

	
0.19

	
0.11

	
0.05

	
0.05

	
0.07

	
0.05

	
0.04

	
0.03

	
0.12

	
0.07




	
BaO

	
0.04

	
0.03

	
0.03

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01




	
SrO

	
0.02

	
0.02

	
0.02

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01




	
V2O5

	
0.01

	
0.01

	
0.02

	
0.02

	
0.01

	
0.01

	
0.01

	
0.02

	
0.02

	
0.01

	
0.01

	
0.02




	
LOI

	
0.29

	
0.38

	
0.40

	
0.32

	
1.18

	
0.49

	
0.11

	
0.65

	
0.88

	
0.68

	
0.98

	
0.14




	
Total

	
99.27

	
99.08

	
99.00

	
99.97

	
99.45

	
99.76

	
100.36

	
99.56

	
99.56

	
99.52

	
100.16

	
100.06




	
Trace elements (ppm)




	
Cs

	
130

	
184.5

	
130.5

	
21.5

	
68.5

	
31.8

	
5.45

	
47.6

	
96.1

	
32.6

	
23

	
5.64




	
Rb

	
8370

	
8940

	
9410

	
1155

	
3420

	
1520

	
198.5

	
2360

	
3510

	
1710

	
1660

	
125




	
Ba

	
252

	
125.5

	
199.5

	
34.8

	
22.8

	
10.2

	
15.5

	
11.9

	
7.7

	
13.6

	
57.9

	
15




	
Th

	
0.23

	
0.61

	
0.23

	
0.08

	
0.4

	
0.4

	
3.46

	
0.16

	
2.94

	
1.18

	
0.12

	
0.26




	
U

	
0.66

	
0.68

	
0.37

	
0.05

	
0.53

	
0.84

	
4.19

	
0.25

	
0.6

	
3.88

	
0.09

	
1.45




	
K

	
9.97

	
9.25

	
10.3

	
1.21

	
1.93

	
0.89

	
0.25

	
1.26

	
1.67

	
1.12

	
1.95

	
0.16




	
Nb

	
1.5

	
1.5

	
2

	
2.6

	
27.2

	
16.7

	
20.5

	
17.2

	
19.5

	
60.0

	
3.9

	
9.8




	
Ta

	
25.2

	
46.4

	
41.8

	
15.4

	
112

	
116

	
606

	
84.9

	
122

	
282

	
14.6

	
74.2




	
La

	
1.4

	
0.9

	
1.1

	
0.6

	
0.7

	
1.2

	
3

	
1.2

	
0.9

	
0.7

	
1.8

	
0.8




	
Ce

	
1.9

	
2

	
1.7

	
1

	
3.4

	
2.1

	
6.3

	
2.3

	
1.4

	
2.4

	
4.1

	
1.9




	
Pb

	
7.4

	
9.1

	
5.1

	
1.1
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