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Abstract

:

Recently, the demand for lithium (Li) as an energy storage element has increased, owing to the rapid increase in the number of electric vehicles. To meet this demand, Li exploration has become increasingly important. The Boam deposit is located in the Uljin area of eastern South Korea, where several rare-element pegmatites (0.24% Li) intrude the Precambrian Janggun Limestone Formation. In this study, we performed petrographical and geometrical analyses of the rare-element pegmatites recognized in the vicinity of the Boam deposit, through which the Li-mineralization process was identified and the factors controlling intrusion studied. Our results are summarized as follows: (1) the pegmatites exhibit regional and internal zoning based on their mineral assemblages; (2) Li mineralization is restricted to pegmatites; (3) the geometry and distribution of the pegmatites are strongly controlled by fracture, bed contact, and post-intrusive deformation; and (4) exploration should be concentrated in the ENE–WSW-trending zone of the upper part of the Janggun Limestone Formation. These results provide valuable understanding to guide the development of strategies for early-stage mineral exploration in the Uljin area.
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1. Introduction


The high demand for secondary batteries that can be used semi-permanently via charging contributes to the increasing importance of Lithium (Li) as a strategic element [1]. Lithium prices are steadily rising with demand, having increased by more than 200% in 2021 compared with the previous year [2]. To secure Li resources, global producers such as Albemarle (USA), Jiangxi Ganfeng Lithium (China), Pilbara Minerals (Australia), and Sociedad Química y Minera (Chile) are actively investing in Li exploration projects in their respective countries [3]. In South Korea, Li exploration has been conducted in the Uljin area by the Korea Institute of Geoscience and Mineral Resources (KIGAM) since 2013 [4,5].



Lithium is mainly extracted from two sources—brines and hard rocks (i.e., pegmatite, granite, and sedimentary rocks) [3,6,7]. Brine-type deposits are the predominant source (60–70% of global Li supply) and comprise the largest reserves (low-grade), have a low recovery rate, and are less environmentally friendly compared to hard-rock deposits. Hard-rock deposits are typically of higher grade and are easier to mine than brine-type deposits, and often include combinations of high-grade rare elements including Be, Nb, Ta, Rb, and Cs [7,8,9,10,11,12]. Lithium hosted in hard rock is mainly related to rare-element pegmatite; currently, 26% of the global Li supply comes from these deposits. The estimated total global Li resources in rare-element pegmatite deposits are approximately 3.9 Mt, comprising 24.2% in Australia, 12.4% in China, 30.7% in North America (USA and Canada), 26.8% in South Africa (DRC, Zimbabwe, and Namibia), and 5.4% in Russia [13].



In South Korea, Li mineralization has been reported in the Uljin and Danyang pegmatites and Haenam volcanic rocks [4,5,14,15,16,17,18]. Mining activities took place in the Uljin area, including the Boam deposit, between 1945 and 1963, and yielded approximately 180 Mt of Li orebodies (LiO2 = 1.69–1.9%) [17]. Currently, all Li mining has ceased; however, Li-exploration activities for the evaluation of potential resources are now being undertaken in the Uljin area owing to the increased demand. The Uljin pegmatite intrudes Precambrian gneiss and metasedimentary or sedimentary rocks. The pegmatite bodies have a dyke-sill shape, vary from a few meters to tens of meters in length, and reach several meters thick. Notably, the Li-bearing pegmatites around the Boam deposit have experienced hydrothermal alteration and late deformation; therefore, the evolution and intrusion trends of this deposit are challenging to predict. Previous studies of the Boam Li-bearing pegmatites have generated a range of geochemical, isotopic, and geochronological data [4,5,18]. Lee et al. [5] classified Li-bearing pegmatites into three groups based on their locations (i.e., western, main, and eastern orebodies). The estimated average Li content of each orebody is 1854 ppm, 3566 ppm, and 4474 ppm, respectably. However, they have not considered the geometry and distribution of Li-pegmatite in mineral exploration.



Traditionally, pegmatite exploration techniques can be divided into grassroots and advanced exploration [19]. The goal of grassroots exploration is to find a pegmatite dyke and map its area to evaluate its mineralization potential, while advanced exploration aims to study a pegmatite dyke in more detail, such as the specific location of a mineralization zone [19]. An important commonality between these two research methods is the exploration of pegmatites as a source of economic commodities, relying entirely on surface discoveries [19]. Here, we sought to identify areas of hidden Li orebodies with a high potential for exploitation based on the petrographical and geometrical analysis of exposed thirteen rare-element pegmatites (hereafter referred to as REP). Our results show that the intrusion patterns and distribution characteristics in this area are strongly controlled by fracture, bed contact, and post-intrusive deformation. Overall, our findings provide a valuable understanding of the pegmatite intrusion mechanisms in the study region and may be useful in early-stage exploration.




2. Geological Background


The Precambrian basement in the southern part of the Korean Peninsula consists of the Gyeonggi and Yeongnam Massifs. The Yeongnam Massif is located between the Okcheon metamorphic belt and the Taebaeksan Basin in the north and the Gyeongsang Basin in the south (Figure 1a). The Yeongnam massif has experienced tectonic events related to the Early Proterozoic continental collision, with NS- and NE-strike structures [20,21].



The geology of the Uljin area, northeast of the Yeongnam Massif, mainly consists of Precambrian gneiss (Wonnam Formation, Buncheon granite gneiss), metasedimentary (Dongsugok Formation, Yulri Series), limestone–marble (Janggun Limestone Formation), and later intrusions of unknown age (Figure 1a). Pegmatites intrude the Wonnam (Wonnam Formation, Dongsugok Formation, and Janggun Limestone Formation) and the Yulri Series, and are concentrated at the southern NE–SW-trending Buncheon granite gneiss (1990 ± 5 to 1813 ± 377 Ma) [22,23]. Pegmatite swarms strike N30°–80° E, dip 30°–80° NW, and are divided into two types according to their mineral composition and emplacement age in Uljin. Simple pegmatites are composed primarily of quartz, feldspar, and muscovite, lack internal zoning, and have emplacement ages between 778 ± 14 and 696 ± 15 Ma [15]. REPs are primarily composed of quartz, feldspar, muscovite, and rare-element minerals such as lepidolite, spodumene, elbaite, beryl, cassiterite, fluorite, topaz, and apatite. The REPs were emplaced between 186 ± 4 and 155 ± 3 Ma [15,18,24] and partially experienced hydrothermal alteration (internal greisen). During this period (ca. 200–160 Ma), subduction-related magmatism and the development of a shear zone occurred on the Yeongnam Massif [20].



The geology of the Boam deposit, located east of the Uljin area, mainly consists of the Dongsugok Formation, the Janggun Limestone Formation, and the Yulri Series (Figure 1b). The Dongsugok Formation forms the lowest strata, composed primarily of mica schist and intercalated quartzite-amphibole schist [15]. The Janggun Limestone Formation conformably overlies the Dongsugok Formation. In the lower part of the Janggun Limestone Formation, gray-white to light-pink limestone predominates, whereas light-gray limestone alternates with dark-gray to black sandy limestone in the upper part [15]. The light-gray limestone mainly consists of coarse calcite with minor muscovite, and the dark-gray to black sandy limestone mainly consists of calcite, quartz, tourmaline, and biotite. The upper part of Janggun Limestone Formation often exhibits a nodular texture characterized by centimeter- to tens-of-centimeter-sized nodules floating within a fine-grained sandy limestone matrix.



The dominant directions of the bedding and fractures in the Janggun limestones in the study area are E–W- and NE–SW-striking, respectively (Figure 1b). Most of the bedding shows a low or moderate angle (<40°), and frequently changing dip directions are identified from the stereo-net. Although these structures may be related to folding events, more detailed analysis and data are needed to aid interpretation. Most of the fractures show moderate or high angles (>50°) and can be grouped into two NE–SW- and E–W-striking sets; however current field data are insufficient to investigate the fracture deformation history, requiring detailed structural work to aid further exploration.



The Yulri Series unconformably overlies the Janggun Limestone Formation and primarily consists of schist, phyllite, quartzite, and partially intercalated limestone. The intercalated limestone layers range from 30 to 100 m in thickness and contain calcite with minor quartz, muscovite, pyrite, and magnetite [15]. The general strike and dip of the Dongsugok Formation, the Janggun Limestone Formation, and the Yulri Series are N30°–80° E and 30°–80° NW, respectively, but include complex structures due to local folding and faulting.




3. Research Methods


3.1. Geochemical and Petrographical Analysis


Seven fresh REP samples were collected from orebodies during geological mapping for analysis, and polished thin-sections were prepared for petrographic study. Samples BA1–3 are representative REP samples selected from each orebody for comparison with existing data, while samples BAN1–4 are REPs newly identified as part of this study (Table 1). Rare-element analysis was conducted by inductively coupled plasma mass spectrometry (ICP-MS) and inductively coupled plasma optical emission spectrometry (ICP-OES) at Activation Laboratories Ltd., Ontario, Canada, and the Korea Institute of Geoscience and Mineral Resources (KIGAM), Daejeon, Korea. The powdered rock samples (approximately 0.5 g) were dissolved in an acid mixture at 190 °C (on a hotplate) for 48 h prior to analysis. The analytical error was ± 5%. The upper limits of Li, Cs, and Rb were different because of differences in the type of spectrometry used.



The polished REP thin-sections were studied using microscopy after macroscopic mineral and textural characterization of the rock sample. Backscattered electron (BSE) images were obtained to examine the internal texture of the minerals using scanning electron microscopy and energy dispersive spectroscopy (SEM-EDS; JEOL JXA-8100) at Gyeongsang National University, Jinju, South Korea. BSE images were taken at 100× magnification with an accelerating voltage of 15 kV.




3.2. Geometric Analysis


Lee et al. [5] conducted a detailed study of the Boam deposit and grouped REPs based on their locations into the main (Boam deposit), western (c. 450 m west of the deposit), and eastern (c. 300 m east of the deposit) orebodies (Figure 1b). In this study, geometrical analysis of the individual REP bodies in these three groups (the main group was subdivided into main and submain groups for classification) was performed to determine the factors controlling the arrangement of the pegmatites developed in the limestone layer within a linear distance of approximately 1 km.



Research on the factors controlling intrusion using geometrical analysis can be integrated with the factors that control the overall arrangement. Here, we analyzed thirteen individual REP bodies including their general strike and dip, inter-relationships with surrounding fractures, and deformation characteristics (Table 2, Figure 1b). All analyses were performed in two-dimensional sub-vertical planes, and some outcrops were visualized using photogrammetry software (Metashape 1.6.2; Agisoft LLC, St. Petersburg, Russia). In the case of the pegmatites showing various intrusion planes, strike and dip were estimated based on the most dominant direction of the thickest pegmatite.





4. Results


4.1. Lithium Mineralization


4.1.1. Rare-Element Pegmatite (REP)


The western orebody (1130 to 1584 ppm Li; Lee et al. [5]; this study) is located approximately 450 m west of the main orebody (Figure 1b). No pits occur in the western orebody, and the pegmatite-intruded host rock (the Janggun Limestone Formation) is observed only on the outcrop. The host rock is composed of light-gray limestone that alternates from dark-gray to black sandy limestone. The limestone calcite appears recrystallized and white in color. The REPs lack internal zoning and are texturally homogeneous, and the main constituent minerals are K-feldspar, quartz, plagioclase (albite), and Li minerals (spodumene, elbaite, and lepidolite). In the western orebody, purple or pink lepidolite is rarely observed while medium-grained (<2.5 cm) white or light-brown spodumene is more abundant than in the main-submain and eastern orebodies (Figure 2a).



In the main-submain orebody (589 to 5280 ppm Li; Lee et al. [5]; this study), four small-scale pits exist (approximately 5–30 m in length and NE-trending), although some have collapsed. The host rock (Janggun Limestone Formation) is composed of light-gray limestone that alternates from dark-gray to black sandy limestone, and shows a selectively weathered structure. Some limestone is partially skarnized by pegmatite intrusions with local Fe–mineralization, although the skarnized zone is very narrow (<0.5 m). The REPs are rather inhomogeneous compared to western REPs and show internal zoning with different mineral assemblages (an inner K-feldspar ± quartz zone and an outer plagioclase-mica-quartz ± K-feldspar zone). Brecciated and/or massive Li orebodies consisting of fine-grained aggregates of lepidolite ± elbaite are only observed in the outer zone. The brecciated Li orebodies are angular or subangular and variable in size, ranging from 0.5 cm to a few centimeters. The breccia matrix is composed of albite, quartz, and minor muscovite, all of which are cross-cut by late calcite veinlets. The massive Li orebodies consist of lepidolite, elbaite, albite, and quartz, and are partially brecciated. Spodumene is observed less commonly than in the western REPs.



The eastern orebody (4474 ppm Li; Lee et al. [5]) is located approximately 300 m east of the main-submain orebody and contains three small-scale pits (approximately 5–10 m in length and NE-trending; Figure 1b). The host rock (Janggun Limestone Formation) is composed of light-gray limestone that alternates from dark-gray to black sandy limestone and shows a selectively weathered structure. The following two internal zones are recognized within the REP based on the mineral assemblage: (1) an inner K-feldspar ± quartz zone, and (2) an outer plagioclase-mica-quartz ± K-feldspar zone (Figure 2b).



The inner zone is variable in thickness but is generally tens of centimeters thick. This zone mainly consists of blocky K-feldspar with minor quartz. The outer zone occurs in the upper and lower parts of the REP; these are primarily composed of albite, muscovite, and quartz. Brecciated and/or massive Li orebodies consisting of lepidolite-elbaite were observed only in the outer zone (Figure 2c,d). Medium-grained (<2.5 cm) blocky K-feldspars are observed at the internal zone boundary (Figure 2c). Massive quartz is concentrated in a specific part parallel to the internal zone boundary (Figure 2d). The albite, lepidolite, quartz, and minor K-feldspar show a graphic and layered texture in the outer zone (Figure 2d). Elbaite grains are perpendicular to the contacts of the REP and exhibit a unidirectional solidification texture (UST).



The REPs from the Boam deposit represent regional zoning from the western orebodies (Pgt 1–3) to the main-submain orebodies (Pgt 4–9) to the eastern orebodies (Pgt 10–13) based on the mineral assemblage. The main minerals of the western REPs are K-feldspar, quartz, and minor plagioclase (albite), whereas the main and eastern REPs are composed mainly of plagioclase (albite), mica, and quartz with minor K-feldspar. Spodumene, which is the main Li mineral in the western REP intergrowth, is rarely observed in the main-submain and eastern REPs. Lepidolite (Li-mica), which is rarely observed in the western REP, occurs in greater amounts in the main-submain and eastern REPs.




4.1.2. Minerals in Rare-Element Pegmatites (REPs)


The REPs from the western orebody lack internal zoning and are texturally homogeneous but become internally zoned with increasing distance from the western to eastern orebody based on the mineral assemblage.



The fine-grained (<2.5 cm) blocky K-feldspar shows a perthite texture and is mainly present in the homogeneous REP and inner zone of the REP as a primary mineral. These K-feldspar grains are mostly replaced by saccharoidal albite in the outer zone of the REP (Figure 3a,b). The milky to grey quartz is variable in size but coarser in the outer zone of the REP.



The euhedral to subhedral plagioclase is mostly albite, showing albite twinning. These albites are the most abundant minerals in the internally zoned REPs (Figure 3a,b). The primary plagioclase in the homogeneous REP shows an igneous texture and intergrowth with K-feldspar, quartz, and spodumene. In contrast, secondary plagioclase in the zoned pegmatite with saccharoidal texture has replaced the K-feldspar and coexists with mica (Figure 3b). The amount of albite locally increases from the homogeneous REPs to internally zoned REPs, and from the inner zone to the outer zone.



White to green muscovite is abundant in the outer zone of the REP. Muscovite has one perfect cleavage, often with minor bending (muscovite fish); the observed muscovite is intergrown with recrystallized quartz and replaces both the K-feldspar and plagioclase (albite) (Figure 3b,c). The BSE images show that the rims of the muscovite in a large number of the samples are enriched with rare elements such as Cs (Figure 3d).



White to pale-brown spodumene crystals up to several centimeters are present and are more abundant in the homogeneous REP than in the internally zoned REP. The spodumene grains are typically subhedral tabular or lath-shaped, often with symplectitic intergrowth with quartz along the grain boundaries (Figure 3a). The spodumene is intergrown with magmatic minerals, such as K-feldspar, quartz, and plagioclase (albite) (Figure 3a), and these grains contain magmatic zircons that are interpreted as primary inclusions.



The acicular to prismatic elbaite grains are pale-green to pink, and are observed in all the REPs from the Boam deposit. The elbaite is intergrown with lepidolite or cross-cut lepidolite (Figure 3c). The main Li mineral in the internally zoned REP (Figure 3b–d) is lepidolite, which is macroscopically purple to violet and forms variably sized, platy to irregular-shaped grains. The lepidolite replaces muscovite and mainly occurs in the outer zone of the REP (Figure 3d). These lepidolites are broken into thin flakes or bent in the brecciated REP (main-submain orebodies). Fluorite, apatite, zircon, and beryl are accessory minerals within the REP.



The western homogeneous REP is enriched in K-feldspar, and spodumene is the main Li mineral. However, with increasing distance from west to east, the REPs are internally zoned, the relative proportion of albite to K-feldspar gradually increases, and the amounts of muscovite and lepidolite also increase.





4.2. Geometry of the Rare-Element Pegmatite (REP) Bodies


Thirteen REP bodies, from west to east, are described in the following sections.



4.2.1. Western REP Bodies


The western REP bodies are located approximately 450 m to the west of the main REP bodies, and we identified two new sets of REP bodies by tracing the ENE–WSW-trending downward profile (Figure 4). The three sets of REP bodies were divided into upper (Pgt 1), middle (Pgt 2), and bottom (Pgt 3) parts based on their elevation; the connectivity of these REP bodies was difficult to identify because of the thick soil cover. One set of REP bodies (Pgt 1) was identified in the nodular limestone at an altitude of 516 m (Figure 4a). The eastern Pgt 1 body is composed of more than two lenticular bodies arranged parallel to the N60° E/70° NW-striking bedding, with a maximum thickness of approximately 20 cm. The western Pgt 1 body has a variable thickness with an irregular shape and highly fractured host rock. The weakly deformed bedding planes (with no distinct folding, brecciation, densely spaced (<10 cm) fractures, or faulting) near the REP bodies are mostly parallel to the intrusion planes.



Another set of REP bodies (Pgt 2) was identified in the nodular limestone at an altitude of 468 m east-northeast of Pgt 1 (Figure 4b,c). The eastern Pgt 2 body shows a branched shape with a maximum thickness of approximately 50 cm (Figure 4b). Although the dominant strike of the body is N42E and parallel to the bedding, the pegmatite branches into the fracture at the point of intersection with the N–S-striking fracture. The western Pgt 2 body has a planar shape with a blunt-ended tip and a maximum thickness of approximately 70 cm (Figure 4c). This body is intruded parallel to the bedding and is slightly bent by the local rotation of the bedding. Both bodies are lenticular, and the extension to the upper part disappears on the outcrop.



The third set of REP bodies (Pgt 3) occurs in the nodular limestone and marble at an altitude of 446 m in the east-northeast area of Pgt 2 (Figure 4d,e). The eastern Pgt 3 body is lenticular with a maximum thickness of approximately 120 cm (Figure 4d). This body intrudes the bedding, with some thin (<10 cm) REP bodies branching into the bedding. Similarly, the western Pgt 3 body is lenticular, has a maximum thickness of approximately 20 cm (Figure 4e), and intrudes the bedding as thin (<10 cm) REP bodies. The upper extension of the Pgt 3 set is obscured by vegetation.



The characteristic intrusive patterns observed in Pgt 1 can be interpreted as follows (Figure 4a): (1) the eastern Pgt 1 body shows a boudinage structure (the upper body is continuous with necks); and (2) the irregular Pgt 1 set is difficult to interpret based on the exposed surface of this outcrop, but we identify the following three possibilities: (i) asperity of the exposed surface, (ii) post-deformation of intrusions, and (iii) fingers of sill. Three-dimensional observations would aid a more accurate interpretation.



The factors controlling the intrusion of the western REP bodies (Pgt 1–3) are bedding, N–S-striking fracturing (i.e., branching), and N60E- or E–W-striking discontinuities (i.e., dykes). Although the exact thickness was not measured for Pgt 1, Pgt 2, and Pgt 3 showed similar degrees of dilation with a total thickness of 120 and 140 cm, respectively.




4.2.2. Main REP Bodies


Three pits were identified in the Boam deposit and two REP bodies (Pgt 4 and Pgt 5) were visually confirmed. Pgt 4 (near the deposit entrance) can be confirmed as a mining trace in pit 1, whereas Pgt 5 is observable only on the slope near pit 3 (note that pits 2 and 3 have collapsed). Thus, we inferred the geometry of Pgt 5 from the relationship between the body and the surrounding structures. To explain each REP body, the western slope (around pit 1) and the eastern slope (around pits 2 and 3) are described separately.



We identified a mixture of brecciated Pgt 4 and the host rock (limestone) in the N80° W/60° NE-striking fault zone (approximately 30 cm thick) and the western slope of the pit 1 entrance (Figure 5a). Densely developed N15° E-striking fractures crosscut the N82° W/20° NE-striking beddings on the eastern slope of the pit 1 entrance, although these fractures do not penetrate the fault zone. In the mine, a N60° E/60° SE-striking lenticular- shaped REP body (Pgt 4) was confirmed (Figure 5b). This body cuts the N84° W/20° NE-striking bedding with a maximum thickness of approximately 1 m. The intrusive plane is relatively sharp and fragments (i.e., xenoliths) of the host rock are captured within the pegmatite body.



A brecciated REP body exists around the entrance of the pit, whereas a massive REP body was confirmed in the mine (Figure 5). We attribute this difference in deformation to the N80° W/60° NE-striking fault. A detailed analysis of this fault is required because it may redistribute the location of the REP body, although this is made difficult because the key bed in the footwall could not be found, possibly having been eroded. We consider that the factors controlling Pgt 4 are the ENE–WSW-striking discontinuity and (post-intrusion) faulting.



The eastern end of the western slope (near pit 2) collapsed in the N80° W/60° NE-striking fault zone (Figure 6a). The N30° W- and NS-striking fault sets between pits 2 and 3 have caused local rotation of the bedding and displaced the bedding of the hanging wall downward. Pgt 5 is planar, with a maximum thickness of approximately 30 cm (Figure 6b). A N70° E-striking REP body cross-cutting the bedding extends from pit 3 to the top of the slope with a 45° dip until it runs into the N74° W/80° NE-striking fault. The body of the relatively northern block, based on the fault, falls downward (Figure 6c). From the fault zone to the east, the following features were identified: (1) the host rock and REP body are brecciated, (2) the fracture density and the irregularity of the REP body shape increase, and (3) the slopes are eventually only occupied by boulders of the host rock and the REP body.



The fault zones observed on the western slope can be interpreted as follows (Figure 6a): (1) N30° W- and N–S-striking faults are interpreted as normal faults, evidenced by downward displacement of bedding on the hanging wall. Based on the amount of displacement, the N30° W-striking fault (<20 cm dip separation) is interpreted as a subsidiary fault of the N–S-striking faults (>20 cm dip separation). Although there is no direct evidence between Pgt 5 and the fault, it is possible that the elevation difference between pits 2 and 3 is caused by this fault; (2) The N74° W/80° NE-striking fault displaced Pgt 5 and shows a wide damage zone (approximately 2 m), although there are no kinematic indicators of horizontal movement in the key beds. As the faults interpreted as post-intrusion deformation are important for tracing the REP bodies in the study area, these require more detailed interpretation. Overall, the factors controlling Pgt 5 are interpreted as being linked to ENE–WSW-striking discontinuities and (post-intrusion) faulting.



The REP bodies (Pgt 4 and Pgt 5), faults, and breccia zones observed in the Boam deposit are shown in Figure 7. The ENE–WSW-striking REP bodies (Pgt 4 and Pgt 5) show a sub-parallel arrangement, and the WNW–ESE-striking faults crosscut both REP bodies. Brecciated and collapsed zones (boulder zones) are distributed around the fault zones. Owing to the collapse of the slope and mines, the relationship between the REP bodies and the existence of other REP bodies could not be confirmed, although we interpret this arrangement as being indicative of two or more sub-parallel REP bodies in the Boam deposit.




4.2.3. Submain REP bodies


Four REP bodies (Pgt 6–9) were identified near the main REP bodies, described here sequentially from west to northeast.



One REP body (Pgt 6) was identified in the nodular limestone at a small open pit (Figure 8). Pgt 6 is zig-zag shaped with a maximum thickness of approximately 1 m. The EW/20 N-striking bedding is mostly planar but slightly folded near the sub-vertical intrusion plane (Figure 8a). N–S-striking fracture sets also occur with cross-cut bedding.



We did not identify any displacement or deformation of the host rock or pegmatites by the N–S-striking fractures, and local folding around the vertical intrusion plane—especially near the fracture plane—is interpreted as being caused by intrusion (i.e., dragging; Figure 8a). Therefore, the N–S-striking fractures are interpreted as pre-dyking fractures. The back images of the pits (produced using Agi software) further illustrate that the pegmatite intrusion pattern is controlled by the bedding and fractures (Figure 8b,c).



REP bodies (Pgt 7) showing both irregular and sharp intrusive planes in the nodular limestone were identified in the outcrop (Figure 9a,b), with an inferred maximum thickness of approximately 4 m (the exact intrusion direction was ambiguous). The intrusive plane of Pgt 7 can be divided into southern, upper, and northern planes, which have the following characteristics: (1) the upper part of the southern intrusive plane is parallel to the N70° W/70° SW-striking bedding, whereas the lower part is deflected into the 70° W/30° NE-striking fractures (Figure 9c); (2) the upper intrusive plane is zig-zag shaped; (3) the northern intrusive plane is parallel to the N76° E/50° NW-striking bedding (Figure 9d). Notably, the bedding dip direction has changed from north to south, and some southern bedding is intruded by thin pegmatites (<10 cm). The N70° W/30° NE-striking fractures and a highly fractured zone in the host rock are filled with calcite veins.



The irregular shape of the upper and southern intrusive plane is interpreted as the refraction of the REP bodies due to the intersection of the bedding and the N70° W/30° NE-striking fracture; there is no visible displacement or deformation of the rocks or the northern intrusive plane by the fractures (Figure 9b,c). Folding (anticline and fold axis = 44° /N48° W), indicated by the opposite dipping direction of the bedding, is also interpreted as being related to intrusion because there are no kinematic indicators or structures related to folding in the rocks. Such a folded structure does not appear in the surrounding rocks, which supports the possibility of local folding related to intrusion. Therefore, it is likely that local folding (non-tectonic folding) occurred when the pegmatite intruded, and, later, calcite veins developed along the highly fractured hinge zone.



REP body Pgt 8 was identified in the nodular limestone outcrop (Figure 10). Although only a small part was exposed, Pgt 8 shows a lenticular shape with a maximum thickness of approximately 50 cm (Figure 10a,c). The northern part of Pgt 8 is bordered by a N64° W/90°-striking fracture, and the southern part is covered by a layer of host rock (Figure 10b,c). The bedding around this REP body is relatively consistent with an EW/50° N strike, although the bedding overlying the exposed pegmatite rotates locally in the N60° E/50° SE direction (Figure 10a).



The factors controlling Pgt 8 are the N64° W/90°-striking fractures and the N60° E/50° SE-striking bedding. Comparatively, it was difficult to confirm this relationship with Pgt 7 due to soil and vegetation cover.



REP body Pgt 9 was identified in a small pit comprising nodular limestone (Figure 11). Similar to Boam pit 1, the rocks in this pit show differences in their degree of deformation. Firstly, a weakly deformed zone was identified inside the pit, and planar and massive REP bodies were observed parallel to the N–S-striking bedding (Figure 11a,c,d). The N–S-striking bedding not only provided a conduit for the planar REP body but also arrested the extension of the upside of the REP body (Figure 11a,c). Secondly, a highly deformed zone was identified around the pit entrance, and a mixture of the brecciated irregular Pgt 9 REP body and the host rock was observed (Figure 11b,d–f). The dominant strike of the bedding is NW–SE-trending.



As a result of plotting these elements on a simplified map, we established the NNE–SSE-trending boundary based on the difference in deformation between the eastern weakly deformed zone and the western strongly deformed zone (Figure 11f). The boundary in the pit could not be accurately evaluated because it was not clearly recognized. Nevertheless, it is likely that redistribution of the orebody or asymmetric deformation occurred at this boundary, which requires further investigation.




4.2.4. Eastern REP Bodies


The eastern REP bodies are located approximately 300 m east of the main REP bodies (Figure 12). Three pits (pit I to the west, Pgt 10–12) and one outcrop (Pgt 13) were identified in the limestone, although for safety reasons, investigations were not performed inside the pit.



The massive and lenticular REP body Pgt 10 is sub-parallel to the EW/45° N-striking bedding identified in pit I (Figure 12a,b). At the pit entrance, the intrusive plane is bent owing to the rotation of the N34° E-striking bedding, and the lateral extension is controlled by a N20° W-striking intrusion plane crosscutting the bedding. Pgt 11 and Pgt 12, which develop in pit II and III, respectively, show similar intrusion patterns parallel to the bedding, and thin pegmatites (<10 cm) were also observed to intrude the bedding (Figure 12c–e). Pgt 13 in the outcrop intrudes along the EW/40 N-striking bedding, although characteristic intrusion patterns were not identified owing to limited exposure (Figure 12c,f).



We interpret these REP bodies as having intrusion patterns controlled by the discontinuities that cut across the bedding as well as local bedding rotation, although the main direction of extension (i.e., the long axis) is controlled by the bedding itself (Figure 12). The main extension is interpreted as an arrangement of individual lenticular REP bodies because the pits are not connected and the excavation distance is approximately 10 m. This arrangement indicates either the intrusion of lenticular bodies into each layer, fingers of sill, or an en échelon array in the shear zone. To confirm this, a three-dimensional analysis is required.






5. Discussion


5.1. Regional and Internal Zoning of Rare-Element Pegmatite (REP)


Most of the Li mineralization in the Boam deposit is associated with REP, which shows the following regional and internal zoning (Figure 13).



(1) Regional zoning: Based on their mineral assemblages, the Boam REPs show regional zoning from the western REPs (Pgt 1 to Pgt 3) to the main-submain REPs (Pgt 4 to Pgt 9) and to the eastern REPs (Pgt 10 to Pgt 13). The main minerals in the western REPs are K-feldspar, quartz, and minor plagioclase (albite). Mica and albite, which are rarely observed in the western REPs, occur in greater amounts in the main-submain and eastern REPs. This regional zoning is characteristic of REPs. The pegmatite group outward from the fertile granite is initially enriched in K-feldspar (in the western orebody; [25]), but with increasing distance from the fertile granite and with increasing chemical fractionation of the pegmatite group, the relative proportion of albite to K-feldspar gradually increases. Indeed, the most evolved and distal pegmatites are the albite-lepidolite subtypes of the rare-element class of pegmatites in the main-submain and eastern [25,26]. World-class REPs such as the Tanco deposit in Canada are also mineralogically and texturally zoned because of the extreme differentiation in granitic melts, with rare minerals including B, Li, F, and P formed in the latest stage of crystallization [27,28].



(2) Internal zoning: The REPs show internal zoning with increasing distance from the western to eastern based on their mineral assemblages. This internal zoning is related to the evolutionary history of the REPs. The evolution of REPs in the Boam deposit can be subdivided into two stages based on the paragenetic sequence. First is the magmatic stage, with K-feldspar, quartz, plagioclase (albite), muscovite, and spodumene (±zircon and apatite). Second is the internal greisen (hydrothermal alteration) stage, with albite, quartz, muscovite, lepidolite, and elbaite (±fluorite).



The magmatic stage minerals formed a K-feldspar ± quartz zone in the REP body (inner zone). Spodumene is intergrown with magmatic minerals, such as K-feldspar, quartz, and plagioclase (albite). This implies that spodumene from the Boam deposit occurred during the magmatic stage. With an increasing crystallization of pegmatite, the fluxing components (H2O, B, P, and F) and rare alkalis (Li, Rb, and Cs) that are incompatible with quartz and K-feldspar become relatively enriched in the residual liquid. These flux-rich liquids are mostly sodic and contain substantially higher H2O concentrations because of the accumulated effects of B, P, and F [29,30,31]. The abundance of albite in the outer zone of the REPs from the Boam deposit suggests they were albitized by sodic residual liquid (Figure 13a). Albitization leads to a decrease in the alkali/H + ratio (acidic magmatic fluid), which in turn induces the destabilization of K-feldspar and plagioclase and the replacement of these minerals by muscovite and quartz (i.e., internal greisen; [32]). During this internal greisen stage, the plagioclase–mica–quartz ± K-feldspar zone was formed in the REP body (outer zone). In the late stages of internal greisen formation, lepidolites were formed via the replacement of muscovite (Figure 3d).



Despite recognition by a number of researchers that Li mineralization in the Boam deposit is restricted to REP bodies, some have concluded that the Li-forming fluid was derived from other hidden intrusions on the basis of greisenization and brecciation [18]. Greisenization can occur in both granitic rock and pegmatites, and greisened pegmatites are common [28,29,30,31,32,33,34]. Although Li mineralization in the Boam deposit is related to greisen, the Li-forming fluid was derived from crystallized pegmatite and not from other hidden intrusions. Indeed, no evidence of Li mineralization related to hydrothermal inflow from the outside was observed in any of the REPs. The minerals occurring during the internal greisen stage (i.e., quartz, albite, lepidolite, and elbaite) show pegmatite-like textures (i.e., graphic and layered lepidolite-albite, massive quartz layers, etc.) and form internal zoning structures in the pegmatite bodies (Figure 2b,d). The similar ages of the lepidolite based on K-Ar dating (169.3 ± 3.2 to 154.6 ± 3.1 Ma; Lee et al. [5]; Choi et al. [18]) and the Li orebody based on zircon U-Pb dating (174.5 ± 1.4 to 139.8 ± 1.2 Ma; KIGAM [35]) extracted from spodumene (magmatic Li pyroxene) indicate that Li-forming fluid was associated with the REPs.



The textures, mineral assemblages, and geochemical characteristics of the REPs in the Boam deposit correspond to pegmatite-hosted Li deposits. Pegmatite- and granite-hosted Li greisen deposits differ with respect to their mineral exploration methods. Pegmatite-hosted Li deposits typically show mineralogical and geochemical zoning (regional zoning), which is broadly concentric surrounding an exposed or granitic pluton [25,36]. Pegmatite intrusions with the highest economic potential for Li-Cs-Ta deposits show regional zoning up to 10 km from the parent granite [19]. In comparison, granite-hosted Li greisen deposits develop within an almost consolidated granitic body (typically the upper parts) and adjacent host rocks [37]. To efficiently explore Li resources in the Uljin area, including the Boam deposit, investigations of regional-scale pegmatite zoning from west to east should be conducted first, and an exploration plan should be designed according to the degree of pegmatite differentiation.




5.2. Distribution and Factors Controlling Rare-Element Pegmatites (REP)


Pegmatites arise as segregations near the roofward contact of the source pluton and lenticular or planar intrusive bodies where dyke swarms emanate from their plutons into surrounding igneous and metamorphic rocks, and where the sources are not exposed [29]. The geometries and distribution of planar igneous bodies (i.e., sheet intrusions), such as dykes and sills, can determine emplacement mechanics, define melt source locations, and be used to reconstruct paleostress conditions [38].



The REPs investigated in this study show various intrusion shapes (sill, dyke, lenticular, zig-zag, brecciated, and irregular; see Table 2) which are distributed in the limestone as follows: (1) the western REP bodies show an ENE–WSW-trending linear alignment of lenticular bodies; (2) the main and submain REP bodies to an ENE–WSW-trending sub parallel alignment of lenticular bodies; and (3) the eastern REP bodies are dominated by an ENE–WSW-trending subparallel alignment of lenticular bodies. Dykes emplaced in the competent host rocks, such as igneous rocks, tend to form planar bodies that remain laterally by outcrop distances greater than 1 km. In contrast, dykes that invade dykes that intrude less competent hosts, such as micaceous schists, are more commonly ellipsoidal or occur as isolated bodies “like beads on a string” [29]. Dyke segmentation is a common process controlled by stress orientation, the properties of the host rocks, and dyke intrusion into already segmented fractures [39].



The main factors influencing the geometry and distribution of the Boam REPs are as follows:



(1) Pre-existing fracture sets: There are two recognized mechanisms of dyke propagation (e.g., [40]). First, when magma pressure exceeds the confining pressure, propagation can occur via the formation of new fractures. Second, magma propagation can occur via pre-existing fractures. Although there is still some debate, both of these mechanisms highlight the importance of fractures in controlling intrusion. In this study, the N–S-striking fracture sets were interpreted as pre-existing fractures, before intrusion. Thus, the identification of these pre-existing fractures can help interpret the paleostress applied during magma propagation. We suggest that the N–S-striking fractures provided a conduit that moderated the propagation of pegmatite. However, the main orientation of the REP is ENE–WSW (dominant directions of bedding), indicating the preferred direction of magma flow. Additional analyses (e.g., regional fracture pattern analysis, restoration, etc.) are needed to verify these interpretations.



(2) Bed contacts: Discontinuities in the host rock, such as bedding, foliation, and contact boundaries, can also act as fluid conduits in a similar way to fractures, and, thus, can have an important control on intrusion. According to Baer [41], differences in stress intensity between adjacent layers, interfaces with low shear resistance, and differences in shear moduli have significant effects on dyke propagation. Our study area comprises well-stratified limestone, which is in contact with the Yulri Series and the Dongsugok Formation, with alternating mudstone and sandstone thin layers. Although data on rock properties remain lacking, these rock types no doubt influenced the propagation of the REPs in the study region. Further work is required on rock properties to clarify these relationships. In addition, an examination of the geometry of the REPs that developed in the Yulri and Wonnam Formations could help establish an exploration strategy for each rock type.



(3) Strain: The inferred dilation direction of the Boam REP is NNW–SSE based on the preferred orientation of the ENE–WSW-striking intrusions. The WNW–ESE-striking fault zone is interpreted as a post post-intrusive deformation feature. Although there is no direct evidence of horizontal movement, the NNE–SSW- and NE–SW-trending extension is associated with the vertical movement of the fault (northern block down). Therefore, the inferred deformation histories of the study area are as follows: Stage I = the development of the N–S-striking fracture set; Stage II = REP intrusion; and Stage III = displacement by the WNW–ESE-striking fault. Given that our interpretations are based on a two-dimensional study of the geometry and distribution of the REPs in this region, a subsequent three-dimensional analysis could usefully clarify our interpretations.



Overall, we have analyzed the intrusion patterns of REP and applied these to early-stage mineral exploration. However, the integration of structural data into a temperature model of the study area is essential to comprehensively understand REP forming systems in the study area [42,43,44].





6. Conclusions


(1) We mapped and provided detailed descriptions of the rare-element pegmatites of the Boam deposit in Uljin, South Korea, to inform mineral extraction. The rare-element pegmatites were found to vary in mineral assemblages from west to east, displaying (1) an inner K-feldspar ± quartz zone and (2) an outer plagioclase-mica-quartz ± K-feldspar zone. Li minerals are restricted to the pegmatite bodies and show pegmatite textures with greisen stage minerals. The origin of this zoning and greisen minerals is considered to be related to the differentiation of the pegmatites.



(2) Thirteen rare-element pegmatites are distributed within the Boam Li deposit. Our geometrical analysis showed that bed contact, fracture, and post post-intrusive deformation characteristics are key controls on the pegmatite intrusions. Therefore, for rare-element pegmatite exploration in this area, it is important to trace the bedding features, including local folding, and to fully understand the relationship between the pegmatites and the surrounding fracture systems.



(3) Recently, studies on the factors controlling shallow intrusions and their mechanisms have been increasingly conducted. Our work provides an understanding of the factors controlling acidic dykes developing in limestone strata, which can help improve understanding of intrusion in layered rock.
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Figure 1. (a) Simplified tectonic map of the southern Korean Peninsula and geological map of Uljin, South Korea (modified from [15]). (b) Geological map of the Boam deposit showing the location of the studied pegmatites (modified from [5]). (c) The stereo-nets (equal area, lower hemisphere) show dominant directions of bedding and fractures in Janggun Limestone Formation. (d) The stereo-nets (equal area, lower hemisphere) show dominant directions of bedding and pegmatites in the studied outcrops. 
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Figure 2. Representative rare-element pegmatite (REP) rock samples from the Boam deposit. (a) Spodumene (light brown) and blocky K-feldspar (milky white) in the western REP. (b) Internally zoned REP showing two distinct zones: a K-feldspar ± quartz zone and a plagioclase-mica-quartz ± K-feldspar zone. (c) Medium-grained (<2.5 cm) blocky K-feldspar surrounded by quartz-lepidolite-albite at the internal zone boundary. (d) Greisenized (hydrothermal altered) minerals showing pegmatite textures. Note the quartz-lepidolite-albite graphic and layered texture. Abbreviations: Ab = albite, Elb = elbaite, Kfs = K-feldspar, Mic = mica, Lpd = lepidolite, Pl = plagioclase, Qtz = quartz, and Spd = spodumene. 
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Figure 3. Photomicrograph of Li minerals from the Boam deposit. (a) Spodumene intergrowth with magmatic minerals such as K-feldspar, quartz, and plagioclase (albite) (under cross-polarized light). (b) K-feldspar replaced by saccharoidal albite (under cross-polarized light). (c) Muscovite intergrowth with recrystallized quartz and replacing both K-feldspar and plagioclase (under cross-polarized light). (d) Backscattered electron (BSE) image of muscovite-lepidolite. Abbreviations: Ms = muscovite. See Figure 2 for other abbreviations. 
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Figure 4. Upper (Pgt 1), middle (Pgt 2), and bottom (Pgt 3) parts of the western rare-element pegmatite (REP) bodies. The boundaries of the bodies are highlighted with thick blue dotted lines, and the beddings are highlighted with thick yellow dotted lines. (a) Pgt 1 is composed of an irregular body and more than two lenticular bodies. (b,c) Pgt 2 is composed of two REP bodies parallel to the bedding and is branched or bent by a N–S-striking fracture and rotation of the bedding, respectively. (d,e) Pgt 3 consists of two REP bodies that cross the bedding, with thin REP bodies branching along the bedding. Yellow and blue dotted lines indicate beddings and orebody contacts, respectively. 
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Figure 5. Western slope and rare-element pegmatite (REP) bodies (Pgt 4, pit 1) of the Boam deposit. (a) Brecciated host rock and REP body mixed in the N80° W/60° NE-striking fault zone and on the slope. White dotted lines indicate fractures. (b) Lenticular and N60° E/60° SE-striking Pgt 4 in the pit cross-cutting the bedding. The solid image generated using Agi software shows the shape of the mine. 
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Figure 6. Eastern slope and rare-element pegmatite (REP) bodies (Pgt 5, around pit 3) of the Boam deposit. (a) Access to pits 2 and 3 is restricted owing to collapse, and the western side of pit 2 has collapsed as a result of the N80° W/60° NE-striking fault. The N–S- and NW–SE-striking faults developed between the two pits. (b) An N70° E-striking REP body is observed on the upper slope of pit 3. (c) The N74° W/80° NE-striking fault has displaced Pgt 5 (northern block down). 
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Figure 7. Map of the main rare-element pegmatite (REP) bodies of the Boam deposit. REP bodies Pgt 4 and Pgt 5 are highlighted with thick blue lines, and the WNW–ESE-striking fault is shown by a red dotted line. Breccia zones and collapsed (or boulder) zones are highlighted by red and black dotted circles, respectively. 
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Figure 8. Rare-element pegmatite (REP) body Pgt 6 in a small open pit. (a) The REP body is zig-zag shaped with EW/20° N-striking bedding and NS/70° E-striking fractures. (b,c) Solid images produced using Agi software. The mine shape shows the interrelationship between bedding and fractures. 
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Figure 9. Rare-element pegmatite (REP) body Pgt 7 in the limestone outcrop. (a,b) Pgt 7 is irregularly shaped, the host rock is highly fractured, and the bedding is folded based on the REP body. (c) The southern boundary is bent, and a thin REP intrudes along the bedding. (d) The northern boundary lies parallel to the bedding. 






Figure 9. Rare-element pegmatite (REP) body Pgt 7 in the limestone outcrop. (a,b) Pgt 7 is irregularly shaped, the host rock is highly fractured, and the bedding is folded based on the REP body. (c) The southern boundary is bent, and a thin REP intrudes along the bedding. (d) The northern boundary lies parallel to the bedding.



[image: Minerals 12 00589 g009]







[image: Minerals 12 00589 g010 550] 





Figure 10. Rare-element pegmatite (REP) body Pgt 8 developed in the outcrop. (a) The bedding changes from an EW/50° N strike to a N60° E/50° SE strike where the REP body is exposed. The N64° W/90°-striking fracture is bound to the northern part of the body. (b) The limestone layer overlies the pegmatite. (c) The direction of the pegmatite intrusion is parallel to the bedding of the overlying limestone. 
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Figure 11. Rare-element pegmatite (REP) body Pgt 9 developed at a small pit. (a) Pgt 9 developed in strongly deformed limestone and its extension is controlled by the bedding of weakly deformed limestone. (b,c) Although the rocks were on the same wall, a difference in the degree of deformation was observed. (d,e) In the N–S plane, strongly deformed rocks were observed, whereas in the E–W plane, relatively weakly deformed rocks were observed. (f) The location of each figure is marked on the simplified map of the pit. NNE–SSW-trending lines were inferred based on the differences in the degree of deformation. 
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Figure 12. Pit I (Pgt 9), pit II (Pgt 10), pit III (Pgt 11), and outcrop (Pgt 12) of the eastern rare-element pegmatite (REP) bodies. (a,b) The long axis of Pgt 9 is parallel to the bedding, while the short axis is lenticular owing to discontinuities and rotation of the bedding. (c) Positions of pit II, pit III, and outcrops. (d,e) Pgt 10, Pgt 11, and Pgt 12 show the intrusion pattern parallel to the bedding, and the excavation extension of each pit is approximately 10 m (f) Outcrop (Pgt 13) showing the internal zoning. 
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Figure 13. Schematic illustrations of rare-element pegmatite (REP). (a) Internal zoning (modified from [25]). The black dotted line is albite and the purple dotted line is muscovite or lepidolite. Note the inner (K-feldspar ± quartz) zone and outer (plagioclase-mica-quartz ± K-feldspar) zone. (b) Distribution of REPs in the Boam deposit. The black dotted line indicates the area with a high potential for mineral exploitation. See Figure 2 and Figure 3 for abbreviation definitions. 
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Table 1. Rare-element composition (ppm) of pegmatite samples from the Boam deposit.
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	Sample
	Location
	Li
	Be
	Cs
	Rb
	Y
	Nb
	Sn
	Ta
	Analysis





	BA 1
	Pgt 1
	>400.0
	348.0
	>100.0
	1270.0
	0.7
	10.5
	<1.0
	2.1
	Actlabs UT6 1



	BA 2
	Pgt 11
	>400.0
	20.6
	>100.0
	2200.0
	0.5
	11.3
	16.0
	2.4
	Actlabs UT 6 1



	BA 3
	Pgt 5
	>400.0
	226
	>100.0
	2130.0
	1.0
	42.2
	11.0
	51.2
	Actlabs UT 6 1



	BAN 1
	Pgt 6
	589.0
	26.4
	82.0
	203.0
	2.4
	0.7
	6.2
	<0.05
	Actlabs UT 1 2



	BAN 2
	Pgt 7
	5280.0
	12.2
	>500.0
	>500.0
	0.1
	4.9
	22.1
	0.05
	Actlabs UT 1 2



	BAN 3
	Pgt 3
	1130.0
	323.0
	880.0
	2250.0
	0.5
	20.7
	60.3
	66.8
	KIGAM 3



	BAN 4
	Pgt 9
	2420.0
	47.0
	779.0
	1140.0
	1.4
	28.7
	12.5
	19.1
	KIGAM 3







>: over the upper detection limit; <: below the detection limit; 1 Actlabs Ultratrace (UT) 6 code analysis; 2 Actlabs Ultratrace (UT) 1 code analysis; 3 KIGAM HR-ICP-MS analysis.
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Table 2. Detailed information on the rare-element pegmatites (REPs) investigated in this study.
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	Orebody
	No. of

REP
	Location
	General Strike/Dip of REP Bodies
	Description





	Western orebody
	Pgt 1
	Upper part

(altitude: 516 m)
	N60° E-striking
	Irregular and boudinage shaped pegmatites



	Western orebody 3
	Pgt 2
	Middle part

(altitude: 468 m)
	N40°–50° E-striking
	Bended, bended, and lenticular pegmatites



	Western orebody 3
	Pgt 3
	Bottom part

(altitude: 446 m)
	N60° E/70° NW
	Lenticular and branched pegmatites



	Main orebody
	Pgt 4
	Pit 1
	N60° E/60° SE
	Irregular shaped and lenticular pegmatites



	Main orebody 1
	Pgt 5
	Eastern slope
	N70° E/80° SE
	Lenticular pegmatites



	Submain orebody 2,3
	Pgt 6
	Western part of Boam
	EW/20° N
	Zig-zag shaped pegmatites



	Submain orebody 2,3
	Pgt 7
	Northern part of Boam
	N76° E/50° NW
	Irregular shaped pegmatites



	Submain orebody 2,3
	Pgt 8
	Northern part of Boam
	N60° E-striking
	Lenticular pegmatites



	Submain orebody 2,3
	Pgt 9
	Northern part of Boam
	N8° E/15° NW
	Irregular shaped and lenticular pegmatites



	Eastern orebody
	Pgt 10
	Pit I
	EW/45° NW
	Lenticular pegmatites



	Eastern orebody
	Pgt 11
	Pit II
	N70° E/62° NW
	Lenticular pegmatites



	Eastern orebodies
	Pgt 12
	Pit III
	N50° E/62° NW
	Lenticular pegmatites



	Eastern orebody
	Pgt 13
	Easternmost outcrop
	EW/62° NW
	Lenticular pegmatites







1 Around pit (remnants of small-scale mining) 1; 2 around the main orebody; 3 newly identified as part of this study.
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