
    [image: Logo]
PDF Host


Report Abuse
    
      
    

    
      Mineral Matter and Trace Elements in Coal - 

      Please enable JavaScript to view the full PDF

      Mineral Matter and Trace Elements in Coal Edited by Shifeng Dai, Xibo Wang and Lei Zhao Printed Edition of the Special Issue Published in Minerals www.mdpi.com/journal/minerals Mineral Matter and Trace Elements in Coal Special Issue Editors Shifeng Dai Xibo Wang Lei Zhao MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade Special Issue Editors Shifeng Dai Xibo Wang China University of Mining China University of Mining and Technology (Beijing) and Technology (Beijing) China China Lei Zhao China University of Mining and Technology (Beijing) China Editorial Office MDPI AG St. Alban‐Anlage 66 Basel, Switzerland This edition is a reprint of the Special Issue published online in the open access journal Minerals (ISSN 2075‐163X) from 2015–2016 (available at: http://www.mdpi.com/ journal/minerals/special_issues/minerals_in_coal). For citation purposes, cite each article independently as indicated on the article page online and as indicated below: Author 1; Author 2. Article title. Journal Name Year, Article number, page range. First Edition 2017 ISBN 978‐3‐03842‐622‐6 (Pbk) ISBN 978‐3‐03842‐623‐3 (PDF) Articles in this volume are Open Access and distributed under the Creative Commons Attribution license (CC BY), which allows users to download, copy and build upon published articles even for commercial purposes, as long as the author and publisher are properly credited, which ensures maximum dissemination and a wider impact of our publications. The book taken as a whole is © 2017 MDPI, Basel, Switzerland, distributed under the terms and conditions of the Creative Commons license CC BY‐NC‐ND (http://creativecommons.org/licenses/by‐nc‐nd/4.0/). Table of Contents About the Special Issue Editors ................................................................................................................... vii Preface to “Mineral Matter and Trace Elements in Coal”........................................................................ ix James C. Hower, Evan J. Granite, David B. Mayfield, Ari S. Lewis and Robert B. Finkelman Notes on Contributions to the Science of Rare Earth Element Enrichment in Coal and Coal Combustion Byproducts Reprinted from: Minerals 2016, 6(2), 32; doi: 10.3390/min6020032 ......................................................... 1 Lixin Zhao, Shifeng Dai, Ian T. Graham and Peipei Wang Clay Mineralogy of Coal‐Hosted Nb‐Zr‐REE‐Ga Mineralized Beds from Late Permian Strata, Eastern Yunnan, SW China: Implications for Paleotemperature and Origin of the Micro‐Quartz Reprinted from: Minerals 2016, 6(2), 45; doi: 10.3390/min6020045 ......................................................... 10 Xibo Wang, Ruixue Wang, Qiang Wei, Peipei Wang and Jianpeng Wei Mineralogical and Geochemical Characteristics of Late Permian Coals from the Mahe Mine, Zhaotong Coalfield, Northeastern Yunnan, China Reprinted from: Minerals 2015, 5(3), 380–396; doi: 10.3390/min5030380 ............................................... 26 Ning Yang, Shuheng Tang, Songhang Zhang and Yunyun Chen Mineralogical and Geochemical Compositions of the No. 5 Coal in Chuancaogedan Mine, Junger Coalfield, China Reprinted from: Minerals 2015, 5(4), 788–800; doi: 10.3390/min5040525 ............................................... 41 Panpan Xie, Hongjian Song, Jianpeng Wei and Qingqian Li Mineralogical Characteristics of Late Permian Coals from the Yueliangtian Coal Mine, Guizhou, Southwestern China Reprinted from: Minerals 2016, 6(2), 29; doi: 10.3390/min6020029 ......................................................... 54 Xibo Wang, Lili Zhang, Yaofa Jiang, Jianpeng Wei and Zijuan Chen Mineralogical and Geochemical Characteristics of the Early Permian Upper No. 3 Coal from Southwestern Shandong, China Reprinted from: Minerals 2016, 6(3), 58; doi: 10.3390/min6030058 ......................................................... 75 Ruixue Wang Geological Controls on Mineralogy and Geochemistry of an Early Permian Coal from the Songshao Mine, Yunnan Province, Southwestern China Reprinted from: Minerals 2016, 6(3), 66; doi: 10.3390/min6030066 ......................................................... 95 Yangbing Luo and Mianping Zheng Origin of Minerals and Elements in the Late Permian Coal Seams of the Shiping Mine, Sichuan, Southwestern China Reprinted from: Minerals 2016, 6(3), 74; doi: 10.3390/min6030074 ......................................................... 115 Jianhua Zou, Heming Tian and Tian Li Geochemistry and Mineralogy of Tuff in Zhongliangshan Mine, Chongqing, Southwestern China Reprinted from: Minerals 2016, 6(2), 47; doi: 10.3390/min6020047 ......................................................... 134 iii James C. Hower, Cortland F. Eble, Jennifer M. K. OʹKeefe, Shifeng Dai, Peipei Wang, Panpan Xie, Jingjing Liu, Colin R. Ward and David French Petrology, Palynology, and Geochemistry of Gray Hawk Coal (Early Pennsylvanian, Langsettian) in Eastern Kentucky, USA Reprinted from: Minerals 2015, 5(3), 592–622; doi: 10.3390/min5030511 ............................................... 155 Michelle N. Johnston, James C. Hower, Shifeng Dai, Peipei Wang, Panpan Xie and Jingjing Liu Petrology and Geochemistry of the Harlan, Kellioka, and Darby Coals from the Louellen 7.5‐Minute Quadrangle, Harlan County, Kentucky Reprinted from: Minerals 2015, 5(4), 894–918; doi: 10.3390/min5040532 ............................................... 182 Lei Zhao, Colin R. Ward, David French and Ian T. Graham Major and Trace Element Geochemistry of Coals and Intra‐Seam Claystones from the Songzao Coalfield, SW China Reprinted from: Minerals 2015, 5(4), 870–893; doi: 10.3390/min5040531 ............................................... 207 Lin Xiao, Bin Zhao, Piaopiao Duan, Zhixiang Shi, Jialiang Ma and Mingyue Lin Geochemical Characteristics of Trace Elements in the No. 6 Coal Seam from the Chuancaogedan Mine, Jungar Coalfield, Inner Mongolia, China Reprinted from: Minerals 2016, 6(2), 28; doi: 10.3390/min6020028 ......................................................... 231 Ning Yang, Shuheng Tang, Songhang Zhang and Yunyun Chen Modes of Occurrence and Abundance of Trace Elements in Pennsylvanian Coals from the Pingshuo Mine, Ningwu Coalfield, Shanxi Province, China Reprinted from: Minerals 2016, 6(2), 40; doi: 10.3390/min6020040 ......................................................... 245 Xin Wang, Qiyan Feng, Ruoyu Sun and Guijian Liu Radioactivity of Natural Nuclides (40K, 238U, 232Th, 226Ra) in Coals from Eastern Yunnan, China Reprinted from: Minerals 2015, 5(4), 637–646; doi: 10.3390/min5040513 ............................................... 260 Huidong Liu, Qi Sun, Baodong Wang, Peipei Wang and Jianhua Zou Morphology and Composition of Microspheres in Fly Ash from the Luohuang Power Plant, Chongqing, Southwestern China Reprinted from: Minerals 2016, 6(2), 30; doi: 10.3390/min6020030 ......................................................... 270 Guangmeng Wang, Zixue Luo, Junying Zhang and Yongchun Zhao Modes of Occurrence of Fluorine by Extraction and SEM Method in a Coal‐Fired Power Plant from Inner Mongolia, China Reprinted from: Minerals 2015, 5(4), 863–869; doi: 10.3390/min5040530 ............................................... 280 Shuqin Liu, Chuan Qi, Shangjun Zhang and Yunpeng Deng Minerals in the Ash and Slag from Oxygen‐Enriched Underground Coal Gasification Reprinted from: Minerals 2016, 6(2), 27; doi: 10.3390/min6020027 ......................................................... 287 Liu Yang, Jianfei Song, Xue Bai, Bo Song, Ruduo Wang, Tianhao Zhou, Jianli Jia and Haixia Pu Leaching Behavior and Potential Environmental Effects of Trace Elements in Coal Gangue of an Open‐Cast Coal Mine Area, Inner Mongolia, China Reprinted from: Minerals 2016, 6(2), 50; doi: 10.3390/min6020050 ......................................................... 303 iv Jianli Jia, Xiaojun Li, Peijing Wu, Ying Liu, Chunyu Han, Lina Zhou and Liu Yang Human Health Risk Assessment and Safety Threshold of Harmful Trace Elements in the Soil Environment of the Wulantuga Open‐Cast Coal Mine Reprinted from: Minerals 2015, 5(4), 837–848; doi: 10.3390/min5040528 ............................................... 321 Rosario Giménez‐García, Raquel Vigil de la Villa Mencía, Virginia Rubio and Moisés Frías The Transformation of Coal‐Mining Waste Minerals in the Pozzolanic Reactions of Cements Reprinted from: Minerals 2016, 6(3), 64; doi: 10.3390/min6030064 ......................................................... 333 Sheila Devasahayam, M. Anas Ameen, T. Vincent Verheyen and Sri Bandyopadhyay Brown Coal Dewatering Using Poly (Acrylamide‐Co‐Potassium Acrylic) Based Super Absorbent Polymers Reprinted from: Minerals 2015, 5(4), 623–636; doi: 10.3390/min5040512 ............................................... 344 Jiatao Dang, Qiang Xie, Dingcheng Liang, Xin Wang, He Dong and Junya Cao The Fate of Trace Elements in Yanshan Coal during Fast Pyrolysis Reprinted from: Minerals 2016, 6(2), 35; doi: 10.3390/min6020035 ......................................................... 358 v About the Special Issue Editors Shifeng Dai is a professor at the China University of Mining and Technology. He is the Dean of the School of Resources and Geosciences of the China University of Mining and Technology, and the Deputy Director of the State Key Laboratory of Coal Resources and Safe Mining. He received his Ph.D. (2002) from the China University of Mining and Technology. His research topics include coal mineralogy, coal geochemistry, and coal geology. He is the Editor‐in‐Chief of the International Journal of Coal Geology (2007 to date) and the President of The Society For Organic Petrology (2015 to date). He is the Chief Scientist of the National Key Basic Research Program of China and Changjiang and a Scholar Professor of the Ministry of Education (China). He has published over 100 research papers, co‐ authored three books, and edited several Special Issues for international journals. He is a recipient of the Distinguished Service Award granted by The Society for Organic Petrology, the Dal Swaine Award, and the National Science Fund for Distinguished Young Scholars of China. Xibo Wang is an associate professor at the Key Laboratory of Coal Resources and Safe Mining, China University of Mining and Technology (Beijing). His research topics include mineralogy, and trace‐ element geochemistry of coal and shale, and coal‐hosted ore metal deposits. He received his M.Sc degree from the China University of Mining and Technology (Beijing) in 2008 and his Ph.D. from the same university in 2011. He has published over 20 research papers in international journals. His co‐ authored paper “Mineralogical and Geochemical Compositions of the Pennsylvanian Coal in the Adaohai Mine, Daqingshan Coal‐field, Inner Mongolia, China: Modes of Occurrence and Origin of Diaspore, Gorceixite, and Ammonian Illite” (International Journal of Coal Geology, 2012, 94, 250–270) was also recognized as being among “The Most Influential 100 International Papers in 2012 in China,” selected from 190,100 published international papers in 2012. Lei Zhao is a lecturer at the State Key Laboratory of Coal Resources and Safe Mining, China University of Mining and Technology (Beijing). Her main area of research is the characterization, formation and behavior of mineral matter in coal, trace element geochemistry, and the environmental impact of coal utilization. She received her MSc degree from the China University of Mining and Technology (Beijing) in 2007 and her PhD from the University of New South Wales, Australia in 2012. Lei Zhao has co‐ authored over 20 refereed journal articles and presented her papers at various academic conferences. She is an editorial board member of the International Journal of Coal Geology. vii Preface to “Mineral Matter and Trace Elements in Coal” Minerals are highly significant components of coal from both academic and practical perspectives. Minerals may react when the coal is burned, either forming an ash residue, or, in many cases, releasing volatile components, or as they need to be removed as slag from the blast furnace during metallurgical processing. Minerals in coal can also be a source of unwanted abrasion, stickiness, corrosion, or pollution associated with coal handling and use. Minerals in coal, in some cases, are major carriers of highly‐ evaluated critical metals, such as Ga, Al, Nb, Zr, and rare earth elements, and these coals have the potential to be sources of raw material for industrial use. From the genetic point of view, minerals in coal are products of the processes associated with peat accumulation and rank advance, as well as other aspects of epigenetic processes, and, thus, the minerals in coal can provide information on the depositional conditions and geologic history of individual coal beds, coal‐bearing sequences, and regional tectonic evolution. This Special Issue book “Mineral Matter and Trace Elements in Coal” includes 23 chapters, providing up‐to‐date research and technological developments in the nature, origin, and significance of the minerals and trace elements in coal, coal‐mining wastes, and various byproducts derived from combustion, gasification, and pyrolysis and other related processes. Coal and coal combustion byproducts can have significant concentrations of rare earth elements and Y (REY), as well as a number of other critical elements (e.g., Ga, Ge, Nb, Ta, Zr, Hf, etc.). This book begins with a comprehensive review chapter by Hower et al. (2016) who discuss the origin and enrichment mechanisms of REY in coal and associated strata in China, US, and other countries. The authors also comment on classification systems used to evaluate the relative value of the rare earth concentrations and the distribution of the elements within the coals and coal combustion byproducts. This is followed by a research chapter which investigates the clay minerals in Nb–Zr–REE–Ga mineralized beds in southwestern (SW) China (Zhao et al., 2016), and noted that these clay minerals can absorb a large amount of critical elements in the studied mineralized beds. The book encompasses a series of studies on mineralogy and geochemistry of coals from different coal deposits (Xibo Wang et al., 2015; Yang et al., 2015; Xie et al., 2016; Xibo Wang et al., 2016; Ruixue Wang, 2016; Luo and Zheng, 2016). Not only coal, but also host strata and other non‐coal strata can be potential sources of critical elements. Zou et al. (2016) studied the geochemistry and mineralogy of a tuff from SW China, and found that such tuff is a potential polymetallic ore and discusses the opportunity for recovery of these critical elements. This is followed by two comprehensive studies on the petrology, palynology, and geochemistry of coal from Eastern Kentucky (Hower et al., 2015), and petrology and geochemistry of a number of coals from Kentucky, USA (Johnston et al., 2015). Several chapters discuss abundance and modes of occurrence of trace elements in coals from various coal deposits in China (Zhao et al. 2015; Xiao et al., 2016; Yang et al., 2016). The naturally occurring radionuclides in coals might exhibit high radioactivity, and could also be a risk to the surrounding environment due to coal combustion and other processes. Xin Wang et al. (2015) assess radioactivity of natural nuclides (40K, 238U, 232Th, 226Ra) in coals from different areas in the Yunnan Province, China. Following on from these, are three chapters investigate compositions of coal combustion byproducts. The chapter by Liu et al. 2016, focuses on morphology and compositions of microspheres in fly ash from a coal‐combustion power plant in SW China. Some trace elements are of particular concern due to their potential detrimental environmental impact. Guangmeng Wang et al. (2015) investigate the modes of occurrence of fluorine in a coal‐fired power plant in Inner Mongolia, China by extraction and the SEM method. Liu et al. (2016) describe mineralogy of ash and slag from underground coal gasification. The following two chapters are concerned with the potential release and environmental impact of trace elements on the environment. Yang et al. (2016) investigate leaching behavior and potential ix environmental effects of trace elements in coal gangue of an open‐cast coal mine area in Inner Mongolia, China. Toxic elements can also be a potential risk to the health of workers and residents in coal mining areas. Jia et al. (2015) carry out a human health risk assessment of toxic elements in the soil environment of an open‐cast coal mine in China. The cement industry has the potential to become a major consumer of industrial by‐products, including coal‐mining wastes. The chapter by Giménez‐García et al. (2016) examines the mineralogical transformations of coal waste across a range of temperatures, for the establishment of optimum calcination conditions that yield products with sufficient pozzolanic properties to be used as additives in the manufacture of cements and related materials. The chapter by Devasahayam et al. (2015) evaluates the water absorption potential of super absorbent polymers and low‐rank coal in Australia. Pyrolysis is an important coal‐cleaning technology, producing fuel or basic chemical materials. Understanding the behavior of trace elements in this process is also significant from the environment point of view. The final chapter by Dang et al. (2016) studies the behavior of toxic elements in coal during fast pyrolysis. The Guest Editors sincerely thank all the authors who contributed chapters to this SI book, including those whose papers for various reasons did not actually proceed to the publication stage. Sincere thanks are also expressed to colleagues who served as reviewers for the chapters that were submitted to this book. These high‐profile reviewers provided numerous valuable comments and constructive suggestions that helped many of the authors improve the quality of their chapters, and generally reinforced the high standard of the work submitted. We would also like to thank the National Key Basic Research Program of China (No. 2014CB238902), the National Natural Science Foundation of China (No. 41420104001), and the “111” Project (No. B17042), which financially supported guest editors’ and some authors’ travels for discussion on various aspects of this book and, in part, supported a number of papers included in this SI book. Shifeng Dai, Xibo Wang and Lei Zhao Special Issue Editors x minerals Commentary Notes on Contributions to the Science of Rare Earth Element Enrichment in Coal and Coal Combustion Byproducts James C. Hower 1, *, Evan J. Granite 2,† , David B. Mayﬁeld 3,† , Ari S. Lewis 4,† and Robert B. Finkelman 5,† 1 Center for Applied Energy Research, University of Kentucky, Lexington, KY 40511, USA 2 National Energy Technology Laboratory, U.S. Department of Energy, Pittsburgh, PA 15236-0940, USA; evan.granite@netl.doe.gov 3 Gradient, 600 Stewart Street, Suite 1900, Seattle, WA 98101, USA; dmayﬁeld@gradientcorp.com 4 Gradient, 20 University Road, Cambridge, MA 02138, USA; alewis@gradientcorp.com 5 Department of Geosciences, The University of Texas at Dallas, ROC 21, 800 West Campbell Road, Richardson, TX 75080-3021, USA; bobf@utdallas.edu * Correspondence: james.hower@uky.edu; Tel.: +1-859-257-0261 † These authors contributed equally to this work. Academic Editor: Mostafa Fayek Received: 29 January 2016; Accepted: 25 March 2016; Published: 31 March 2016 Abstract: Coal and coal combustion byproducts can have signiﬁcant concentrations of lanthanides (rare earth elements). Rare earths are vital in the production of modern electronics and optics, among other uses. Enrichment in coals may have been a function of a number of processes, with contributions from volcanic ash falls being among the most signiﬁcant mechanisms. In this paper, we discuss some of the important coal-based deposits in China and the US and critique classiﬁcation systems used to evaluate the relative value of the rare earth concentrations and the distribution of the elements within the coals and coal combustion byproducts. Keywords: lanthanide; yttrium; critical materials; coal; coal combustion by-products 1. Introduction Coal is a precious resource, both in the United States and around the world. The United States has a 250-year supply of coal, and generates between 30%–40% of its electricity through coal combustion. Approximately 1 Gt of coal has been mined annually in the US, although the 2015 total will likely be closer to 900 Mt [1]. Most of the coal is burned for power generation, but substantial quantities are also employed in the manufacture of steel, chemicals, and activated carbons. Coal has a positive impact upon many industries, including mining, power, rail transportation, manufacturing, chemical, steel, activated carbon, and fuels. Everything that is in the Earth’s crust is also present within coal to some extent, and the challenge is always to utilize abundant domestic coal in clean and environmentally friendly manners. In the case of the rare earth elements, these valuable and extraordinarily useful elements are present within the abundant coal and coal byproducts produced domestically and world-wide. These materials include the coals, as well as the combustion by-products such as ashes, coal preparation wastes, gasiﬁcation slags, and mining byproducts. All of these materials can be viewed as potential sources of rare earth elements. Most of the common inorganic lanthanide compounds, such as the phosphates found in coal, have very high melting, boiling, and thermal decomposition temperatures, allowing them to concentrate in combustion and gasiﬁcation by-products. Furthermore, rare earths have been found in interesting concentrations in the strata above and below certain coal seams. Minerals 2016, 6, 32 1 www.mdpi.com/journal/minerals Minerals 2016, 6, 32 The National Energy Technology Laboratory (NETL) initiated research for the determination and recovery of rare earths from abundant domestic coal by-products in 2014. The NETL Rare Earth EDX Database [2] is a resource for rare earth information as related to coal and byproducts. Many other research organizations have also initiated efforts for the determination and recovery of rare earths from unconventional sources, such as coal byproducts. Fifty years ago, the rare earth elements (REE) were little more than an interesting diversion from the study of more commercially and environmentally important elements. As stated by Gschneidner [3] “we know what we know about the Fraternal Fifteen [the rare earth elements, REE] essentially because of scientiﬁc curiosity, and this is still one of the most important reasons for studying the rare earths.” While he did anticipate wider applications of the niche uses at the time of his pamphlet, some applications were still decades away [4]. Today, numerous technologies and devices rely upon rare earth elements. Important commercial uses of REEs include automotive catalytic converters, petroleum reﬁning catalysts, metallurgical additives and alloys, permanent magnets and rechargeable batteries (for hybrid vehicles, wind turbines, and mobile phones), phosphors (for lighting and ﬂat panel displays), glass polishing and ceramics, and medical devices [5]. In short, modern society has become increasingly dependent on the REEs (Figure 1). Due to the growing application of REEs in modern technology (particularly sustainable energy), many countries are developing strategies to obtain or develop additional sources of REE materials [5–7]. While traditional mining has typically provided the majority of REEs, current limitations with developing new mines has resulted in the search for alternative sources, including coal and coal combustion byproducts [8]. Figure 1. Production of REE oxides from 1950 in USA, China, and other countries. Within the context of the expanded use of the rare earths and the widening search for economic sources of the elements, Seredin and Dai [9] made a fundamental theory in understanding of the origin and distribution of REEs or REE + yttrium (REY) in coal and, by extension, in coal combustion byproducts such as ﬂy ash and bottom ash. While their paper was developed largely in the context of Chinese and former Soviet deposits, the background was built on knowledge of occurrences in Bulgaria [10–18]; Kentucky [19,20]; Utah [21]; Wyoming [22]; the Russian Far East [23]; China [24–29]; and elsewhere. 2. Rare Earth Elements in Coals Several studies [30–33] have addressed the origin of rare earth elements in coal. Eskenazy [10–16] discussed the complications of REY enrichment in coals. Dealing primarily with lignites, Eskenazy [11,15] was able to observe organic associations not nearly as evident in the bituminous coals studied elsewhere. The loosely bound REE on clays could be desorbed by acidic waters, with heavy REE (HREE) preferentially desorbed and the subsequent increase in HREE in solution would lead to enrichment in HREE bound to organics [11,13]. As a supplemental or alternative source, the high organic-bound HREE could have resulted from high HREE in the waters feeding the swamp [13]. HREE generally have a stronger organic afﬁnity than light REE (LREE) and HREE complexes are 2 Minerals 2016, 6, 32 more stable than LREE complexes. Independent of peat or coal associations, soil studies by Aide and Aide [34] conﬁrmed that HREE-organic complexes are more stable than LREE-organic complexes. Decreases in pH cause a decrease in the stability of the REE-organic complexes [35,36]. In testing of humic acids extracted from a Bulgarian lignite [15], Eskenazy found that Na+ , K+ , Ca2+ , and Mg2+ bound to –COOH and –OH were replaced by REE cations. Using a suite of bench samples from a Texas lignite strip mine Finkelman [37] demonstrated that the chondrite-normalized REE distribution pattern changed systematically with the ash yield. The high-ash bench (77 wt % ash) had a REE distribution pattern similar to those of North American shales and high-ash bituminous coals. With lower ash yields (3–51 wt %), the patterns were progressively ﬂatter, indicating a higher proportion of heavier REE elements in the organic-rich benches. He interpreted this trend to indicate that the heavy REE (Eu to Lu) are preferentially complexed with the organics. Finkelman [37] estimated that no more than 10% of the total REE in the lignite had an organic association; the remaining 90% of the REE were associated with REE-bearing minerals. Finkelman and Palmer (U.S. Geological Survey, unpublished data) used selective leaching on 14 bituminous coals, ﬁve subbituminous coals, and one lignite to determine the modes of occurrence of 37 elements including Y, Ce, La, Lu, Nd, Sm, and Yb. Based on the response of the elements to ammonium acetate, hydrochloric acid, hydroﬂuoric acid, and nitric acid leaches they concluded that in the bituminous samples approximately 70% of the light rare earths (Y, Ce, La, and Nd) were associated with phosphate minerals, about 20% were associated with clays, and about 10% were in carbonate minerals. A smaller proportion was organically associated. The heavier rare earths (Sm, Yb) were primarily associated with phosphates (50%), clays (20%), organics (30%), and carbonates. In contrast, the light rare earth elements in the lower rank coals were associated with clays (60%), phosphates (20%), carbonates (20%), and organics. The heavier rare earths were also associated with clays (50%), phosphates (25%), and carbonates, but had a much larger (25%) proportion associated with organics. In contrast to Eskenazy’s ﬁndings of strong HREE-organic associations [11,13,14], Seredin et al. [38], in their study of an Eocene subbituminous coal and a Miocene lignite from the Russian Far East, could not universally verify the association. Consequently, they noted that some high HREE concentrations in coal could not be explained by the higher sorption capacity or by higher HREE chelate stability, but rather by elevated HREE in waters which interacted with the organics. Some Kentucky, Utah, and Wyoming REY occurrences are largely the result of volcanic ash falls. Crowley et al. [21] noted three enrichment mechanisms: (1) Leaching of volcanic ash with subsequent concentration by organic matter; (2) Leaching of volcanic ash with subsequent incorporation into secondary minerals; and (3) Incorporation of volcanic minerals into the peat. Hower et al. [19] found that the coal immediately underlying the Fire Clay coal tonstein had 1965–4198 ppm (ash basis) REY, with REE-rich monazite and Y-bearing crandallite as the detectable REY minerals. The 4198-ppm REY lithotype contains thin lenses of the volcanic ash. They noted that, while volcanic glass may not have been stable in organic acids, zircons survived in the lithotype, as indicated by the 4540 ppm Zr (ash basis). Similarly, the Fire Clay-correlative Dean coal section in southern Knox County, Kentucky, has an REY enrichment (based on comparisons to REE levels in other coals in the region) but does not contain a tonstein [20], just as Crowley et al. [21] found in their study of Wyoming coals. In the central Eastern Kentucky Fire Clay coal locations, Hower et al. [19] noted the following enrichment mechanisms: (1) The highest LREE/HREE occurs in the tonstein and in the coal or illitic shale immediately underlying the tonstein; (2) The other lithotypes, in particular in the basal and uppermost lithotypes, have a lower LREE/HREE, suggesting concentration in secondary minerals. Seredin [23] studied a complex assemblage of coals and volcanics in the Russian Far East. The REY entered the peat in a dissolved form. The bulk of the REY in the low-rank coals was sorbed onto 3 Minerals 2016, 6, 32 the organics. The mineral assemblages included Eu-rich LREE phosphates with no Th or Y; HREE phosphates deposited on kaolinite; (Ca, Ba, Sr)-bearing aluminophosphates (crandallite) with LREE deposited on kaolinite; LREE-bearing F and Cl carbonates; REE-carbonates, -oxides, and -hydroxides; and other unknown REE mineral species. Based on the high concentrations of REY, he encouraged the recovery of REY from coal combustion by-products, something only considered for U and Ge at that time. Mardon and Hower [20], examining the path of the REY-enriched Dean coal from the mine to the boiler to the ash-collection system at a utility power plant, found that the REY were in concentrations exceeding 1600 ppm in some of the electrostatic-precipitator ﬂy ashes. The fundamental contributions of Dai and his colleagues [24–26,28,29] were based on deposits in the Jungar and Daqingshan coalﬁelds, Inner Mongolia, and in host rocks in the Late Permian coal-bearing strata from Eastern Yunnan [39]. The interest in the Jungar coals has been driven by the prospects for commercial recovery of gallium, which substitutes for Al in boehmite [24–26], and Al from the coal combustion byproducts [29,40,41]. The REY is low in the partings and relatively high in the coal [25,26], attributed to leaching and incorporation in Al-hydrate minerals, goyazite, and organic matter [25,26]. For example, the REE content of one parting and its underlying coal bench were 231 and 1006 ppm. The LREE are both occur in Sr- and Ba-bearing minerals and have an organic afﬁnity while the HREE are enriched in Sc-, Zr-, and Hf-bearing minerals [26]. The relative organic afﬁnity of LREE versus HREE was found to vary between mines within the Jungar coalﬁeld, perhaps indicative of different REE sources [28]. Examining the Light REY (LREY; La, Ce, Pr, Nd, and Sm), Medium REY (MREY; Eu, Gd, Tb, Dy, and Y), and Heavy REY (HREY; Ho, Er, Tm, Yb, and Lu), and the L-type (LaN /LuN > 1), M-type (LaN /SmN < 1; GdN /LuN > 1), and H-type (LaN /LuN < 1) distributions, Dai et al. [29] found LREY associations in goyazite and gorceixite, MREY and HREY in boehmite, and some indications of MREY and HREY associations in accessory minerals. L-type REE distributions are found in the upper portion of the Pennsylvanian No. 6 coal, Guanbanwusu mine, due to REE-rich colloidal input from weathered bauxite [29]. The H-type enrichment in the lower portion of the same coal is attributed to natural water inﬂuences. In both cases, mixed inﬂuences were evident. The coal-bearing strata of Late Permian Xuanwei Formation in eastern Yunnan (Southwestern China) have (Nb, Ta)2 O5 –(Zr, Hf)O2 –(REY)2 O3 –Ga in 1–10-m-thick alkalic ore beds of pyroclastic origin [39]. Dai et al. [39] identiﬁed four types of ore lithologies: clay altered volcanic ash, tuffaceous clay, tuff, and volcanic breccia. The minerals associated with the above elevated concentrations of rare metals (e.g., the most common REY-bearing minerals monazite and xenotime) are rare, suggesting that the rare elements occur as adsorbed ions. Although the mineralization of (Nb, Ta)2 O5 –(Zr, Hf)O2 –(REY)2 O3 –Ga assemblage has been identiﬁed in felsic and alkalic tonsteins in many coal deposits for many years [19,21,42–47], this mineralization anomaly has never caused particular interest as raw materials for rare metals, owing to the low thickness (from 1–20 cm, mostly 3–6 cm) of the tonsteins. However, the occurrence of such thin tonsteins provides a basis for predicting the possibility of thick horizons of Nb–Zr–REY-bearing tuffs outside of coal seams [44]. This forecast has been successfully realized in China by discovery of such thick alkalic ore beds in Yunnan Province by Dai et al. [39], and thus, previous skeptical views in relation to this mineralization in coal-bearing strata should be reconsidered. As pointed out by Spears [46], “Linked to the tonstein studies, Dai et al. (2010) found a new rare metal deposit comprised of several Nb–Zr–REE–Ga bearing tuffaceous horizons with thicknesses up to 10 m in Yunnan province,” and to the best of our knowledge, this the ﬁrst successful case of the application from the tonstein academic theory to discovery of rare-metal ore deposits. 3. Seredin and Dai Synthesis Seredin and Dai [9] reinforced some of the basic principles outlined above, as shown in Table 1 (Table 2 as cited in [9]). The introduction of REY into a peat or coal falls into four basic paths. As we saw above, few coals are likely to have one dominant source of REY. Indeed, the Jungar coals were noted to have multiple modes of REY emplacement [25,26]. Similarly, while the Dean (Fire Clay) coal 4 Minerals 2016, 6, 32 REY is dominated by the REY-rich tonstein and the enrichment of adjacent coal lithologies through the leaching of REY from the tonstein, the coal bed had a depositional history prior to and following the ash fall [19]. In particular, Eastern Kentucky coals typically have TiO2 - and Zr-enriched basal lithologies which can also have REY enrichment [19,20]. For example, a section of the Fire Clay coal has 1358-ppm-REY (ash basis) basal lithotype, signiﬁcantly less than the 4251-ppm-REY (ash basis) lithotype immediately underlying the tonstein, but double the 680-ppm-REY (ash basis) concentration in the lithotypes between those two portions of the coal [19]. Basically, on a whole-seam basis, and probably also for most lithotypes, mixed modes of REY emplacement are to be expected but it is also important to understand the end members in order to fully understand the continuum. Table 1. The main genetic types of high REY accumulation in coals. After Seredin and Dai [9]. Type REO Content in Ash, % Associated Elements Typical Example Terrigenous 0.1–0.4 Al, Ga, Ba, Sr, Jungar, China [25,26] Tuffaceous 0.1–0.5 Zr, Hf, Nb, Ta, Ga Dean, USA [20] Inﬁltrational 0.1–1.2 U, Mo, Se, Re Aduunchulun, Mongolia [48] Hydrothermal 0.1–1.5 As, Sb, Hg, Ag, Au, etc. Rettikhovka, Russia [49] REO, oxides of rare earth elements and yttrium. In addition to the classiﬁcation of light-, medium-, and heavy-REY, as well as the corresponding enrichment types (L-, M-, and H-types), Seredin and Dai [9] set a criterion of REY concentration evaluation of REO content ě 1000 ppm in coal ash, or 800–900 ppm in coal ash for coal seams with thicknesses of > 5 m, as the cut-off grade or beneﬁcial recovery of the REY. The second criterion they set in their work for the evaluation of coal ash as REY raw materials is the individual composition of the elements. Seredin and Dai’s [9] Figure 6 (Figure 2 in this paper) is a synthesis of the REY concentration in coal ashes and non-coal REY-enriched deposits compared to an expression of the current commercial need as weighted by the availability of the individual elements. The x axis, the outlook coefﬁcient, is calculated as [9,50]: Coutl “ ppNd ` Eu ` Tb ` Dy ` Er ` Y{ΣREYq{ppCe ` Ho ` Tm ` Yb ` Luq{ΣREYq Figure 2. Classiﬁcation of REY-rich coal ashes by outlook for individual REY composition in comparison with selected deposits of conventional types. 1, REE-rich coal ashes; 2, carbonatite deposits; 3, hydrothermal deposits; and 4, weathered crust elution-deposited (ion-adsorbed) deposits. Clusters of REE-rich coal ashes distinguished by outlook for REY composition (numerals in ﬁgure): I, unpromising; II, promising; and III, highly promising. From Seredin and Dai [9]. 5 Minerals 2016, 6, 32 The y axis (REYdef, rel% ) is the percentage of critical REY (Figure 3) in the total REY. Cluster I, which includes some of the mined REE ores, is not as promising as Cluster II. Seredin and Dai [9] noted that mining of Cluster I “will neither mitigate the crisis in REY resources nor eliminate the shortage of the most critical REY, but will only result in overproduction of excessive Ce (p. 75).” Cluster II, with a variety of L-, M-, and H-type distributions, contains many of the known coal ashes, including the Dean (Fire Clay) ash. Given concentrations exceeding the economic threshold, a variable, coal ashes in the Cluster II concentration and Coutl range would be promising resources. Cluster III contains H-type REY’s with hydrothermal origins. Seredin-Dai’s classiﬁcation and evaluation criteria of REY in coal deposits have been adopted and used by a number of researchers ([51–58], among others). Figure 3. Divisions of lanthanides and yttrium into light, medium, and heavy REY; light and heavy REE; and critical, uncritical, and excessive groups (after Seredin [50] and Seredin and Dai [9]). Coal scientists have identiﬁed coals that were successfully utilized as raw materials for rare-metal recovery during periods of raw material crises [41]. The ﬁrst time the coal deposits were used as the major source of uranium was for the incipient nuclear industries in the former USSR and the United States following World War II. The second time was that the coal deposits are one of the major Ge sources for world industry. The third time, Al and Ga extraction was expanded from Jungar coal ashes of Northern China [41]. It is now time to address the coal-hosted rare earth elements and yttrium from coal deposits as a byproduct not only because of the REY supply crisis in recent years, but also because the distinct beneﬁts of REY extraction from coal ash, such as the relatively low cost for the necessary infrastructure as compared to developing new mining projects, as well as the beneﬁts associated with recycling of a waste product. 4. Conclusions Much of the recent research on coal utilization in the United States has focused upon the capture of pollutants such as acid gases, particulates, and mercury, and the greenhouse gas carbon dioxide. The possible recovery of rare earth elements from abundant coal and byproducts is an exciting new research area. Additional data is needed on the rare earth contents of coals and byproducts in order to determine the most promising potential feed materials for extraction processes. Future work will likely focus on the characterization of coals and byproducts, as well as on separation methods for rare earth recovery. Acknowledgments: We thank our respective employers for granting the time for us to contribute to this work. Author Contributions: All authors contributed to the writing of the manuscript. Conﬂicts of Interest: This paper/information was prepared as an account of work sponsored by an agency of the United States Government. Neither the United States Government nor any agency thereof, nor any of their employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents 6 Minerals 2016, 6, 32 that its use would not infringe privately owned rights. Reference herein to any speciﬁc commercial product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States Government or any agency thereof. The views and opinions of authors expressed herein do not necessarily state or reﬂect those of the United States Government or any agency thereof. References 1. US Department of Energy Coal Production Statistics. Available online: http://www.eia.gov/coal/ production/quarterly/ (accessed on 29 January 2016). 2. US Department of Energy Rare Earth EDX Database. Available online: https://edx.netl.doe.gov/ree/ (accessed on 29 January 2016). 3. Gschneidner, K.A., Jr. Rare Earths: The Fraternal Fifteen; United States Atomic Energy Commission. Division of Technical Information: Washington, DC, USA, 1964; p. 46. 4. Dent, P.C. Rare Earth Future. Available online: http://www.magneticsmagazine.com/main/channels/ materials-channels/rare-earth-future/ (accessed on 25 March 2016). 5. Pecht, M.G.; Kaczmarek, R.E.; Song, X.; Hazelwood, D.A.; Kavetsky, R.A.; Anand, D.K. Rare Earth Materials: Insights and Concerns; CALCE EPSC Press: College Park, MD, USA, 2012; p. 194. 6. U.S. Department of Energy. Critical Materials Strategy; U.S. Department of Energy: Washington, DC, USA, 2011; p. 197. Available online: http://energy.gov/sites/prod/ﬁles/DOE_CMS2011_FINAL_Full.pdf (accessed on 25 March 2016). 7. European Commission. Report on Critical Raw Materials for the EU. In Report of the Ad Hoc Working Group on Deﬁning Critical Raw Materials; European Commission: Bruxelles, Belgium, 2014; p. 41. Available online: http://ec.europa.eu/DocsRoom/documents/10010/attachments/1/translations/en/renditions/native (accessed on 25 March 2016). 8. Mayﬁeld, D.B.; Lewis, A.S. Environmental review of coal ash as a resource for rare earth and strategic elements. In Proceedings of the 2013 World of Coal Ash (WOCA) Conference, Lexington, KY, USA, 22–25 April 2013; pp. 22–25. Available online: http://www.ﬂyash.info/2013/051-mayﬁeld-2013.pdf (accessed on 25 March 2016). 9. Seredin, V.V.; Dai, S. Coal deposits as a potential alternative source for lanthanides and yttrium. Int. J. Coal Geol. 2012, 94, 67–93. [CrossRef] 10. Eskenazy, G. Rare-earth elements in some coal basins of Bulgaria. Geol. Balc. 1978, 8, 81–88. 11. Eskenazy, G.M. Rare earth elements and yttrium in lithotypes of Bulgarian coals. Org. Geochem. 1987, 11, 83–89. [CrossRef] 12. Eskenazy, G.M. Zirconium and hafnium in Bulgarian coals. Fuel 1987, 66, 1652–1657. [CrossRef] 13. Eskenazy, G.M. Rare earth elements in a sampled coal from the Pirin Deposit, Bulgaria. Int. J. Coal Geol. 1987, 7, 301–314. [CrossRef] 14. Eskenazy, G. Geochemistry of rare earth elements in Bulgarian coals. Annuaire de l’Universite´ de Soﬁa “St. Kliment Ohridski”, Faculte’ de Geologie et Geographie Livre 1-Geologie 1995, 88, 39–65. 15. Eskenazy, G.M. Aspects of the geochemistry of rare earth elements in coal: An experimental approach. Int. J. Coal Geol. 1999, 38, 285–295. [CrossRef] 16. Eskenazy, G.M. Sorption of trace elements on xylain: An experimental study. Int. J. Coal Geol. 2015, 150–151, 166–169. 17. Eskenazy, G.M.; Mincheva, E.I.; Rousseva, D.P. Trace elements in lignite lithotypes from the Elhovo coal basin. Comptes rendus del’Académie bulgare des Sciences 1986, 39, 99–101. 18. Eskenazy, G.M.; Brinkin, K. Trace elements in the Karlovo coal deposit. Comptes rendus del’Académie bulgare des Sciences 1991, 44, 67–70. 19. Hower, J.C.; Ruppert, L.F.; Eble, C.F. Lanthanide, Yttrium, and Zirconium anomalies in the Fire Clay coal bed, Eastern Kentucky. Int. J. Coal Geol. 1999, 39, 141–153. [CrossRef] 20. Mardon, S.M.; Hower, J.C. Impact of coal properties on coal combustion by-product quality: Examples from a Kentucky power plant. Int. J. Coal Geol. 2004, 59, 153–169. [CrossRef] 21. Crowley, S.S.; Stanton, R.W.; Ryer, T.A. The effects of volcanic ash on the maceral and chemical composition of the C coal bed, Emery Coal Field, Utah. Org. Geochem. 1989, 14, 315–331. [CrossRef] 7 Minerals 2016, 6, 32 22. Crowley, S.S.; Ruppert, L.F.; Belkin, H.F.; Stanton, R.W.; Moore, T.A. Factors affecting the geochemistry of a thick, subbituminous coal bed in the Powder River Basin: Volcanic, detrital, and peat-forming processes. Org. Geochem. 1993, 20, 843–854. [CrossRef] 23. Seredin, V.V. Rare earth element-bearing coals from the Russian Far East deposits. Int. J. Coal Geol. 1996, 30, 101–129. [CrossRef] 24. Dai, S.; Ren, D.; Li, S. Discovery of the superlarge gallium ore deposit in Junger, Inner Mongolia, North China. Chin. Sci. Bull. 2006, 51, 2243–2252. [CrossRef] 25. Dai, S.; Ren, D.; Chou, C.L.; Li, S.; Jiang, Y. Mineralogy and geochemistry of the No. 6 coal (Pennsylvanian) in the Jungar Coalﬁeld, Ordos Basin, China. Int. J. Coal Geol. 2006, 66, 253–270. [CrossRef] 26. Dai, S.; Li, D.; Chou, C.L.; Zhao, L.; Zhang, Y.; Ren, D.; Ma, Y.; Sun, Y. Mineralogy and geochemistry of boehmite-rich coals: New insights from the Haerwusu Surface Mine, Jungar Coalﬁeld, Inner Mongolia, China. Int. J. Coal Geol. 2008, 74, 185–202. [CrossRef] 27. Dai, S.; Wang, X.; Chen, W.; Li, D.; Chou, C.L.; Zhou, Y.; Zhu, C.; Li, H.; Zhu, X.; Xing, Y.; et al. A high-pyrite semianthracite of Late Permian age in the Songzao Coalﬁeld, southwestern China: Mineralogical and geochemical relations with underlying maﬁc tuffs. Int. J. Coal Geol. 2010, 83, 430–445. [CrossRef] 28. Dai, S.; Zou, J.; Jiang, Y.; Ward, C.R.; Wang, X.; Li, T.; Xue, W.; Liu, S.; Tian, H.; Sun, X.; et al. Mineralogical and geochemical compositions of the Pennsylvanian coal in the Adaohai Mine, Daqingshan Coalﬁeld, Inner Mongolia, China: Modes of occurrence and origin of diaspore, gorceixite, and ammonian illite. Int. J. Coal Geol. 2012, 94, 250–270. [CrossRef] 29. Dai, S.; Jiang, Y.; Ward, C.R.; Gu, L.; Seredin, V.V.; Liu, H.; Zhou, D.; Wang, X.; Sun, Y.; Zou, J.; et al. Mineralogical and geochemical compositions of the coal in the Guanbanwusu Mine, Inner Mongolia, China: Further evidence for the existence of an Al (Ga and REE) ore deposit in the Jungar Coalﬁeld. Int. J. Coal Geol. 2012, 98, 10–40. [CrossRef] 30. Birk, D.; White, J.C. Rare earth elements in bituminous coals and underclays of the Sydney Basin, Nova Scotia: Element sites, distribution, mineralogy. Int. J. Coal Geol. 1991, 19, 219–251. [CrossRef] 31. Kortenski, J.; Bakardjiev, S. Rare earth and radioactive elements in some coals from the Soﬁa, Svoge and Pemik Basins, Bulgaria. Int. J. Coal Geol. 1993, 22, 237–246. [CrossRef] 32. Pollock, S.M.; Goodarzi, F.; Riediger, C.L. Mineralogical and elemental variation of coal from Alberta, Canada: An example from the No.2 seam, Genesee Mine. Int. J. Coal Geol. 2000, 43, 259–286. [CrossRef] 33. Schatzel, S.J.; Stewart, B.W. Rare earth element sources and modiﬁcation in the Lower Kittanning coal bed, Pennsylvania: Implications for the origin of coal mineral matter and rare earth element exposure in underground mines. Int. J. Coal Geol. 2003, 54, 223–251. [CrossRef] 34. Aide, M.T.; Aide, C. Rare earth elements: Their importance in understanding soil genesis. ISRN Soil Sci. 2012, 2012. [CrossRef] 35. Pédrot, M.; Dia, A.; Davranche, M. Dynamic stricture of humic substances: Rare earth elements as a ﬁngerprint. J. Colloid Interface Sci. 2010, 345, 206–213. [CrossRef] [PubMed] 36. Davranche, M.; Grybos, M.; Gruau, G.; Pédrot, M.; Dia, A.; Marsac, R. Rare earth element patterns: A tool for identifying trace metal sources during wetland soil reduction. Chem. Geol. 2011, 284, 127–137. [CrossRef] 37. Finkelman, R.B. The origin, occurrence, and distribution of the inorganic constituents in low-rank coals. In Proceedings of the Basic Coal Science Workshop, Houston, TX, USA, 8–9 December 1981; Schobert, H.H., Ed.; Grand Forks Energy Technology Center: Grand Forks, ND, USA, 1981; pp. 70–90. 38. Seredin, V.; Shpirt, M.; Vassyanovich, A. REE contents and distribution in humic matter of REE-rich coals. In Mineral Deposits: Processes to Processing; Stanley, C.J., Ed.; A.A. Balkema: Rotterdam, The Netherlands, 1999; pp. 267–269. 39. Dai, S.; Zhou, Y.; Zhang, M.; Wang, X.; Wang, J.; Song, X.; Jiang, Y.; Luo, Y.; Song, Z.; Yang, Z.; et al. A new type of Nb (Ta)–Zr(Hf)–REE–Ga polymetallic deposit in the late Permian coal-bearing strata, eastern Yunnan, southwestern China: Possible economic signiﬁcance and genetic implications. Int. J. Coal Geol. 2010, 83, 55–63. [CrossRef] 40. Dai, S.; Zhao, L.; Peng, S.; Chou, C.L.; Wang, X.; Zhang, Y.; Li, D.; Sun, Y. Abundances and distribution of minerals and elements in high-alumina coal ﬂy ash from the Jungar Power Plant, Inner Mongolia, China. Int. J. Coal Geol. 2010, 81, 320–332. [CrossRef] 41. Seredin, V.V. From coal science to metal production and environmental protection: A new story of success. Int. J. Coal Geol. 2012, 90–91, 1–3. [CrossRef] 8 Minerals 2016, 6, 32 42. Arbuzov, S.I.; Ershov, V.V.; Potseluev, A.A.; Rikhvanov, L.P. Rare Elements in Coals of the Kuznetsk Basin; Publisher House KPK: Kemerovo, Russia, 2000; p. 248. (In Russian) 43. Arbuzov, S.I.; Mezhibor, A.M.; Spears, D.A.; Ilenok, S.S.; Shaldybin, M.V.; Belaya, E.V. Nature of tonsteins in the Azeisk deposit of the Irkutsk Coal Basin (Siberia, Russia). Int. J. Coal Geol. 2016, 153, 99–111. [CrossRef] 44. Seredin, V.V. The ﬁrst data on abnormal Niobium content in Russian coals. Dokl. Earth Sci. 1994, 335, 634–636. 45. Seredin, V.V.; Finkelman, R.B. Metalliferous coals: A review of the main genetic and geochemical types. Int. J. Coal Geol. 2008, 76, 253–289. [CrossRef] 46. Spears, D.A. The origin of tonsteins, an overview, and links with seatearths, ﬁreclays and fragmental clay rocks. Int. J. Coal Geol. 2012, 94, 22–31. [CrossRef] 47. Zhou, Y.; Bohor, B.F.; Ren, Y. Trace element geochemistry of altered volcanic ash layers (tonsteins) in late Permian coal-bearing formations of eastern Yunnan and western Guizhou Provinces, China. Int. J. Coal Geol. 2000, 44, 305–324. [CrossRef] 48. Arbuzov, S.I.; Mashen’kin, V.S. Oxidation zone of coalﬁelds as a promising source of noble and rare metals: A case of coalﬁelds in Central Asia. In Problems and Outlook of Development of Mineral Resources and Fuel-Energetic Enterprises of Siberia; Tomsk Polytechnic University: Tomsk, Russia, 2007; pp. 26–31. (In Russian) 49. Seredin, V.V. Metalliferous coals: Formation conditions and outlooks for development. In Coal Resources of Russia; Geoinformmark: Moscow, Russia, 2004; Volume 6, pp. 452–519. (In Russian) 50. Seredin, V.V. A new method for primary evaluation of the outlook for rare earth element ores. Geol. Ore Depos. 2010, 52, 428–433. [CrossRef] 51. Blissett, R.S.; Smalley, N.; Rowson, N.A. An investigation into six coal ﬂy ashes from the United Kingdom and Poland to evaluate rare earth element content. Fuel 2014, 119, 236–239. [CrossRef] 52. Saikia, B.K.; Ward, C.R.; Oliveira, M.L.S.; Hower, J.C.; Leao, F.D.; Johnston, M.N.; O’Bryan, A.; Sharma, A.; Baruah, B.P.; Silva, L.F.O. Geochemistry and nano-mineralogy of feed coals, mine overburden, and coal-derived ﬂy ashes from Assam (North-east India): A multi-faceted analytical approach. Int. J. Coal Geol. 2015, 137, 19–37. [CrossRef] 53. Chen, J.; Chen, P.; Yao, D.; Liu, Z.; Wu, Y.; Liu, W.; Hu, Y. Mineralogy and geochemistry of Late Permian coals from the Donglin Coal Mine in the Nantong coalﬁeld in Chongqing, southwestern China. Int. J. Coal Geol. 2015, 149, 24–40. [CrossRef] 54. Franus, W.; Wiatros-Motyka, M.M.; Wdowin, M. Coal ﬂy ash as a resource for rare earth elements. Environ. Sci. Pollut. Res. 2015, 22, 9464–9474. [CrossRef] [PubMed] 55. Zhao, L.; Ward, C.R.; French, D.; Graham, I.T. Major and Trace Element Geochemistry of Coals and Intra-Seam Claystones from the Songzao Coalﬁeld, SW China. Minerals 2015, 5, 870–893. [CrossRef] 56. Hower, J.C.; Eble, C.F.; O’Keefe, J.M.K.; Dai, S.; Wang, P.; Xie, P.; Liu, J.; Ward, C.R.; French, D. Petrology, Palynology, and Geochemistry of Gray Hawk Coal (Early Pennsylvanian, Langsettian) in Eastern Kentucky, USA. Minerals 2015, 5, 894–918. [CrossRef] 57. Zhang, W.; Rezaee, M.; Bhagavatula, A.; Li, Y.; Groppo, J.; Honaker, R. A review of the occurrence and promising recovery methods of rare earth elements from coal and coal by-products. Int. J. Coal Prep. Util. 2015, 35, 295–330. [CrossRef] 58. Li, B.; Zhuang, X.; Li, J.; Querol, X.; Font, O.; Moreno, N. Geological controls on mineralogy and geochemistry of the Late Permian coals in the Liulong Mine of the Liuzhi Coalﬁeld, Guizhou Province, Southwest China. Int. J. Coal Geol. 2016, 154–155, 1–15. [CrossRef] © 2016 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 9 minerals Article Clay Mineralogy of Coal-Hosted Nb-Zr-REE-Ga Mineralized Beds from Late Permian Strata, Eastern Yunnan, SW China: Implications for Paleotemperature and Origin of the Micro-Quartz Lixin Zhao 1,† , Shifeng Dai 1,2, *, Ian T. Graham 3,† and Peipei Wang 1,† 1 College of Geoscience and Surveying Engineering, China University of Mining and Technology (Beijing), Beijing 100083, China; TBP120201007@student.cumtb.edu.cn (L.Z.); wangpeipei1100@gmail.com (P.W.) 2 State Key Laboratory of Coal Resources and Safe Mining, China University of Mining and Technology (Beijing), Beijing 100083, China 3 School of Biological, Earth and Environmental Sciences, University of New South Wales, Sydney 2052, Australia; i.graham@unsw.edu.au * Correspondence: daishifeng@gmail.com; Tel.: +86-10-6234-1868 † These authors contributed equally to this work. Academic Editor: Dimitrina Dimitrova Received: 24 January 2016; Accepted: 11 May 2016; Published: 17 May 2016 Abstract: The clay mineralogy of pyroclastic Nb(Ta)-Zr(Hf)-REE-Ga mineralization in Late Permian coal-bearing strata from eastern Yunnan Province; southwest China was investigated in this study. Samples from XW and LK drill holes in this area were analyzed using XRD (X-ray diffraction) and SEM (scanning electronic microscope). Results show that clay minerals in the Nb-Zr-REE-Ga mineralized samples are composed of mixed layer illite/smectite (I/S); kaolinite and berthierine. I/S is the major component among the clay assemblages. The source volcanic ashes controlled the modes of occurrence of the clay minerals. Volcanic ash-originated kaolinite and berthierine occur as vermicular and angular particles, respectively. I/S is conﬁned to the matrix and is derived from illitization of smectite which was derived from the original volcanic ashes. Other types of clay minerals including I/S and berthierine precipitated from hydrothermal solutions were found within plant cells; and coexisting with angular berthierine and vermicular kaolinite. Inferred from the fact that most of the I/S is R1 ordered with one case of the R3 I/S; the paleo-diagenetic temperature could be up to 180 ˝ C but mostly 100–160 ˝ C. The micro-crystalline quartz grains (<10 μm) closely associated with I/S were observed under SEM and were most likely the product of desiliconization during illitization of smectite. Keywords: coal-hosted Nb-Zr-REE-Ga mineralization; clay minerals; paleotemperature; microcrystalline quartz 1. Introduction Polymetallic Nb(Ta)-Zr(Hf)-REE-Ga mineralization within Late Permian coal-bearing strata of eastern Yunnan Province, southwest China was reported by Dai, et al. [1]. The Nb(Ta)-Zr(Hf)-REE-Ga mineralization has anomalous response on natural gamma log curves and is widespread at the base of the Wuchiapingian of Late Permian age (i.e., terrestrial Xuanwei and terrestrial-marine transitional Longtan Formations) in southwest China [1–3]. The mineralization is believed to be derived from alkali volcanic ashes and occurs as thick beds (up to 10 m but mostly 2–5 m) interbedded in the sedimentary rocks of terrigenous origin [1]. In most cases, the Nb-Zr-REE-Ga mineralized horizon has been argillized, but tuffaceous textures, volcanic breccia, and hematitization can be observed as Minerals 2016, 6, 45 10 www.mdpi.com/journal/minerals Minerals 2016, 6, 45 well [1,2]. The Nb-Zr-REE-Ga mineralization occurs within coal-bearing strata and within coal beds directly [3], and accordingly, this Nb(Ta)-Zr(Hf)-REE-Ga polymetallic mineralization was generalized as a coal-hosted rare metal deposit [4]. This Nb-Zr-REE-Ga-enriched mineralization is characterized by signiﬁcant enrichment in Nb, Ta, Zr, Hf, REE (rare earth elements and Y) and Ga, for example, (Nb,Ta)2 O5 , 0.0302–0.0627 wt %; (Zr,Hf)O2 , 0.3805–0.8468 wt %; REO (oxides of REE), 0.1216–0.1358 wt %; and Ga, 52.4–81.3 ppm [1,3]. Notably, the content of (Nb,Ta)2 O5 is much higher than the required industrial (Nb,Ta)2 O5 grade of weathered crust niobium deposits (0.016–0.02 wt %) [5] while the concentration of Ga is also higher than the required Ga industrial grade in coal (30 ppm) and in bauxite (20 ppm) [6]. In most cases, the contents of REO and (Zr,Hf)2 O5 have also been up to their corresponding industrial utilization grades [5,7]. Although the mineralization of Nb(Ta)-Zr(Hf)-REE-Ga in the study area is notably signiﬁcant, their hosted minerals such as zircon, pyrochlore, columbite etc. are rarely observed within the Nb-Zr-REE-Ga mineralized beds under both the microscope and X-ray diffraction (XRD) [1]. While using scanning electron microscopy (SEM), Dai et al. [2] identiﬁed several rare metal-bearing minerals including REE-bearing minerals (rhabdophane, silico-rhabdophane, ﬂorencite, parasite and xenotime), zircon, and Nb-bearing anatase within the Nb-Zr-REE-Ga mineralization. These rare metal-bearing minerals mainly occur within pores and cavities of clay minerals as very ﬁne dispersed grains (in most cases <5 μm) indicating that they are probably of authigenic origin derived from re-deposition of rare metals leached from the Nb-Zr-REE-Ga-enriched tuff by hydrothermal solutions [2]. However, these rare-metal bearing minerals are rare to be observed under SEM and not in sufﬁcient concentration to explain the high contents of rare metals found in the geochemical analyses, for example, zircon as the only Zr-bearing mineral phase identiﬁed by Dai et al. [2] was rarely observed in the samples which contain up to thousands of ppm zirconium. On the other hand, the amount of zircon within the Nb(Ta)-Zr(Hf)-REE-Ga-mineralized samples (with Zr in thousands ppm level and Nb in hundreds ppm level) in the lower Xuanwei Formation (the mineralization-bearing strata) is 10–100 times that of the pyroclastic tonsteins which only contain hundreds of ppm Zr and tens of ppm Nb from the upper part of the Xuanwei Formation [8]. Therefore, the majority of rare metals do not occur within discrete mineral phases such as zircon, Nb-anatase, and REE-phosphate/carbonate, and must therefore be inferred to occur as absorbed ions within the clay minerals [1,8,9]. In fact, our unpublished results of leaching experiments showed that the ammonium sulfate solutions could extract a large amount of rare metals from the Nb-Zr-REE-Ga-mineralized samples (though not the speciﬁcally studied samples) providing indirect evidence for a certain amount of rare metals being absorbed within clay minerals. Therefore, a detailed study of the clay minerals is required to understand the modes of occurrence and industrial utilization of these rare metal elements. In this paper, we report on the clay mineralogy (species, abundances, modes of occurrence, and ordering of mixed layer illite/smectite) in the Nb-Zr-REE-Ga mineralized beds by an investigation of samples collected from two drill holes (XW and LK) in eastern Yunnan Province, SW China. This paper also provides an insight into the paleo-diagenetic temperature and origin of the ultraﬁne quartz particles (<10 μm) found in the studied samples. 2. Geological Setting The ~260 Ma Emeishan Large Igneous Province (ELIP) in SW China is considered to be the result of mantle plume activity and mainly comprises massive ﬂood basalts and contemporary felsic, maﬁc and ultramaﬁc intrusions [10–15]. Basalts as the predominant component of ELIP could be divided into two groups: high-Ti (Ti/Y > 500) and low-Ti (Ti/Y < 500) basalts [13]. Three ELIP zones including inner, intermediate, and outer zones were recognized (Figure 1A) based on the extent of erosion of the pre-ELIP eruption Maokou Formation (with limestone-dominated compositions) of Middle Permian age in SW China [11]. 11 Minerals 2016, 6, 45 Within the inner zone of the ELIP is the Kangdian Oldland comprising a sequence of Emeishan basalts, which existed until the Middle Triassic [11]. In the eastern ELIP, the Emeishan basalts unconformably overlie the Maokou Formation of Middle Permian age while the ELIP basalts are, in turn, overlain by the Late Permian Xuanwei and Longtan formations (Figure 1B) [11]. During the Late Permian, the ELIP and associated volcanism and hydrothermal activity controlled the development of coal-bearing strata in SW China, not only in serving the source for the peat-accumulation process, but also the distribution of peat-mire sites (i.e., peat-mires located in the middle and outer zones of ELIP) [2]. The Nb(Ta)-Zr(Hf)-REE-Ga polymetallic mineralization is found in the intermediate ELIP zone and is located in the lowest Xuanwei Formation in eastern Yunnan Province (Figures 1 and 2) [1]. The Xuanwei Formation is a continental formation containing the major coal-bearing strata of Late Permian age in eastern Yunnan Province, southwest China [1,16–19] and is mainly derived from erosion of the Kangdian Oldland in the central ELIP [2,15,20–22]. Figure 1. Geological setting during Late Permian in southwest China, showing the location of Nb-Zr-REE-Ga mineralization. (A) Schematic map showing the inner, intermediate and outer zones of the Emeishan Large Igneous Province. (B) Paleogeography map showing the distribution of terrestrial Xuanwei Formation and transitional Longtan Formation during the Wuchiapingian in SW China. The red spots indicate the localities of the two studied drill holes (XW and LK). Figure 1 is modiﬁed from [20]. 3. Samples and Analytical Procedures A total of 39 samples, corresponding to the high anomalies on natural gamma log curves, were collected from Nos. XW and LK drill holes in eastern Yunnan Province, SW China. These samples were identiﬁed as X-1 to X-17, and L-1 to L-22 from top to bottom, respectively (Figure 2). The samples are mainly mudstone, and in a few cases sandstones. Calcite veins, pyrite grains, hematite, and plant fragments are commonly observed in hand-specimens. Polished thin-sections and polished block samples were prepared from selected samples for optical and scanning electron microscopic observations. All samples were then crushed and milled to pass 200-mesh for bulk X-ray diffraction (XRD) analysis (Rigaku, Tokyo, Japan). Bulk-XRD analysis was performed using a Rigaku D/max 2500 pc powder diffractometer equipped with Ni-ﬁltered Cu-Kα radiation and scintillation detector in China University of Mining and Technology (Beijing). Each XRD pattern was recorded over a 2θ interval of 2.6˝ –70˝ , with a step size of 0.02˝ . Quantitative analysis 12 Minerals 2016, 6, 45 for each mineral phase was carried out by a commercial XRD interpretation software Siroquant™ (Sietronics Pty Ltd., Belconnen, ACT, Australia). Figure 2. Stratigraphic sections of the XW and LK drill holes. The red areas indicate the sampling locations. Modes of occurrence of minerals were investigated using a FEI Quanta™ 650 FEG scanning electron microscope (SEM, EDAX Inc., Mahwah, NJ, USA) in China University of Mining and Technology (Beijing), China and a Hitachi S3400-X/I SEM (Hitachi, Tokyo, Japan) at the University of New South Wales, Australia. The selected polished thin-sections and sample blocks were carbon-coated before SEM observation. The Quanta SEM worked with a beam voltage of 20.0 kV, working distance ~10 mm, and a spot-size of 5.5 while, for the Hitachi-S3400 X/I, the accelerating voltage was 20 kV, and the beam current was 40–60 mA during SEM operation. Sample powders were mixed with water and then settled for approximately 2 h for acquiring clay-bearing suspensions. Suspended clay particles were concentrated through centrifuging (8 min at 2500 rpm). The concentrated clay fractions were placed evenly on glass slides. Three XRD runs were performed on each slide after air-drying, exposure to ethylene-glycol vapor (more than 24 h) and heating to 400 ˝ C for 1 h using a PANalytical Empyrean II XRD (Co-Kα; PANalytical Ltd., Almelo, The Netherlands) at the University of New South Wales, Australia, with tube voltage of 45 kV and current of 40 mA. 4. Results 4.1. Mineral Phases and Clay Species in the Studied Sample Mineralogical compositions based on powder XRD and Siroquant analyses in the studied samples are given in Table 1. Mineral phases in this study include clay minerals, quartz, anatase, calcite, siderite, hematite, albite, and ﬂorencite (Table 1; Figure 3). Pyrite occurring either as discrete grains or as veinlets was commonly observed but its content was generally below the detection limit of XRD or Siroquant techniques. 13 Table 1. Mineral contents (%) in the studied samples, and the estimated percentages of smectite layers i.e., S (%) and Reichweite values for I/S. “-“ means below the detection limit of Siroquant analysis. Samples I/S Kaolinite Berthierine Quartz Anatase Calcite Florencite Siderite Albite Hematite Total Clay S (%) Reichweite Value X-1 15.2 42.6 17.5 22.8 1.9 - - - - - 75.3 35 R1 Minerals 2016, 6, 45 X-2 23.5 57.7 12.3 5.2 1.4 - - - - - 93.5 35 R1 X-3 27.0 56.5 4.7 10.3 1.6 - - - - - 88.2 35 R1 X-4 51.9 28.4 4.3 12.8 1.6 0.9 - - - - 84.6 30 R1 X-5 35.0 35.4 18.4 8.8 2.0 0.5 - - - - 88.8 30 R1 X-6 22.8 39.7 22.9 13.6 1.0 - - - - - 85.4 30 R1 X-7 54.2 12.9 - 28.0 1.3 3.7 - - - - 67.1 25 R1 X-8 45.5 29.6 11.6 11.8 0.6 0.9 - - - - 86.7 30 R1 X-9 54.5 24.2 5.1 15.7 0.5 - - - - - 83.8 30 R1 X-10 43.9 28.2 10.1 16.9 0.9 - - - - - 82.2 30 R1 X-11 78.4 3.9 2.1 15.5 0.2 - - - - - 84.4 25 R1 X-12 75.9 1.2 1.5 19.8 - 1.5 - - - - 78.6 25 R1 X-13 69.6 2.6 0.7 26.2 0.8 - - - - - 72.9 25 R1 X-14 75.7 1.2 3.9 19.2 - - - - - - 80.8 25 R1 X-15 77.6 4.4 2.0 16.0 - - - - - - 84.0 25 R1 X-16 57.8 9.0 6.0 14.1 0.2 12.3 - 0.7 - - 72.7 25 R1 X-17 45.1 19.2 1.4 32.3 1.1 0.8 - - - - 65.7 20 R1 14 L-1 31.1 13.4 19.1 33.5 2.3 - 0.5 - - - 63.6 20 R1 L-2 52.9 0.9 16.6 25.3 1.5 2.3 0.5 - - - 70.4 20 R1 L-3 56.1 1.5 6.1 28.0 0.9 7.0 0.3 - - - 63.7 20 R1 L-4 66.3 5.3 1.4 15.2 1.1 10.0 0.6 - - - 73.0 20 R1 L-5 20.6 8.1 10.5 52.2 - 7.9 0.7 - - - 39.2 20 R1 L-6 74.0 10.0 9.9 0.8 5.3 - - - - - 93.9 20 R1 L-7 28.0 4.1 31.9 23.6 1.4 - - 11.1 - - 64.0 20 R1 L-8 65.9 4.9 15.5 12.2 1.5 - - - - - 86.3 20 R1 L-9 58.7 5.3 4.3 30.8 0.9 - - - - - 68.3 20 R1 L-10 66.6 7.7 4.9 19.1 1.8 - - - - - 79.2 20 R1 L-11 33.3 - 51.9 0.4 4.5 - 0.1 6.4 - 3.3 85.2 20 R1 L-12 54.1 - 32.3 0.8 6.0 - – 3.7 - 3.1 86.4 20 R1 L-13 69.0 11.0 6.4 7.4 2.3 - 0.5 - - 3.5 86.4 25 R1 L-14 53.6 17.3 16.8 4.1 4.7 - 0.7 - - 2.7 87.7 20 R1 L-15 71.7 5.9 8.8 9.1 1.8 - - - - 2.7 86.4 20 R1 L-16 69.5 8.7 3.3 13.8 0.8 - 0.7 - - 3.1 81.5 20 R1 L-17 65.5 9.8 0.4 23.3 1.0 - - - - - 75.7 20 R1 L-18 53.2 8.0 15.8 20.3 2.7 - - - - - 77.0 20 R1 L-19 41.9 10.4 9.2 30.6 0.1 - 0.5 - 7.3 - 61.5 20 R1 L-20 64.9 3.2 13.1 15.1 3.1 - 0.7 - - - 81.2 20 R1 L-21 44.1 8.6 17.9 28.1 0.8 - 0.5 - - - 70.6 20 R1 L-22 59.0 8.3 14.2 17.4 1.1 - - - - - 81.5 15 R3 Minerals 2016, 6, 45 Figure 3. XRD of a selected sample (X-16). Abbreviations in the ﬁgure indicate the minerals identiﬁed, such as I/S: mixed layer illite/smectite; K: kaolinite; B: berthierine; Q: quartz; A: anatase; Ca: calcite; and S: siderite. The clay species were further identiﬁed by the analyses of the three XRD runs on air-dried, Ethylene Glycol (EG)-solvation and heated specimens. Clay minerals identiﬁed in the studied samples comprise mixed layer illite/smectite (I/S), kaolinite, and berthierine (Figures 3 and 4). I/S has been recognized by comparing the bulk-XRD pattern (and the air-dried patterns) to XRD patterns of the ethylene-glycol treated and heated specimens. The characteristic broad peaks of mixed layer I/S are located at 11 Å˘ in the bulk and air-dried oriented patterns, split into two peaks at 12 and 9 Å˘ after EG solvation, and move towards 10 Å for the heated sample (Figures 3 and 4) [23]. Kaolinite is distinguished by the 7.2 and 3.58 Å peaks in the bulk and air-dried patterns which do not change in the patterns for the EG specimen while in the heated specimen, these peaks reduce or disappear [23]. Berthierine, which has a similar structure to kaolinite and similar chemical composition to chlorite, is distinguished by a lack of 14 Å reﬂections and a 7 Å basal spacing in the XRD patterns [24–26]. In the XRD pattern, the d(001) intensity of berthierine is slightly lower than that of kaolinite (Figure 4). Kaolinite may mask berthierine in the bulk XRD patterns owing to the proximate (001) and (002) reﬂections of these two minerals; however, they can be identiﬁed from each other in the air-dried oriented pattern (Figure 4). The d(001) reﬂection of berthierine will considerably reduce after being heated (Figure 4) [27]. I/S in all the studied samples was identiﬁed as ordered according to the position of split peaks, as well as the presence of the basal peak at 27 Å in the EG-solvation specimens [23]. The percentages of smectite layers of I/S i.e., S (%) in the studied samples were estimated based on the d-spacing values of I/S in EG-XRD patterns, as listed in Table 1. Apparently, S (%) in samples from XW drill hole (25%–35%) is higher than those from LK drill hole (15%–20%). I/S in most of the samples are identiﬁed as R1 ordered with only one R3 I/S in L-22 (Table 1; R: Reichweite parameters; [28]). 15 Minerals 2016, 6, 45 (A) (B) Figure 4. XRD patterns for air-dried, EG-solvation, and heated clay fractions of selected samples (A) X-2 and (B) L-19. Abbreviations are same as in Figure 3. AD: air-dried; EG: ethylene glycol saturated; H: heated. 4.2. Modes of Occurrence of Clay Minerals Clay minerals in this study show various modes of occurrence. Mixed layer illite/smectite mainly occurs as groundmass for other minerals (not only non-clay minerals, but also kaolinite and berthierine; Figure 5). In some cases, I/S has a needle-/lath-like shape (Figure 6A) and is also found in plant cells (Figure 6B) probably indicating an authigenic origin. Berthierine in this study shows pale red-yellowish discrete particles within I/S matrix under the microscope (Figure 5A). The berthierine particles are usually sharp-cornered and elongated in shape and vary in length from 50 μm to more than 300 μm (Figures 5A and 6C,D). Under SEM, berthierine not only occurs as angular particles (Figure 6C,D), but also colloidal inﬁllings in plant cells coexisting with I/S or quartz (Figure 6B,E). In a few cases, berthierine precipitated along the cracks of vermicular kaolinite (Figure 6F). In Figure 6C,D, berthierine grains were eroded with I/S ﬁlling within the cavities or surrounding the remnant berthierine particles. Vermicular kaolinite is commonly found under both the microscope and SEM. Vermicular kaolinite shows yellowish color under the cross-polarized light under SEM, and in some cases, kaolinite was altered to colloidal berthierine along the margins of kaolinite crystal (Figures 5B and 6F). 16 Minerals 2016, 6, 45 Figure 5. Microscopic observations of the studied samples (cross-polarized light). (A) Volcanic shard-like berthierine particles (X-17); (B) Vermicular kaolinite (L-11). Figure 6. Back-scattered electron images of clay minerals. (A) Authigenic lath-like I/S (X-2); (B) Berthierine and I/S within plant cell (black areas), and micro-quartz particles (X-1); (C) Berthierine particles (X-2); (D) I/S surrounding berthierine (L-18); (E) Quartz coexisting with berthierine within plant cells (L-5); (F) berthierine within fractures of vermicular kaolinite (X-10). 17 Minerals 2016, 6, 45 4.3. Abundances of Clay Minerals Clay minerals are dominant in almost all the studied samples (total clay: 65.7%–93.5%, mean 80.9% in XW#; 39.2%–93.9%, mean 75.6% in LK#; Table 1), followed by quartz (XW#: 5.2%–32.3% and LK#: 0.4%–52.2%; Table 1) and anatase. Calcite is commonly found under both micro- and macro-observations and in a few cases, the content of calcite is up to 12.3% (XW-16; Table 1). Siderite, albite, and hematite are only rarely found in LK drill holes. Trace REE-bearing phosphate ﬂorencite was also discovered in some samples from LK drill holes. Regarding the clay minerals, I/S is more abundant than kaolinite and berthierine, for example the content of I/S in XW drill holes ranges from 15.2% to 78.4%, averaging 50.6% while in LK drill holes, this value is from 20.6% to 74%, with an average of 54% (Table 1). In general, samples from XW drill hole contain more kaolinite (1.2%–57.7%; Table 1) than those from LK drill hole (bdl-17.3%; bdl: below detection limit; Table 1). In contrast, berthierine seems more abundant in LK drill hole (0.4%–51.9%; Table 1) than in XW drill hole (bdl-22.9%; Table 1). 5. Discussions 5.1. Volcanic Ash Control on Modes of Occurrence of Clay Assemblages Based on the petrologic, mineralogical, geochemical, and geophysical studies by Dai, et al. [1], the Nb-Zr-REE-Ga-mineralized horizons represent argillized tuffs originated from alkaline volcanic ashes. This is mainly because we have found typical tuffaceous instead of sedimentary textures, and shard-like and euhedral magmatic high-temperature minerals within the Nb-Zr-REE-Ga-mineralized samples under both the microscope and SEM [1,2]. These high-temperature magmatic mineral phases (such as beta-quartz, euhedral apatite, and zircon etc.) with high-T cracks, embayments, and sharp-edged outlines were not hydraulically sorted debris which usually have rounded morphologies. It is believed that the Nb-Zr-REE-Ga-mineralized samples and the contained elevated rare metals were derived from alkaline volcanic ash [1]. Natural gamma log data from more than 300 drill holes have shown that the Nb-Zr-REE-Ga-mineralized beds with high positive natural gamma anomalies have a continuous lateral extent across the lowest Upper Permian strata of SW China [1,2]. The widespread Nb-Zr-REE-Ga-mineralized beds with a uniform geochemistry and mineralogy are also indicative of a volcanic tuff deposition [1,2]. In some cases, the abrupt contact between the Nb-Zr-REE-Ga-mineralized rocks and the wall rocks may also be caused by the volcanic-ash origin of the former [1]. These Nb-Zr-REE-Ga-mineralized beds in the lowest Upper Permian strata, have a temporal link to the ~260 Ma Emeishan large igneous province and are the results of waning activity of Emeishan mantle plume [2,29]. The glass-rich volcanic ashes would be an ideal precursor for the clay minerals [30]. In this study, the volcanic origin of the studied samples is also reﬂected by the modes of occurrence of the clay minerals. Berthierine is one of the dominant minerals in the Nb(Ta)-Zr(Hf)-REE-Ga ore deposit [1] and has been found within Paleogene and Late Triassic coals of Japan [31]; however, in the Late Permian coals from southwest China, berthierine is not widely reported while an Fe-rich chlorite (i.e., chamosite which is characterized by the 14 Å on XRD pattern; cf. Dai and Chou [32]) is commonly found [32–35]. Berthierine in this study is mainly found occurring as individual angular particles although a small proportion of authigenetic colloidal berthierine can be observed as well. Such berthierine with various irregular shapes (cf. Figures 5 and 6) rather than the rounded shape or lumps following the bedding planes indicates that it had not been sorted by weathering and transportation process but is most likely to be transformed from the volcanic glass shards transported by air [36]. Under a microscope, shard-like berthierine occurring discretely within the matrix is also similar to the texture of a volcanic tuff (Figure 5A). Kaolinite is a common mineral phase in coals and the intra-seam parting tonstein, generally a dominant clay species within clay assemblages in coal, probably due to its stability in low-pH peat mire which contains humic acid released from organic matter at early stage of coal-forming 18 Minerals 2016, 6, 45 process [16,30,37]. Deconinck et al. [38] generated that kaolinite may be derived either from volcanic ashes or from detrital materials. Additionally, Ward [39] suggested that authigenic kaolinite occurring in pores and cavities in coal may be precipitated from solutions. The well-crystallized vermicular texture of kaolinite crystal is believed as volcanic ash-altered product in oxygen-depleted conditions and would occur in the volcanic horizons within coal-forming peat mires [30,34,40,41] or marine environments [38]. In this study, the microscopic and SEM observations revealed the presence of widespread vermicular aggregates of kaolinite is widespread (Figures 5B and 6F), indicating these kaolinite crystals were of authigenic origin and formed in situ through alteration of volcanic glass [38]. I/S is also a common mineral in coal [39] and in general, I/S is not the dominant minerals [42]. In fact, the clay fractions in this study, especially kaolinite and I/S have been described within volcanic-ash originated depositions of coal-bearing strata [30]. I/S has been reported in most Mesozoic bentonites [30], the lower Cretaceous bentonites, British Columbia [43–45], Oxfordian bentonites from the Subalpine Basin, Turonian bentonites of France [46], and Ordovician Kinnekulle K-bentonites, France [47]. Furthermore, I/S-enriched Late Permian coals were reported in the Changxing Mine, eastern Yunnan, southwest China (closely located to the drill holes present in this study) [42]. Volcanic ashes falling into the peat mire would transform to smectite; I/S was probably derived from illitisation of volcanic ashes originated smectite during burial diagenesis [30]. Based on the occurrence that I/S coexists with berthierine within the outline of volcanic glass (Figure 6D), it is inferred that both I/S and berthierine were derived from alteration of volcanic glass. In addition to the volcanic ashes, hydrothermal ﬂuids may have also participated in the formation of clay minerals. The minerals in the plant cells (Figure 6B,E), along with the rare metal-bearing minerals (including hydrothermal REE-bearing phosphate and carbonate, and Nb-bearing anatase etc.) occurring within pores and cavities of clay minerals [2] indicate that these minerals are authigenic origin derived from re-deposition of free-ions leached from volcanic ashes by hydrothermal ﬂuids [2]. Clay minerals may have grown from hydrothermal solutions enriched in Si, Al, Fe, K, etc. by dissolution of volcanic ashes (including volcanic minerals and glasses). 5.2. Implications for Paleo-Diagenetic Temperature The clay minerals in this study, particularly I/S, are sensitive to thermal conditions, thus their characteristics can be used to estimate the paleo-diagenetic temperatures during the burial process [31,38,48–50]. Factors affecting formation of ordered I/S include temperature, ﬂuid chemistry, time, source material composition, and permeability of the host rock [48,51,52]. In the present study, the latter three factors are unlikely to be the main controls on the ordering of I/S because most of the studied samples are mudstones derived from the same phase of alkaline volcanism with same magma source in the earliest Late Permian [1,2]. Temperature and ﬂuid chemistry thus should be the dominant factors that would have inﬂuenced the formation of I/S in this study. Many studies have focused on the diagenetic temperature during the burial process, using the evolution of smectite illitization (especially the percentages of smectite layers within I/S) [48,50,53–55]. In the XRD patterns for the EG-saturated clay fractions, as smectite layers decrease in I/S, the peaks at 9 Å, as well as peaks at 5 Å, become sharp and narrow showing a trend towards illite and indicating a progressive increment in temperature (Figure 7). It has been suggested that the temperature that reﬂects the appearance of R1 I/S during the smectite illitization process is generally around 100 ˝ C while the transition temperature from R1 to R3 I/S can be up to ca. 180 ˝ C [48,50,53–55]. In this study, most of the studied samples have the R1 ordered I/S, except for only one sample that has the R3 ordered I/S (Table 1) indicating that the paleo-diagenetic temperature for the studied samples could have been up to 180 ˝ C but for most of the samples, this value ranges from 100 to 180 ˝ C. Considering the inﬂuence of ﬂuids, it is interesting to note that in the samples from XW drill hole, especially in the lower bed (X-11 to X-16), the contents of kaolinite and berthierine tend to decrease from X-10 to (X-11 to X-16), and then increase in X-17 (Table 1). In addition to the sharp decrease of contents of kaolinite and berthierine, the ordering of their structure also starts to become poor (reﬂected 19 Minerals 2016, 6, 45 by the broad peaks at 7 and 3.5 Å), along with an increase in the contents and ordering of I/S in X-11 to X-16 (Table 1; Figures 3, 4 and 7). The changes in contents and crystal ordering may reﬂect the re-forming of clay minerals under conditions that allow for the poorly-ordered kaolinite and berthierine to form [51]. While in the presence of K released from volcanic ashes, the conversion of well-ordered kaolinite to disordered kaolinite and I/S would have happened under hydrothermal conditions [51]. The colloidal/inﬁlling minerals which were precipitated from hydrothermal ﬂuids revealed in part 4 and a previous study [2] suggest that hydrothermal ﬂuids inﬂuenced the studied samples during diagenesis. Accordingly, a reaction mechanism that the kaolinite, as well as berthierine (which has a similar structure to kaolinite [26]) had transformed into I/S under hydrothermal conditions is possible. Such a transformation was estimated to have occurred in a thermal metamorphism environment at a temperature around 225–250 ˝ C [51]; however, as for this study, if the temperature had reached 225 ˝ C, the corresponding I/S in these samples should be R3 ordered. In contrast, as revealed in Table 1, I/S in these samples R1 is still ordered with a slight decrease of 5% smectite layers within I/S. Therefore, such a high temperature seems improbable for the present study. Figure 7. XRD patterns for EG-solvation slides with S (%) = 15, 20, 25, 30, 35, respectively. Blue bars indicate the synthetic peaks at 7, 3.5 and 3.3 Å. Abbreviations are the same as Figure 3. Berthierine is another temperature-sensitive mineral which remains stable under a wide range of temperatures but generally lower than 200 ˝ C [56]. Although in some cases, the transformation of berthierine to chamosite during diagenesis at lower temperatures was reported (below 70 ˝ C when accompanied by organic matter) [31,56,57], that berthierine could have formed at higher temperature was revealed by Iijima and Matsumoto [31], who suggested the formation temperature of berthierine in coal to be 65–150 ˝ C while the alteration temperature of berthierine higher than 160 ˝ C. A similar crystallization temperature of berthierine (150 ˝ C) was also reported by Rivas-Sanchez, et al. [25]. If we adopt Iijima and Matsumoto’s [31] viewpoint to estimate the paleotemperature of the coal-hosted Nb-Zr-REE-Ga mineralization, since no traces of berthierine transforming to chamosite were found (i.e., no 14 Å were found in XRD patterns) in this study, the paleotemperature should be below 160 ˝ C. Overall, temperature should be the primary control on the formation of I/S with in some cases, the hydrothermal activity as a secondary control. It is reasonable to estimate that the paleo-diagenetic temperature for the studied samples was 100–160 ˝ C, with one case up to 180 ˝ C. The distribution 20 Minerals 2016, 6, 45 patterns of rare earth elements (e.g., negative Eu anomalies) in the ore beds also showed that the temperature is lower than 200 ˝ C [58]. 5.3. Origin of the Micro-Crystalline Quartz Associated with Mixed Layer I/S Microcrystalline quartz with sizes generally less than 10 μm (mostly <5 μm; Figure 6B) was observed in this study. These very ﬁne quartz grains/cements were found isolated and surrounded by a clay matrix (mainly I/S; Figure 6B). It is unlikely that this micro-quartz formed via mechanical transportation as quartz of a detrital origin is generally in silt- to sand-size particles [59]. Additionally, the pyroclastic quartz in the Nb-Zr-REE-Ga mineralization was reported as large angular particles (>50 μm) [1]. These individual micro-crystalline quartz particles are, therefore, most likely authigenic rather than detrital or pyroclastic in origin. The authigenic ultraﬁne quartz grains (around 10 μm) were also found in Late Permian coal from Xuanwei, east Yunnan Province, SW China [32] and the Early Cretaceous Wulantuga coal, Inner Mongolia, North China [59]. It has been suggested that illitization of smectite releases Si and involves addition of K [51,60–63]. The excess released Si in solutions (e.g., pore water) may precipitate locally as authigenic micro-crystalline quartz coexisting with the neoformed I/S [62,63]. A simplified reaction process would be: Smectite ` K+ Ñ Illite{pI{Sq ` Silica pSO2 q ` H2 O Peltonen et al. [62] suggested that the sources of smectite and potassium will govern the amount of Si released in such a reaction. In this study, as the studied samples are of pyroclastic origin [1], the smectite in the above equation would be from the alteration of volcanic glasses while volcanic ash-accompanied K-feldspar could have provided K for the illitization of smectite. Another factor limiting the precipitation of quartz from Si-solutions is the permeability of the host rocks, for example, Si-ﬂuids would migrate easier from sandstone (high permeability) than from mudstone (low permeability) [63]. In this study, the low permeability of the studied samples (i.e., mostly mudstones), restricting the diffusion of ﬂuids that contain Si released from illitization of smectite, could also have favored the in situ deposition of quartz. With all the above in mind, we assume that the illitization of smectite during diagenesis may have released signiﬁcant amounts of SiO2 into solutions ﬁrst; then due to the low permeability of the studied mudstones, the SiO2 -rich solutions resulted in the formation of the micro-crystalline quartz in situ as grains near the I/S. As the progressive illitization of smectite proceeded during diagenesis, SiO2 was continuously released to form the high silica saturated solutions favoring the further continuous crystallization and growth of the micro-quartz to become macro-crystalline quartz cements or aggregates [63]. Such a process may also be the cause of high quartz contents in the studied samples (Table 1). 6. Conclusions (1) The clay minerals in the Nb(Ta)-Zr(Hf)-REE-Ga mineralized beds mainly comprise I/S, kaolinite, and berthierine. Generally, I/S is the most abundant species among the clay minerals while the contents of kaolinite and berthierine vary greatly. Angular berthierine particles and vermicular kaolinite occur within the I/S groundmass, while a small proportion of berthierine occurs as colloidal inﬁllings coexisting with I/S in plant cells or in the fractures of vermicular kaolinite. (2) The modes of occurrence of kaolinite and berthierine verify a volcanic origin for the studied samples. Vermicular kaolinite and the angular berthierine are probably in situ alteration products of volcanic ashes. I/S is the product of illitization of volcanic-ash originated smectite. (3) Indicated by the presence of berthierine and the ordering of the I/S, the paleo-diagenetic temperature reached ca. 180 ˝ C, but was generally within 100–160 ˝ C. (4) The authigenic micro-crystalline quartz coexisting with I/S is probably the result of illitization of smectite during the diagenetic process. 21 Minerals 2016, 6, 45 Acknowledgments: This research was supported by the National Key Basic Research Program of China (No. 2014CB238902), the National Natural Science Foundation of China (Nos. 41420104001 and 41272182), and the Program for Changjiang Scholars and Innovative Research Team in University (IRT13099). We would like to thank Colin Ward and David French from the University of New South Wales, Australia for their help in clay mineral identiﬁcation and quantiﬁcation, and Xisheng Lin from the Research Institute of Petroleum Exploration & Development, China for analysis of mixed layer illite/smectite. Joanne Wilde from the University of New South Wales, Australia is thanked for preparing the polished thin-sections for this study. Author Contributions: All co-authors participated in the work of this study. Lixin Zhao carried-out the clay mineralogy analyses and interpreted mineralogical data under the supervision of Ian Graham. Shifeng Dai collected the samples in the ﬁeld and has carried-out the ﬁeld investigation. Ian Graham and Shifeng Dai helped to design the research and structure of the manuscript, as well as the correcting the English language of this manuscript. Peipei Wang conceived and determined the ordering of mixed layer I/S. Conﬂicts of Interest: The authors declare no conﬂict of interest. References 1. Dai, S.; Zhou, Y.; Zhang, M.; Wang, X.; Wang, J.; Song, X.; Jiang, Y.; Luo, Y.; Song, Z.; Yang, Z.; Ren, D. A new type of Nb(Ta)-Zr(Hf)-REE-Ga polymetallic deposit in the Late Permian coal-bearing strata, eastern Yunnan, southwestern China: Possible economic signiﬁcance and genetic implications. Int. J. Coal Geol. 2010, 83, 55–63. [CrossRef] 2. Dai, S.; Chekryzhov, I.Y.; Seredin, V.V.; Nechaev, V.P.; Graham, I.T.; Hower, J.C.; Ward, C.R.; Ren, D.; Wang, X. Metalliferous coal deposits in East Asia (Primorye of Russia and South China): A review of geodynamic controls and styles of mineralization. Gondwana Res. 2016, 29, 60–82. [CrossRef] 3. Dai, S.; Ren, D.; Chou, C.-L.; Finkelman, R.B.; Seredin, V.V.; Zhou, Y. Geochemistry of trace elements in Chinese coals: A review of abundances, genetic types, impacts on human health, and industrial utilization. Int. J. Coal Geol. 2012, 94, 3–21. [CrossRef] 4. Dai, S.; Ren, D.; Zhou, Y.; Seredin, V.V.; Li, D.; Zhang, M.; Hower, J.C.; Ward, C.R.; Wang, X.; Zhao, L.; et al. Coal-hosted rare metal deposits: Genetic types, modes of occurrence, and utilization evaluation. J. China Coal Soc. 2014, 39, 1707–1715. (In Chinese) 5. Geology Mineral Industry Standard of P.R. China: Speciﬁcations for Rare Metal Mineral Exploration; DZ/T 0203-2002; Geological Press: Beijing, China, 2002. (In Chinese) 6. Committee of National Resources. Reference Handbook for Mineral Industry Requirements; Geological Press: Beijing, China, 2010. (In Chinese) 7. Geology Mineral Industry Standard of P.R. China: Speciﬁcations for Rare Earth Mineral Exploration; DZ/T 0204-2002; Geological Press: Beijing, China, 2002. (In Chinese) 8. Zhou, Y. The synsedimentary alkalinity-volcanic ash derived tonsteins of early Longtan age in southwestern China. Coal Geol. Explor. 1999, 27, 5–9. (In Chinese) 9. Zhou, Y.; Bohor, B.F.; Ren, Y. Trace element geochemistry of altered volcanic ash layers (tonsteins) in Late Permian coal-bearing formations of eastern Yunnan and western Guizhou provinces, China. Int. J. Coal Geol. 2000, 44, 305–324. [CrossRef] 10. Ali, J.R.; Fitton, J.G.; Herzberg, C. Emeishan large igneous province (SW china) and the mantle-plume up-doming hypothesis. J. Geol. Soc. 2010, 167, 953–959. [CrossRef] 11. He, B.; Xu, Y.-G.; Chung, S.-L.; Xiao, L.; Wang, Y. Sedimentary evidence for a rapid, kilometer-scale crustal doming prior to the eruption of the Emeishan ﬂood basalts. Earth Planet. Sci. Lett. 2003, 213, 391–405. [CrossRef] 12. Shellnutt, J.G. The Emeishan large igneous province: A synthesis. Geosci. Front. 2014, 5, 369–394. [CrossRef] 13. Xu, Y.; Chung, S.-L.; Jahn, B.-M.; Wu, G. Petrologic and geochemical constraints on the petrogenesis of Permian-Triassic Emeishan ﬂood basalt in southwestern China. Lithos 2001, 58, 145–168. [CrossRef] 14. Chung, S.L.; Jahn, B.M. Plume-lithosphere interaction in generation of the Emeishan ﬂood basalts at the Permian-Triassic boundary. Geology 1995, 23, 889–892. [CrossRef] 15. Xu, Y.; He, B.; Luo, Z.; Liu, H. Large igneous provinces in China and mantle plume: An overview and perspective. Bull. Mineral. Petrol. Geochem. 2013, 32, 25–39. (In Chinese) 16. China Coal Geology Bureau. Sedimentary Environments and Coal Accumulation of Late Permian Coal Formation in Western Guizhou, Southern Sichuan and Eastern Yunnan, China; Chongqing University Press: Chongqing, China, 1996. (In Chinese) 22 Minerals 2016, 6, 45 17. Feng, Z.; Yang, Y.; Jin, Z.; Li, S.; Bao, Z. Lithofacies Paleogeograohy of Permian of South China; China University of Petroleum Press: Dongying, China, 1997. (In Chinese) 18. Wang, S.; Yin, H. Study in Terrestrial Permian-Triassic Boundary in Eastern Yunnan and Western Guizhou; China University of Geoscience Press: Wuhan, China, 2001. (In Chinese) 19. Zhang, Z.; Yang, X.; Li, S.; Zhang, Z. Geochemical characteristics of the Xuanwei Formation in West Guizhou: Signiﬁcance of sedimentary environment and mineralization. Chin. J. Geochem. 2010, 29, 355–364. [CrossRef] 20. He, B.; Xu, Y.-G.; Huang, X.-L.; Luo, Z.-Y.; Shi, Y.-R.; Yang, Q.-J.; Yu, S.-Y. Age and duration of the Emeishan ﬂood volcanism, SW China: Geochemistry and SHRIMP zircon U–Pb dating of silicic ignimbrites, post-volcanic Xuanwei Formation and clay tuff at the Chaotian section. Earth Planet. Sci. Lett. 2007, 255, 306–323. [CrossRef] 21. He, B.; Xu, Y.-G.; Zhong, Y.-T.; Guan, J.-P. The Guadalupian-Lopingian boundary mudstones at Chaotian (SW China) are clastic rocks rather than acidic tuffs: Implication for a temporal coincidence between the end-Guadalupian mass extinction and the Emeishan volcanism. Lithos 2010, 119, 10–19. [CrossRef] 22. Xu, Y.; He, B.; Chung, S.-L.; Menzies, M.A.; Frey, F.A. Geologic, geochemical, and geophysical consequences of plume involvement in the Emeishan ﬂood-basalt province. Geology 2004, 32, 917–920. [CrossRef] 23. Analysis Method for Clay Minerals and Ordinary Non-Clay Minerals in Sedimentary Rocks by the X-ray Diffraction; SY/T 5163-2010; Petroleum Industrial Publishing House: Beijing, China, 2010. (In Chinese) 24. Brindley, G.W. Chemical compositions of berthierines-a review. Clays Clay Miner. 1982, 30, 153–155. [CrossRef] 25. Rivas-Sanchez, M.; Alva-Valdivia, L.; Arenas-Alatorre, J.; Urrutia-Fucugauchi, J.; Ruiz-Sandoval, M.; Ramos-Molina, M. Berthierine and chamosite hydrothermal: Genetic guides in the Pena Colorada magnetite-bearing ore deposit, Mexico. Earth Planet. Space 2006, 58, 1389–1400. [CrossRef] 26. Toth, T.A.; Fritz, S.J. An Fe-berthierine from a Cretaceous laterite: Part I. Characterization. Clays Clay Miner. 1997, 45, 564–579. [CrossRef] 27. Moore, D.; Hughes, R.E. Ordovician and Pennsylvanian berthierine-bearing ﬂint clays. Clays Clay Miner. 2000, 48, 145–149. [CrossRef] 28. Moore, D.; Reynolds, R.C. X-ray Diffraction and the Identiﬁcation and Analysis of Clay Minerals, 2nd ed.; Oxford University Press: Oxford, UK, 1997. 29. Zhao, L.; Graham, I. Origin of the alkali tonsteins from southwest china: Implications for alkaline magmatism associated with the waning stages of the emeishan large igneous province. Aust. J. Earth Sci. 2016, 63, 123–128. [CrossRef] 30. Spears, D.A. The origin of tonsteins, an overview, and links with seatearths, ﬁreclays and fragmental clay rocks. Int. J. Coal Geol. 2012, 94, 22–31. [CrossRef] 31. Iijima, A.; Matsumoto, R. Berthierine and chamosite in coal measures of Japan. Clays Clay Miner. 1982, 30, 264–274. [CrossRef] 32. Dai, S.; Chou, C.-L. Occurrence and origin of minerals in a chamosite-bearing coal of Late Permian age, Zhaotong, Yunnan, China. Am. Mineral. 2007, 92, 1253–1261. [CrossRef] 33. Wang, X.; Dai, S.; Chou, C.-L.; Zhang, M.; Wang, J.; Song, X.; Wang, W.; Jiang, Y.; Zhou, Y.; Ren, D. Mineralogy and geochemistry of Late Permian coals from the Taoshuping Mine, Yunnan province, China: Evidences for the sources of minerals. Int. J. Coal Geol. 2012, 96–97, 49–59. [CrossRef] 34. Dai, S.; Li, T.; Seredin, V.V.; Ward, C.R.; Hower, J.C.; Zhou, Y.; Zhang, M.; Song, X.; Song, W.; Zhao, C. Origin of minerals and elements in the Late Permian coals, tonsteins, and host rocks of the Xinde Mine, Xuanwei, eastern Yunnan, China. Int. J. Coal Geol. 2014, 121, 53–78. [CrossRef] 35. Dai, S.; Tian, L.; Chou, C.-L.; Zhou, Y.; Zhang, M.; Zhao, L.; Wang, J.; Yang, Z.; Cao, H.; Ren, D. Mineralogical and compositional characteristics of Late Permian coals from an area of high lung cancer rate in Xuanwei, Yunnan, China: Occurrence and origin of quartz and chamosite. Int. J. Coal Geol. 2008, 76, 318–327. [CrossRef] 36. Dai, S.; Luo, Y.; Seredin, V.V.; Ward, C.R.; Hower, J.C.; Zhao, L.; Liu, S.; Zhao, C.; Tian, H.; Zou, J. Revisiting the Late Permian coal from the Huayingshan, Sichuan, southwestern China: Enrichment and occurrence modes of minerals and trace elements. Int. J. Coal Geol. 2014, 122, 110–128. [CrossRef] 37. Bohor, B.F.; Triplehorn, D.M. Tonsteins: Altered volcanic-ash layers in coal-bearing sequences. Geol. Soc. Am. Spec. Pap. 1993, 285, 1–44. 23 Minerals 2016, 6, 45 38. Deconinck, J.-F.; Crasquin, S.; Bruneau, L.; Pellenard, P.; Baudin, F.; Feng, Q. Diagenesis of clay minerals and K-bentonites in Late Permian/Early Triassic sediments of the Sichuan Basin (Chaotian section, central China). J. Asian Earth Sci. 2014, 81, 28–37. [CrossRef] 39. Ward, C.R. Analysis and signiﬁcance of mineral matter in coal seams. Int. J. Coal Geol. 2002, 50, 135–168. [CrossRef] 40. Zhao, L.; Ward, C.R.; French, D.; Graham, I.T. Mineralogy of the volcanic-inﬂuenced Great Northern coal seam in the Sydney Basin, Australia. Int. J. Coal Geol. 2012, 94, 94–110. [CrossRef] 41. Ren, D. Coal Petrology of China; China University of Mining and Technology Press: Xuzhou, China, 1996. (In Chinese) 42. Wang, X.; Zhang, M.; Zhang, W.; Wang, J.; Zhou, Y.; Song, X.; Li, T.; Li, X.; Liu, H.; Zhao, L. Occurrence and origins of minerals in mixed-layer illite/smectite-rich coals of the Late Permian age from the Changxing Mine, eastern Yunnan, China. Int. J. Coal Geol. 2012, 102, 26–34. [CrossRef] 43. Spears, D.A.; Duff, P.M.D. Kaolinite and mixed-layer illite–smectite in lower cretaceous bentonites from the peace river coalﬁeld, british columbia. Can. J. Earth Sci. 1984, 21, 465–476. [CrossRef] 44. Pevear, D.R.; Williams, V.E.; Mustoe, G.E. Kaolinite, smectite, and k-rectorite in bentonites: Relation to coal rank at tulameen, british columbia. Clays Clay Miner. 1980, 28, 241–254. [CrossRef] 45. Reinink-Smith, L.M. Mineral assemblages of volcanic and detrital partings in tertiary coal beds. Clays Clay Miner. 1990, 38, 97–108. [CrossRef] 46. Pellenard, P.; Deconinck, J.-F.; Huff, W.D.; Thierry, J.; Marchand, D.; Fortwengler, D.; Trouiller, A. Characterization and correlation of Upper Jurassic (Oxfordian) bentonite deposits in the Paris Basin and the Subalpine Basin, France. Sedimentology 2003, 50, 1035–1060. [CrossRef] 47. Deconinck, J.-F.; Amédro, F.; Baudin, F.; Godet, A.; Pellenard, P.; Robaszynski, F.; Zimmerlin, I. Late cretaceous paleoenvironments expressed by the clay mineralogy of cenomanian-campanian chalks from the east of the paris basin. Cretac. Res. 2005, 26, 171–179. [CrossRef] 48. Vázquez, M.; Nieto, F.; Morata, D.; Droguett, B.; Carrillo-Rosua, F.J.; Morales, S. Evolution of clay mineral assemblages in the Tinguiririca geothermal ﬁeld, Andean Cordillera of central Chile: An XRD and HRTEM-AEM study. J. Volcanol. Geotherm. Res. 2014, 282, 43–59. [CrossRef] 49. Somelar, P.; Kirsimäe, K.; Środoń, J. Mixed-layer illite-smectite in the Kinnekulle K-bentonite, northern Baltic Basin. Clay Miner. 2009, 44, 455–468. [CrossRef] 50. Hoffman, J.; Hower, J. Clay mineral assemblages as low grade metamorphic geothermometers: Application to the thrust faulted disturbed belt of Montana, USA. SEPM Spec. Publ. 1979, 26, 55–79. 51. Susilawati, R.; Ward, C.R. Metamorphism of mineral matter in coal from the Bukit Asam deposit, South Sumatra, Indonesia. Int. J. Coal Geol. 2006, 68, 171–195. [CrossRef] 52. Uysal, I.T.; Glikson, M.; Golding, S.D.; Audsley, F. The thermal history of the Bowen Basin, Queensland, Australia: Vitrinite reﬂectance and clay mineralogy of Late Permian coal measures. Tectonophysics 2000, 323, 105–129. [CrossRef] 53. Abid, I.A.; Hesse, R.; Harper, J.D. Variations in mixed-layer illite/smectite diagenesis in the rift and post-rift sediments of the Jeanne d’Arc Basin, Grand Banks offshore Newfoundland, Canada. Can. J. Earth Sci. 2004, 41, 401–429. [CrossRef] 54. Schegg, R.; Leu, W. Clay mineral diagenesis and thermal history of the Thonex Well, western Swiss Molasse Basin. Clays Clay Miner. 1996, 44, 693–705. [CrossRef] 55. Środoń, J.; Clauer, N.; Huff, W.; Dudek, T.; Banaś, M. K-Ar dating of the Lower Paleozoic K-bentonites from the Baltic Basin and the Baltic Shield: Implications for the role of temperature and time in the illitization of smectite. Clay Miner. 2009, 44, 361–387. [CrossRef] 56. Hornibrook, E.R.; Longstaffe, F.J. Berthierine from the Lower Cretaceous Clearwater Formation, Alberta, Canada. Clays Clay Miner. 1996, 44, 1–21. [CrossRef] 57. Jahren, J.S.; Aagaard, P. Compositional variations in diagenetic chlorites and illites, and relationships with formation-water chemistry. Clay Miner. 1989, 24, 157–170. [CrossRef] 58. Dai, S.; Graham, I.T.; Ward, C.R. A review of anomalous rare earth elements and yttrium in coal. Int. J. Coal Geol. 2016, 159, 82–95. [CrossRef] 59. Dai, S.; Wang, X.; Seredin, V.V.; Hower, J.C.; Ward, C.R.; O'Keefe, J.M.K.; Huang, W.; Li, T.; Li, X.; Liu, H.; et al. Petrology, mineralogy, and geochemistry of the Ge-rich coal from the Wulantuga Ge ore deposit, Inner Mongolia, China: New data and genetic implications. Int. J. Coal Geol. 2012, 90–91, 72–99. [CrossRef] 24 Minerals 2016, 6, 45 60. Środoń, J. Nature of mixed-layer clays and mechanisms of their formation and alteration. Annu. Rev. Earth and Planet. Sci. 1999, 27, 19–53. [CrossRef] 61. Hower, J.; Eslinger, E.V.; Hower, M.E.; Perry, E.A. Mechanism of burial metamorphism of argillaceous sediment: 1. Mineralogical and chemical evidence. Geol. Soc. Am. Bull. 1976, 87, 725–737. [CrossRef] 62. Peltonen, C.; Marcussen, Ø.; Bjørlykke, K.; Jahren, J. Clay mineral diagenesis and quartz cementation in mudstones: The effects of smectite to illite reaction on rock properties. Mar. Pet. Geol. 2009, 26, 887–898. [CrossRef] 63. Thyberg, B.; Jahren, J.; Winje, T.; Bjørlykke, K.; Faleide, J.I.; Marcussen, Ø. Quartz cementation in Late Cretaceous mudstones, northern North Sea: Changes in rock properties due to dissolution of smectite and precipitation of micro-quartz crystals. Mar. Pet. Geol. 2010, 27, 1752–1764. [CrossRef] © 2016 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 25 minerals Article Mineralogical and Geochemical Characteristics of Late Permian Coals from the Mahe Mine, Zhaotong Coalﬁeld, Northeastern Yunnan, China Xibo Wang *, Ruixue Wang, Qiang Wei, Peipei Wang and Jianpeng Wei State Key Laboratory of Coal Resources and Safe Mining, China University of Mining and Technology, Beijing 100083, China; wangruixue504@gmail.com (R.W.); tonyweiq@gmail.com (Q.W.); wangpeipei1100@gmail.com (P.W.); weijianpeng15@gmail.com (J.W.) * Author to whom correspondence should be addressed; xibowang@gmail.com; Tel./Fax: +86-10-6234-1868. Academic Editor: Kota Hanumantha Rao Received: 8 June 2015; Accepted: 26 June 2015; Published: 2 July 2015 Abstract: This paper reports the mineralogical and geochemical compositions of the Late Permian C2, C5a, C5b, C6a, and C6b semianthracite coals from the Mahe mine, northeastern Yunnan, China. Minerals in the coals are mainly made up of quartz, chamosite, kaolinite, mixed-layer illite/smectite (I/S), pyrite, and calcite; followed by anatase, dolomite, siderite, illite and marcasite. Similar to the Late Permian coals from eastern Yunnan, the authigenic quartz and chamosite were precipitated from the weathering solution of Emeishan basalt, while kaolinite and mixed-layer I/S occurring as lenses or thin beds were related to the weathering residual detrital of Emeishan basalt. However, the euhedral quartz and apatite particles in the Mahe coals were attributed to silicic-rock detrital input. It further indicates that there has been silicic igneous eruption in the northeastern Yunnan. Due to the silicic rock detrital input, the Eu/Eu* value of the Mahe coals is lower than that of the Late Permian coals from eastern Yunnan, where the detrital particles were mainly derived from the basalt. The high contents of Sc, V, Cr, Co, Ni, Cu, Ga, and Sn in the Mahe coals were mainly derived from the Kangdian Upland. Keywords: Late Permian coal; minerals; trace elements; Emeishan basalt/silicic rock; Mahe mine 1. Introduction Late Permian coals from the eastern Yunnan Province have recently attracted much attention, because of both the high female lung cancer rate caused by the indoor coal burning and the geological implication of mineral matter in the coals to the origin and evolution of Emeishan mantle plume. For the ﬁrst aspect, Tian [1] and Tian et al. [2] found that the lung cancer risk was associated with crystalline silica released from the indoor coal burning. Dai et al. [3,4], Large et al. [5], and Wang et al. [6] observed high concentration of authigenic quartz (from nanometer to less than 20 μm in size) in the Xuanwei coals. For the second aspect, Dai et al. [3,4,7], Zhou et al. [8], and Wang et al. [6] conducted a systematic mineralogical and geochemical study of the Late Permian coals and tonsteins from the southwest Chongqing and eastern Yunnan and suggested that, after massive ﬂood basalt eruption, the magma evolved from maﬁc to silicic or alkalinity. The previous studies mostly focused on the coals in the eastern Yunnan, only Dai and Chou investigated mineral compositions in the coals from the northeastern Yunnan [9]. In this paper, we report the new data on the mineralogy and elemental geochemistry of the 5 coals in the Mahe mine, Zhaotong coalﬁeld, northeastern Yunnan, China. Minerals 2015, 5, 380–396 26 www.mdpi.com/journal/minerals Minerals 2015, 5, 380–396 2. Geological Setting The geological setting of the Late Permian coal basin from eastern Yunnan Province has been described in detail by several authors [9,10]. The Emeishan mantle plume uplift and extensive ﬂood basalt eruption resulted in the formation of the Kangdian Upland [11,12]. Due to the existence of the Qinling sea trench to the north and Songpan basin to the west, the Kangdian Upland is the only possible source for the Xuanwei and Longtan/Changxing Formations in eastern Yunnan [12]. Figure 1. Location of the Mahe mine, Zhaotong coalﬁeld, northeastern Yunnan Province, China, as well as locations of the Xinde, Xuanwei, Taoshuping, and Changxing mines, eastern Yunnan Province, China. The Mahe mine from the Zhaotong coalﬁeld is situated in the northeastern Yunnan Province (Figure 1). The coal-bearing strata are mainly the Changxing Formation and the Longtan Formation of Late Permian age. The Changxing Formation, with a thickness of 47 m, is mainly made up of clastic sediments, including sandstone, mudstone, coal or limestone. It was deposited in a continent-marine transitional environment. There are four coal seams in Changxing Formation, named C1, C2, C3, and C4 in order from up to bottom, and most of them are too thin to be mined. The Longtan Formation has a thickness of 197 m and overlies the Middle Permian Xuanwuyan Formation (Figure 2). The Longtan Formation is comprised of mudstone, sandstone, gravel, and coal seams including C5, C6, and C7 coals. The No.5 coal is the major minable seam. Due to the less continuity of C6 and C7 coals in thickness, they could only be locally mined. 27 
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