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摘要 在自元古代以来的长期地质演化过程中, 扬子地块西南部形成了多样化的富含In、Ge、Ga、Cd、Re、
Sn、Li、Nb、REE(rare earth element)和PGE(platinum group elements)等不同种类关键金属元素的矿床类型. 通过

总结以往的研究, 本文认为该区除晚二叠世与峨眉山地幔柱活动有关的Cu-Ni-PGE岩浆硫化物矿床和新生代与印-
亚大陆后碰撞造山作用有关的碳酸岩型REE矿床外, 富含关键金属元素矿床的成矿作用主要显示四大特点: (1) 古-
中元古代发育我国首个被确认的富稀土IOCG成矿省; (2) 燕山晚期与花岗岩有关的富In锡石硫化物矿床在面积很

小的区域大爆发成矿; (3) 印支期和燕山早期花岗岩浆活动微弱, 富Ge低温Pb-Zn矿床和低温Au-As-Sb-Hg-Tl矿床

广泛发育; (4) 埃迪卡拉纪以来的海相沉积岩尤其是黑色页岩和碳酸盐岩广布, 多时代富Li、Nb、Zr、Ga、Re、
REE、PGE等的沉积和/或风化-沉积矿床大面积分布. 在此基础上, 进一步总结了区域地质事件与成矿事件的相互

关系, 提出了一些重要成矿系统值得进一步探索的领域.
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关键金属(critical metals)是国际上近年提出的新概

念, 指当今社会必需、安全供应存在高风险的一类金

属. 虽然各国定义的关键矿产种类不一, 但主要包括稀

有金属、稀散金属、稀土金属和PGE、Co、Cr等[1]. 因

其独特的材料性能, 它们在新能源、新材料、信息技术

和国防军工等行业具有不可替代的重大用途. 近年来,
欧盟、美国、俄罗斯、英国、澳大利亚、日本等重要

国际组织和国家, 均提出相关发展战略或设立重大计划

加强对关键金属的研究, 以扩大关键金属矿产的新来

源, 创新高效利用的新途径和强化对关键金属的控制

力. 扬子地块在国内外矿产资源格局中占据重要地位,
自古元古代以来的长期地质演化过程中, 岩浆成矿作

用、岩浆热液成矿作用、低温热液成矿作用、风化沉

积成矿作用等均很发育, 形成了多样化的富含不同种类

关键金属元素的矿床或某些关键金属元素的独立矿床,
涉及的关键金属元素主要包括In、Ge、Ga、Cd、Re、
W、Sn、Li、Nb、REE(rare earth element)和PGE等. 不
少学者已对这些关键金属元素的成矿作用开展了较深

入的研究, 取得重要成果. 本文概述了其中主要矿床类

型的成矿特征以及前人对其成矿背景、过程和规律的

一些认识. 在此基础上, 初步总结了区域构造-环境事件

与成矿事件的相互关系和一些重要成矿系统值得深入

探索的领域, 以期为今后对关键金属元素超常富集成矿

机制及其资源评价和找矿预测的深入研究, 为建立关键

金属元素成矿、预测和利用的理论方法体系提供参考.

1 地质背景

华南陆块由扬子地块和华夏地块在新元古代
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(~830 Ma)沿江南造山带碰撞拼贴而形成[2], 北面以秦

岭-大别造山带为界与华北克拉通相连, 西南面沿松马-
哀牢山缝合带与印支地块连接, 西面由龙门山断裂与

西部的松潘-甘孜地块分开, 东面紧邻太平洋. 虽然学

界对扬子与华夏的分界仍有不同认识, 最近有研究认

为江绍-郴州-临武断裂可能是其边界[3](图1).
扬子地块由前寒武纪基底和显生宙盖层组成. 前

寒武纪基底岩石主要包括三部分: 太古代-古元古代结

晶基底(如崆岭杂岩)、围绕结晶基底的中-新元古代褶

皱变质岩、局部不整合于其上的新元古带弱变质岩

(如板溪群、冷家溪群等)和埃迪卡拉纪未变质地层. 新
元古代的这套弱变质和未变质地层被认为是陆内裂谷

即南华裂谷内的沉积产物[3]. 显生宙盖层主要是寒武纪

到三叠纪的海相碳酸盐岩夹碎屑岩和泥质岩, 以及侏

罗纪到第四纪的陆相沉积岩[5]. 其中, 寒武系黑色页岩

和显生宙碳酸盐岩极其发育[6,7], 二叠纪末期的峨眉山

玄武岩在扬子地块西半部广泛分布[8,9].
扬子地块历经多次重要构造事件影响[4], 自老到新

主要包括: (1) 发生于古元古代约2.05~1.90 Ga和1.7~
1.5 Ga的哥伦比亚超大陆聚合和裂解作用[10,11]; (2) 中-
新元古代约1.0~0.75 Ga期间发生于不同区域的造山或

裂解作用[12~15]; (3) 早古生代约480~390 Ma的加里东运

动[16]; (4) 晚二叠世约260 Ma的峨眉地幔柱活动[8,9]; (5)
早中生代约255~200 Ma的印支运动[16,17]; (6) 晚中生代

的燕山运动, 在华夏地块和扬子地块西南部分别形成

了峰期年龄分别为160~150和100~80 Ma的花岗

岩[16,18,19]; (7) 新生代约40~25 Ma的印-亚大陆后碰撞

造山作用[20,21]. 上述构造事件从宏观上控制了扬子地

图 1 华南构造格架和扬子地块西南部富关键金属元素矿床分布略图[3,4]

Figure 1 A simplified geological map of South China showing the structural framework and the distribution of critical metal-rich deposits in the
southwestern Yangtze Block[3,4]
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块多期次大规模成矿作用的发生[4].

2 关键金属主要成矿类型

扬子地块富含关键金属元素的矿床广布、类型多

样(图1), 主要有岩浆成因Cu-Ni-PGE硫化物矿床、碳

酸岩型REE矿床、IOCG矿床、岩浆热液成因锡石硫

化物矿床、低温热液矿床、沉积矿床和风化-沉积矿

床. 因川西冕宁-德昌喜山期稀土成矿带和晚二叠世峨

眉地幔柱相关岩浆矿床有另文讨论, 本文主要介绍其

他几类矿床.

2.1 富REE磷块岩矿床

国内外的磷块岩矿床常伴生REE, 且部分矿床中

稀土相当富集[22]. 我国磷块岩的稀土也较富集, 在贵州

织金磷块岩矿床中目前查明的稀土(REE2O3, 平均含量

为0.11%)资源量已达300余万t, 其中重稀土(Y2O3, 平均

含量为0.04%)资源量100余万t, 占稀土总量30%以

上[23], 达到超大型稀土矿床资源规模, 具有巨大潜在

价值.
织金富稀土磷块岩矿床产于下寒武统梅树村期戈

仲伍组(Є1gz)含磷地层中, 主要由灰色、暗灰色含磷白

云岩、白云质磷块岩和磷块岩组成. REE和Y含量受岩

石类型控制 , 从白云岩→含磷白云岩→磷质白云

岩→白云质磷块岩→磷块岩, REE和Y含量依次增加.
研究表明, 海相缓坡盆地最利于稀土富集, 缓坡盆后缘

则一般不富稀土[24]. 白云质磷块岩、条带状磷块岩和

块状磷块岩中的稀土表现为中、重(Y)稀土富集的模

式(图2)[25], 与现代深海富稀土沉积物的稀土模式[26]基

本相似. 研究表明, 稀土元素主要类质同象磷灰石中的

钙而赋存于氟磷灰石中[27,28]. 在高稀土含量(>527 ppm,
1 ppm=1 μg/g)的磷块岩中, 与REE和P2O5具有较好相关

性不同, Y与P2O5不相关, 可能反映Y存在与REE不一致

的富集过程.
Re-Os法确定矿床形成的时间上限为522.9±8.6

Ma[29]. 通常认为, 矿床的形成与上升洋流携带的 Fe-P-
(REE+Y)水团由深水盆地往浅水台地运移密切相关.
深部铁磷复合物(FeOOH·PO4)被还原并释放所吸附的

磷和REE, 随上升洋流迁移到台地边缘大陆斜坡带较

浅部位的氧化区域发生沉淀[30]. 磷块岩中稀土的富集

主要受控于海水介质条件 [ 3 1 ]和后期成岩作用的改

造[32].

2.2 富PGE、Re黑色岩系

黑色岩系指有机碳含量较高的未变质或浅变质碎

图 2 织金富稀土磷块岩矿床磷块岩样品稀土模式[25]

Figure 2 PAAS (post-Archean Australian shale)-normalized rare earth element (REE) patterns for REE-rich phosphorite deposits in the Zhijin
County[25]
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屑岩系. 全球范围内黑色岩系均呈现PGE和Re的一定

富集, 甚至具工业价值[33]. 扬子地块西南缘广泛发育黑

色岩系, 包括成冰系大塘坡组、埃迪卡拉系陡山沱

组、寒武系牛蹄塘组和志留系五峰-龙马溪组黑色页

岩. 已有研究显示, 湘黔地区陡山沱组和牛蹄塘组黑色

岩系具有PGE和Re的超常富集[34~36].
牛蹄塘组黑色页岩沉积于南华裂谷盆地, 与下覆

灯影组不整合接触. 这套黑色页岩沿扬子地块东侧从

云南至浙江不连续延伸近2000 km. 牛蹄塘组黑色页岩

中Pd含量为1~100 ppb(1 ppb=1 ng/g), Pt为6~60 ppb, Re
为100~680 ppb[35,37]. 厚约几至数十厘米的Ni-Mo-PGE
多金属层(Ni~3%; Mo~5%; PGE~1 g/t)顺层产出在牛蹄

塘组底部的黑色页岩中. 形成年龄为521±5 Ma, 属于寒

武纪早期[38]. 主要矿点包括遵义地区黄家湾、天鹅

山、新土沟等, 张家界地区大坪、三岔、后坪、柑子

坪等. 此外, 云南德泽、江西上饶和浙江诸暨等地区也

有分布.目前在Ni-Mo-PGE多金属层中尚未发现PGE的
独立矿物, PGE通常呈分散形式赋存在含镍钼的硫化

物和黄铁矿中[39,40]. 关于其中PGE和Re的来源, 主要有

海水和热液之争. 类似于现代海水的PGE配分模式暗

示 , 这些元素可通过化学沉淀从海水中自生富

集[35,38,41]. 但是, Jiang等人[35]认为黑色页岩中的Ni-Mo-
PGE多金属层与洋底现代铁锰结壳沉积于不同的环境,
PGE和Re不可能主要源自海水. Han等人[41]发现, Ni-
Mo-PGE多金属层的PGE配分模式和Pd/Pt(0.94)更类似

于洋中脊玄武岩和洋岛玄武岩, 而Pd/Ir(124)和Pt/Ir
(133)比值更类似于海底热液系统中富铜的硫化物, 因

此指出PGE可能来源于淋虑基性岩的热液流体. 显然,
这些差异性的结论还有待对PGE地球化学行为的进一

步研究加以证实.
目前, 仅鄂西地区黑色页岩中Re的远景资源量可

达万吨以上[42]. 根据古地理分析, 寒武纪早期湖南和贵

州处于斜坡相和盆地相, 黑色页岩的平均厚度大于鄂

西地区. 最近在贵州剑河和湖南袁家地区陡山沱组黑

色页岩中发现Re含量可达2000 ppb[36]. 另外, 根据Ni-
Mo-PGE多金属层中PGE和Re的品位估算, 仅遵义黄家

湾(图1)的PGE和Re资源量已近6和60 t, 华南黑色岩系

中PGE和Re可能具有较大潜在资源前景.

2.3 碳酸盐黏土型Li-Ga-REE矿床

扬子地块西南部广泛发育古生代碳酸盐岩地层,
受后期构造活动(如加里东运动)影响抬升地表[43]. 随后

的风化剥蚀作用(喀斯特化)形成大量古岩溶洼地/岩溶

盆地等负地形并接受碎屑沉积, 常形成黏土型锂矿和

铝土矿[44~46]. 其中又以沉积型铝土矿最成规模, 累计探

明储量超过10亿t(图1). 沉积型铝土矿指由基底碳酸盐

岩(白云岩、灰岩)经强烈化学风化形成的富铝风化壳

物质, 随后被搬运沉积到碳酸盐岩不整合面上, 再经成

岩成矿作用形成的地质体[47~49]. 通常情况是, 活动性强

的碱性和碱土元素(K、Ca、Na等)被迁出, 化学性质相

对稳定的元素(Al、Ga、REEs等)则发生相对富集, 形

成铝土矿并伴生一些关键金属元素[47,50]. 特殊的是, 活

泼元素Li在铝土矿中也存在富集现象, 被认为主要是

其中黏土矿物吸附Li的结果[51].
温汉捷等人[46]在前人研究基础上, 对黔中下石炭

统九架炉组及滇中下二叠统倒石头组富Li-Ga-REE铝
土岩/黏土岩(图3)进行了系统研究, 通过千余件样品的

分析发现, Li2O最高含量分别可达0.74%和1.10%. 这一

类黏土型锂资源的主要地质地球化学特征是: (1) 成矿

物质来自黏土岩基底的泥质灰岩和白云岩; (2) 主要以

吸附方式赋存在黏土矿物蒙脱石中; (3) 沉积环境对锂

的富集具有重要控制作用, 封闭的陆相(滨海)盆地有利

于锂的聚集; (4) 除Li外还有Ga和REE的富集. 基于其

成因和赋存状态与国外火山岩黏土型锂矿存在本质区

别, 可将这一类锂矿定义为碳酸盐黏土型锂资源, 是国

际锂矿资源新类型.
事实上, 碳酸盐黏土型锂矿与铝土矿常相伴产出,

它们产于同一层位, 均与碳酸盐岩基底具有密切成因

联系, 富锂黏土岩与铝土矿的形成密切相关, 但两者在

风化程度上存在显著区别, 相对于铝土矿而言富锂黏

土岩的铝/硅(A/S)更小(图4). 一般而言, 黏土岩中Li2O
含量最高(可高达约1.1%; 图4), 铝土矿中Ga最富集(可
高达200 ppm), 而REE则在黏土岩和铝土矿中同步富集

(可高达3700 ppm)[46,48].
扬子地块西南部大面积分布古生代碳酸盐岩地层,

其不整合面上大规模产出沉积型铝土矿并伴生Li-Ga-
REE等关键矿产. 这类矿床通常具有分布面积广、产

出层位稳定、厚度较大、开采成本低(多露天开采)等
特点, 经过深入研究和勘查, 可望成为这些关键金属矿

产资源的最重要来源之一.

2.4 玄武岩风化型Nb-Ga-Zr-REE矿床

扬子地块西南部滇黔地区上二叠统宣威组底部与

峨眉山玄武岩不整合接触面上 , 常形成一套Nb、
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REE、Zr、Ga等多种关键金属元素富集的古风化壳

(图5)[52], 其中铌平均含量约220 ppm(Nb2O5)(自测), 已

超过风化壳型铌(钽)矿床的工业品位(160~200 ppm,
《稀有金属矿产地质勘查规范DZ/T 0202-2002》), 有

的甚至超常富集至1000 ppm; 稀土含量也高, 其中

LREE约850~5500 ppm, 达到风化壳型稀土矿床工业品

位(800~1500 ppm); 镓平均含量约50 ppm, 也超过铝土

矿中镓的工业品位(20 ppm). 同时, 该类风化壳分布

广、厚度大、延伸稳定[52,53], 形成了Nb-REE-Zr-Ga共
生富集的矿点或矿床, 如四川昭觉、美姑地区的铌钽

矿点、滇东-黔西地区的铌-稀土多金属富集层、贵州

西部风化壳型稀土矿床等[52,53], 具有很大资源远景.
代世峰等人[54]认为, 多金属富集层中的稀土主要

赋存于以下载体中: (1) 源区的碎屑矿物(如独居石、

磷钇矿、锆石、磷灰石); (2) 成岩或后生阶段形成的

含稀土磷酸盐和碳酸盐等自生矿物(如水磷镧石和氟

碳铈矿); (3) 煤系地层中的有机质; (4) 部分可能以离子

吸附态存在, 这与Zhang等人[53]报道的贵州宣威组底部

稀土元素赋存状态一致. 关于其中铌、锆的赋存状态,
Dai等人[52]的研究表明, 可能以离子吸附态被黏土矿物

吸附. 对Nb-REE-Zr-Ga的来源, 目前主要有3种观点:
(1) 多金属富集层底部峨眉山玄武岩直接风化的结

果[55,56]; (2) 来自峨眉山大火成岩省顶部的酸性岩[57,58];
(3)来自火山灰-热液流体的混合作用[52].这些观点还需

研究进一步证实.

图 4 黏土岩铝/硅(A/S)与锂含量相关图[46]

Figure 4 Correlation of the aluminum/silicon (A/S) content ratio and
Li2O content[46]

图 3 早二叠世滇中倒石头组(a)和早石炭世黔中九架炉组(b)铝土矿/富锂黏土岩分布图[46]

Figure 3 Distribution of lithium-rich clay rocks of the lower Permian Daoshitou formation in Yunnan Province (a) and the lower Carboniferous
Jiujialu formation in Guizhou Province (b)[46]
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近期的研究发现, 宣威组底部的峨眉山高钛玄武

岩主要含钛矿物除钛铁矿和磁铁矿外, 还有一类重要

的高钛矿物——榍石[59]. 杜胜江等人[60]通过对峨眉山

玄武岩中榍石的研究发现, 其中极富铌、稀土、锆等,
很可能是成矿物质的主要贡献者. 但是, 研究区玄武岩

中广泛发育的榍石如何形成并在风化蚀变过程中如何

控制铌、稀土等多元素的富集, 目前尚不清楚. 该问题

的解决不仅有助于深刻认识成矿物质来源及表生成矿

过程, 而且可为古风化壳型铌-稀土矿床找矿勘查目标

的选定提供较合理的地质依据.

2.5 富In锡石硫化物矿床

热液成因锡石硫化物矿床是全球最重要的富铟矿

床类型[62,63]. 我国这类矿床主要分布在桂北-滇东南锡

多金属成矿带的锡石硫化物矿床中, 包括广西大厂和

云南个旧、都龙、白牛厂等世界级超大型矿床, 是我

国和全球In资源的主要来源. 大厂矿床In探明储量已超

8000 t, 是我国In储量最高的矿床[64], 都龙保有铟金属

量>6000 t, 是我国铟资源探明量第二、保有量第一的

矿床[64].
这些锡(铟)多金属矿床常产于花岗岩体内外接触

带(图6), 与燕山晚期花岗岩有关, 属于岩浆热液矿床,

成岩成矿时代约为100~80 Ma, 相当于晚白垩世[18,19].
该类矿床中的闪锌矿是In的主要载体矿物, 类质同象

是其主要赋存形式, 各矿床中目前尚未发现In的独立

矿物, 也未发现锡石富集In的现象. 但是, 闪锌矿中In
分布很不均匀, 大厂、都龙、白牛厂、个旧矿床闪锌

矿的In含量分别为1020±240[66]、3.3~3535[67]、3.0~
234[68]和434~4781 ppm[69]. 不同温度和成矿阶段闪锌矿

中的 In含量存在明显差异 , 黑色铁闪锌矿通常最

富In[64,67].
值得注意的是, 华南南岭地区也存在许多重要的

锡多金属矿床. 它们与燕山早期花岗岩(约160~150
Ma)有关[18,19]. 以往认为这类矿床In含量较低, 但最近

在柿竹园[70]
、昆仑关、香花岭和七宝山等矿床中均发

现较好的In矿化, 暗示华南地区In的矿化可能从燕山早

期就已开始. 然而, 受花岗岩浆活动期次以及花岗岩岩

性、源区和演化程度等的影响,各矿床In矿化存在显著

差异, 燕山早期的锡多金属矿床是否伴随大规模In矿
化, 还有待更深入的研究. 事实上, 关于“In与Sn的耦合

关系”目前仍不清楚[62,63,71,72], 两者的成因联系可能是

由于In与Sn具有相似的地球化学性质, 富Sn花岗质岩

浆在结晶分异演化过程中导致了两者在成矿流体中的

共同迁移和富集.

图 5 扬子地块滇黔地区二叠系宣威组与底部峨眉山玄武岩空间展布(a, b)及Nb-REE-Zr-Ga多金属矿床矿化特征(c)[8,57,61]

Figure 5 Distributions of the upper Permian Xuanwei formation and its underlying Emeishan basalt in the Dian-Qian region of Yangtze Block (a, b)
and the cartoon showing the characteristics of Nb-REE-Zr-Ga polymetallic mineralization (c)[8,57,61]
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2.6 富稀土IOCG矿床

铁氧化物-铜-金(即IOCG)矿床是过去20年新提出

的重要矿床类型[73]. 不少IOCG矿床除特征的Fe、Cu和
Au矿化, 通常还富集REE. 据最新统计, IOCG矿床中稀

土储量占世界总储量的8.7%[74]. 尽管经济价值显著, 有
关REE异常富集的原因长期缺乏关注, 一些关键问题

如矿床中REE的赋存状态及其与Fe、Cu矿化的关系和

REE来源等目前仍缺乏制约. 我国西南康滇地区的古

元古代地层(如东川群、河口群和大红山群)中, 产有一

系列矿化特征相似且出现明显REE富集的Fe-Cu矿
床[15](图1和7). 近年来, 通过对该区典型矿床的研究, 基
本明确了它们类似于典型IOCG矿床且共同构成中国

第一个IOCG成矿省——康滇IOCG成矿省[15,69,75,76]. 针

对其中稀土矿化的研究虽起步较晚, 但仍取得不少进

展[77,78].
研究显示, 这些IOCG矿床均有不同程度的稀土矿

化, 但以拉拉和迤纳厂矿床最为显著(平均REE含量分

别为0.25wt%和0.11wt%)[77]. 典型稀土矿物以独居石为

主, 其次为氟碳铈矿、氟碳钙铈矿、褐帘石和榍石等,
而重稀土矿物如磷钇矿极少. 这些矿物分布于Fe-Cu矿
石中, 但更倾向于与Cu矿化期矿物如黄铜矿、辉钼矿

等紧密共生, 说明稀土与Cu矿化同期、稍晚于Fe矿
化[69,75,77]. 矿物学研究进一步揭示, 矿床早期Fe阶段及

围岩中的富稀土磷灰石常不同程度地被热液交代, 是

Cu矿化流体交代早期磷灰石时导致REE活化并重新沉

淀的结果[77,78], Cu矿化流体具有活化或获取稀土的能

力. Sr-Nd同位素数据和质量平衡模拟也证实, 矿床中

的稀土除来源于岩浆-热液流体外, 富稀土的围岩也通

过水-岩作用提供了部分稀土[77,78].

2.7 富Tl低温热液矿床

目前工业利用的铊主要从含铊矿床中作为伴生组

分回收. 全球各类铊及含铊矿床常具低温成矿特征, 主
要分布在扬子地块西南部和美国内华达州等低温成矿

省内. 在我国西南部, 铊不仅作为共生组分富集于低温

图 6 云南都龙锡锌铟多金属矿床剖面图[65]. 1, 南温河花岗岩; 2, 新寨岩组第一段下亚段; 3, 新寨岩组第一段上亚段; 4, 新寨岩组第二段; 5, 燕
山晚期花岗岩(γb3a~b); 6,燕山晚期花岗斑岩(γb3c); 7,硅化壳; 8,石榴石透辉矽卡岩; 9, 绿泥石阳起矽卡岩; 10, W矿体; 11, 铜矿体; 12, 锡锌(铟)矿
体; 13, 地质界线; 14, 断层
Figure 6 Cross section of the Dulong Sn-polymetallic deposit, Yunnan Province[65]. 1, Nanwenhe granite; 2, lower segment of member 1 of the
Xinzhai formation-complex; 3, upper segment of member 1 of the Xinzhai formation-complex; 4, member 2 of the Xinzhai formation-complex; 5, late
Yanshanian granite (γb3a−b); 6, late Yanshanian granite porphyry (γb3c); 7, weathered siliceous crust; 8, garnet-diopside skarn; 9, chlorite-actinolite skarn;
10, tungsten ore body; 11, copper ore body; 12, Sn-Zn (In) ore body; 13, geological boundary; 14, fault
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热液金、汞、锑、砷矿床中, 而且形成了两个世界罕

见的铊矿床——贵州滥木厂铊汞矿床和云南南华铊砷

矿床[71].
扬子地块西南部的滇黔桂接壤区, 分布大量以卡林

型金矿为主的金、汞、锑、砷等低温(多为120~250°C)
热液矿床, 是我国扬子地块中生代大面积低温成矿省

的重要组成部分(图1). 该区目前探明金储量近1000 t,
是我国的主要金矿基地之一, 也是除美国内华达低温

成矿省外的全球第二大卡林型金矿集中区[7]. 这些金

矿床主要产于沉积岩地层中, 少数矿床中偶见硫砷铊

汞矿, 热液期载金黄铁矿含铊可达100余ppm, 形成卡

林型金矿典型的Au、As、Sb、Hg、Tl等低温成矿元

素组合. 滥木厂铊汞矿床产于卡林型金矿集中分布的

贵州贞丰县灰家堡背斜的二叠统龙潭组-大隆组地层

中, 赋矿围岩岩性为钙质粉砂岩和泥质灰岩, 矿体呈似

层状或透镜状, 矿石矿物有红铊矿、辰砂、雌黄、雄

黄、黄铁矿和毒砂, 以及少量斜硫砷汞铊矿、硫铁铊

矿和铊明矾. 铊主要赋存于红铊矿等铊矿物中, 少量以

类质同象或吸附形式赋存于辰砂、黄铁矿等矿物

中[80]. 富铊矿石铊品位可达0.1%~5%, 而汞铊共生矿体

铊品位可达0.01%. 已初步探明该矿床的铊储量为

>500 t, 共生金、汞储量超过1和4800 t[81].
目前尚无滥木厂铊汞矿床的成矿年龄数据, 因其

成矿特征与区内卡林型金矿相似, 推测铊成矿应发生

于160~130 Ma[82 ] . 该矿床的成矿流体具有低温

(107~194°C)、低盐度和偏酸性特征[83], 以往认为铊的

源岩是赋矿地层本身, 地层中的化石或含钾矿物富含

铊并被后期流体改造而富集成矿[81,84]. 然而, Tan等
人[85]的研究表明, 滥木厂未蚀变的龙潭组-大隆组地层

铊含量接近克拉克值, 地层剖面元素填图显示铊在背

图 7 康滇IOCG成矿省地质及矿床分布略图(a)、拉拉Fe-Cu-(REE)矿床地质略图(b)、迤纳厂Fe-Cu-(REE)矿床地质略图(c)[75,79]

Figure 7 Simplified geological map and distribution of IOCG deposits in the Kangdian IOCG province (a) and geological sketch maps of the Lala (b)
and Yinachang (c) Fe-Cu-(REE) deposits[75,79]
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斜核部发生了自下而上的运移, 因此赋矿地层可能不

是铊的矿源层.

2.8 富锗(Ge)等的Pb-Zn矿床

全球锗资源多来源于富锗煤和富锗贱金属硫化物

矿床[86], MVT(Mississippi valley-type)型铅锌矿床是全

球锗资源最重要的来源之一[87]. 作为我国扬子地块中

生代大面积低温成矿省的重要组成部分, 川滇黔接壤

区面积约17万km2 , 分布400余个MVT铅锌矿床

(点)[7,71,88](图1). 这些低温热液铅锌矿床均不同程度富

集Ge. 其中, 会泽铅锌矿床中Ge储量超过386 t, 与毛坪

(17 t)、富乐(129 t)、茂租(136 t)等矿床一起构成滇东

北锗资源基地[89]. 除Ge外, 该区的铅锌矿床中Cd、Ga
等关键金属亦存在相对富集现象, 多数已达伴生组分

综合利用要求.
研究表明, 矿床中的闪锌矿是Ge等关键金属元素

的主要载体 . 闪锌矿中Ge含量变化较大 , 多在

1~500 ppm之间, 最高可达近1000 ppm, 高度富Ge的闪

锌矿通常只集中在矿物组合中的某些特定世代[68,88,90]

(图8). 此外, 闪锌矿中也不同程度地富集Cu. 元素Map-
ping面分析显示, Ge和Cu在闪锌矿中的富集区域一致,
Ge与Cu具有很好的正相关(图8). 在乐红、富乐、麻栗

坪和天宝山矿床闪锌矿中Ge-Cu的相关系数分别可达

0.95、0.93、0.81和0.73. 这可能表明Ge与Cu呈耦合方

式类质同象替代了闪锌矿中的Zn. Cu作为与Ge共同替

代Zn的伙伴, 对铅锌矿床中Ge的富集至关重要[88].
研究表明 , 这些富锗Pb-Zn矿床主要形成于约

230~200 Ma的印支期[7]. 基底地层是该区矿床的主要

物源区[91]. 但是, 该区的这些矿床均产于富铜的峨眉山

玄武岩的下伏地层中, 至少玄武岩中的Cu对矿床的形

成可能发挥了重要作用, 值得进一步研究.

3 扬子地块西南部关键金属成矿与主要地质
事件的关系

如前所述, 扬子地块西南部富含不同种类关键金

属元素的各类矿床广泛分布. 近年来, 这些矿床的年代

学研究取得重要进展.研究表明,它们是不同时期构造-
岩浆-环境事件的产物.

(ⅰ) 古-中元古代IOCG矿床. 这些富REE的Fe-Cu
矿床分布于扬子地块西缘古元古代变质岩地层中, 构

成南北向展布的康滇IOCG成矿省(图1和7). 迤纳厂和

拉拉矿床中褐帘石U-Pb和辉钼矿Re-Os年龄显示, 稀土

矿化分别发生于1.7和约1.1 Ga, 它们代表了该成矿省

两期重要的稀土矿化事件, 是古元古代哥伦比亚超大

陆裂解和中元古代裂谷活动驱动的两期陆内岩浆活动

的产物[75,91~93].
(ⅱ) 新元古代至早古生代富REE磷块岩矿床和富

PGE、Re黑色页岩. 这些矿床或矿化主要沿扬子地块

西南缘分布(图1), 寒武纪织金富稀土磷块岩矿床和黑

色页岩中Ni-Mo-PGE多金属层的Re-Os年龄分别为

522.9±8.6[29]和521±5 Ma[29], 可能与新元古代大陆裂解

——雪球事件等相关联的大氧化事件的后续效应有关.
例如, 地质历史时期海相深部缺氧沉积物和辉钼矿中

Re含量的增加与两次大氧化事件相耦合, 地球表层的

氧化过程由于超基性岩和斑岩型矿床的风化, 可能为

海洋PGE和Re储库的增加提供了重要物源[94~96].
(ⅲ) 晚古生代风化-沉积矿床. 这类矿床包括3个时

期: 黔中下石炭统九架炉组的碳酸盐黏土型Li-Ga-REE
矿床、滇中下二叠统倒石头组的碳酸盐黏土型Li-Ga-
REE矿床、滇黔地区上二叠统宣威组玄武岩风化型

Nb-Ga-Zr-REE矿床. 它们的形成可能与晚古生代冰期

密切相关. 晚古生代冰期是显生宙持续时间最长、影

响范围最广、强度最大的一次全球性冰川事件[97,98].
在全球晚古生代冰期背景下, 冰期海平面下降导致位

于低纬度的黔中、滇中的早古生代碳酸盐岩基底和二

叠纪玄武岩发生暴露风化, 并在适宜的古气候与较稳

定的构造背景中, 形成喀斯特风化壳和玄武岩风化壳,
继而形成相应的风化-沉积矿床.

(ⅳ) 中生代热液矿床. 中生代是扬子地块最重要

的成矿时期, 形成了大量低温矿床和锡石硫化物矿床.

图 8 川滇黔接壤区铅锌矿床闪锌矿Cu-Ge关系图[88]

Figure 8 Correlation of Cu and Ge contents of sphalerite in the Pb-Zn
deposits from the border area of Sichuan, Yunnan and Guizhou
provinces[88]
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这 一 时 期 的 成 矿 作 用 主 要 有 两 种 动 力 驱 动 机

制[7,16,18,19]: (1) 印支期(约230~200 Ma)受制于多陆块相

互作用的陆内造山, 驱动盆地流体和大气成因流体循

环, 分别形成了川滇黔矿集区富Ge的Pb-Zn矿床和滇黔

桂接壤区右江盆地的部分卡林型Au矿床; (2) 燕山早期

(约160~130 Ma)和燕山晚期(约100~80 Ma)的陆内岩石

圈伸展, 先后驱动低温流体循环和花岗岩浆活动, 而在

右江盆地内部及其南、东周边分别形成了第二期的低

温Au-As-Sg-Hg-Tl矿床和与花岗岩有关的富In锡石硫

化物矿床.

4 结论和展望

自元古代以来, 扬子地块西南部的多次重大地质-
环境事件导致地壳再造和环境突变, 造就了富含关键

金属元素的多种矿床类型. 相对于我国其他地质单元,
扬子地块西南部富含关键金属元素矿床的成矿作用主

要显示四大特点: (1) 古-中元古代发育我国首个被确认

的富稀土IOCG成矿省; (2) 燕山晚期与花岗岩有关的

富In锡石硫化物矿床在面积很小的区域大爆发成矿;
(3) 印支期和燕山早期花岗岩浆活动微弱, 富Ge低温

Pb-Zn矿床和低温Au-As-Sb-Hg-Tl矿床广泛发育; (4)
埃迪卡拉纪以来的海相沉积岩尤其是黑色页岩和碳酸

盐岩广布, 多时代富Li、Nb、Zr、Ga、Re、REE、

PGE等的沉积和风化-沉积矿床大面积分布.
这些成矿作用在我国有的甚至在全球都具典型性,

需要针对上述四大成矿系统各自的研究现状, 有重点

地加强布局. (1) 对IOCG成矿省重点探讨REE的富集

机制和资源潜力; (2) 该区在云南与广西交界的很小区

域, 形成了与晚白垩世花岗岩有关的4个超大型锡石硫

化物矿床且高度富In, 是世界In的主要产地, 同时也是

发展In成矿理论的理想场所,需要从壳幔循环、岩浆结

晶分异、元素地球化学性质和结晶矿物学等多维度开

展深入研究,以解决为什么In与锡石硫化物矿床有关、

闪锌矿选择性富In的“铟窗效应”本质是什么、哪些锡

石硫化物矿床才富In等科学难题; (3) 扬子地块的中生

代低温成矿省, 是全球两个主要低温成矿省之一, 该区

富Ge、Ga、Cd、Tl等关键金属元素的大量低温矿床

的形成, 在其他有利因素配合下, 可能与元素地球化学

背景密切相关, 但这些研究是以往的薄弱环节; (4) 该

区的沉积和风化-沉积矿床, 例如碳酸盐黏土型Li-Ga-
REE矿床和玄武岩风化型Nb-Ga-Zr-REE矿床等, 很可

能是具有巨大资源潜力的新类型矿床, 除成矿机制的

深入研究外, 元素赋存状态和可利用性研究尤其重要;
(5) 已有的勘查技术和评价方法多为针对主矿种而研

发, 亟须进一步开发面向关键金属找矿信息集成-预测-
定位和评价的技术方法.

致谢 由于篇幅所限, 文中未列出全部参考文献. 谨向从事相关研究的所有作者表示衷心感谢. 两位匿名审稿人的意见对论文

的完善发挥了重要作用, 特致感谢.

参考文献

1 Zhai M G, Wu F Y, Hu R Z, et al. Critical metal mineral resources: Current research status and scientific issues (in Chinese). Bull Natl Nat Sci
Found China, 2019, 33: 106–111 [翟明国, 吴福元, 胡瑞忠, 等. 战略性关键金属矿产资源: 现状与问题. 中国科学基金, 2019, 33: 106–111]

2 Zhao J H, Zhou M F, Yan D P, et al. Reappraisal of the ages of Neoproterozoic strata in South China: No connection with the Grenvillian orogeny.
Geology, 2011, 39: 299–302

3 Zhao G, Cawood P A. Precambrian geology of China. Precambrian Res, 2012, 222-223: 13–54
4 Hu R Z, Chen W T, Xu D R, et al. Reviews and new metallogenic models of mineral deposits in South China: An introduction. J Asian Earth Sci,

2017, 137: 1–8
5 Yan D P, Zhou M F, Song H L, et al. Origin and tectonic significance of a Mesozoic multi-layer over-thrust system within the Yangtze Block

(South China). Tectonophysics, 2003, 361: 239–254
6 Jiang S Y, Yang J H, Ling H F, et al. Extreme enrichment of polymetallic Ni-Mo-PGE-Au in Lower Cambrian black shales of South China: An Os

isotope and PGE geochemical investigation. Palaeogeogr Palaeoclimatol Palaeoecol, 2007, 254: 217–228
7 Hu R, Fu S, Huang Y, et al. The giant South China Mesozoic low-temperature metallogenic domain: Reviews and a new geodynamic model. J

Asian Earth Sci, 2017, 137: 9–34
8 Xu Y G, Luo Z Y, Huang X L, et al. Zircon U-Pb and Hf isotope constraints on crustal melting associated with the Emeishan mantle plume.

Geochim Cosmochim Acta, 2008, 72: 3084–3104
9 Zhou M F, Zhao J H, Qi L, et al. Zircon U-Pb geochronology and elemental and Sr-Nd isotope geochemistry of Permian mafic rocks in the Funing

评 述

3709

https://doi.org/10.1130/G31701.1
https://doi.org/10.1016/j.precamres.2012.09.017
https://doi.org/10.1016/j.jseaes.2017.02.035
https://doi.org/10.1016/S0040-1951(02)00646-7
https://doi.org/10.1016/j.jseaes.2016.10.016
https://doi.org/10.1016/j.jseaes.2016.10.016
https://doi.org/10.1016/j.gca.2008.04.019


area, SW China. Contrib Mineral Petrol, 2006, 151: 1–19
10 Wu Y B, Zheng Y F, Gao S, et al. Zircon U-Pb age and trace element evidence for Paleoproterozoic granulite-facies metamorphism and Archean

crustal rocks in the Dabie Orogen. Lithos, 2008, 101: 308–322
11 Fan H P, Zhu W G, Li Z X, et al. Ca. 1.5 Ga mafic magmatism in South China during the break-up of the suppercontinental Nuna/Columbia: The

Zhuqing Fe-Ti-V oxide ore-bearing mafic intrusions in western Yangtze Block. Lithos, 2013, 168-169: 85–98
12 Zhou M F, Yan D P, Kennedy A K, et al. SHRIMP U-Pb zircon geochronological and geochemical evidence for Neoproterozoic arc-magmatism

along the western margin of the Yangtze Block, South China. Earth Planet Sci Lett, 2002, 196: 51–67
13 Zheng Y F, Zhang S B, Zhao Z F, et al. Contrasting zircon Hf and O isotopes in the two episodes of Neoproterozoic granitoids in South China:

Implications for growth and reworking of continental crust. Lithos, 2007, 96: 127–150
14 Li X H, Li W X, Li Z X, et al. Amalgamation between the Yangtze and Cathaysia Blocks in South China: Constraints from SHRIMP U-Pb zircon

ages, geochemistry and Nd-Hf isotopes of the Shuangxiwu volcanic rocks. Precambrian Res, 2009, 174: 117–128
15 Zhao X F, Zhou M F. Fe-Cu deposits in the Kangdian region, SW China: A Proterozoic IOCG (iron-oxide-copper-gold) metallogenic province.

Miner Depos, 2011, 46: 731–747
16 Wang Y J, Fan W M, Zhang G W, et al. Phanerozoic tectonics of the South China Block: Key observations and controversies. Gondwana Res,

2013, 23: 1273–1305
17 Li Z X, Li X H. Formation of the 1300-km-wide intracontinental orogen and postorogenic magmatic province in Mesozoic South China: A flat-slab

subduction model. Geology, 2007, 35: 179–182
18 Hu R Z, Zhou M F. Multiple Mesozoic mineralization events in South China—An introduction to the thematic issue. Miner Depos, 2012, 47: 579–

588
19 Mao J W, Cheng Y B, Chen M H, et al. Major types and time-space distribution of Mesozoic ore deposits in South China and their geodynamic

settings. Miner Depos, 2013, 48: 267–294
20 Hou Z Q, Tian S H, Xie Y L, et al. Mianning-Dechang Himalayan REE belt associated with carbonatite-alkalic complex in eastern Indo-Asian

collision zone, southwest China: Geological characteristics of REE deposits and a possible metallogenic model (in Chinese). Miner Depos, 2008,
27: 145–176 [侯增谦, 田世洪, 谢玉玲, 等. 川西冕宁-德昌喜马拉雅期稀土元素成矿带: 矿床地质特征与区域成矿模型. 矿床地质, 2008, 27:
145–176]

21 Hou Z, Tian S, Xie Y, et al. The Himalayan Mianning-Dechang REE belt associated with carbonatite-alkaline complexes, eastern Indo-Asian
collision zone, SW China. Ore Geol Rev, 2009, 36: 65–89

22 Emsbo P, McLaughlin P I, Breit G N, et al. Rare earth elements in sedimentary phosphate deposits: Solution to the global REE crisis? Gondwana
Res, 2015, 27: 776–785

23 The 104 Geological Brigade of Guizhou Geological Bureau. A Report on the Integrated Exploration of Phosphorus (REE) Deposits in the Zhijin
County, Guizhou Province (in Chinese). 2015 [贵州地矿局104队. 贵州省织金地区磷(稀土)矿整装勘查报告. 2015]

24 Xu J B. A study on REE enrichment and paleogeographic environment of Zhijin phosphorite type REE deposit in Guizhou Province (in Chinese).
Doctoral Dissertation. Guiyang: Institute of Geochemistry, Chinese Academy of Sciences, 2019 [许建斌. 贵州省织金磷块岩型稀土矿稀土元素

富集规律及古地理环境制约研究. 博士学位论文. 贵阳: 中国科学院地球化学研究所, 2019]
25 Xie Q L, Chen D F, Qi L, et al. REEs geochemistry of Doushantuo phosphorites and modification during post sedimentary stages in Weng’an area,

South China (in Chinese). Acta Sedimentol Sin, 2003, 21: 627–633 [解启来, 陈多福, 漆亮, 等. 贵州瓮安陡山沱组磷块岩稀土元素地球化学特

征与沉积期后变化. 沉积学报, 2003, 21: 627–633]
26 Zhang X, Tao C, Shi X, et al. Geochemical characteristics of REY-rich pelagic sediments from the GC02 in central Indian Ocean Basin. J Rare

Earths, 2017, 35: 1047–1058
27 Shi C H, Hu R Z, Wang G Z. Study on ree geochemistry of Zhijin phosphorites, Guizhou Province (in Chinese). J Miner Petrol, 2004, 24: 71−75

[施春华, 胡瑞忠, 王国芝. 贵州织金磷矿岩稀土元素地球化学特征研究. 矿物岩石, 2004, 24: 71–75]
28 Guo H Y, Xia Y, He S, et al. Geochemical characteristics of Zhijin phosphorite type rare-earth deposit, Guizhou Province, China (in Chinese). Acta

Miner Sin, 2017, 6: 755−763 [郭海燕, 夏勇, 何珊, 等. 贵州织金磷块岩型稀土矿地球化学特征. 矿物学报, 2017, 6: 755–763]
29 Wei S, Fu Y, Liang H, et al. Re-Os geochronology of the Cambrian stage-2 and -3 boundary in Zhijin County, Guizhou Province, China. Acta

Geochim, 2018, 37: 323–333
30 She Z B, Strother P, Papineau D. Terminal Proterozoic cyanobacterial blooms and phosphogenesis documented by the Doushantuo granular

phosphorites II: Microbial diversity and C isotopes. Precambrian Res, 2014, 251: 62–79
31 Chen J, Yang R, Wei H, et al. Rare earth element geochemistry of Cambrian phosphorites from the Yangtze Region. J Rare Earths, 2013, 31: 101–

112
32 Shields G, Stille P. Diagenetic constraints on the use of cerium anomalies as palaeoseawater redox proxies: An isotopic and REE study of

Cambrian phosphorites. Chem Geol, 2001, 175: 29–48

2020 年 11 月 第 65 卷 第 33 期

3710

https://doi.org/10.1007/s00410-005-0030-y
https://doi.org/10.1016/j.lithos.2007.07.008
https://doi.org/10.1016/S0012-821X(01)00595-7
https://doi.org/10.1016/j.lithos.2006.10.003
https://doi.org/10.1016/j.precamres.2009.07.004
https://doi.org/10.1007/s00126-011-0342-y
https://doi.org/10.1130/G23193A.1
https://doi.org/10.1007/s00126-012-0431-6
https://doi.org/10.1007/s00126-012-0446-z
https://doi.org/10.1016/j.oregeorev.2009.03.001
https://doi.org/10.1016/j.gr.2014.10.008
https://doi.org/10.1016/j.gr.2014.10.008
https://doi.org/10.1016/S1002-0721(17)61012-3
https://doi.org/10.1016/S1002-0721(17)61012-3
https://doi.org/10.1007/s11631-017-0228-5
https://doi.org/10.1007/s11631-017-0228-5
https://doi.org/10.1016/j.precamres.2014.06.004
https://doi.org/10.1016/S1002-0721(12)60242-7
https://doi.org/10.1016/S0009-2541(00)00362-4


33 Pašava J. Anoxic sediments—An important environment for PGE; an overview. Ore Geol Rev, 1993, 8: 425–445
34 Mao J, Lehmann B, Du A, et al. Re-Os Dating of polymetallic Ni-Mo-PGE-Au mineralization in Lower Cambrian black shales of South China and

its geologic significance. Econ Geol, 2002, 97: 1051–1061
35 Jiang S Y, Yang J H, Ling H F, et al. Extreme enrichment of polymetallic Ni-Mo-PGE-Au in Lower Cambrian black shales of South China: An Os

isotope and PGE geochemical investigation. Palaeogeogr Palaeoclimatol Palaeoecol, 2007, 254: 217–228
36 Sahoo S K, Planavsky N J, Kendall B, et al. Ocean oxygenation in the wake of the Marinoan glaciation. Nature, 2012, 489: 546–549
37 Xu L, Lehmann B, Mao J. Seawater contribution to polymetallic Ni-Mo-PGE-Au mineralization in Early Cambrian black shales of South China:

Evidence from Mo isotope, PGE, trace element, and REE geochemistry. Ore Geol Rev, 2013, 52: 66–84
38 Lingang X, Lehmann B, Jingwen M, et al. Re-Os age of polymetallic Ni-Mo-PGE-Au mineralization in Early Cambrian Black Shales of South

China—A Reassessment. Econ Geol, 2011, 106: 511–522
39 Orberger B, Vymazalova A, Wagner C, et al. Biogenic origin of intergrown Mo-sulphide- and carbonaceous matter in Lower Cambrian black shales

(Zunyi Formation, southern China). Chem Geol, 2007, 238: 213–231
40 Lehmann B, Mao J W, Li S R, et al. Re-Os dating of polymetallic Ni-Mo-PGE-Au mineralization in Lower Cambrian black shales of South China

and its geologic significance—A reply. Econ Geol, 2003, 98: 663–665
41 Han T, Zhu X, Li K, et al. Metal sources for the polymetallic Ni-Mo-PGE mineralization in the black shales of the Lower Cambrian Niutitang

Formation, South China. Ore Geol Rev, 2015, 67: 158–169
42 Liao R Q, Liu H, Li C Y, et al. Rhenium resource exploration prospects in China based 607 on its geochemical properties (in Chinese). Acta Petrol

Sin, 2020, 36: 55−67 [廖仁强, 刘鹤, 李聪颖, 等. 从铼的地球化学性质看我国铼找矿前景. 岩石学报, 2020, 36: 55−67]
43 Rong J Y, Chen X, Wang Y, et al. Northward expansion of Central Guizhou Oldland through the Ordovician and Silurian transition: Evidence and

implications (in Chinese). Sci China Earth Sci, 2011, 41: 1407–1415 [戎嘉余, 陈旭, 王怿, 等. 奥陶-志留纪之交黔中古陆的变迁: 证据与启示.
中国科学: 地球科学, 2011, 41: 1407–1415]

44 Dai S, Zeng R, Sun Y. Enrichment of arsenic, antimony, mercury, and thallium in a Late Permian anthracite from Xingren, Guizhou, Southwest
China. Int J Coal Geol, 2006, 66: 217–226

45 Yu W, Algeo T J, Yan J, et al. Climatic and hydrologic controls on upper Paleozoic bauxite deposits in South China. Earth-Sci Rev, 2018, 189:
159–176

46 Wen H J, Luo C G, Du S J, et al. Carbonate-hosted clay-type lithium deposit and its 619 prospecting significance (in Chinese). Chin Sci Bull, 2020,
65: 53–59 [温汉捷, 罗重光, 杜胜江, 等. 碳酸盐黏土型锂资源的发现及意义. 科学通报, 2020, 65: 53–59]

47 Bárdossy G. Developments in Economic Geology 14: Karst Bauxites, Bauxite Deposits on Carbonate Rocks. Amsterdam: Elsevier, 1982. 1–441
48 Wang Q, Deng J, Liu X, et al. Discovery of the REE minerals and its geological significance in the Quyang bauxite deposit, West Guangxi, China. J

Asian Earth Sci, 2010, 39: 701–712
49 Hou Y L, Zhong Y T, Xu Y G, et al. The provenance of late Permian karstic bauxite deposits in SW China, constrained by the geochemistry of

interbedded clastic rocks, and U-Pb-Hf-O isotopes of detrital zircons. Lithos, 2017, 278-281: 240–254
50 Liu X, Wang Q, Feng Y, et al. Genesis of the Guangou karstic bauxite deposit in western Henan, China. Ore Geol Rev, 2013, 55: 162–175
51 Wang D H, Li P G, Qu W J, et al. Discovery and preliminary study of the high tungsten and lithium contents in the Dazhuyuan bauxite deposit,

Guizhou, China (in Chinese). Sci China Earth Sci, 2013, 56: 145–152 [王登红, 李沛刚, 屈文俊, 等. 贵州大竹园铝土矿中钨和锂的发现与综合

评价. 中国科学: 地球科学, 2013, 56: 145–152]
52 Dai S, Zhou Y, Zhang M, 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
53 Zhang Z, Zheng G, Takahashi Y, et al. Extreme enrichment of rare earth elements in hard clay rocks and its potential as a resource. Ore Geol Rev,

2016, 72: 191–212
54 Dai S F, Ren D Y, Zhou Y P, et al. Coal-hosted rare metal deposits Genetic types, modes of occurrence, and utilization evahuation (in Chinese). J

China Coal Soc, 2014, 39: 1707–1715 [代世峰, 任徳贻, 周义平, 等. 煤型稀有金属矿床: 成因类型、赋存状态和利用评价. 煤炭学报, 2014,
39: 1707–1715]

55 Zhong H, Campbell I H, Zhu W G, et al. Timing and source constraints on the relationship between mafic and felsic intrusions in the Emeishan
large igneous province. Geochim Cosmochim Acta, 2011, 75: 1374–1395

56 Deconinck J F, Crasquin S, Bruneau L, et al. 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

57 He B, Xu Y G, Huang X L, et al. 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

58 Xu Y G, Chung S L, Shao H, et al. Silicic magmas from the Emeishan large igneous province, Southwest China: Petrogenesis and their link with
the end-Guadalupian biological crisis. Lithos, 2010, 119: 47–60

评 述

3711

https://doi.org/10.1016/0169-1368(93)90037-Y
https://doi.org/10.2113/gsecongeo.97.5.1051
https://doi.org/10.1016/j.palaeo.2007.03.024
https://doi.org/10.1038/nature11445
https://doi.org/10.1016/j.oregeorev.2012.06.003
https://doi.org/10.2113/econgeo.106.3.511
https://doi.org/10.1016/j.chemgeo.2006.11.010
https://doi.org/10.1016/j.oregeorev.2014.11.020
https://doi.org/10.1016/j.coal.2005.09.001
https://doi.org/10.1016/j.earscirev.2018.06.014
https://doi.org/10.1016/j.jseaes.2010.05.005
https://doi.org/10.1016/j.jseaes.2010.05.005
https://doi.org/10.1016/j.oregeorev.2013.06.002
https://doi.org/10.1007/s11430-012-4504-2
https://doi.org/10.1016/j.coal.2010.04.002
https://doi.org/10.1016/j.oregeorev.2015.07.018
https://doi.org/10.1016/j.gca.2010.12.016
https://doi.org/10.1016/j.jseaes.2013.11.018
https://doi.org/10.1016/j.epsl.2006.12.021
https://doi.org/10.1016/j.lithos.2010.04.013


59 Hou M C, Deng M, Zhang B J, et al. A major Ti-bearing mineral in Emeishan basalts: The occurrence, characters and genesis of sphene (in
Chinese). Acta Petrol Sin, 2011, 27: 2487–2499 [侯明才, 邓敏, 张本健, 等. 峨眉山高钛玄武岩中主要的赋钛矿物——榍石的产状、特征及成

因. 岩石学报, 2011, 27: 2487–2499]
60 Du S J, Wen H J, Luo C G, et al. Mineralogy study of Nb-rich sphene generated from the Emeishan basalts in Eastern Yunnan-Western Guizhou

area, China (in Chinese). Acta Miner Sin, 2019, 39: 253–263 [杜胜江, 温汉捷, 罗重光, 等. 滇东-黔西地区峨眉山玄武岩富Nb榍石矿物学特征.
矿物学报, 2019, 39: 253–263]

61 Zhao L X. The ore-forming mechanism of element enrichment of the Late Permian coal type niobium deposits, Northeast Yunnan (in Chinese).
Doctoral Dissertation. Beijing: China University of Mining and Technology (Beijing), 2016 [赵利信. 滇东北晚二叠世煤型铌矿床的元素富集成

矿机理. 博士学位论文. 北京: 中国矿业大学(北京), 2016]
62 Zhang Q, Liu Y P, Ye L, et al. Study on specialization of dispersed element mineralization (in Chinese). Bull Miner Petrol Geochem, 2008, 27:

247–253 [张乾, 刘玉平, 叶霖, 等. 分散元素成矿专属性探讨. 矿物岩石地球化学通报, 2008, 27: 247−253]
63 Werner T T, Mudd G M, Jowitt S M. The world’s by-product and critical metal resources part III: A global assessment of indium. Ore Geol Rev,

2017, 86: 939–956
64 Xu J, Li X F. Spatial and temporal distributions, metallogenic backgrounds and processes of indium deposits (in Chinese). Acta Petrol Sin, 2018,

34: 3611–3626 [徐净, 李晓峰. 铟矿床时空分布、成矿背景及其成矿过程. 岩石学报, 2018, 34: 3611–3626]
65 Liu Y P, Miu Y L, Zhao Y K, et al. The Giant Dulong Sn-Zn-In Deposit: Mineralization, Prospecting and Development. Beijing: Science Press,

2021 [刘玉平, 缪应理, 赵云魁, 等. 都龙超大型锡锌铟矿床: 成矿-找矿与开发利用. 北京: 科学出版社, 2021]
66 Murakami H, Ishihara S. Trace elements of Indium-bearing sphalerite from tin-polymetallic deposits in Bolivia, China and Japan: A femto-second

LA-ICPMS study. Ore Geol Rev, 2013, 53: 223–243
67 Ye L, Liu Y P, Zhang Q, et al. Trace and rare earth elements characteristics of sphalerite in Dulong super large Sn-Zn polymetallic ore deposit,

Yunnan Province (in Chinese). J Jilin Univ (Earth Sci Ed), 2017, 47: 734–750 [叶霖, 刘玉平, 张乾, 等. 云南都龙超大型锡锌多金属矿床中闪锌

矿微量及稀土元素地球化学特征. 吉林大学学报(地球科学版), 2017, 47: 734−750]
68 Ye L, Cook N J, Ciobanu C L, et al. Trace and minor elements in sphalerite from base metal deposits in South China: A LA-ICPMS study. Ore Geol

Rev, 2011, 39: 188–217
69 Li X, Zhao X, Zhou M F, et al. Fluid inclusion and isotopic constraints on the origin of the Paleoproterozoic Yinachang Fe-Cu-(REE) deposit,

southwest China. Econ Geol, 2015, 110: 1339–1369
70 Liu J, Rong Y, Gu X, et al. Indium mineralization in the Yejiwei Sn-polymetallic deposit of the Shizhuyuan orefield, southern Hunan, China.

Resour Geol, 2018, 68: 22–36
71 Tu G C, Gao Z M, Hu R Z, et al. Geochemistry of Dispersed Elements and Their Mineralization (in Chinese). Beijing: Geological Publishing

House, 2004. 1–424 [涂光炽, 高振敏, 胡瑞忠, 等. 分散元素地球化学及成矿机制. 北京: 地质出版社, 2003. 1–424]
72 Wang D P, Zhang Q, Wu L, et al. The relationship between indium and tin, copper, lead and zinc in granite and its significance to indium

mineralization (in Chinese). Acta Petrol Sin, 2019, 35: 3317–3332 [王大鹏, 张乾, 武丽, 等. 花岗岩中铟与锡铜铅锌的关系及其富集成矿意义.
岩石学报, 2019, 35: 3317–3332]

73 Hitzman M W, Oreskes N, Einaudi M T. Geological characteristics and tectonic setting of proterozoic iron oxide (Cu-U-Au-REE) deposits.
Precambrian Res, 1992, 58: 241–287

74 Weng Z, Jowitt S M, Mudd G M, et al. A detailed assessment of global rare earth element resources: Opportunities and challenges. Econ Geol,
2015, 110: 1925–1952

75 Chen W T, Zhou M F. Paragenesis, stable isotopes, and molybdenite Re-Os isotope age of the Lala iron-copper deposit, southwest China. Econ
Geol, 2012, 107: 459–480

76 Zhou M F, Zhao X F, Chen W T, et al. Proterozoic Fe-Cu metallogeny and supercontinental cycles of the southwestern Yangtze Block, southern
China and northern Vietnam. Earth-Sci Rev, 2014, 139: 59–82

77 Chen W T, Zhou M F. Mineralogical and geochemical constraints on mobilization and mineralization of rare earth elements in the Lala Fe-Cu-(Mo,
REE) deposit, SW China. Am J Sci, 2015, 315: 671–711

78 Li X, Zhou M F. Multiple stages of hydrothermal REE remobilization recorded in fluorapatite in the Paleoproterozoic Yinachang Fe-Cu-(REE)
deposit, Southwest China. Geochim Cosmochim Acta, 2015, 166: 53–73

79 Chen W T, Zhou M F, Gao J F, et al. Geochemistry of magnetite from Fe-Cu deposits in the Kangdian metallogenic province, SW China. Miner
Depos, 2015, 50: 795–809

80 Li G Z. A study of ore compositions and thallium occurence in mercury-thallium deposit at Lanmuchang of Xingren County in southwestern
Guizhou (in Chinese). Guizhou Geol, 1996, 13: 24–37 [李国柱. 兴仁滥木厂汞蛇矿床矿石物质成份与蛇的赋存状态初探. 贵州地质, 1996, 13:
24–37]

81 Chen D Y, Zou Z X. Studying situation about Lanmuchang type thallium (Mercury) ore deposits in southwestern Guizhou (in Chinese). Guizhou

2020 年 11 月 第 65 卷 第 33 期

3712

https://doi.org/10.1016/j.oregeorev.2017.01.015
https://doi.org/10.1016/j.oregeorev.2013.01.010
https://doi.org/10.1016/j.oregeorev.2011.03.001
https://doi.org/10.1016/j.oregeorev.2011.03.001
https://doi.org/10.2113/econgeo.110.5.1339
https://doi.org/10.1111/rge.12144
https://doi.org/10.1016/0301-9268(92)90121-4
https://doi.org/10.2113/econgeo.110.8.1925
https://doi.org/10.2113/econgeo.107.3.459
https://doi.org/10.2113/econgeo.107.3.459
https://doi.org/10.1016/j.earscirev.2014.08.013
https://doi.org/10.2475/07.2015.03
https://doi.org/10.1016/j.gca.2015.06.008


Geol, 2000, 17: 236–241 [陈代演, 邹振西. 贵州西南部滥木厂式铊(汞)矿床研究. 贵州地质, 2000, 17: 236–241]
82 Huang Y, Hu R, Bi X, et al. Low-temperature thermochronology of the Carlin-type gold deposits in southwestern Guizhou, China: Implications for

mineralization age and geological thermal events. Ore Geol Rev, 2019, 115: 103178
83 Xiong Y. Hydrothermal thallium mineralization up to 300°C: A thermodynamic approach. Ore Geol Rev, 2007, 32: 291–313
84 Zhang Z, Zhang B G, Hu J, et al. A preliminary study on the biomineralization of thallium deposits in the low temperature metallogenic domain of

Southwest China (in Chinese). Sci China Earth Sci, 2006, 36: 894−904 [张忠, 张宝贵, 胡静, 等. 中国西南低温成矿域铊矿床生物成矿初步研

究. 中国科学: 地球科学, 2006, 36: 894–904]
85 Tan Q P, Xia Y, Xie Z J, et al. Migration paths and precipitation mechanisms of ore-forming fluids at the Shuiyindong Carlin-type gold deposit,

Guizhou, China. Ore Geol Rev, 2015, 69: 140–156
86 Hu R Z, Su W C, Qi H W, et al. Geochemistry, occurrence and mineralization of germanium (in Chinese). Bull Mineral Petrol Geochem, 2000, 19:

215–217 [胡瑞忠, 苏文超, 戚华文, 等. 锗的地球化学、赋存状态和成矿作用. 矿物岩石地球化学通报, 2000, 19: 215–217]
87 Frenzel M, Hirsch T, Gutzmer J. Gallium, germanium, indium, and other trace and minor elements in sphalerite as a function of deposit type—A

meta-analysis. Ore Geol Rev, 2016, 76: 52–78
88 Ye L, Li Z L, Hu Y S, et al. Trace elements in sulfide from the Tianbaoshan Pb-Zn deposit, Sichuan Province, China: A LA-ICPMS study (in

Chinese). Acta Petrol Sin, 2016, 32: 3377−3393 [叶霖, 李珍立, 胡宇思, 等. 四川天宝山铅锌矿床硫化物微量元素组成: LA-ICPMS研究. 岩石

学报, 2016, 32: 3377–3393]
89 Xue B G. The approach of the geologic characteristic and the origin of the associated (coexited) Ge ore in the northeastward in Yunnan Province (in

Chinese). Geol Chem Miner, 2004, 26: 210–227 [薛步高. 滇东北伴(共)生锗矿地质特征及成因探讨. 化工矿产地质, 2004, 26: 210–227]
90 Wei C, Ye L, Hu Y, et al. Distribution and occurrence of Ge and related trace elements in sphalerite from the Lehong carbonate-hosted Zn-Pb

deposit, northeastern Yunnan, China: Insights from SEM and LA-ICP-MS studies. Ore Geol Rev, 2020, 115: 103175
91 Zhou J X, Huang Z L, Zhou M F, et al. Zinc, sulfur and lead isotopic variations in carbonate-hosted Pb-Zn sulfide deposits, southwest China. Ore

Geol Rev, 2014, 58: 41–54
92 Zhao X F, Zhou M F, Li J W, et al. Sulfide Re-Os and Rb-Sr isotope dating of the Kangdian IOCG metallogenic province, southwest China:

Implications for regional metallogenesis. Econ Geol, 2013, 108: 1489–1498
93 McDowell S M, Miller C F, Mundil R, et al. Zircon evidence for a ~200 k.y. supereruption-related thermal flare-up in the Miocene southern Black

Mountains, western Arizona, USA. Contrib Mineral Petrol, 2014, 168: 1031–1062
94 Golden J, McMillan M, Downs R T, et al. Rhenium variations in molybdenite (MoS2): Evidence for progressive subsurface oxidation. Earth Planet

Sci Lett, 2013, 366: 1–5
95 Sheen A I, Kendall B, Reinhard C T, et al. A model for the oceanic mass balance of rhenium and implications for the extent of Proterozoic ocean

anoxia. Geochim Cosmochim Acta, 2018, 227: 75–95
96 Pašava J, Chrastný V, Loukola-Ruskeeniemi K, et al. Nickel isotopic variation in black shales from Bohemia, China, Canada, and Finland: A

reconnaissance study. Miner Depos, 2019, 54: 719–742
97 Shi G R, Waterhouse J B. Late Palaeozoic global changes affecting high-latitude environments and biotas: An introduction. Palaeogeogr

Palaeoclimatol Palaeoecol, 2010, 298: 1–16
98 Montañez I P, Poulsen C J. The Late Paleozoic Ice Age: An evolving paradigm. Annu Rev Earth Planet Sci, 2013, 41: 629–656

评 述

3713

https://doi.org/10.1016/j.oregeorev.2019.103178
https://doi.org/10.1016/j.oregeorev.2006.10.003
https://doi.org/10.1016/j.oregeorev.2015.02.006
https://doi.org/10.1016/j.oregeorev.2015.12.017
https://doi.org/10.1016/j.oregeorev.2019.103175
https://doi.org/10.1016/j.oregeorev.2013.10.009
https://doi.org/10.1016/j.oregeorev.2013.10.009
https://doi.org/10.2113/econgeo.108.6.1489
https://doi.org/10.1007/s00410-014-1031-5
https://doi.org/10.1016/j.epsl.2013.01.034
https://doi.org/10.1016/j.epsl.2013.01.034
https://doi.org/10.1016/j.gca.2018.01.036
https://doi.org/10.1007/s00126-018-0839-8
https://doi.org/10.1016/j.palaeo.2010.07.021
https://doi.org/10.1016/j.palaeo.2010.07.021
https://doi.org/10.1146/annurev.earth.031208.100118


Summary for “扬子地块西南部关键金属元素成矿作用”
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The Yangtze Block is one of the major geological units in China. Numerous and diverse mineralization are extensively
distributed in this block, making the Yangtze Block be one of the well-known providers of mineral-resources worldwide. In
the southwestern Yangtze Block, since Proterozoic, the diverse mineralization involves magmatic, magmatic-hydrothermal,
low-temperature hydrothermal and weathering-sedimentary processes were extensively developed, of which critical metal
mineralization (e.g., In, Ge, Ga, Cd, Re, W, Sn, Li, Nb, REE, and PGE) is generally present as by-products in some basic or
precious deposits or as independent deposits. Previous studies have revealed ten types of critical metal mineralization in the
region, specifically including the REE-rich phosphorite, PGE-Re-rich black shales, carbonate clay-type Li-Ga-REE, basalt
weathering-type Nb-Ga-Zr-REE, In-rich cassiterite sulfide, REE-rich IOCG, Tl-rich low-temperature hydrothermal, Ge-
rich Pb-Zn, Cu-Ni-PGE sulfides and carbonatite-related REE deposits. In the past decade, numerous studies have advanced
our understanding of the mineralization styles, timing and ore genesis of these types of critical-metal mineralization, and are
summarized in this paper. It was indicated that the Cu-Ni-PGE sulfide deposits are genetically related to the late Permian
E’meishan mantle plume, whereas the carbonatite-related REE deposits are Cenozoic in age and have formed during post-
collision between the Indian and Asian continents. Moreover, the REE-rich IOCG deposits were newly identified,
constituting a Proterozoic IOCG metallogenic province that was first documented in China, and enrichments of REEs were
suggested to be related to the chemical attributes of the late Cu mineralizing fluids; the In-rich sulfide deposits, distributed in
a small area of the SW Yangtze Block, were suggested to be genetically related to late Yanshanian granites; the low-
temperature hydrothermal mineralization, characterized mainly by the Pb-Zn and Au-As-Sb-Hg-Tl deposits that define one
of the two world-largest low-temperature metallogenic provinces, was mainly formed at the Indosinian and Yanshanian
periods during which granitic activities are relatively weak; numerous marine-facies sedimentary rocks particularly
including the black shales and carbonate rocks are associated with the development of multi-episodes of sedimentary and/or
weathering-sedimentary deposits that are uniquely enriched in Li, Nb, Zr, Ga. Re, REE and PGE.
We also proposed some issues that are important but currently poorly addressed, including aspects of the evaluation of

REE resource potential and mechanisms of REE concentrations in IOCG deposits, and key factors controlling the extreme
enrichment of Ge, Ga, Cd and Tl in the Mesozoic low-temperature metallogenic province, with focuses on the background
values of these elements in the region. Moreover, available studies show that In is extremely enriched in four giant
cassiterite-rich, granite-related sulfide deposits distributed in the border area of Yunnan and Guangxi, making this area a
unique In metallogenic province in the world. However, it is currently not clear why In is enriched in cassiterite-rich sulfide
deposits and why In is enriched in the sphalerite as a function of “indium window” effect, which should be constrained
through a combined study involving crust-mantle circulation, crystallization fractionation of magma, geochemical
behaviors of metals and mineralogy. We also proposed that the weathering-sedimentary deposits, such as the clay-type Li-
Ga-REE and basalt weathering-type Nb-Ga-Zr-REE ones, are likely brand-new types with huge potential of critical metal
resources, and emphasized that in addition to ore genesis studies, researches on the distributions of metals and potential
utilization of resources should also be paid more attention. We also highlight that current prospecting techniques and
methods that are mostly used for exploration of some common basic or precious deposits are likely not applicable for the
exploration of critical metal deposits. As such, new techniques and methods involving the integration of prospecting
information, predication and locating of ore bodies and evaluation of resources should also be developed for critical metal
deposits.

Yangtze Block, critical metal, deposit types, metallogeny
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