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aBSTracT

Minerals of the rare-earth elements (REE) occur as supergene phases in the Schwarzwald ore district, southwestern Germany. 
They form by alteration of hydrothermal fluorite – barite – quartz – carbonate veins with various associations, including Cu–
Pb, Pb–Zn and Co–Bi–Ag–U assemblages in sandstones, gneisses and granites. The REE minerals, including mixite-group 
minerals ([REE,Bi,Ca,Pb]Cu6(AsO4,AsO3OH)3OH6•3H2O), rhabdophane and churchite (REEPO4•H2O and REEPO4•2H2O), 
chukhrovite (Ca3REEAl2SO4F13•10H2O) and bastnäsite (REECO3F), were analyzed by electron microprobe and LA–ICP–MS. 
In addition, REE concentrations in secondary fluorite, calcite and Mn oxides cogenetic with the REE minerals were determined 
by LA–ICP–MS. Results of analyses of 74 mixite-group samples from 20 localities in the Schwarzwald ore district show that 
continuous miscibility is possible between REE and Ca and between Bi and Ca end-members. In contrast, no miscibility seems 
to exist between the Bi and REE end-members, and only Ca-rich members can accommodate small amounts of both Bi and 
REE. The REE phosphates churchite and rhabdophane do not occur at the same locality in the Schwarzwald, which is probably 
dependent on which REE (light or heavy) predominate at a certain locality. Whereas churchite incorporates heavy REE (HREE), 
rhabdophane prefers light REE (LREE). Dependent on the source of the REE, either HREE or LREE dominate in an alteration 
fluid and, consequently, only one type of REE phosphate forms. The HREE dominate in such a fluid if REE originate from 
dissolved “pitchblende”, whereas the LREE dominate if the altered host-rock or dissolved fluorite are the source of the REE. The 
REE contents of Mn oxides and calcite cogenetic with REE-bearing mixite-group minerals show that the REE distribution of 
secondary minerals can be influenced by each other. Whereas the Mn oxides incorporate Ce4+ resulting in a positive Ce anomaly, 
a cogenetic mixite-group mineral develops a negative anomaly, which shows that Ce anomalies are coupled. Calcite intergrown 
with a mixite-group mineral can only incorporate those REE that are not consumed by the latter. These processes involve the 
distribution of REE between minerals on the micrometer scale and do not take place until minerals precipitate. However, sorption 
and complexation processes also take place during transport on a larger scale and produce decoupled Ce anomalies. This interplay 
between large- and small-scale processes results in a complex redistribution of REE during remobilization.

Keywords: rare-earth elements, agardite, mixite, rhabdophane, churchite, supergene alteration, remobilization, Schwarzwald, 
Germany.

Sommaire

Les minéraux des terres rares sont présents comme phases supergènes dans le district minéralisé de la Forêt Noire, 
dans les sud-ouest de l’Allemagne. Ils se sont formés par altération de veines hydrothermales à fluorite – barite – quartz 
– carbonate dans des associations diverses, y inclus des assemblages à Cu–Pb, Pb–Zn et Co–Bi–Ag–U dans des grès, des 
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gneiss et des granites. Nous avons analysé les minéraux de terres rares (TR), y inclus les minéraux du groupe de la mixite 
([TR,Bi,Ca,Pb]Cu6(AsO4,AsO3OH)3OH6•3H2O), rhabdophane et churchite (TRPO4•H2O et TRPO4•2H2O), chukhrovite 
(Ca3TRAl2SO4F13•10H2O) et bastnäsite (TRCO3F), avec une microsonde électronique et par la méthode ICP–MS avec ablation 
au laser. De plus, la concentration des terres rares dans la fluorite secondaire, la calcite et des oxydes de Mn cogénétiques avec 
les minéraux de terres rares ont aussi été analysés par ablation au laser avec ICP–MS. Les compositions de 74 échantillons 
représentant le groupe de la mixite provenant de 20 localités dans ce district montrent une miscibilité complète entre les pôles 
à TR et à Ca, et entre les pôles à Bi et à Ca. En revanche, il n’y a aucune miscibilité entre les pôles à Bi et à TR, et seuls les 
membres riches en Ca peuvent accommoder de légères quantités de Bi et TR. La churchite et rhabdophane, phosphates de TR, 
ne coexistent pas dans ce district, et apparaissent probablement selon quel groupe, TR légères ou lourdes, prédomine dans un 
endroit donné. Tandis que la churchite incorpore les TR lourdes, la rhabdophane préfère les TR légères. Selon la source des TR, 
ce sont les TR lourdes ou légères qui prédominent dans une phase fluide causant l’altération, ce qui explique pourquoi seulement 
une sorte de phosphate de TR précipite. Les TR lourdes prédominent si c’est la “pechblende” qui est affectée; en revanche, les 
TR légères prédominent si c’est la roche hôte ou la fluorite qui est lessivée. Les teneurs en terres rares des oxydes de Mn et de la 
calcite cogénétiques avec les minéraux du groupe de la mixite montrent que les minéraux secondaires peuvent être mutuellement 
influencés dans leur distribution des TR. Tandis que les oxydes de Mn incorporent le Ce4+, menant à une anomalie positive en 
Ce, un membre du groupe de la mixite cogénétique peut développer une anomalie négative en Ce; leurs anomalies seraient 
donc couplées. La calcite en intercroissance avec un membre du groupe de la mixite ne peut donc incorporer que les TR qui ne 
sont pas incorporées par le minéral coexistant. Ces processus impliquent la distribution des TR entre minéraux à une échelle 
micrométrique et fonctionnent lors de leur précipitation. Toutefois, les processus de sorption et de complexation seraient aussi 
importants au cours du transfert sur une plus grande échelle, et produisent des anomalies découplées en Ce. Cette interaction 
entre processus à longue ou à courte échelle rend compte de la redistribution complexe des TR au cours de leur remobilisation.

 (Traduit par la Rédaction)

Mots-clés: terres rares, agardite, mixite, rhabdophane, churchite, alteration supergène, remobilisation, Schwarzwald, Allemagne.

vite (Ca3REEAl2SO4F13•10H2O). Those minerals 
commonly occur as alteration products in crystalline 
rocks (Berger et al. 2008, Krenn & Finger 2007, Nagy 
et al. 2002, Nagy & Draganits 1999, Lottermoser 1990) 
or in the oxidation zone of ore deposits (Dietrich et al. 
1969, Walenta 1979, 1982).

Mixite-group minerals are a group of Cu arsenates 
with the general formula M1M26(XO4)3OH6•3H2O with 
M1 representing REE, Bi, Ca, Pb and Al, M2 repre-
senting Cu, and X stands for As and P. Known arsenate 
end-members are agardite (REE), mixite sensu stricto 
(Bi), zálesíite (Ca), plumboagardite (Pb), and goudeyite 
(Al) (Table 1, references therein). The REE-bearing 
phosphate analogue is petersite. Several previous studies 
on mixite-group minerals exist: Dietrich et al. (1969) 
qualitatively analyzed thirty-one mixite-group minerals 
from different localities worldwide and found samples 
containing either Bi or REE. Walenta (1960, 1970, 

inTroducTion

In the Schwarzwald ore district, southwestern 
Germany, minerals of the rare-earth elements (REE) 
are commonly developed as secondary supergene 
phases in hydrothermal veins (e.g., Walenta 1992). 
They comprise mixite-group minerals, bastnäsite, 
rhabdophane, churchite and chukhrovite, which typi-
cally grow as secondary euhedral or needle-shaped 
crystals in vugs. Other REE minerals like florencite, 
fluocerite, monazite, synchysite or xenotime occur as 
well (Walenta 1992), but are too rare and their crystals 
too tiny to be incorporated into the present study. Here, 
we present the first comprehensive district-scale study 
of both the mineralogy and mineral assemblages, and 
the quantitative composition of REE minerals. In addi-
tion, associated REE-bearing fluids (mine waters) and 
solid phases such as fluorite, calcite and Mn oxides 
were investigated. On the basis of this dataset, we draw 
conclusions about processes of REE remobilization in 
hydrothermal veins in the deposits of the Schwarzwald 
ore district by combining information on both REE 
mineral assemblages and the details of REE composi-
tional variations in cogenetic solid phases and fluids.

BacKGround informaTion

The REE occur only as trace elements in most rock-
forming minerals, but can be highly concentrated in 
minerals like rhabdophane (REEPO4•H2O), churchite 
(REEPO4•2H2O), bastnäsite (REECO3F), mixite-group 
minerals [REECu6(AsO4)3OH6•3H2O] or chukhro-

TABLE 1.  END MEMBERS OF THE MIXITE GROUP OF MINERALS
 __________________________________________________________
 

6 2 end member M1 M2 X X2 OH H O–

 __________________________________________________________
 

6 4 4 2 6 2agardite REE Cu AsO (AsO ) (OH) 3H O a

6 3 4 2 6 2zálesíite  Ca Cu  AsO OH (AsO ) (OH) 3H O b

6 4 4 2 6 2mixite  Bi Cu AsO (AsO ) (OH) 3H O c

6 4 4 2 6 2petersite REE Cu PO (PO ) (OH) 3H O d

6 4 4 2 6 2goudeyite Al Cu AsO (AsO ) (OH) 3H O e

6 3 4 2 6 2plumboagardite Pb Cu AsO OH (AsO ) (OH) 3H O f

__________________________________________________________

 Dietrich et al. (1969),  Sejkora et al. (1999),  Schrauf (1880),  Peacora b c d

& Dunn (1982),  Wise (1978),  Walenta & Theye (2005).e f
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2003, 2004) and Walenta & Theye (2005) examined 
various mixite-group minerals from the Schwarzwald 
ore district using energy-dispersive electron-microprobe 
analyses (EDX), but the REE quantification in some of 
these publications has to be regarded with caution (see 
below). Information concerning the precise chemical 
composition and miscibility between end members of 
natural mixite-group minerals is sparse (Aruga & Nakai 
1985, Olmi et al. 1991, Sejkora et al. 1999, Miyawaki 
et al. 2000, Kunov et al. 2002, de Baranda et al. 2003, 
Frost et al. 2005a, Tanaka et al. 2009). Most of these 
publications contain analytical data on single minerals. 
In addition to studies on natural samples, experimental 
studies on synthetic mixite-group minerals were 
published by Miletich & Zemann (1993) and Miletich 
et al. (1997), who studied the reversible hydration 
behavior involving zeolitic water in synthetic mixite. 
Further dehydration studies and Raman spectroscopic 
analyses were done by Frost et al. (2004, 2005b, 2005c).

Rhabophane and churchite (or “weinschenkite”) are 
REE phosphates containing different amounts of molec-
ular H2O (REEPO4•H2O and REEPO4•2H2O). Whereas 
rhabdophane prefers light REE (LREE), churchite 
favors Y and the heavy REE (HREE; Hikichi et al. 
1978, 1989) and is invariably Y-dominant. Re-analysis 
of suspected Dy-dominant churchite (Walenta 1989) 
proved to be churchite-Y as well (Walenta & Theye 
2011). The hydrous phosphates can transform into the 
anhydrous structures, i.e., monazite and xenotime at 500 
and 300°C, respectively (Hikichi et al. 1989).

Chukhrovite is a rare mineral reported only from 
five localities worldwide, among them Kara-Oba, 
Kazakhstan (including quantitative analyses; Pautov 
et al. 2005) and the Clara mine in the Schwarzwald 
(qualitative analyses only; Walenta 1979). Bastnäsite 
occurs in magmatic rocks, especially carbonatites (e.g., 
Zambezi et al. 1997), but also forms as an alteration 
product in granitic rocks (Berger et al. 2008).

Several common minerals in the REE-mineral-
bearing hydrothermal veins contain trace amounts of 
REE. Some of these minerals, for example fluorite, Mn 
oxides or calcite, are cogenetic with the REE minerals; 
others are primary and hence older phases. The most 
important of the latter is hydrothermal fluorite (REE 
in the ppm range; Schwinn & Markl 2005). Fluorite 
compositions from the whole Schwarzwald compared 
to compositional data on water from gneiss and 
granite aquifers show that REE in fluorite allow one to 
discriminate between sources from gneissic or granitic 
host-rocks (Schwinn & Markl 2005, Möller et al. 1997). 
Circulating oxidized fluids lead to element remobiliza-
tion and to the formation of a wealth of secondary 
minerals in the veins (Walenta 1992, Hofmann & 
Eikenberg 1991, Markl & Bucher 1997, Markl et al. 
2006). Besides different REE minerals, secondary fluo-
rite, calcite and Fe and Mn oxides are the most notable 
minerals in terms of modifying and understanding 
REE distributions in low-temperature fluids. All these 

phases contain REE, which makes them suitable for 
reconstruction of remobilization processes. Secondary 
fluorite differs from primary fluorite in displaying a 
negative Ce anomaly (Schwinn & Markl 2005, Loges 
et al. 2009, Staude et al. in press).

GeoLoGicaL SeTTinG

The Schwarzwald ore district, southwestern Germany 
(Fig. 1), is part of the Central European Variscides. Its 
crystalline basement is mainly composed of gneisses, 
migmatites and granites (Geyer & Gwinner 1986, Kalt 
et al. 2000). To the east, the basement is overlain by 
sandstones and limestones of Triassic to Jurassic age. 
In the west, the Schwarzwald is bounded by the Upper 
Rhine graben (URG).

The crystalline basement, as well as parts of the 
sedimentary cover, host more than 1000 hydrothermal 
veins (Metz et al. 1957, Bliedtner & Martin 1986). 
These veins contain fluorite, barite, quartz and calcite 
as gangue minerals and various Pb, Zn, Cu, Bi, Ag, U 
and Co ores. Detailed studies have focused on condi-
tions of vein formation including dating (Pfaff et al. 
2009) and precipitation mechanisms (Baatartsogt et al. 
2007, Staude et al. 2007, Pfaff et al. 2010). Five types 
of veins can be distinguished by their age, genesis, 
geochemistry and mineralogy (Staude et al. 2009). 
These are (1) Permian quartz veins with Sb–Ag(–Au) 
mineralization, (2) Jurassic quartz – fluorite – barite 
veins with Fe–Mn, U–Bi–Ag–Co–Ni or Pb–Zn–Cu 
mineralization, (3) Paleogene quartz–barite veins with 
galena mineralization related to the opening of the 
URG, (4) Miocene barite veins with emplectite and 
Bi-bearing tennantite in the northern Schwarzwald, and 
(5) fluorite–barite veins around Wolfach and Haslach 
with Pb–Zn–Ag mineralization of unknown age. Veins 
that have not been classified are carbonate veins with 
Cu mineralization, hydrothermal quartz veins with W–
Bi–Cu–As mineralization formed by late-magmatic 
fluids of Variscan granites (Werner et al. 1990, Schatz 
& Otto 1989), and the granite-hosted U deposit at 
Menzenschwand in the southern Schwarzwald, which 
formed from hydrothermal fluids in the Upper Carbon-
iferous, with remobilization in Jurassic and Tertiary 
times (Hofmann 1989).

deScripTion of The SampLeS

Solid phases

The samples of REE minerals described here 
originate from various localities from all over the 
Schwarzwald (Fig. 1, Table 2). Localities in the northern 
Schwarzwald are barite–quartz veins or fluorite veins 
hosted by granites and sandstones (Staude et al. 2009), 
which are partly overlain by limestones. Along the 
Northern Kinzigtal Fault (NKF), veins with Cu–Pb–Ag 
mineralization are hosted by gneisses (Staude et al. 



1308 The canadian mineraLoGiST

2009, 2010a). Fluorite–barite veins in Wittichen are 
hosted by granites, and the Co–Bi–Ag–U mineraliza-
tion in this area is unique in the Schwarzwald (Staude 
et al., in press). The Hechtsberg quarry is known for 
its Co–Cu–As–Ag mineralization in gneisses without 
pronounced hydrothermal veins (Otto 1974, Krause et 
al. 1997). Localities in the southern Schwarzwald are 

more diverse. Most veins are fluorite–barite-bearing 
with Pb–Zn ores in gneisses (Metz et al. 1957). 
However, Amalie near Grunern is a barite–quartz vein 
with a tennantite–tetrahedrite–galena mineralization; 
the veins of Rotenbach–Feldberg are carbonate-bearing 
with chalcopyrite and tetrahedrite–tennantite. Säck-
ingen in the southern Schwarzwald, formed by late-

fiG. 1. Geological map of the Schwarzwald, modified after Kalt et al. (2000), with major geological units and sample localities.
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TABLE 2.  CLASSIFICATION AND DESCRIPTION OF DEPOSITS AND ANALYZED SAMPLES
_____________________________________________________________________________________________________________

No. Deposit Host rock Gangue Mineral- Main ore Vein Analyzed minerals References
minerals ization minerals type* (sample number)

_____________________________________________________________________________________________________________

Northern Schwarzwald

1 Käfersteige, sandstone, Fl–Brt–Qtz Cu–Ag–Bi Tn, Py, Gn, 2 mixite group Meyer et al.
near Pforzheim granite Sp (SG168) (2000)

2 Neubulach sandstone Brt–Qtz Cu–Ag–Bi Bi-bearing Tn, 4 mixite group (SG79Ch, Staude et al.
Emp SG80, SG83, SG84, (2010b)

SG85, SG86, SG268)
calcite (SG79Ca, SG159) 

3 Dorothea, near sandstone, Brt Cu–Ag Bi-bearing Tn 4 mixite group (SG97) Kesten &
Freudenstadt granite Werner (2006)

Central Schwarzwald, Northern Kinzigtal fault

4 Silberbrünnle, gneiss Qtz Cu Tn, Gn, Cp 2 mixite group (SG105, Staude et al. 
near Gengenbach SG106, SG114, SG116, (2010a)

SG117, SG118, SG178, 
SG199)
rhabdophane (SG118,
SG200)

5 Amalie, near gneiss Qtz–Brt Cu–Ag Tn, Gn, Cp 2 mixite group (SG91, Staude et al.
Nordrach SG92, SG93, SG94, (2010a)

 SG98, SG98mR)

6 Clara, near gneiss Brt–Fl–Qtz Cu–Pb Tn, Td, Py, 2 mixite group (SG52, Staude et al.
Wolfach Cp, Gn SG69, SG70, SG71, (2010a),

SG72, SG73, SG74, Huck (1984)
SG75, SG76, SG77,
SG78, SG130, SG131,
SG133)
rhabdophane (SG54, SG57,
SG58, SG59, SG61, SG62,
SG63, SG64, SG65, SG180,
SG181)
Mn oxide (SG52)

7 Friedrich- gneiss Qtz–Cal Cu–Pb Gn, Py,Cp 2 mixite group (SG89, Staude et al.
Christian SG139, SG140, SG141, (2010a) 

SG142) 

8 Johann Baptist gneiss Qtz Cu Tn, Cp 2 mixite group (SG203, Bliedtner &
SG204, SG205) Martin (1986)

9 Daniel im Dehs granite Tn, Cp 2 mixite group (SG110, Staude et al.
SG171, SG172) (2010a)

Central Schwarzwald, Wittichen

10 Wolfgang, near granite Brt Co–Bi–Ag Skt, Nc, Cp 2 mixite group (SG225) Bliedtner &
Alpirsbach Martin (1986)

11 Rötenbach quarry, granite Brt Cu–Bi Emp, Cp, 2 mixite group (SG103, Bliedtner &
near Alpirsbach Skt, Bmt SG111) Martin (1986)

12 Schmiedestollen granite Brt Co–Bi– Bi-bearing Tn, 2 mixite group (SG101, Staude et al.
dump Ag–U Emp, native Bi SG102, SG115, SG127, (in press)

Bmt, “Pch” SG128, SG129, SG143,
SG144, SG145, SG146,
SG148, SG252)

13 Daniel im granite Fl–Brt Cu–Bi Bi-bearing Tn, 4 mixite group (SG124) Staude et al.
Gallenbach Emp, Gn, Wtc, (in press)

Sp, Cp, native Bi

Central Schwarzwald, Hechtsberg

14 Hechtsberg gneiss Cal Co–Bi– Bi-bearing Tn, 2 mixite group (SG123) Otto (1974)
Cu–As Sfl, Py, Wtc

Southern Schwarzwald

15 Amalie, near gneiss Qtz–Brt Cu–Pb Td–Tn, Gn, Cp 2 mixite group (SG224) Staude et al.
Grunern Sp (2010b)

16 Knappengrund gneiss Fl–Qtz–Brt Pb–Zn Sp, Gn 2 mixite group (SG88) Metz et al.
(1957)

17 Teufelsgrund gneiss Fl–Brt Pb–Zn Sp–Gn 2 chukhrovite (AL31Chk) Metz et al.
fluorite (AL31, Al31FlIII) (1957)

18 Rotenbach– gneiss carbonate Cu Tn–Td, Cp § mixite group (SG193,
Feldberg SG194, SG195)

19  Lisbühl-West gneiss Fl–Brt–Qtz Pb Gn 2 mixite group (SG121, Metz et al.
SG173) (1957)

20 Baumhalde gneiss Fl–Qtz–Brt Pb Gn 2 rhabdophane (SG175) Metz et al.
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SG142) 

8 Johann Baptist gneiss Qtz Cu Tn, Cp 2 mixite group (SG203, Bliedtner &
SG204, SG205) Martin (1986)

9 Daniel im Dehs granite Tn, Cp 2 mixite group (SG110, Staude et al.
SG171, SG172) (2010a)

Central Schwarzwald, Wittichen

10 Wolfgang, near granite Brt Co–Bi–Ag Skt, Nc, Cp 2 mixite group (SG225) Bliedtner &
Alpirsbach Martin (1986)

11 Rötenbach quarry, granite Brt Cu–Bi Emp, Cp, 2 mixite group (SG103, Bliedtner &
near Alpirsbach Skt, Bmt SG111) Martin (1986)

12 Schmiedestollen granite Brt Co–Bi– Bi-bearing Tn, 2 mixite group (SG101, Staude et al.
dump Ag–U Emp, native Bi SG102, SG115, SG127, (in press)

Bmt, “Pch” SG128, SG129, SG143,
SG144, SG145, SG146,
SG148, SG252)

13 Daniel im granite Fl–Brt Cu–Bi Bi-bearing Tn, 4 mixite group (SG124) Staude et al.
Gallenbach Emp, Gn, Wtc, (in press)

Sp, Cp, native Bi

Central Schwarzwald, Hechtsberg

14 Hechtsberg gneiss Cal Co–Bi– Bi-bearing Tn, 2 mixite group (SG123) Otto (1974)
Cu–As Sfl, Py, Wtc

Southern Schwarzwald

15 Amalie, near gneiss Qtz–Brt Cu–Pb Td–Tn, Gn, Cp 2 mixite group (SG224) Staude et al.
Grunern Sp (2010b)

16 Knappengrund gneiss Fl–Qtz–Brt Pb–Zn Sp, Gn 2 mixite group (SG88) Metz et al.
(1957)

17 Teufelsgrund gneiss Fl–Brt Pb–Zn Sp–Gn 2 chukhrovite (AL31Chk) Metz et al.
fluorite (AL31, Al31FlIII) (1957)

18 Rotenbach– gneiss carbonate Cu Tn–Td, Cp § mixite group (SG193,
Feldberg SG194, SG195)

19  Lisbühl-West gneiss Fl–Brt–Qtz Pb Gn 2 mixite group (SG121, Metz et al.
SG173) (1957)

20 Baumhalde gneiss Fl–Qtz–Brt Pb Gn 2 rhabdophane (SG175) Metz et al.

Largeur: 34 picas

TABLE 2 (cont’d).  CLASSIFICATION AND DESCRIPTION OF DEPOSITS AND ANALYZED SAMPLES
_____________________________________________________________________________________________________________

No. Deposit Host rock Gangue Mineral- Main ore Vein Analyzed minerals References
minerals ization minerals type* (sample number)

_____________________________________________________________________________________________________________

bastnäsite (SG53) (1957)

21 Menzen- granite Qtz–Brt–Fl U Py, “Pch”, ¶ churchite (SG228a, Hofmann
schwand Hem SG229a, SG230a) (1989)

22 Gottesehre, gneiss Fl–Qtz–Brt Pb Gn, Cp 2 mixite group (SG126) Metz et al.
near Urberg (1957)

23 Säckingen gneiss Qtz W–Cu– Scl, native Bi, ‡ mixite group (SG201) Werner et al.
Bi–As Apy, Cc, Cp (1990), Schatz

& Otto (1989)
_____________________________________________________________________________________________________________

§ Miocene carbonate veins; ¶ Carboniferous veins; ‡ Late magmatic phases. * Vein type after Staude et al. (2009). Symbols used in this
listing: Apy: arsenopyrite, Bi: bismuth, Bmt: bismuthinite, Brt: barite, Cal: calcite, Cc: chalcocite, Cp: chalcopyrite, Emp: emplectite, Fl:
fluorite, Gn: galena, Hem: hematite, Nc: nickeline, “Pch”: “Pitchblende”, Py: pyrite, Qtz: quartz, Scl: scheelite, Sfl: safflorite, Skt:
skutterudite, Sp: sphalerite, Td: tetrahedrite, Tn: tennantite, Wtc: wittichenite, 

magmatic fluids related to a granitic intrusion (Werner 
et al. 1990, Schatz & Otto 1989), contains some Cu ore 
minerals, mainly chalcocite. The U mineralization of 
Menzenschwand (Hofmann 1989, Hofmann & Eiken-
berg 1991) occurs at the only granite-hosted locality in 
the southern Schwarzwald investigated in the present 
study. Here, "pitchblende" occurs in quartz – barite – 
fluorite veins.

Mixite-group minerals occur in all parts of the 
Schwarzwald. Seventy-four samples of mixite-group 
minerals from 20 localities were analyzed. They usually 
grow as euhedral acicular or fibrous crystals in vugs or 
form crusts. Crystals either grow on gangue minerals 
(barite, fluorite or quartz) or directly on the host rock. 

They reach a length of up to 5 mm and a diameter up 
to hundreds of mm. However, in most cases, they are 
only some tens or only a few mm thick and less than 1 
mm long (Figs. 2a, b). Mixite-group minerals typically 
grow as isolated aggregates, but in rare cases, they 
are intergrown with other secondary minerals such as 
calcite (SG79Ca) or Mn oxides (SG52). The colors of 
mixite-group minerals vary from light to dark green 
to bluish green. Mixite sensu stricto is usually bluish 
green, whereas agardite is rather dark or light green. 
However, unambiguous distinction of end-members by 
color is not possible.

Like the mixite-group minerals, rhabdophane grows 
in vugs, but as fibrous or spherical crystals only a few 
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mm in diameter (Figs. 2a, b). It usually forms isolated 
crystals on quartz (Fig. 2c), barite or fluorite. In one 
case, rhabdophane crystals grow on a mixite-group 
mineral (SG118, Figs. 2a, b). Their colors range from 
white to orange. The phosphate mineral rhabdophane 
is not as abundant as minerals of the mixite group, and 
samples from only three localities from the central and 
southern Schwarzwald could be analyzed. Churchite, 
another REE phosphate, forms white fibrous crystals 
only on samples from the Menzenschwand U deposit, 
where it is relatively common. The REE hydrophos-
phates were identified by XRD analyses to rule out 
confusion with monazite and xenotime.

Bastnäsite (SG53) grows as yellowish brown 
needles only mm in diameter and length along cracks, 
and it fills fractures in quartz. It occurs at six localities 
in the Schwarzwald (Walenta 1992), but crystals are 
usually very small. Therefore, it could be isolated and 
analyzed from only one locality (the Baumhalde mine).

The only sample of chukhrovite analyzed (AL31Chk 
from the Teufelsgrund mine) shows euhedral crystals of 
white color, which are intergrown with a third genera-
tion of fluorite (Figs. 2e, f).

Fluorite, calcite and Mn oxides were analyzed 
where they are texturally and thus genetically related 
to REE minerals. Euhedral crystals of fluorite from 
Teufelsgrund (third generation of fluorite at this locality, 
sample AL31FlIII) are intergrown with chukhrovite 
(AL31Chk, Fig. 2e). Both grow on an older genera-
tion of secondary fluorite (AL31Fl). Calcite (SG79Ca) 
from Neubulach is intergrown with a mixite-group 
mineral (SG79Ch, Fig. 2f). In addition, a calcite sinter 
(SG159) from Neubulach, which was precipitated from 
dripping water in an ancient mine and not intergrown 
with any other mineral, was analyzed. A Mn oxide crust 
(SG52; chemical composition close to asbolane and 
romanèchite) from the Clara mine is intergrown with a 
mixite-group mineral (SG52, Fig. 2g).

Water samples

Water samples were taken in Neubulach, northern 
Schwarzwald, in the Johann Baptist mine and the Clara 
mine in the central Schwarzwald, and from the Teufels-
grund mine in the southern Schwarzwald. The sample in 
Neubulach was taken in the Wasserstollen 530 m from 
the adit entrance, where maximum formation of sinter 
and dripping water occur. In the Teufelsgrund mine, the 
sample was taken ~450 m from the adit entrance, close 
to the blind shaft, where water was dripping from the 
roof. In the Johann Baptist mine, water flowing over an 
adit wall was sampled. Aggregates of agardite (SG205) 
were seen on this wall. In the Clara mine, three samples 
of water were taken from different levels (samples CL 
2 to 4) and from a small creek (Breiet, sample CL 1) 
outside the mine. From drillings, it is known that the 
water of sample CL 2 and 4 flows along the hydro-

thermal veins, whereas sample CL 3 is draining the 
host rock.

anaLyTicaL meThodS

Electron-microprobe analysis (EMPA)

Electron-microprobe analyses were performed on 
a JEOL JXA–8900RL Superprobe at the Fachbereich 
Geowissenschaften, Universität Tübingen, in wave-
length-dispersive mode (WDS) at 25 kV acceleration 
voltage and 20 nA beam current for the mixite-group 
minerals. We acquired WDS scans prior to quantitative 
analyses so that all important elements were determined. 
For Al, P, Ca, Fe and Cu, we used the Ka line, for As, 
Y, La, Ce, Bi, Sb and Eu, the La line, for Pr, Nd, Sm, 
Gd and Dy, the Lb line, and for Pb the Mb line. The 
HREE were not sought owing to their low concentra-
tions, below the detection limit of the microprobe. 
Backgrounds were chosen carefully to avoid overlaps. 
Peak-overlap corrections had to be applied for Eu–Pr 
(factor of 0.335) and As–Sb (factor of 0.00173). 
Further peak-overlap corrections were not necessary, 
as concentrations of interfering elements in the samples 
were not high enough to have a significant influence on 
the results. Counting times were 16 s on the peak and 
8 s on the background position for Al, Ce, Bi, Ca and 
Cu, and 30 s on the peak and 15 s on the background 
position for all other elements. To check conditions of 
measurement, a synthetic crystal of mixite sensu stricto 
[BiCu6(AsO4)3OH6•3H2O; provided by Prof. Miletich-
Pawliczek] was analyzed. The only elements detected 
were Bi, Cu and As. Detection limits of all elements are 
usually below 1000 ppm, only Pb has higher detection-
limits, 1500 ppm. Standard deviations (2s) are <20% 
for As, Cu, Ca, Ce, Nd, Sm, Eu and Gd, and <50% for 
all other elements.

The same analytical conditions as for mixite-group 
minerals were used for rhabdophane, except that a 
beam current of 15 nA was chosen to prevent sample 
destruction. Counting times were 30 s on the peak posi-
tion and 15 s on the background for Y and P, and 16 s 
on the peak position and 8 s on the background for all 
other elements.

For churchite, the HREE were included in the 
analytical protocol. For La, Ce, Pr, Nd, Sm, Eu, Tb, Er, 
Yb and Y, we used the La lines, for Gd, Dy and Lu, the 
Lb line, and for P and Ca, the Ka line. Peak-overlap 
corrections were necessary for Lu–Dy (correction factor 
= 0.19299) and Eu–Pr (correction factor = 0.2493). 
Further peak-overlaps were not corrected, as standard 
measurements revealed only insignificant apparent 
concentrations of the relevant elements. Acceleration 
voltage was set at 20 kV. A beam current of 3 nA was 
chosen; test measurements had shown that the sample 
current was not stable at 10 or 15 nA. Detection limits 
are up to 1000 ppm for Ca, P, La, Ce, Pr, Nd, Tb and Yb, 
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and up to 1500 for Eu, Gd, Dy, Y, Er and Lu. Standard 
deviations (2s) are <20% for P, Ca, Sm, Eu, Gd, Tb, 
Dy, Y, Er and Yb, and <50% for all other elements.

In the Mn oxides, Ka lines were used for analysis 
of the sample for Mn, Co, Cu and Fe, whereas Ba was 
sought on the La line. Acceleration voltage was 20 kV, 
the beam current was 20 nA.

Analytical uncertainties do not only comprise the 
analytical error (standard deviation) of the electron 
microprobe, but also effects caused by sample prop-
erties. Many of the analyzed samples are fibrous or 
porous, which may introduce an additional source of 
uncertainty compared to ideal samples, which fulfill the 
requirements for a high-accuracy electron-microprobe 
analysis. Therefore, several analyses were performed 
for each sample to check reproducibility and to rule out 
a significant influence of the above-mentioned sample 
properties on quality of the data.

LA–ICP–MS data

The REE concentrations in chukhrovite, bastnäsite, 
fluorite, calcite and the Mn oxides and two samples 
of agardite and rhabdophane each were determined 
in situ by laser-ablation inductively coupled plasma 
– mass spectrometry (LA–ICP–MS) at the Institut 
für Geowissenschaften, Universität Mainz, using an 
Agilent 7500ce quadrupole ICP–MS coupled to an ESI 
New Wave Research UP213 laser-ablation system with 
213 nm wavelength (NWR 193 nm Excimer Laser for 
bastnäsite). Ablation was carried out with laser-energy 
densities of 2.5 J/cm2 (2.77 J/cm2 for bastnäsite) at 5 
Hz using He as a carrier gas. The laser spot-size was 
100 mm for chukhrovite, fluorite, calcite, Mn oxides and 
bastnäsite, and between 40 and 100 mm for agardite and 
rhabdophane. For data reduction, the software GLiTTer 
4.4 (Macquarie University, Sydney, Australia) was 
used with NIST SRM 612 as an external standard. As 
an internal standard, 43Ca was used for chukhrovite, 
fluorite and calcite, 55Mn for Mn oxides, 63Cu for 
agardite, and 140Ce for bastnäsite and rhabdophane. 
Concentrations were normalized to normative contents 
of the element used as internal standard (as is usual for 

LA–ICP–MS analyses). Data for NIST SRM 612 were 
taken from the GeoReM database (Jochum & Nehring 
2006). For details on detection limits and uncertainties, 
see Jacob (2006).

Water analyses

Water samples were taken in 1 L acid-cleaned PE 
bottles. Conductivity and pH were determined in the 
field; alkalinity was determined by titration. Samples 
were filtered through a 0.2 mm filter using a Sartorius® 
filter system directly after sampling. Major anions 
and cations were determined by ion chromatography 
(Dionex ICS–1000) at the University of Tübingen, 
Fachbereich Geowissenschaften. Samples for REE 
analysis were acidified to pH 2 with 6 M HCl. For 
REE preconcentration after Bau & Dulski (1996), we 
used Sep-Pak® Classic C18 cartridges loaded with 
2-ethylhexyl phosphate. Samples were passed through 
the cartridges with a flow rate of 12 mL/min. To remove 
matrix elements, the cartridges were washed with 10 
mL 0.01 M HCl at a flow rate of 3 mL/min. The REE 
were concentrated in solution by eluation with 40 mL 
6 M HCl at a flow rate of 3 mL/min. By evaporation, 
this solution was reduced to incipient dryness and taken 
up with 0.5 M HNO3. Throughout the whole concen-
tration process, only Suprapur® reagents were used. 
Preconcentration of the REE was done at the University 
of Tübingen, Fachbereich Geowissenschaften, and the 
ICP–MS analyses were carried out at the Ocean Lab, 
Jacobs University Bremen. For detailed information 
about analyses and interferences, see Alexander (2008).

Prior to preconcentration, a Tm spike was added 
to the sample. By analyzing concentrated and uncon-
centrated aliquots of a sample, yields for REE precon-
centration can be determined. The total error of REE 
determination was estimated to be better than 15%, 
based on repeated analyses of standard solutions.

reSuLTS: ree mineraLS

Arsenates: mixite-group minerals [REE,Bi,Ca,Pb]
Cu6[AsO4,AsO3OH]3OH6•3H2O

Our EMPA results for mixite-group minerals were 
normalized to ten cations (for representative results, see 
Table 3; the full range of analytical results is provided 
in the electronic supplement, available from the Deposi-
tory of Unpublished Data on the MAC website [docu-
ment Schwarzwald CM49_1305]). Ionic charges were 
balanced by substituting AsO3OH2– for AsO4

3– if the 
ionic balance was negative, or O2– for OH– if the ionic 
balance was positive. The H2O content was calculated 
by the difference between the analyzed total and 100 
wt%.

Most analyzed mixite-group samples contain either 
Bi and Ca or REE and Ca in varying proportions at the 

fiG. 2. Selected examples of the samples investigated in the 
present study. Mixite-group mineral and rhabdophane from 
Silberbrünnle (SG118) (a) and back-scattered electron 
(BSE) image (b). Rhabdophane (SG57) from Clara (c) 
and back-scattered electron image (d). Barite, fluorite and 
chukhrovite (AL31) from Teufelsgrund (e) and BSE image 
(f). Intergrown calcite and mixite-group mineral (SG79) 
from Neubulach (g). Intergrown mixite-group mineral and 
Mn oxides (SG52) from the Clara mine (h). Differences 
of brightness in BSE images are caused by varying 
proportions of HREE, LREE, Y and Ca.
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M1 site (Fig. 3). Both types can have Pb fractions of 
up to 0.4 out of one atom per formula unit (apfu), but 
Ca–REE–Pb compositions are more common than Ca–
Bi–Pb compositions. However, Bi–REE–Ca composi-
tions only occur where Ca contents are high (above 0.5 
apfu). Bismuth concentrations in these samples reach 
up to 0.29 apfu. Pure Bi–REE compositions were not 
observed.

The M2 site is clearly Cu-dominant, and Al contents 
are rather low and usually below 0.5 out of 6 apfu. Iron 
contents are even lower, and only single analyses reach 
up to 0.5 apfu, whereas most samples are Fe-poor, with 
up to 0.1 apfu.

At the X site, As is the dominant element in all 
samples. Antimony is negligible, usually below 0.01 
apfu, and it never reaches more than 0.1 apfu. In 
contrast, P reaches up to 1.1 out of 3 apfu.

For the REE-dominant end-members (agardite), the 
nomenclature of Levinson (1966) was applied. Accord-
ingly, agardite-(Ce) is most common, but there are also 
agardite-(La), agardite-(Nd) and agardite-(Y) from the 
NKF and from the southern Schwarzwald (Fig. 4).

Only LREE from La to Gd, in addition to Dy and 
Y, were present in concentrations high enough to be 
detected by electron microprobe; all other REE were 
found to be below the detection limit. The LA–ICP–
MS data for two samples from the Clara mine (Fig. 5) 
show that HREE are depleted with respect to LREE if 
normalized to Post-Archean Australian Shale (PAAS, 
Taylor & McLennan 1985). Comparison of LREE data 
from EMPA and LA–ICP–MS shows good agreement 
between the two methods (Fig. 5). Relative differences 
between the results from EMPA and LA–ICP–MS 
can be explained by the specific ablation behavior of 
a mineral, as LA–ICP–MS data are calibrated to an 
external glass standard (NIST SRM 612), which has 
different ablation properties. Furthermore, analyses 
made with the two methods are performed on different 
volumes of sample, which can have an influence on 
exact compositions. Taking these considerations and 
the above-mentioned analytical difficulties for EMPA 
into account, results obtained by the two methods are 
in good agreement. The only exception is La, for which 
consistently higher concentrations were determined 
with LA–ICP–MS compared to EMPA. The reason for 
this discrepancy is unclear.

Cerium and Eu anomalies were calculated using 
the formula Ce/Ce* = Cenorm/(Lanorm•Prnorm)0.5 and Eu/
Eu* = Eunorm/(Smnorm•Gdnorm)0.5, respectively. The Eu 
anomaly is invariably positive, the Ce anomaly is either 
nonexistent, slightly positive or, in only a few cases, 
negative (e.g., SG52; Fig. 6).

Phosphates: rhabdophane REEPO4•H2O  
and churchite REEPO4•2H2O

Rhabdophane samples from the Clara mine (central 
Schwarzwald/NKF, 12 samples), Silberbrünnle (central 
Schwarzwald/NKF, two samples) and Baumhalde 
(southern Schwarzwald, one sample) were analyzed. 
Molar concentrations were normalized to 1 apfu phos-
phorus (for representative results, see Table 4). Totals 
vary between 84 and 102%. As rhabdophane contains 7 
wt% zeolitic water (Hikichi et al. 1996, Assaaoudi et al. 
2000), totals should be ~93%. Lower totals can occur if 
the samples are highly porous, higher totals can be due 
to the loss of zeolitic water prior to or during analysis 
(Hikichi et al. 1996). Most rhabdophane samples are 
Ce-dominant; one sample (SG118, Silberbrünnle) even 
reaches a Ce content of up to 0.76 apfu. One sample 
from the Silberbrünnle mine is clearly Nd-dominant 
(SG200, up to 0.35 apfu Nd), two samples (SG64 and 
SG180, Clara mine) are La-dominant (0.19 to 0.26 apfu 
La). All other REE are present in minor concentrations; 
the HREE (Tb and from Ho to Lu) were not detectable 

TABLE 3.  SELECTED EMPA DATA FOR MIXITE-GROUP MINERALS
__________________________________________________________

Locality Neubulach Clara Schmiede- Gottesehre Amalie
stollen dump Urberg Grunern

Sample no. SG79C_1 SG52_1 SG143_1 SG126_2 SG224_2
__________________________________________________________

CaO wt% 3.48 2.41 0.76 0.94 1.38
PbO b.d.l. 8.18 5.58

2 3Bi O 4.13 b.d.l. 18.58 b.d.l. b.d.l.

2 3La O 0.22 3.21 b.d.l. 1.40 2.37

2 3Ce O 1.07 0.65 b.d.l. 1.40 4.47

2 3Pr O 0.17 0.70 b.d.l. 0.26 0.43

2 3Nd O 1.02 2.78 b.d.l. 1.19 1.34

2 3Sm O 0.44 0.62 b.d.l. 0.34 b.d.l.

2 3Eu O 0.26 0.40 b.d.l. 0.11 0.09

2 3Gd O 0.50 0.45 b.d.l. 0.44 b.d.l.

2 3Dy O 0.14 0.07 b.d.l. 0.14 b.d.l.

2 3Y O 0.65 0.58 b.d.l. 1.68 b.d.l.

CuO 42.35 42.05 42.48 41.21 45.51
FeO 0.79 0.24 b.d.l. 0.05 b.d.l.

2 3Al O 0.27 2.70 0.05 b.d.l. 0.05

2 5As O 31.41 31.01 26.29 24.81 28.92

2 5P O 0.15 0.39 0.22 2.11 0.17

2 5Sb O b.d.l. b.d.l. 0.06 b.d.l. b.d.l.

Ó 87.04 88.30 88.61 84.26 90.51
__________________________________________________________

dominant cation
at M1 site Ca La Bi Y Ce

REE apfu 0.30 0.61 0.00 0.52 0.55
Ca 0.67 0.45 0.15 0.19 0.25
Bi 0.19 0.00 0.89 0.00 0.00
Pb 0.00 0.41 0.26
Ó  M1 site 1.16 1.05 1.04 1.11 1.06

Cu 5.72 5.50 5.95 5.76 5.90
Fe 0.11 0.03 0.00 0.01 0.00
Al 0.06 0.55 0.01 0.00 0.01
Ó M2 site 5.88 6.08 5.96 5.77 5.91

As 2.94 2.81 2.96 2.79 3.01
P 0.02 0.06 0.03 0.33 0.02
Sb 0.00 0.00 0.00 0.00 0.00
Ó X site 2.96 2.86 3.00 3.12 3.04
__________________________________________________________

b.d.l.:  below detection limit; Ó cations is set at 10 apfu.
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by EMPA. All samples contain minor amounts of Ca 
(0.02 to 0.1 apfu). Lead is only a minor element in most 
samples (from 0 to 0.1 apfu), but some samples have 
elevated Pb contents of 0.04 (SG64) and 0.07 (SG118) 
apfu, and the samples SG54, SG180 and SG181 even 
contain 0.27 to 0.31 apfu Pb. A sample from Silber-
brünnle (SG118) is not only very Ce-rich, but it is also 
the only sample that contains elevated amounts of As 
(up to 0.1 apfu) and Cu (0.06 to 0.08 apfu).

Normalized to PAAS, all samples have a positive 
Eu anomaly (Fig. 7). They range from Eu/Eu* = 2.54 
to 3.89 for most samples. Only samples SG175 from 
Baumhalde and SG200 from Silberbrünnle have a 
smaller Eu anomaly, 1.92 to 2.11. Most samples do not 
show a Ce anomaly; only sample SG118 (Silberbrünnle) 
has a positive Ce anomaly (Ce/Ce* = 13.1 to 21.6). The 
sample with the strongest negative Ce anomaly is also 
from Silberbrünnle (SG200; Ce/Ce* = 0.03 to 0.04). 
A few other samples from the Clara mine have a less 
pronounced negative Ce anomaly (Ce/Ce* in the range 
0.45 to 0.86).

In the three samples of churchite from Menzen-
schwand, Ca, P, and all REE except Ho and Tm could be 
detected by EMPA. Molar concentrations were normal-
ized to 1 apfu phosphorus (for representative results, see 
Table 5). Totals vary between 80 and 93%. All samples 
are clearly Y-dominant, with Y contents between 0.6 
and 0.7 apfu. Sums of all other REE are between 0.22 
and 0.30 apfu. Calcium varies from 0.02 to 0.08 apfu. 
Normalized to PAAS, all samples are relatively depleted 
in LREE (Fig. 7). Cerium anomalies were determined 
where possible. They are nonexistent to strongly nega-
tive (Ce/Ce* = 0.03 to 1.01). The Eu anomaly ranges 
from slightly negative (0.72) to slightly positive (1.21).

Carbonates: bastnäsite REECO3F

The REE concentrations in bastnäsite (SG53) 
from Baumhalde are normalized to one formula unit, 
assuming F and CO2 concentrations to be stoichio-
metrically ideal (Table 6). Cerium, the dominant REE, 
reaches 27.22 wt%. Normalized to PAAS, bastnäsite is 

fiG. 3. Chemical variation in mixite-group 
minerals from the Schwarzwald, sorted 
according to localities.
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enriched in LREE compared to HREE. Europium shows 
a positive anomaly (1.51 to 1.56, Fig. 7), and the Y:Ho 
ratio is 31.1 and 32.5.

Fluoride: chukhrovite Ca3REEAl2SO4F13•10H2O

The analyzed chukhrovite (AL31Chk) from the 
Teufelsgrund mine contains 12.7 to 14.8 wt% SREE 
(normalized to 20 wt% Ca, Table 7). The crystal is 
chemically zoned (Figs. 2f, 8a). Neodymium is the 

dominant REE in the inner part of the crystal [2.6 
wt%, 0.23–0.24 apfu, chukhrovite-(Nd)], whereas Ce 
is dominant in its outer part [3.3 to 3.4 wt%, 0.27–0.33 
apfu, chukhrovite-(Ce)]. Normalized to PAAS, the 
LREE and HREE are depleted relatively to the middle 
REE (MREE). There is no Ce anomaly, but a positive 
Eu anomaly (1.99 to 2.18) present in all zones of the 
crystal. The Y:Ho ratio is between 11.1 and 24.0.

fiG. 4. Occurrence of mixite-group mineral end-members and their REE contents in the 
Schwarzwald, sorted by localities.
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fiG. 5. REE patterns in mixite-group minerals and rhabdophane analyzed with EMPA (grey dashed line) and LA–ICP–MS 
(black line).

TABLE 4.  SELECTED EMPA DATA ON RHABDOPHANE
__________________________________________________________

Locality Clara Silberbrünnle Clara Silberbrünnle
Sample no. SG62_1 SG118_4 SG62_1 SG118_4
__________________________________________________________

2 3CaO wt% 1.61 1.48 Nd O  wt% 10.30 1.57

2 3PbO b.d.l. 6.89 Sm O 2.52 b.d.l.

2 3FeO n.a. 0.18 Eu O 1.50 b.d.l.

2 3CuO n.a. 2.29 Gd O 1.94 b.d.l.

2 3 2 3Bi O n.a. 0.04 Dy O 0.45 b.d.l.

2 3 2 3Al O 0.43 b.d.l. Y O 2.09 0.17

2 3 2 5La O 12.72 2.24 P O 31.73 27.18

2 3 2 5Ce O 25.52 54.35 As O n.a. 4.99

2 3 2 5Pr O 2.74 0.15 Sb O n.a. b.d.l.

Ó 93.67 101.67

Ca apfu 0.06 0.06 Nd apfu 0.14 0.02
Pb 0.00 0.07 Sm 0.03 0.00
Fe 0.01 Eu 0.02 0.00
Cu 0.07 Gd 0.02 0.00
Al 0.02 0.00 Dy 0.01 0.00
Bi 0.00 Y 0.04 0.00
La 0.17 0.03
Ce 0.35 0.78 Ó A site 0.90 1.05
Pr 0.04 0.00

P 1.00 0.90
As 0.10
Sb 0.00

Ó B site 1.00 1.00
__________________________________________________________

n.a.: not analyzed, b.d.l.: below detection limit. Compositions are
normalized to Ó B = 1 atom per formula unit.

TABLE 5.  SELECTED EMPA DATA ON CHURCHITE
__________________________________________________________

Locality Menzenschwand Menzenschwand
Sample SG228a_10 SG229a_3 SG228a_10 SG229a_3
__________________________________________________________

2 3CaO wt% 0.44 0.54 Gd O  wt% 3.32 3.66

2 3 2 3Y O 34.12 32.17 Dy O 3.28 5.24

2 3 2 3La O 0.57 0.08 Tb O 0.54 0.69

2 3 2 3Ce O 0.22 0.60 Er O 1.56 2.30

2 3 2 3Pr O 1.02 0.23 Yb O 1.16 1.90

2 3 2 3Nd O 4.69 1.98 Lu O 0.32 0.39

2 3 2 5Sm O 1.87 2.06 P O 31.28 31.90

2 3Eu O 0.50 0.66
Ó 84.87 84.41

Ca apfu 0.02 0.02 Gd apfu 0.04 0.04
Y 0.69 0.63 Dy 0.04 0.06
La 0.01 0.00 Tb 0.01 0.01
Ce 0.00 0.01 Er 0.02 0.03
Pr 0.01 0.00 Yb 0.01 0.02
Nd 0.06 0.03 Lu 0.00 0.00
Sm 0.02 0.03
Eu 0.01 0.01 Ó 0.95 0.90
__________________________________________________________

The compositions are recalculated on the basis of 1.00 atoms of P per
formula unit.
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reSuLTS: coGeneTic Secondary mineraLS

Fluorite

Secondary fluorite (AL31Fl) from Teufelsgrund 
contains REE in the low ppm range (SREE = 80 – 140 
ppm; Table 7). In some cases, the LREE are slightly 
depleted compared to PAAS (Fig. 8a). No Ce anomaly 
is developed, the Eu anomaly is positive (2.35 to 2.97), 
and the Y:Ho ratio ranges from 23.0 to 40.8.

A third generation of fluorite (AL31FlIII) overgrows 
the secondary fluorite AL31Fl and is intergrown with 
chukhrovite (AL31Chk). Its REE content is in the same 
range as that of the secondary fluorite, but it is more 
strongly depleted in LREE than sample AL31Fl and 
displays a positive Eu anomaly (Eu/Eu* between 1.74 

and 2.91). The Y:Ho ratio is between 33.48 and 97.60. 
A Ce anomaly is not present.

These results from Teufelsgrund compare well with 
data of Loges et al. (2009), who analyzed primary 
and secondary (± recent) fluorite from the Clara mine 
near Wolfach by LA–ICP–MS for their REE contents. 
They found that primary fluorite is relatively depleted 
in LREE without a Ce anomaly, whereas secondary 
fluorite is usually less depleted in LREE compared to 
HREE and displays a negative Ce anomaly.

Calcite

The calcite sinter (SG159) from Neubulach contains 
REE in the ppb range (Table 8). It is relatively depleted 
in LREE and displays a negative Ce anomaly (Ce/Ce* 
= 0.07, Fig. 8b). No pronounced Eu anomaly is present 
(Eu/Eu* = 1.58). The calcite (SG79Ca) that is inter-
grown with a mixite-group mineral shows similar char-
acteristics (Eu/Eu* = 1.36), but with a less pronounced 
Ce anomaly (Ce/Ce* = 0.39). The Y:Ho ratio in both 
samples of calcite is similar (42.71 and 32.02 for SG159 
and SG79Ca, respectively).

Mn oxides

The Mn crust (SG52) consists of Mn oxides of vari-
able composition. Most of the sample is a Cu–Co-rich 
Mn oxide (44.06 to 45.24 wt% MnO2, 16.65 to 18.19 
wt% CoO, 17.81 to 20.44 wt% CuO, <0.4 wt% BaO; 
Table 9), whereas some parts are Ba-rich (68.3 wt% 
Mn2O3, 5.47 wt% CoO, 8.90 wt% CuO, 11.94 wt% 
BaO). These compositions are similar to asbolane 
[(Cu,Co,Ni)2–xMn(O,OH)4•xH2O] and romanèchite 
[(Ba,H2O)2Mn5O10]. Normalized to 1 and 5 apfu Mn, 
respectively, sums of other cations are between 1.08 and 

TABLE 6.  LA–ICP–MS DATA ON BASTNÄSITE
__________________________________________________________

SG53_1 SG53_2 SG53_3 SG53_4 SG53_5
__________________________________________________________

La wt% 15.4 15.1 14.8 16.2 15.7
Ce 31.9 32.3 32.7 29.8 31.1
Pr 2.73 2.64 2.72 2.84 2.73
Nd 11.4 11.3 11.3 11.9 11.6
Sm 2.38 2.35 2.34 2.49 2.43
Eu 0.655 0.626 0.623 0.671 0.654
Gd 1.65 1.62 1.61 1.71 1.69
Tb 0.158 0.156 0.156 0.167 0.162
Dy 0.617 0.605 0.613 0.647 0.639
Y 2.93 3.02 2.99 3.23 3.10
Ho 0.084 0.084 0.087 0.094 0.087
Er 0.153 0.153 0.156 0.164 0.159
Tm 0.015 0.015 0.015 0.016 0.015
Yb 0.067 0.068 0.069 0.073 0.068
Lu 0.007 0.008 0.007 0.008 0.008
__________________________________________________________

The results are normalized to ÓREE equal to one atom per formula unit.

TABLE 7.  LA–ICP–MS DATA ON FLUORITE AND CHUKHROVITE
_________________________________________________________________________________

AL31 AL31 AL31 AL31 AL31 AL31 AL31 AL31 AL31 AL31 AL31 AL31 AL31
Fl-1 Fl-2 Fl-3 Fl-4 Fl-5 Fl III-1 Fl III-2 Fl III-3 Fl III-4 Chk-1 Chk-2 Chk-3 Chk-4

_________________________________________________________________________________

La ppm 22.1 4.16 8.10 8.10 9.14 4.41 4.19 1.62 5.67 8495 7880 11570 17597
Ce 45.3 10.1 16.4 16.3 17.0 8.15 7.40 3.16 13.8 26165 24718 32616 42454
Pr 5.54 1.50 2.19 2.27 2.30 1.15 1.02 0.449 2.00 4780 4648 5431 6073
Nd 21.0 6.72 9.38 9.47 9.71 5.19 4.59 2.31 9.09 26523 25872 28463 28143
Sm 4.43 1.85 2.96 2.88 3.72 2.31 1.99 0.934 2.26 8459 8180 8472 7288
Eu 2.41 1.02 1.83 1.88 2.68 1.89 1.57 0.783 0.901 3917 3758 3735 3083
Gd 3.27 2.24 3.77 3.87 6.00 4.56 3.71 1.71 2.61 9930 9649 8793 6057
Tb 0.49 0.48 0.803 0.87 1.32 1.11 0.898 0.407 0.568 1380 1323 1149 675
Dy 3.40 3.87 6.63 7.03 10.4 9.21 7.93 3.55 5.55 6982 6575 5528 3014
Y 17.5 40.1 51.7 47.9 55.5 78.1 70.9 30.9 174 12090 11712 12340 10213
Ho 0.666 0.885 1.47 1.50 2.18 2.10 1.80 0.798 1.61 978 917 752 384
Er 1.98 2.87 4.55 4.59 6.43 6.51 5.49 2.57 5.93 1725 1601 1314 660
Tm 0.305 0.477 0.734 0.726 1.00 0.995 0.930 0.394 1.02 150 137 114 52
Yb 2.50 3.38 5.93 5.75 7.52 7.77 7.45 3.24 8.04 673 612 523 259
La 0.343 0.474 0.809 0.828 1.07 1.07 1.04 0.484 1.15 58 52 45 26
___________________________________________________________________________________

Symbols: Fl: fluorite, Chk: chukhrovite.
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fiG. 6. Representative REE patterns of mixite-group minerals (determined by EMPA).
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fiG. 7. Representative REE patterns of rhabdophane and churchite (determined by EMPA) and bastnäsite (determined by 
LA–ICP–MS).
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0.98 for the Cu–Co-rich compositions and 1.89 for the 
Ba-rich composition.

The REE concentrations in the Co–Cu-rich Mn 
oxide are between 350 and 500 ppm (SREE), Ba-rich 
Mn oxide reaches REE concentrations of 1800 ppm. 
Normalized to PAAS (Fig. 8c), the Ba-rich Mn oxide is 
enriched in LREE and displays a positive Eu anomaly 
(Eu/Eu* = 3.2), whereas the positive Ce anomaly is 
only weakly developed (Ce/Ce* = 1.2). The HREE 
are relatively depleted. The Cu–Co-rich Mn oxide 
shows a similar Eu anomaly (Eu/Eu* = 3.2), but its Ce 
anomaly is significantly stronger (Ce/Ce* in the range 
4.9 to 27.2).

reSuLTS: WaTer SampLeS

The water from the Wasserstollen of the Hella Glück 
mine in Neubulach is a hydrogen carbonate water with 
a pH of 8.5 (Table 10). It contains REE in the ppt range 
(SREE = 100 ppt). Normalized to PAAS, the LREE are 
depleted compared to the HREE, with a negative Ce 
anomaly (Ce/Ce* = 0.1), but no distinctive Eu anomaly 
(Eu/Eu* = 1.4) is present (Fig. 9a).

The water sample from the Teufelsgrund mine has 
a pH of 6.6 and is sulfate-dominant, with a total REE 
content of 650 ppt (Table 10). Normalized to PAAS, 
no strong depletion of HREE or LREE is observed. A 
positive Eu anomaly (Eu/Eu* = 1.94) and a negative Ce 
anomaly (Ce/Ce* = 0.21) are present (Fig. 9b).

The Johann Baptist mine water is hydrogen-
carbonate-dominated with a pH of 6.7 (Table 10). The 
sum of REE is 80 ppt, normalized to PAAS; the LREE 
are slightly depleted, and a negative Ce anomaly (Ce/
Ce* = 0.18) and a positive Eu anomaly (Eu/Eu* = 2.5) 
are present (Fig. 9c).

The water samples that percolated along the veins 
of the Clara mine have pH values of 6.6 and 6.7 (Table 
10), are relatively depleted in LREE, and show no 
pronounced Ce anomaly (CL2 Ce/Ce* = 0.70 and CL4 
Ce/Ce* = 0.45). Total REE contents are 40 and 60 ppt. 
The samples from the host rock and the stream have 
pH values of 6.5 and 7.3, are less depleted in LREE, 

and display a negative to strongly negative Ce anomaly 
(CL1 Ce/Ce* = 0.58 and CL3 Ce/Ce* = 0.02; Fig. 9d) 
The sums of REE are 200 and 120 ppt.

diScuSSion

Mixite-group compositions

Our EMPA results on seventy-four mixite-group 
minerals imply that there is a miscibility gap between 
agardite and mixite, whereas the miscibility of agardite 
with zálesíite and of mixite with zálesíite is complete 
(Fig. 3). Although it seems that miscibility between 
agardite and mixite does not exist, zálesíite with an 
elevated amount of both REE and Bi is present. As 
there are no data on true plumboagardite, no informa-
tion about the miscibility with other end-members can 
be given. However, elevated amounts of Pb can be 
observed in agardite as well as mixite, suggesting a 
complete miscibility of Pb in agardite and mixite. A 

TABLE 8.  LA–ICP–MS DATA ON CALCITE
__________________________________________________________

SG79-4 SG159-4 SG79-4 SG159-4
__________________________________________________________

CaO wt% 56.74 55.01 Tb 0.085 0.059
La ppm 0.185 0.054 Dy 0.644 0.454
Ce 0.205 0.015 Y 5.59 4.50
Pr 0.076 0.048 Ho 0.175 0.095
Nd 0.418 0.349 Er 0.640 0.307
Sm 0.459 0.155 Tm 0.119 0.039
Eu 0.124 0.085 Yb 1.10 0.261
Gd 0.396 0.405 Lu 0.186 0.044
__________________________________________________________

These data are normalized to the amount of CaO measured by electron-
microprobe analysis.

TABLE 9.  LA–ICP–MS DATA ON Mn OXIDE
__________________________________________________________

SG52Mn-1 SG52Mn-2 SG52Mn-3 SG52Mn-4
__________________________________________________________

2 2 3MnO  wt% 44.06 45.24 44.35 Mn O  wt% 68.30
CaO 0.13 0.14 0.17 CaO 0.08

2 3 2 3Fe O 0.14 1.06 0.85 Fe O 0.14
CoO 18.19 18.12 16.65 CoO 5.47
NiO 2.32 2.08 2.27 NiO 0.99
CuO 20.44 19.25 17.81 CuO 8.90
ZnO 0.92 0.88 1.12 ZnO 0.61

2 5 2 5As O 0.03 0.07 0.09 As O 0.42
BaO 0.10 0.41 0.07 BaO 11.94
PbO 0.06 0.15 0.06 PbO 2.08
Ó 85.38 86.30 82.17 95.83

Ca apfu* 0.00 0.00 0.01 Ca apfu** 0.01
Fe 0.00 0.01 0.01 Fe 0.01
Co 0.48 0.46 0.44 Co 0.46
Ni 0.06 0.05 0.06 Ni 0.08
Cu 0.51 0.47 0.44 Cu 0.71
Zn 0.02 0.02 0.03 Zn 0.05
As 0.00 0.00 0.00 As 0.01
Ba 0.00 0.01 0.00 Ba 0.50
Pb 0.00 0.00 0.00 Pb 0.06
Ó 1.08 1.03 0.98 1.89

La ppm 6.99 35.67 12.16 La ppm 413.73
Ce 450.08 328.39 293.23 Ce 833.12
Pr 2.09 6.81 3.28 Pr 66.24
Nd 10.63 31.10 15.64 Nd 275.68
Sm 4.00 8.64 5.40 Sm 66.08
Eu 2.59 5.48 3.35 Eu 37.06
Gd 3.69 7.53 4.62 Gd 46.08
Tb 0.60 1.08 0.72 Tb 5.49
Dy 2.55 4.36 2.96 Dy 21.93
Y 8.70 12.60 8.80 Y 51.22
Ho 0.41 0.65 0.43 Ho 2.66
Er 0.84 1.20 0.86 Er 5.10
Tm 0.13 0.17 0.11 Tm 0.56
Yb 0.87 1.16 0.71 Yb 4.07
Lu 0.12 0.13 0.08 Lu 0.53
__________________________________________________________

* Amounts are normalized to one Mn atom per formula unit,  as monitored
by electron-microprobe analysis. ** The amount is normalized to five Mn
atoms per formula unit, as monitored by electron-microprobe analysis.
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fiG. 8. REE patterns of cogenetic 
chukhrovite and fluorite (a), zálesíite 
and calcite (b) and zálesíite and Mn 
oxides (c). All REE determined by 
LA–ICP–MS, except for zálesíite 
and agardite (EMPA).
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comparison of our data with published data on mixite-
group minerals from localities worldwide shows that 
analyzed compositions are in good agreement with 
the Schwarzwald samples (Fig. 10); no literature 
data pertain to agardite–mixite solid solutions, which 
supports our assumption of a miscibility gap between 
these minerals.

Although goudeyite is the IMA-approved Al end-
member of the mixite group (Table 1), we decided 
to calculate Al at the M2 site, because Al correlates 
negatively with Cu + Fe. Its ionic radius (in sixfold 
coordination, Al3+ has a radius of 0.61 Å, Whittaker & 
Muntus 1970) is much smaller than for other cations 
(Bi3+=1.10, La3+=1.13, Ca2+=1.08, Pb2+=1.26 Å) at the 
M1 site, which makes an Al end-member with mixite 
structure unlikely. Furthermore, the few published 
compositions of goudeyite do not perfectly fit the ideal 
formula (Wise 1987, Moura et al. 2007).

Among the samples of agardite, there are La-, 
Ce-, Nd- and Y-dominant samples. “Agardite-(Dy)”, 
reported but only incompletely characterized by 
Walenta (1970), was not found in the course of the 
present study; its existence is therefore still uncertain. 

Furthermore, we show that differences in the concen-
tration of REE are generally very small, and a correct 
identification is only possible with a precise analysis. 
The EDX spectra acquired do not suffice to derive 
correct REE abundances, as peak overlaps can result 
in a misinterpretation of the spectra. Publications of 
agardite occurrences with chemical specification in 
their name, but without precise chemical analytical data, 
should therefore be regarded cautiously.

Distribution of rare-earth minerals  
in the Schwarzwald

When taking the geological context into account, a 
correlation between the geological environment and the 
distribution of mixite-group minerals can be found (Fig. 
4). Samples from the northern Schwarzwald mostly 
consist of zálesíite with elevated Bi or REE contents or 
both. It originates in barite veins with Cu–Bi mineraliza-
tion in sandstones overlying Variscan granites (group 
4, after Staude et al. 2009). The sandstones were (or 
still are) covered by limestones, which explains the 
high Ca contents in these mixite-group minerals. As 

fiG. 9. REE pattern for water samples normalized with respect to PAAS from a) Neubulach, b) Teufelsgrund, c) Johann Baptist 
and d) the Clara mine: CL 1 (grey line): water from creek outside the mine, CL2 (black line): water from quartz–fluorite vein; 
CL3 (dashed gray line): water from host rock; CL4 (dashed black line): water from fluorite vein.
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the southern Schwarzwald is more deeply eroded, it is 
not surprising to find less strongly calcic compositions 
there. The only sample from sandstone-hosted veins, 
which is related to a fluorite–barite vein (SG168 from 
Käfersteige, group 2 after Staude et al. 2009), is also 
the only one from the northern Schwarzwald group that 
is not zálesíite, but rather agardite. Obviously, the REE 
are here derived from dissolution of fluorite, as is the 
case in many localities along the NKF (see below) or 
in the southern Schwarzwald.

Samples from the NKF are mostly agardite–zálesíite 
solid solutions with only minor amounts of Bi (up to 
0.12 apfu Bi). However, Pb can reach higher amounts, 
up to 0.3 apfu, which can be explained by the common 
occurrence of galena in these veins. In contrast to the 
agardite–zálesíite solid solutions related to the NKF, 
the Wittichen area shows only mixite–zálesíite solid 
solutions, although only a few km separates the two 
districts. Whereas along the NKF, Bi is only present in 
rare sulfosalts, it occurs as a native element in Wittichen 

(Staude et al. 2010a, in press). More importantly, 
however, Bi is much more abundant in Wittichen than 
along the NKF, and fluorite, a source of the REE, is 
uncommon in Wittichen compared to the NKF deposits.

In the southern Schwarzwald, most veins contain 
Pb–Zn mineralization in fluorite – barite – quartz 
gangue. Accordingly, many of the analyzed samples, 
which are mostly agardite–zálesíite solid solutions, 
are Pb-rich. Only the sample from Säckingen (SG201) 
consists of mixite with a zálesíite component of ~0.3. 
This sample is from a quartz vein comprising a W–
Bi–Cu mineralization, which formed by late-magmatic 
fluids (Werner et al. 1990, Schatz & Otto 1989).

There is a systematic correlation of mixite-group 
end-members with distinct areas, but it is not obvious 
why only certain end-members form in certain chemical 
environments. In Wittichen, for example, no agardite 
was found in our study (although it has been described 
as a rare mineral from there; Walenta 1992), despite 
the occurrence of REE-rich “pitchblende” (Leibiger 

fiG. 10. Comparison of mixite-group mineral 
compositions from this work (grey areas) with 
data from Dietrich et al. 1969, Aruga & Nakai 
1985, Olmi et al. 1991, Sejkora et al. 1999, 
Miyawaki et al. 2000, Kunov et al. 2002, de 
Baranda et al. 2003, Frost et al. 2005a, Tanaka 
et al. 2009 (open circles).
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1955). In contrast, in the northern Schwarzwald, more 
REE- than Bi-rich zálesíite formed, although there 
is no obvious REE source, but Bi-bearing tennantite 
is common (Staude et al. 2010b). It appears that the 
occurrence of REE-rich mixite-group minerals is not 
only related to the assemblage and composition of the 
primary minerals, but also to other factors. Therefore, 
possible sources and their REE contents have to be 
considered.

Source of the REE

In the Schwarzwald, the REE are concentrated to the 
percent level in secondary minerals, mainly arsenates 
and phosphates, which are the products of supergene 
alteration of hydrothermal veins. Their REE content 
can have the following sources:

1) Primary fluorite or carbonate: They contain REE 
in the ppm range (Schwinn & Markl 2005, Loges 
et al. 2009). The common occurrence of secondary 
fluorite and carbonate and typical dissolution features 
in primary gangue minerals attest to the mobilization 
of REE during weathering of fluorite- and carbonate-
bearing veins.

2) Primary “pitchblende”: At Menzenschwand, 
primary “pitchblende” contains REE in the ppm range 
(Hofmann 1989); at Wittichen, they even reach concen-
trations of up to 3 wt.%, with a relative enrichment 
of the HREE (Leibiger 1955), which can be released 
during weathering. As “pitchblende” is easily weathered 
(which can be seen in hand specimen, as it acquires a 
“spongy” texture) and secondary uranium minerals are 
common at both localities (whereas fluorite is not), this 
is a very likely REE source.

3) Host rocks: The host rocks contain relatively 
REE-rich minerals like apatite or magmatic uraninite 
(in granites; Hofmann 1989) and REE-poor minerals 
like feldspars or biotite. Upon alteration, their REE can 
become at least partly remobilized.

The REE patterns of primary and secondary minerals 
and the mine waters allow us to discriminate between 
the three possibilities for the different localities. At 
localities along the NKF, REE could originate from 
fluorite and carbonates from the veins or from the host 
rock. The fluorite (or carbonate) is obviously dissolved 
and dominates the REE distribution in the water that 
flows through the vein (Fig. 11a). Primary fluorite 
(or carbonate) thus is an important REE source in 
these veins. Furthermore, these data show that water 
flowing along the fluorite vein of the Clara mine does 
not contain more REE than the water draining from 
the host rock. As many examples of secondary fluorite 
show REE patterns similar to those of the host-rock-
derived waters (Fig. 11a), we assume that the host 
rock contributes significantly to the REE budget in the 
secondary minerals. A contribution from the host rock 
is also very likely, as no primary phosphate minerals 
(but only secondary phosphates) occur in the veins. 

This implies that apatite and possibly other minerals 
from the host rock contribute to the REE content of the 
mineral-precipitating waters.

In Wittichen, the primary mineralization differs 
from that along the NKF; as there are different types 
of mineralization present in Wittichen (Staude et al. 
in press), there are different possible sources of the 
REE. In the fluorite–barite veins, fluorite could be the 
dominant REE source. However, in the barite-dominant 
veins, from which most samples analyzed in this study 
originate, fluorite or carbonates are rare, and “pitch-
blende” is a more likely REE source.

At the Menzenschwand uranium deposit, “pitch-
blende” is very common (Hofmann 1989). The 
LREE are relatively depleted if the data are normal-
ized to PAAS. As “pitchblende” is very abundant at 
Menzenschwand, it is reasonable to assume it to be an 
important REE source, which would also explain the 
lack of mixite-group minerals and the occurrence of 
HREE-rich churchite-(Y). The host rock seems to be a 
source for P, as secondary uranium and REE phosphates 
are very common in Menzenschwand. In addition, the 
REE could therefore also originate from apatite and 
magmatic uraninite (which is also relatively enriched 
in HREE; Hofmann 1989) from the granitic host-rock. 

Comparison of the Schwarzwald deposits to similar 
deposits where mixite-group minerals occur also 

TABLE 10.  ANALYTICAL DATA ON WATER
__________________________________________________________

Neu- Teufels- Johann CL1 CL2 CL3 CL4
bulach grund Baptist

__________________________________________________________

pH 8.5 6.6 6.7 7.3 6.7 6.5 6.6
T [�C] 11.1 10.6 9.6 10.7 9.0 15.9 22.7
Li  ppm 0.01 0.00 0.00 0.00 0.01 0.03 0.01+

Na 3.80 3.96 1.82 2.30 1.80 5.77 6.78+

K 2.09 0.96 1.33 1.12 2.73 3.43 2.79+

Mg 30.25 3.75 4.34 2.08 3.28 4.87 5.452+

Ca 72.62 14.01 7.80 8.95 13.54 22.37 22.762+

Ba 0.38 0.07 0.15 0.26 0.43 0.05 0.112+

F 0.41 2.52 0.02 0.58 0.94 3.30 4.33 –

Cl 15.79 1.86 1.07 1.44 1.27 2.41 5.65 –

Br 0.02 0.03 b.d.l. 0.01 0.01 0.05 0.10 –

3NO 23.24 7.77 3.29 3.21 7.43 5.18 2.12 –

4PO b.d.l. b.d.l. 0.36 b.d.l. b.d.l. b.d.l. b.d.l. 3–

4SO 13.64 35.63 4.60 12.03 2.44 35.37 32.12 2–

3HCO n.a. n.a. 36.11 n.a. n.a. n.a. n.a. –

La 1.6E-06 1.6E-04 8.0E-06 1.8E-05 4.8E-07 2.3E-05 9.7E-07
Ce 6.8E-07 6.1E-05 3.1E-06 2.7E-05 5.9E-07 1.1E-06 1.0E-06
Pr 1.2E-06 3.0E-05 2.0E-06 6.2E-06 7.8E-08 5.4E-06 2.8E-07
Nd 7.3E-06 1.3E-04 1.0E-05 3.0E-05 5.3E-07 2.4E-05 2.0E-06
Sm 3.3E-06 2.9E-05 3.1E-06 9.5E-06 3.0E-07 6.9E-06 1.3E-06
Eu 1.3E-06 1.3E-05 2.0E-06 4.3E-06 2.6E-07 3.5E-06 9.3E-07
Gd 6.3E-06 3.3E-05 4.4E-06 1.1E-05 8.7E-07 8.7E-06 3.3E-06
Tb 1.0E-06 4.5E-06 6.0E-07 1.7E-06 1.2E-07 1.0E-06 4.8E-07
Dy 6.4E-06 2.4E-05 3.7E-06 1.1E-05 1.1E-06 5.0E-06 2.9E-06
Y 5.9E-05 1.5E-04 3.5E-05 6.3E-05 3.0E-05 3.6E-05 4.5E-05
Ho 1.4E-06 4.1E-06 8.3E-07 2.3E-06 3.2E-07 8.4E-07 5.9E-07
Er 4.1E-06 9.5E-06 2.5E-06 6.9E-06 1.0E-06 1.8E-06 1.7E-06
Yb 3.6E-06 5.6E-06 2.4E-06 6.9E-06 8.5E-07 9.7E-07 1.5E-06
Lu 5.2E-07 8.1E-07 3.8E-07 1.1E-06 1.2E-07 1.4E-07 2.1E-07
__________________________________________________________

n.a.: not analyzed; b.d.l.: below detection limit. CL1: water from creek close
to the mine entrance; CL2: water from level 8.2, from vein; CL3: water from
level 14.2, from the host rock, and CL4: water from level18, from the vein.
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shows that not only the type of primary mineralization 
determines the chemical composition of the secondary 
minerals. At the sites of U–Cu–As–Bi–Co mineral-
ization near Dalbeattie, south Scotland, supergene 
alteration led to the formation of mixite (Braithwaite 
& Knight 1990). However, at the U–Ni–Co–As–Ag–Bi 
deposit of Zálesí, Czech Republic, no mixite sensu 
stricto is known, whereas it is the type locality of 
REE-bearing and Bi-free zálesíite (Sejkora et al. 1999).

Agardite investigated in the present study is LREE-
dominant and HREE-depleted. This is to be expected 
because the ionic radii of the LREE3+ are much closer 
to those of Ca2+ and Bi3+ than to those of the HREE3+. 
However, the U ore in Wittichen is relatively enriched 
in HREE and strongly depleted in LREE (Leibiger 
1955); this might be the reason for the very rare occur-
rence of agardite at Wittichen (Walenta 1992). The only 
REE-bearing zálesíite from Wittichen (SG115, Fig. 
6g) is relatively more depleted in the LREE than the 
other samples. The rare occurrence of HREE-dominant 
xenotime in the vicinity of corroded “pitchblende” from 
Wittichen (Walenta 1972) agrees with this idea.

In agardite, various REE may be dominant. Whereas 
in the central Schwarzwald, agardite is mostly Ce-domi-
nant, many samples from the southern Schwarzwald 
are Y-dominant. Cerium-dominant agardite from the 

southern Schwarzwald was only found in the barite–
quartz vein of Amalie-Grunern and the carbonate veins 
from Rotenbach–Feldberg, whereas all agardite samples 
from the massive fluorite–barite veins are Y-dominant. 
The Y dominance in agardite from fluorite veins may be 
related to the higher stability of Y in fluoride complexes 
(Gramaccioli et al. 1999, Loges et al. 2011), which can 
lead to an enrichment of Y in fluorite and, consequently, 
if REE originate from fluorite, to dominance of Y in 
agardite. This interpretation is corroborated by the 
observation that there are some cases of agardite-(Y) 
along the NKF, where some veins contain abundant 
fluorite.

It is also interesting to compare the occurrence of 
rhabdophane and churchite in the Schwarzwald. As 
the REE patterns of rhabdophane are usually very 
similar to those of agardite, they seem to fractionate 
REE in a similar way; both are enriched in LREE. In 
contrast, churchite from Menzenschwand is enriched in 
HREE. As churchite is a HREE phosphate (this work, 
Lottermoser 1990, Onac et al. 2005) and rhabdophane 
contains LREE (this work, Nagy & Draganits 1999, 
Berger et al. 2008), the formation of churchite or rhab-
dophane is clearly related to the dominance of light 
or heavy REE, which explains the fact that churchite 
occurs only in areas without rhabdophane and vice 

fiG. 11. a) REE patterns for waters from the Clara mine (for legend, see Fig. 9) and mean REE patterns for primary (black line, 
n = 86) and secondary (grey line, n = 144) fluorite (all data taken from Loges et al. 2009). b) REE pattern for water from 
Teufelsgrund and calculated REE pattern resulting for a fluorite:chukhrovite ratio of 4000 : 1. 
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versa. Their occurrence appears to be controlled by 
the REE makeup of the REE source. The absence of 
the HREE-preferring secondary mineral churchite in 
Wittichen is certainly related to the high As:P ratio in the 
alteration fluids there, which is caused by the abundant 
occurrence of arsenides at Wittichen.

Anomalies in the REE patterns

The Eu anomalies of the secondary REE minerals 
are positive in most cases; only the churchite samples 
from Menzenschwand have a slightly negative Eu 
anomaly. As Eu fractionation occurs only at tempera-
tures >250°C (Sverjensky 1984, Bau 1991), a Eu 
anomaly in low-temperature minerals must be inherited 
from the REE source.

Cerium anomalies are usually not present or only 
very weakly so; only in some cases are they strongly 
negative (Fig. 7). Cerium is oxidized at high f(O2) and 
low temperatures, and although inorganic oxidation to 
Ce4+ is a kinetically slow process, it can be mediated 
by microbial activity (Moffett 1990) or surface catalysis 
on Mn oxides (e.g., Koeppenkastrop & De Carlo 1992, 
Bau 1999, Bau & Koschinsky 2009). For mass-balance 
reasons, the formation of a negative Ce anomaly in a 
mineral or fluid is invariably related to the formation 
of a positive Ce anomaly somewhere else in the same 
system. Oxides and hydroxides of Mn are known to 
develop strongly positive Ce anomalies and to be 
the major controlling factor of Ce oxidation (Ohta & 
Kawabe 2001). Cerianite-(Ce), which was described by 
Kolitsch et al. (2010) from the Clara mine, is another 
mineral that concentrates Ce, but as it is inconspicuous, 
it might be overlooked in many cases. If these minerals 
precipitate, they leave behind water with a negative 
Ce anomaly, from which minerals with a negative Ce 
anomaly can precipitate. In this case, the positive and 
negative Ce anomalies are decoupled. If Mn oxides 
and REE minerals precipitate concomitantly at the 
same place, the two Ce anomalies are coupled. Both 
processes can occur.

Coupled formation of Ce anomalies can be observed 
in Mn oxides and mixite-group minerals (sample SG52; 
Figs. 2h, 8c), which shows that formation of Ce anoma-
lies can be a very small-scale process that is defined 
by the precipitating minerals. Whereas Ce4+ is sorbed 
to Co–Cu-rich Mn4+ oxides (resulting in a positive Ce 
anomaly), the coprecipitating agardite develops a nega-
tive Ce anomaly. Interestingly, the Ba-rich Mn oxide 
parts (which are assumed to incorporate Mn3+) do not 
show a Ce anomaly, which leads to an inference that 
Ce fractionation in this case does not take place during 
transport but during mineral precipitation.

The process resulting in decoupled Ce anomalies is 
reflected by the REE patterns of agardite (SG205) and 
the corresponding precipitating water from the Johann 
Baptist mine. Both display a negative Ce anomaly, 
suggesting that the Ce anomaly in the agardite is 

inherited form the water. Whereas sample SG205 was 
taken from a wall where water was flowing and mineral 
precipitation was occurring, samples SG203 and SG204 
were taken from a currently dry part of the mine. These 
two samples do not display a negative Ce anomaly (Fig. 
6f), which suggests that there are different generations 
of secondary minerals related to systems with different 
fluids. These can be distinguished on the basis of REE 
mineral compositions.

Whereas the decoupling described above results 
from the separation of Ce4+ from REE3+, a further 
process is needed to explain the positive Ce anomaly 
in rhabdophane (e.g., sample SG118; Fig. 12a). Rhab-
dophane itself incorporates REE3+, which makes a 
Ce anomaly caused by preferred Ce4+ incorporation 
unlikely. Consequently, a process that separates Ce as 
Ce4+ from the other REE followed by Ce4+ reduction to 
Ce3+ is needed to explain the observed anomalies. The 
complexation of Ce4+ with highly selective and highly 
soluble organic ligands, which preferentially mobilize 
Ce4+ compared to the REE3+ (Tanaka et al. 2010), 
presents a way to keep Ce4+ in solution. Tanaka et al. 
(2010) demonstrated that the organic Ce4+ complexes 
they observed were not stable at acidic pH, probably 
because Ce is reduced or ligands are not stable under 
acidic conditions. Locally decreasing pH could there-
fore induce the Ce4+ complexes to decay and cause Ce 
to be reduced to Ce3+. As rhabdophane forms according 
to the reaction

REE3+ + HPO4
2– + H2O = (REE)PO4•H2O + H+,

the pH in the fluid close to the surface of the growing 
rhabdophane decreases, which could then result in a 
positive Ce anomaly.

The same process can occur if zálesíite precipitates 
according to the reaction

Ca2+ + 6Cu2+ + 3HAsO4
2– + 9H2O = 

CaCu6(AsO4)2HAsO4(OH)6•3H2O + 8H+

The fact that one sample of zálesíite (SG79Ch) displays 
a slightly positive Ce anomaly (Ce/Ce* = 1.1 to 1.8) 
whereas a cogenetic calcite (SG79Ca) shows a negative 
Ce anomaly (Ce/Ce* = 0.4) indicates that Ce liberation 
and reduction are local processes taking place on the 
surface of the growing mineral.

Not only Ce, but also all REE3+ can be influenced by 
the coprecipitation of REE minerals with other minerals. 
To assess this influence, we compared a sample of 
calcite from Neubulach (SG79Ca), which is cogenetic 
with zálesíite (SG79Ch), with calcite sinter (SG159) 
from the same locality, that grew in isolation from other 
secondary minerals. In addition, water dripping from the 
sinter was analyzed. If one normalizes the REE in the 
isolated calcite (SG159) to the water, the observed frac-
tionation is weak and linearly dependent on ionic radius 
of the REE (Fig. 12b). The other calcite (SG79Ca), 
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fiG. 12. REE patterns of agardite over-
grown by rhabdophane (a). REE patterns 
from intergrown calcite (SG79Ca) and 
zálesíite (SG79Ch) and isolated calcite 
(SG159) normalized to water sampled 
from Neubulach (b and c).
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which is cogenetic with zálesíite, shows a decidedly 
different and non-linear fractionation with respect to 
the water. Moreover, the two cogenetic minerals display 
a complementary fractionation behavior (Fig. 12c). If 
calcite alone does not show this intense fractionation, 
it must be caused by the zálesíite. The resulting REE 
pattern in the water is then imprinted on the calcite.

The cogenetic minerals fluorite (AL31FlIII) and 
chukhrovite (AL31Chk) from Teufelsgrund have 
clearly different REE patterns (Fig. 8a), although they 
must have precipitated from the same fluid. Whereas 
chukhrovite is relatively depleted in HREE, fluorite 
is relatively depleted in LREE (Fig. 8a). Both show 
similar Eu anomalies (chukhrovite Eu/Eu* in the 
range 2.0 to 2.2 and fluorite Eu/Eu* in the range 1.7 
to 2.9), but very different Y/Ho values (chukhrovite 
Y/Ho in the range 12.4 to 26.6 and fluorite Y/Ho in 
the range 27.1 to 108.2). The REE patterns resulting 
from a combination of different ratios of chukhrovite 
(AL31Chk-1) and fluorite (AL31FlIII-4) show that with 
a fluorite:chukhrovite ratio of 4000:1, the REE pattern 
is very close to that of the analyzed water (Fig. 11b; Eu/
Eu* = 1.9, Y/Ho = 37.4 and Gd/Lu = 3.8 for the water 
and Eu/Eu* = 2.0, Y/Ho = 40.4 and Gd/Lu = 2.4 for 
the calculated chukhrovite:fluorite water ratio). Only the 
La/Sm values 0.8 (water) and 0.2 (fluorite:chukhrovite 
4000:1) differ more strongly from each other, which 
may indicate slight differences in LREE depletion 
between the water, which precipitated the minerals 
and the modern water that was analyzed. The modern 
water also displays a negative Ce anomaly, which is 
not observed in the fluorite:chukhrovite 4000:1 pattern. 
This might indicate more oxidizing conditions in the 
modern water.

Summary and concLuSionS

In the present study, we report a large dataset of 
quantitative analyses of secondary rare-earth minerals. 
For mixite-group minerals, these data show that there 
is a miscibility gap between mixite and agardite, and 
that only zálesíite can incorporate small amounts of both 
Bi and REE. Miscibility between agardite and zálesíite 
and between mixite and zálesíite is complete. In the 
Schwarzwald, the Cu arsenates mixite and agardite do 
not occur at the same locality; neither do the phosphates 
rhabdophane and churchite. This is probably due to the 
prevalence of LREE or HREE relative to PAAS. Where 
LREE are the dominant REE, agardite or rhabdophane 
form; a prevalence of HREE leads to the formation 
of churchite, and abundant Bi favors mixite. These 
differences in the formation of rare-earth minerals are 
related to differences in the REE source. If fluorite or the 
gneissic host-rocks are the source, the LREE dominate, 
and agardite and rhadophane form. If REE derive from 
“pitchblende”, the pattern is HREE-dominated, and 

churchite can form if P is abundant. In the barite veins 
in Wittichen, distinct REE minerals are very rare in spite 
of the high REE contents of the “pitchblende”. This is 
because As dominates largely over P, and Bi concentra-
tions are high, so that mixite precipitates.

Cerium anomalies can be coupled (positive and 
negative anomalies occur in adjacent coprecipitating 
minerals) or decoupled (an anomaly occurs without 
adjacent complementary anomaly; Fig. 13). Coupled 
anomalies only develop during precipitation, where 
Ce4+ is preferably incorporated in Mn4+ oxides or poten-
tially in cerianite, which results in a negative anomaly 
in the coprecipitating mineral (Fig. 13a). Decoupled 
anomalies develop during transport; owing to sorption 
effects, Ce4+ is less mobile than REE3+. This results in 
a negative Ce anomaly in the fluid, and the precipitated 
secondary minerals inherit this anomaly (Fig. 13b). 
However, the formation of organic complexes, which 
are more stable for Ce4+ than for REE3+, can result in a 
better mobilization of Ce4+. Reduction of Ce4+ to Ce3+ 
(possibly due to pH changes) can then lead to positive 
Ce anomalies in precipitating minerals (Fig. 13c).

The patterns of distribution of REE in cogenetic 
minerals show that during the formation of secondary 
minerals, the REE are redistributed. The REE minerals 
assert a much stronger control over the REE budget 
and patterns in the water than minerals that incorpo-
rate REE only as trace elements and thus influence the 
REE patterns in coprecipitating minerals like calcite 
and fluorite. These latter minerals are therefore better 
suited to reconstruct the original REE profile of the 
parental water from which they form in the absence 
of distinct REE minerals. A comparison of texturally 
related secondary minerals intergrown on the mm scale 
proves that remobilization and redistribution occur on a 
very small scale. However, examples of decoupled Ce 
anomalies show that processes on a larger scale need to 
be considered as well in order to understand the regional 
distribution of REE patterns.
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