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Abstract. The Black Forest hosts a wide range of hydrothermal mineralization, including fluorite–barite vein
deposits. In a detailed investigation of the Finstergrund and Tannenboden deposits in the Wieden mining dis-
trict (southern Black Forest), the diversity, geochemical evolution and relative chronology of multistage fluorite
precipitation is tracked on the basis of rare earth element (REE) geochemistry, geologic field relationships and
crystal zoning. Geochemical discrimination and mathematical λ coefficients suggest a total of seven fluorite
REE groups, at least three distinguishable post-Variscan fluid mobilization events and independent formation
histories for the deposits despite their spatial proximity. Fluorite vein mineralization at the Finstergrund deposit
evolved over three fluid generations, was derived from gneissic source aquifers and comprises five distinct flu-
orite REE groups: the first fluid generation is characterized by fluorite precipitation above 200 ◦C (“group III”),
below 200 ◦C (“group I”) and after fractional crystallization (“group IV”); the second generation comprises re-
mobilized fluorite (“group II”); and the third generation revealed fluorite precipitation by meteoric water mixing
(“group V”). Fluorite vein formation at the Tannenboden deposit is associated with two distinct fluorite REE
patterns derived from the same fluid generation: fluorite precipitation above 200 ◦C (“group VII”) and after cool-
ing below 200 ◦C (“group VI”). Its fluid source aquifer lithology best matches migmatites contrary to previous
models that suggest either gneissic or granitic aquifer rocks for fluorite vein precipitation in the Black Forest.
The decoupled formation history between the deposits is tectonically controlled as suggested by a new genetic
model for the Wieden mining district. The model argues for a change in the local fluid percolation network and
the termination of hydrothermal activity at the Tannenboden deposit after the first fluid mobilization event.

The geochemical evolution of multistage fluorite mineralization, as exemplified by the Tannenboden and
Finstergrund deposits in combination with other fluorite mineralizations in the Black Forest, provides unique
insights into the lithospheric origin and precipitation behaviour of fluorite by various fluid–rock interaction pro-
cesses occurring in large hydrothermal systems. The local diversity of REE patterns emphasizes the need for
detailed investigations of individual hydrothermal vein deposits.
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1 Introduction

The Black Forest hosts about 400–500 hydrothermal veins
comprising different mineralogical assemblages, of which a
large number is fluorite-bearing and of former economic im-
portance over a period of many years. Fluorite mining still
takes place at the Clara Mine (central Black Forest) where
a depth of 900 m is reached today. Europe’s largest fluorite
vein with a total length of 3.5 km and a width up to 35 m
occurs in the northern Black Forest near Pforzheim (Werner
and Dennert, 2004) and is currently prepared for the resump-
tion of mining activity. Regarding the central to southern
Black Forest, most deposits occur in an area enclosed by the
Upper Rhine Graben (URG) to the west, the Badenweiler–
Lenzkirch zone (BLZ) to the south and the extension of the
Bonndorf graben system along the Dreisam Valley east of
Freiburg. This area, where the Wieden mining district is sit-
uated (Fig. 1), hosts a number of fluorite–barite veins that
represented one of the economically most significant Ger-
man reserves in the 20th century (Werner and Dennert, 2004;
Werner, 2011; Markl, 2017).

Five time periods of intensified hydrothermal activity and
vein formation are suggested to have occurred on the scale of
the entire Black Forest (Walter et al., 2016, 2018b; Scharrer
et al., 2021). In the Carboniferous, quartz–tourmaline veins
precipitated from low-salinity (< 4.5 wt % NaCl+CaCl2),
high-temperature fluids (up to 390 ◦C). Followed by Sb–Au-
bearing quartz veins that formed from cooling metamorphic
fluids (2 wt %–4.5 wt % NaCl+CaCl2, < 310 ◦C). Around
the Triassic–Jurassic boundary, two coexisting, non-mixing
fluids of opposed salinity (2 wt %–4.5 wt % vs. > 26 wt %
NaCl+CaCl2) were linked to quartz–hematite veins. In
the Jurassic–Cretaceous period the first fluorite–quartz–
barite and barite–quartz veins formed from mixing between
a bittern brine and a halite dissolution brine (23 wt %–
26 wt % NaCl+CaCl2, 50–143 ◦C). The youngest period
of hydrothermal activity is of post-Cretaceous age, repre-
sented by quartz–barite–fluorite veins, as well as carbonate
veins from mixed fluids of variable salinity (5 wt %–25 wt %
NaCl+CaCl2, 66–194 ◦C) (Walter et al., 2016). The middle
Jurassic to Cretaceous fluorite-bearing group of hydrother-
mal veins comprises a large fraction of the veins in the Black
Forest (Walter et al., 2018b).

Schwinn and Markl (2005) compared the rare earth ele-
ment (REE) patterns of 63 post-Variscan hydrothermal fluo-
rite veins of the entire Black Forest area. Two major groups
are distinguished that reflect either gneissic (type A) or
granitic source-related (type B) features in agreement with
the REE characteristics evaluated for mineral waters and
leachates from gneiss- and granite-hosted aquifers (Möller et
al., 1997). Key features to distinguish the hydrothermal ori-
gin of fluids and fluorite mineralizations are the Eu anomaly
and the degree of heavy REE (HREE) depletion in REE pat-
terns normalized to post-Archean Australian shale (PAAS;
McLennan, 1989). Gneiss-related fluids and fluorite miner-

alizations inherit a positive Eu anomaly and only a slight to
no depletion of HREEs, while those from granite aquifers are
characterized by none or a negative Eu anomaly and strongly
depleted HREEs (Möller et al., 1997, 1998; Möller, 2000;
Schwinn and Markl, 2005). However, no systematic evalua-
tion of REE patterns of basement rocks from the central and
southern Black Forest has been conducted so far. The largest
dataset of REE abundances of granites comprises data from
12 intrusions (Emmermann et al., 1975), which lacks, how-
ever, the full range of REEs. A comprehensive overview of
mineral, thermal and mine waters from the entire Black For-
est area on the other hand is given by Göb et al. (2013).

The majority of previous studies are based on extensive
comparisons of a large number of different hydrothermal
veins across the entire Black Forest district but are limited
with respect to the number of investigated samples per vein.
For example, Walter et al. (2018b) determined the Sm /Nd
ages of 21 fluorite-bearing veins on the basis of 25 samples.
In addition, Walter et al. (2016) and Walter et al. (2018a)
performed fluid inclusion studies of hydrothermal veins of
different ages at 30 locations with 50 samples and 96 post-
Cretaceous veins with 155 samples for the central and south-
ern Black Forest, respectively. On average, these studies ac-
count for less than two samples per vein. The variability in
REE patterns in 63 hydrothermal fluorites by Schwinn and
Markl (2005) are based on six to seven samples per vein on
average. The local variability, as well as the complexity of
successive vein formation stages on the scale of a single de-
posit, is, therefore, unlikely to be fully covered.

In contrast to previous studies, this investigation focuses
on a detailed examination of the variety of rare earth ele-
ment patterns including Y (REY) from more than 70 sam-
ples taken from the Finstergrund and Tannenboden deposits
only. These comprise two multi-generational fluorite veins
of the Wieden mining district that are approx. only 1.5 km
apart from each other (Fig. 1). Fluorites usually preserve
and/or inherit their REY patterns from the hydrothermal fluid
from which they precipitated and, thus, provide insight into
the REY source of the hydrothermal fluid (e.g. Schwinn and
Markl, 2005; Nadoll et al., 2018). It is shown that different
fluid and fluorite mineralization events are distinguishable
and that the physico-chemical processes between hydrother-
mal events can be tracked by REY patterns. Evidence is pro-
vided that the mineralization from fluids in the Finstergrund
and Tannenboden deposits does not share the same evolution
and must be related to different source aquifers despite their
spatial proximity. This raises the need for an update of the ge-
netic model for the Wieden mining district and questions the
rough division of Black Forest hydrothermal fluorite veins
into type A and type B by Schwinn and Markl (2005). This
study serves as an example for the application of REE geo-
chemistry to unravel the histories of locally differing multi-
stage fluorite vein mineralization.
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Figure 1. Geologic overview of the central and southern Black Forest with the main sections of fluorite–barite veins in the Wieden mining
district. CSGC: central Black Forest gneiss complex; BLZ: Badenweiler–Lenzkirch Zone; SSGC: southern Black Forest gneiss complex.
Overview map: modified following Werner and Markl, 2020 p. 11, Wieden mining district: modified section of the geological map 1 : 25000,
sheet 8113 Todtnau, 2011 – published by the regional council of Freiburg, Germany – dept. 9 geological survey (https://www.lgrb-bw.de,
last access: 18 January 2022); approved on 13 July 2022, s. RPF91-4700-5/31/2 and spatial base data © LGL, https://www.lgrb-bw.de.

2 Geologic background

The crystalline basement in the central and southern Black
Forest is predominantly constituted of lithologically ho-
mogenous paragneiss and migmatites (Werner and Markl,
2020). These formed during the Variscan orogeny around
340–325 Ma from impure greywacke (Kalt et al., 2000) at
30–35 km depth and 500–730 ◦C, achieving in parts anatectic
conditions (Hanel et al., 2001). Along the southeastern mar-
gin of the central Black Forest gneiss complex, the litholog-
ically diverse association broadly called “Randgranit” is sit-
uated, comprising different augen gneisses, fine-to-medium-
grained paragneisses, amphibolites, calc–silicate rocks and
leptynites, as well as different metagranitic bodies (Altherr
et al., 2019). Farther south to southeast, the batholith com-
plex of the southern Black Forest intruded approx. simul-
taneously with Variscan peak metamorphism including, for
example, the Bärhalde, Albtal or St. Blasien granite among
others (Schaltegger, 2000). The post-Variscan, sedimentary
sequence on top of the crystalline basement, up to and includ-
ing Upper Jurassic limestones, was eroded in the course of
uplift related to the alpine orogeny. The Eocene to Pliocene

URG formation caused the exhumation of the crustal section
that constitutes the Black Forest today (Ziegler and Dèzes,
2007).

2.1 Basement fluid reservoir evolution and fluorite vein
formation in the southern Black Forest

The number and chemical characteristics of hydrothermal
veins in the central Black Forest gneiss complex and in the
mining district of Wieden are related to the long-term ge-
ologic evolution of the Variscan to Alpine orogenies in ad-
dition to the mechanical properties of the basement rocks.
Contrary to granite, gneiss favours the formation of discrete,
linearly oriented, deep-reaching faults that provide crustal
permeability and enable fluid circulation along linear seg-
ments (Etheridge et al., 1984; Sibson et al., 1988; Werner
and Dennert, 2004). Reoccurrence of the same dominant
strike direction, Upper Jurassic–Lower Cretaceous and Ter-
tiary ages, as well as geomorphologic features such as the
URG, indicate Variscan pre-defined tectonic failure zones as
fluid pathways (Werner et al., 2020). Tectonic reactivation
drives the mobilization of metamorphic and infiltrated fluids
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stored in the pore space of the crystalline basement, connate
waters residing among the sedimentary layers of basin fill-
ings and meteoric waters (Sibson et al., 1975; Sibson, 1987;
Werner et al., 2020). With changing sedimentary deposition
in the Mesozoic to Neogene basins and the chemical equili-
bration of downward-migrating, originally seawater-derived
fluids through basins into the crystalline basement, a gradu-
ally stratified basement fluid reservoir developed over time
(Fig. 2). From depth to shallower levels this basement reser-
voir contained metamorphic fluid, modified bittern brine and
halite dissolution brine (Walter et al., 2016; Scharrer et al.,
2021). Deeper-seated late-metamorphic Permian H2O–NaCl
fluids were interpreted to have been comparably hot (up to
310 ◦C) but low in salinity (2 wt %–4.5 wt % NaCl+CaCl2),
whereas Triassic to Tertiary basin brines show variable fluid
compositions and salinities at temperatures ranging from 50–
200 ◦C (Walter et al., 2016). The older modified bittern brine,
compositionally resulting from leaching of mainly Ca-rich
plagioclase in the host rock, is a CaCl2-dominated, KCl-
poor fluid with a salinity of about 25 wt % CaCl2+NaCl.
The subsequent, shallower-seated halite dissolution brine in-
teracted with the previously altered basement in equilibrium
with alkali feldspars and clay minerals and is thus depleted
in Ca2+ and Ba2+. It represents an NaCl-dominated, KCl-
enriched fluid with a salinity of approx. 22 wt % NaCl +
CaCl2 (Scharrer et al., 2021). Jurassic H2O–NaCl–CaCl2 flu-
ids are highly saline with 20 wt %–26 wt % NaCl+CaCl2
related to leaching of evaporites in the sedimentary cover
of the basement. Erosion of evaporite sequences and expo-
sition of aquifers due to uplift in the course of the URG
opening resulted in post-Cretaceous multi-component H2O–
NaCl–CaCl2–(SO4–CO2–HCO3) fluids of highly variable
salinities between 5 wt %–25 wt % NaCl+CaCl2 due to mix-
ing of high- and low-salinity fluids (Walter et al., 2016,
2017, 2018a, 2019). Fluids from Triassic sediments are des-
ignated carriers for SO2−

4 and/or H2S (Walter et al., 2016).
F− and Ba2+ were leached from biotite- and feldspar-bearing
granites and gneisses in the crystalline basement (Markl,
2005; Schwinn and Markl, 2005; Burisch et al., 2016).
Fluorite–barite precipitation occurs either by the mixing of
F−- and Ba2+-enriched deep metamorphic fluids with cooler
Ca2+- and/or SO2−

4 /H2S-bearing shallower formation wa-
ters (Lüders, 1994; Walter et al., 2016, 2017, 2018a, 2019)
or by fluid mixing of Ca2+- and Ba2+-bearing modified bit-
tern with F−- and SO2−

4 -enriched halite dissolution brines
from stratified reservoirs in the upper crystalline basement.
Direct fluorite precipitation from the Ca2+-rich modified bit-
tern brine in the course of fluid cooling and neutralization
is not excluded if it contained a sufficient number of F− an-
ions (Scharrer et al., 2021). The solubility of F− is, however,
limited in CaCl2-dominated solutions relative to higher solu-
bilities in NaCl-dominated ones and in the presence of SO2−

4
(Richardson and Holland, 1979; Zhang et al., 2015). As the
modified bittern brine and the halite dissolution brine share
similar host rocks, higher F concentrations are expected in

the latter for these reasons. The predominant precipitation
of fluorite or barite is controlled by the mixing ratio of the
fluid endmembers and limited by the availability of anions
(Scharrer et al., 2021). Fluorite–barite veins in the Black For-
est have been assigned to two main formation periods, the
Jurassic–Cretaceous and the post-Cretaceous (Walter et al.,
2016). Multi-generational fluorite–barite vein deposits are
expected to bear chemically distinct signatures as they are
linked to repeated episodes of fault reactivation, fluid mo-
bilization and mixing from an evolving basement reservoir
since the Variscan.

2.2 Mineralization phases in the Wieden mining
district

The Wieden mining district hosts multiple parallel-striking,
subvertical fluorite–barite deposits, the most important of
which are “Tannenboden”, “Finstergrund”, “Werner II”, “An-
ton” and “Neuhoffnung” (Werner and Dennert, 2004; Werner
et al., 2020). The Finstergrund and Tannenboden mines were
active from 1922 until 1974. Altogether more than 1 Mt
of fluorite ore was mined in the Wieden district (Hauck,
2020). Today, the northern part of the Finstergrund deposit
is partly open to the public and can be visited with guided
tours (Fig. 3a). It represents the longest hydrothermal vein
of the Wieden mining district with a total length of 3.5 km
and between 0.1–3.8 m in width. It is characterized by dis-
continuous mineralization and consists of approx. 50 %–
60 % fluorite, 25 %–30 % quartz and 1 %–2 % barite, while
galena dominates over sphalerite in subordinate amounts.
The length of the Tannenboden deposit (Fig. 3b) is less than
1 km and 0.7–2.7 m in width. It consists of approx. 60 % flu-
orite, 30 % barite, 10 % quartz and sphalerite as the most
prominent sulfide (Werner and Dennert, 2004; Werner et al.,
2020). Both veins were formed by multiple hydrothermal
events as evidenced by a banded vein structure yielding fluo-
rite in various colours and textures. A new fluorite generation
precipitates in the tectonically reopened void amidst the pre-
vious fluorite formation that is laterally displaced as a conse-
quence. The oldest mineralization event, thus, forms the sel-
vage, while the youngest is situated in the centre of the vein.
Towards both sides from the vein centre, the same syntax-
ial mineral precipitation sequence can ideally be witnessed
(Werner and Dennert, 2004).

Werner et al. (2020) distinguish three main mineraliza-
tion episodes after the formation of crustal fluid pathways
from 300–290 Ma (Bültemann, 1979; Mankopf and Lippolt,
1997). First, mostly whitish-greyish to slightly rose-coloured
fluorite I was deposited between 186–129 Ma (Jurassic–
Cretaceous) at temperatures up to 200 ◦C. In the Tannen-
boden vein, fluorite I is additionally intergrown with barite
I which is not known from the Finstergrund vein at this
time. Upon cooling, fluorite I was partly replaced by quartz
along with the precipitation of dispersed Pb and Zn sulfides.
Second, blue-coloured, often euhedral fluorite II formed in
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Figure 2. Schematic cross-sections through the central European crust from the Carboniferous to the Holocene showing the evolution of
continental fluid reservoirs and their salinity in relation to the formation of sedimentary covers (after Walter et al., 2016). Reproduction rights
approved by John Wiley and Sons, license number: 5338390496195.

association with quartz at 80–60 Ma (Late Cretaceous) in
brecciated wall rock (Walter et al., 2018b), followed by
an event of white barite II precipitation of Tertiary age.
Third, reactivation of faults linked to the URG formation
led to the mineralization or remobilization and redeposi-
tion of quartz, fluorite and carbonates from Muschelkalk-
derived low-temperature fluids around 50–70 ◦C (Burisch et
al., 2018) between 22 and 0.5 Ma (post-Cretaceous) (Walter

et al., 2018b). Post-mineralization exhumation of the veins
partly led to the dissolution of fluorite by meteoric infiltration
waters, as well as the formation of an Fe-enriched supergene
oxidation zone (Werner et al., 2020).
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Figure 3. Photographic impressions of the fluorite vein mineralization. (a) At the Finstergrund deposit, fluorite in yellowish, blue and pale
pink to translucent colours; barite in the centre of the vein is milky white; galena-bearing quartz seams on the right are a dirty white colour
(width of the photo approx. 40 cm). (b) At the Tannenboden deposit, yellowish-grey fluorite with syngenetic barite distinguished by its milky
white colour (width of the photo approx. 1 m).

3 Methods

In order to cover the largest number of different fluorite gen-
erations, sampling targeted mineralization sequences and flu-
orite precipitation of different colours, textures and adjacent
lithologies. Samples were collected from 11 locations at the
Finstergrund deposit (including the northern Werner IV and
the southern Finstergrund section) and 5 locations from the
Tannenboden deposit (including the lower and the 30 m adit).

Samples were prepared at the Institute for Mineralogy,
University of Freiburg, Germany. All small- and medium-
sized samples were cleaned by deionized water in an ultra-
sonic bath for 5–8 min. Larger-sized samples were washed
and brushed using tap water. Fluorite grains designated for
analysis were hand-picked, resulting in a total of 49 sam-
ples from the Finstergrund deposit and 23 samples from the
Tannenboden deposit. The samples were embedded in epoxy
resin. The surface of sample mounts was ground, lapped,
cleaned in an ultrasonic bath with water and polished. Sam-
ple screening was performed using a binocular and a Leitz
Laborlux 12 Pol S petrographic microscope to identify vol-
umes with the least number of fluid inclusions as possible
in addition to growth zoning and intergrown crystallites to
select suitable spots for laser ablation.

Laser ablation inductively coupled plasma mass spectrom-
etry (ICP-MS) analysis was performed at the GeoZentrum
Nordbayern, Friedrich-Alexander University of Erlangen–
Nuremberg, Germany. An Excimer 193 nm laser ablation
unit from Teledyne coupled to an Agilent 7500c quadrupole
ICP-MS was used for analysis. The laser was run at a pulse
frequency of 40 Hz and a fluence of 7.87 J cm−2 at a spot
size of 50 µm in diameter. Analyses were carried out in
time-resolved mode using an integration time of 10 ms for
29Si; 30 ms for 42Ca and 44Ca; and 35 ms for 7Li, 23Na,
24Mg, 26Mg, 39K, 55Mn, 57Fe, 66Zn, 88Sr, 89Y, 137Ba, 139La,
140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy,
165Ho, 166Er, 169Tm, 172Yb, 175Lu, 208Pb, 232Th and 238U.

The NIST SRM 612 glass was used as external standard
(Pearce et al., 1997), while an ideal stoichiometric value of
51.1 wt % Ca was used as internal standard for fluorite. The
measurement campaign was conducted within 2 subsequent
days. On the first day, recurrent measurements of the NIST
SRM 612 glass standard yielded a reproducibility better than
2.89 % RSD (relative standard deviation) (n= 8) and better
than 3.29 % RSD (n= 3) with respect to the secondary stan-
dard BCR2G. On the second day, repeated measurements of
NIST SRM 612 glass yielded a reproducibility better than
2.50 % RSD (n= 8) and better than 2.22 % RSD (n= 3) for
BCR2G. The overall minimum detection limit considering
all REEs plus Y retrieved from the NIST SRM 612 glass
measurements was 22 and 19 ppb on the first and second day,
respectively. Raw data evaluation was performed using the
software GLITTER (van Achterbergh et al., 2000).

All measurements were performed as point analyses with
varying numbers of measurement spots per sample depend-
ing on zoning, intergrown crystallites or internal hetero-
geneities. The trace element patterns are presented as REY
patterns after Bau and Dulski (1995) normalized to PAAS
after McLennan (1989) (Table 1). All patterns from the sin-
gle analysis are classified individually into distinct groups
based on manual inspection, followed by geochemical dis-
crimination and λ coefficients after O’Neill (2016). The λ co-
efficients are directly related to the shape of their respective
REE pattern, thus allowing them to be used as a mathemat-
ical discrimination approach. They represent the polynomial
fit coefficients to the shape of REE patterns if algebraically
rearranged into an orthogonal form (O’Neill, 2016):

ln([REE]/[REE]PAAS)= λ0+ λ1f
orth
1 + λ2f

orth
2 + . . ., (1)

where f orth
n are polynomials with the three-valent ionic radii

of REEs
(
r3+

REE

)
as independent variables excluding Eu due

to its anomalous behaviour.
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4 Results

After having classified each pattern from a single analysis,
averages were calculated from equally classified, individual
measurement spots belonging to the same sample (Table A1).
The total ranges of measured absolute concentrations and
PAAS-normalized values among all analyses for the individ-
ual REEs and Y are given in Table 1.

4.1 Fluorite groups

From all REY patterns, a total of seven fluorite groups were
identified (Fig. 4) that are named from I to VII for the pur-
pose of distinguishability only without implying any inherent
sequence. In general, all groups are characterized by a roof-
shaped pattern showing a depletion of LREEs (light REEs;
La to Sm) with a kink at Nd and enrichment in MREEs
(medium REEs; Eu to Dy), as well as enriched HREEs (Ho to
Lu) relative to LREEs but variable with respect to MREEs. In
addition, a positive Y anomaly is present in all groups. Subtle
differences exist among all patterns that allow us to uniquely
distinguish them. Group III is characterized by a strong de-
pletion of LREEs, the lack of a Eu anomaly, and an approx.
homogenous level of MREEs and HREEs. Group I differs
from this pattern only by a positive Eu anomaly. Group IV
shares a less distinct positive Eu anomaly but is distinguished
by a positive slope within the MREEs and characterized by
elevated HREEs relative to III and I. Group II mimics the pat-
tern of IV except for a more intense depletion of LREEs. The
pattern of group V stands out from the others due to an over-
all more equal distribution of REY values, as well as a con-
tinuous, non-linear increase from the enriched LREEs over
the MREEs to the HREEs. All samples included in groups
I to V were collected from the Finstergrund deposit. Group
VI and VII samples show the only patterns with a distinct
depletion and a negative slope within the HREEs relative to
MREEs. Group VI and VII samples can be distinguished by
the presence or absence of a positive Eu anomaly, respec-
tively. The samples of group VI and VII originate from the
Tannenboden deposit with one single exception of a 2 mm
sized vein in gneiss (sample “FI20-09-01”).

4.2 Discrimination of fluorite groups

The classification of the fluorite REY patterns into the pre-
sented groups is supported by discrimination using geochem-
ical parameters and λ coefficients (Fig. 5). Parameters from
both approaches are required to fully separate the proposed
fluorite groups. Apart from group V in the geochemical dis-
crimination plot (Fig. 5e), the majority of groups are clearly
separated. The Tannenboden data tend to plot towards el-
evated LREEs / (MREEs+HREEs) ratios compared to the
data from Finstergrund. A small overlap exists for individ-
ual data points between groups I and VI, as well as between
groups II and IV. Regarding the total ranges for these groups

in Fig. 5, the outermost patterns may overlap. However, the
group averages presented for the patterns (Fig. 5), as well as
for the discrimination plots (Fig. 5), are clearly distinguished.
Group V samples cannot unambiguously be assigned to the
remaining agglomeration of Finstergrund data in the geo-
chemical discrimination plot despite including only samples
from this deposit. In the λ-coefficient plots (Fig. 5a–c), how-
ever, group V samples are clearly designated as own fluorite
group. Its association to the remaining Finstergrund or Tan-
nenboden data remains unclear. In Fig. 5a and b, it is rather
assigned to the Finstergrund suite, whereas in Fig. 5c, it ap-
pears to be associated with Tannenboden. Besides group V,
the fluorite suites sampled from Finstergrund and Tannenbo-
den are unequivocally separated.

The identified fluorite patterns are equally well discrimi-
nated by different combinations of λ coefficients, taking into
account that Eu is neglected in the fitting approach (O’Neill,
2016). For this reason, the direct overlap between groups I
and III on the one hand, as well as groups VI and VII on the
other, was expected because they differ only by the presence
or absence of a positive Eu anomaly. The hybrid λ1 vs. Eu

Eu∗
plot (Fig. 5d) shows that discrimination between both cases
is possible if Eu is considered.

4.3 Geological and mineralogical relationships

By transferring the classified fluorites into their geological
context, a relationship between the identified fluorite REY
groups from the scale of vein mineralization to crystal zoning
is revealed. Figure 7 shows a sequence of fluorite mineraliza-
tion from the Finstergrund deposit, nearly 2 m in width, com-
posed of different precipitation events including non-fluorite
phases like quartz, barite and subordinate amounts of sul-
fides. The barite mineralization is situated at the centre of the
sequence from where the same order of lithological changes
and fluorite groups occurs towards both sides. Subtle devia-
tions exist only with respect to the thickness of bands or the
presence of subordinate, small-sized veins (e.g. barite vein
at approx. 170 cm). Adjacent to the central barite mineral-
ization, greenish-coloured fluorite bands classified as group
II are observed on both sides. Equally, blue-coloured group
III fluorite forms the selvage on both sides. The intermedi-
ate sequence composed of group I and group IV fluorites has
unfortunately been sampled only at one side. Independently
from this sequence, sample FI20-08-02c (Fig. 7) is charac-
terized by concentric growth zoning along which the fluo-
rite evolves from group III in the core to group I at the rim.
A positive Eu anomaly is formed stepwise across the zoned
grains, while the total amount of REEs tends to decrease non-
linearly from III to I. The fluorite colour seems to become
lighter with the decreasing total amount of REEs as the core
is dark grey and the rim significantly more transparent. This
difference in colour is observed in additional samples that
contain subgrains classified as either group I or group III. The
relative order between group III and I in the zoned fluorite is
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Table 1. The total range of absolute concentrations among all samples for REEs plus Y measured by LA-ICP-MS, the total range of
corresponding PAAS-normalized values and the PAAS reservoir values after McLennan (1989).

REY Absolute concentration (ppm) PAAS-normalized values PAAS reservoir
values (ppm)

min max min max

La 0.22 41.16 0.01 1.08 38.2
Ce 0.74 60.43 0.01 0.76 79.6
Pr 0.18 7.31 0.02 0.83 8.83
Nd 1.20 31.21 0.04 0.92 33.9
Sm 0.50 13.88 0.09 2.50 5.55
Eu 0.18 8.54 0.17 7.91 1.08
Gd 0.45 33.76 0.10 7.24 4.66
Tb 0.07 7.86 0.09 10.16 0.774
Dy 0.81 59.34 0.17 12.68 4.68
Y 18.03 677.33 0.67 25.09 27
Ho 0.15 12.31 0.15 12.42 0.991
Er 0.36 39.33 0.13 13.80 2.85
Tm 0.04 6.04 0.10 14.91 0.405
Yb 0.24 43.70 0.09 15.50 2.82
Lu 0.02 5.90 0.05 13.63 0.433

Figure 4. Identified fluorite groups with unique REY pattern. The number and origin of samples included in a group are each given in the
lower right. FI: Finstergrund deposit; TA: Tannenboden deposit.
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Figure 5. Discrimination of identified fluorite groups by geochemical parameters, (e) where Eu /Eu∗= EuPAAS√
SmPAAS·GdPAAS

, and λ coefficients
(a–c) using the mathematical approach of O’Neill (2016). The overlap between groups III and I on the one hand, as well as VI and VII on the
other, is resolved by a hybrid discrimination plot (d). Note that the samples comprising group V are collected from the Finstergrund deposit
but have been left separated due to unclear attachment to either the Finstergrund or Tannenboden suite as explained in the text. Each data
point refers to a single analysis.

in agreement with the order observable in the sequence pre-
sented before. Figure 9 shows a second example for concen-
tric fluorite zoning with group II dominating from the core
outwards except for the outermost zone classified as group V
as the rim. Group V fluorite occurs with three collected sam-
ples only, all of which share a dark blue or purple colour and
are partly enriched in Th.

4.4 Unmatched fluorite REY patterns

A total of 182 fluorite analyses were obtained by laser ab-
lation ICP-MS (LA-ICP-MS), from which 15 do not match

the proposed fluorite groups on the basis of their REY pat-
tern (Fig. B1). The majority resembles the typical roof-
shaped pattern of the identified groups but is mismatched
due to deviating slopes or unfitting PAAS-normalized values
of individual elements. Some are characterized by REY pat-
terns that vary completely from the proposed fluorite groups
(e.g. analysis 029, 030). These were not identified in any
other sample.
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Figure 6. Photographic stitch and schematic abstraction of the mineralization sequence “FI20-04” from the Finstergrund deposit. The clas-
sification results of fluorite REY patterns are indicated in the centre showing a symmetric sequence of precipitated fluorite groups from the
central occurrence of barite towards both selvages at the outer rims.

Figure 7. Sample “FI20-08-02c” embedded in epoxy resin showing the distribution of analysis spots and affiliated REY groups. The grain is
concentrically zoned (spots 24–28) and includes internal subgrains (e.g. spot 22). The change in REEs and Eu /Eu∗ from core to rim across
the zoning is plotted in the diagram to the left.

5 Discussion

Single-fluorite REE patterns from the Wieden mining dis-
trict were reported by Möller et al. (1982) and Franzke and
Lüders (1993) without specification of the investigated veins.
Bau and Dulski (1995) and Walter et al. (2018b) include flu-
orite REE patterns from the Tannenboden deposit for a single
sample only. To the best of our knowledge, fluorite REE data
for the Finstergrund deposit have not been published up to
now. Hence, the local diversity of fluorite REE geochemistry
linked to the long-term fluid evolution and successive miner-
alization events in the Wieden mining district (Walter et al.,
2016; Werner et al., 2020) has not yet been investigated.

The physico-chemical processes during fluorite mineral-
ization are recorded by the REE pattern and can be used to
unravel the conditions during mineral precipitation, to esti-
mate a minimum number of fluid mobilization events and for
aquifer provenance analysis (Bau and Dulski, 1995; Möller
et al., 1997, 1998; Schwinn and Markl, 2005). It is widely
accepted that the REY signature of hydrothermal fluorites
can reflect the fluid REY composition (e.g. Möller et al.,
1998; Schwinn and Markl, 2005; Nadoll et al., 2018). The
effect of co-precipitating minerals on the REY signature of
fluorite is commonly attributed to REE-rich minerals such
as bastnäsite or monazite and to calcite where REY substi-
tutes for Ca (e.g. Chesley et al., 1991; Smith et al., 2000;
Gagnon et al., 2003; Debruyne et al., 2016; Perry and Gysi,
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Figure 8. Sample “FI20-10-01” from the Finstergrund deposit embedded in epoxy resin showing the distribution of analysis spots and
affiliated REY groups. The grain is concentrically zoned (spots 161–164) and classified as group II fluorite from its core outwards except
for the rim matching with group V (spot 164 only). The change in REEs and Eu /Eu∗ from core to rim across the zoning is plotted in the
diagram to the left.

2020). In the study area, minerals co-precipitating with flu-
orite include quartz, barite and pyrite, which do not contain
stoichiometric Ca. Therefore, no significant effect on the flu-
orite REY pattern is expected by co-precipitating minerals.
It is emphasized that the number of identified fluorite REY
patterns is not equal to the number of fluorite generations or
fluid mobilization events in the lithosphere. Only the con-
tinuous evolution of the fluid chemistry, leading to distinct
patterns, is recorded as will be explained in the following.
The interpretation is assisted by the La /Ho vs. Y /Ho plot
(Fig. 9). The total amount of samples collected from fluorite
sequences in this study ought to cover all major fluorite pre-
cipitation events of the Finstergrund and Tannenboden de-
posits within the Wieden mining district. Based on the dis-
tinct features in fluorite REY patterns between samples from
both deposits (Fig. 5) and their clear separation in geochem-
ical and λ-coefficient discrimination plots (Fig. 5), two inde-
pendent formation histories are implied for the Finstergrund
and Tannenboden deposits.

5.1 Genetic implications for the Finstergrund deposit

Based on the observed mineralization sequence in the Fin-
stergrund vein (Fig. 6) and crystal zoning (Figs. 7 and 9), the
order of precipitation for the identified fluorite REY patterns
is III→ I→ IV→ II→V (Fig. 11).

5.1.1 Geochemical evolution and fluorite
mineralization stages at the Finstergrund deposit

A temperature decline is expected due to post-Variscan cool-
ing. The relative temperature of fluorite precipitation is in-
dicated by the presence or absence of an Eu anomaly in

the REY pattern (Bau and Dulski, 1995; Möller et al.,
1998; Möller, 2000). The Eu2+

Eu3+ ratio in the fluid is thermo-
chemically governed by the oxidation of Eu2+ to Eu3+ be-
low 250 ◦C with respect to relevant oxygen fugacity condi-
tions, f (O2), in the shallow lithosphere (Sverjensky, 1984;
Bilal, 1991). At higher temperatures, Eu2+ is the domi-
nant ion whose octahedrally coordinated radius (Eu2+

(VIII) =

0.139 nm) is too large to be incorporated in fluorite by Ca2+

substitution (Ca2+
(VIII) = 0.126 nm). It is enriched in the resid-

ual fluid or adsorbed onto mineral surfaces instead. Upon
oxidation to Eu3+ at lower temperatures, the ionic radius de-
creases (Eu3+

(VIII) = 0.121 nm) and matches the fluorite crystal
lattice (Shannon, 1976; Möller et al., 1998; Möller, 2000). A
slightly reduced hydrothermal fluid that has inherited a pos-
itive Eu anomaly from its source rock will precipitate fluo-
rites with a positive Eu anomaly only at temperatures signif-
icantly below 250 ◦C. Möller et al. (1998) and Schwinn and
Markl (2005) thus emphasize that all fluorites with a posi-
tive Eu anomaly must have crystallized at temperatures be-
low 200 ◦C. According to this argumentation, group III fluo-
rites of the Finstergrund deposit are suggested to have formed
above 200 ◦C representing the oldest mineralization event,
whereas groups I, IV, II and V are younger having formed
below 200 ◦C due to their positive Eu anomalies (Fig. 11).
Group I fluorites succeed group III in terms of the mineral-
ization history because of its analogous pattern except for the
increasing positive Eu anomaly also displayed in the core–
rim relationship observed in Fig. 7. In the La /Ho vs. Y /Ho
plot (Fig. 9), group I and III fluorites show similar values,
indicative of precipitation from the same fluid suite.

The transition from group I to group IV fluorites is charac-
terized by an increase in MREEs and HREEs at unchanged
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Figure 9. La /Ho–Y /Ho plot highlighting migration-coupled precipitation vs. remobilization and recrystallization trends based on the rela-
tive mono-fluoride REE complex stabilities after Bau and Dulski (1995). Data points for the identified fluorite groups from the Finstergrund
and Tannenboden deposits are plotted.

values for the LREEs (Fig. 11c). Migdisov and William-
Jones (2014) argued that chloride and sulfate complexes are
very efficient at binding and transporting REEs in hydrother-
mal fluorine-bearing fluids; however, given the presence of
fluorite mineralization, the speciation and complexation of
metals is assumed to be dominated by F−-based ligands. In
the range between 100–250 ◦C, the REE speciation is dom-
inated by mono-fluoride complexes, [REEF]2+, which be-
come increasingly stable, with the higher atomic number
of the complex metal (Walker and Choppin, 1967; Möller,
1991; Bau and Dulski, 1995). Yttrium, on the other hand,
forms the di-fluoride complex [YF2]+ that is more stable
relative to the mono-fluoride complexation of Dy and Ho
(Loges et al., 2013), which explains the positive Y anoma-
lies in all groups. The HREEs and Y are, thus, preferen-
tially retained in solution due to more stable complexation
relative to the LREEs. During continued precipitation under
ideal complex-controlled conditions, modelling predicts an
increasing trend of LREE and HREE fractionation and the
intensification of roof-shaped REY patterns (Möller, 1991).
The enrichment in HREEs from group I to group IV is,
thus, explained by fractional crystallization during continued
precipitation of fluorite. Figure 10, however, shows similar
Y /Ho values for both groups at decreasing La /Ho values
from fluorites of group I to group IV fluorite, a typical indica-
tion for remobilization or recrystallization (Bau and Dulski,
1995).

The next identified fluorite mineralization event repre-
sented by group II shows equally enriched HREEs but dif-
fers from group IV by more intensively depleted LREEs
and MREEs (Fig. 11d). LREE depletion in fluorite is com-
monly associated with remobilization and recrystallization.
However, different mechanisms are proposed in the liter-
ature to explain the observed depletion trend. On the one
hand, LREEs are preferentially adsorbed onto mineral sur-

faces during fluid migration. Remobilization, induced for in-
stance by tectonic stress, therefore leads to a more intensified
LREE depletion in recrystallized fluorites (Sholkovitz, 1992;
Möller et al., 1998; Nelson et al., 2003). On the other hand,
stepwise incomplete fluorite leaching experiments indicate
a heterogeneous distribution of REEs by the coexistence of
fluorite with an LREE-incorporating submicroscopic phase
that is more susceptible to dissolution than fluorite. Partial
dissolution of fluorite thus results in LREE depletion, while
HREE abundances remain rather unaffected (Bau and Dul-
ski, 1995; Möller et al., 1998). LREE-depleted patterns are
related to fluorite remobilization as a consequence of both
processes and in agreement with the La /Ho vs. Y /Ho plot
(Fig. 9). Group II and group IV fluorites show equal Y /Ho
values, while the La /Ho values of group II are significantly
lower, indicative of remobilization. In terms of La /Ho val-
ues, group II is also clearly detached from groups III and I of
the Finstergrund deposit which, however, unlike group IV, do
not share the same HREE characteristics with group II. For
these reasons, the pattern of group II fluorites is explained by
recrystallization from previously remobilized group IV fluo-
rites. Petrographic features in support of group II fluorite pre-
cipitation after remobilization are a predominantly coarse-
grained, euhedral crystal growth of mostly group II fluorites
(Fig. 10).

Group V involves the youngest fluorites according to crys-
tal zoning (Fig. 8). Characterized by an enrichment in LREEs
compared to the other groups (Fig. 11), a shallower origin of
the hydrothermal fluid or mixing with meteoric waters is sus-
pected as the rainwater and REE pattern influenced by water–
soil interaction are commonly flat (Göb et al., 2013). In the
La /Ho vs. Y /Ho diagram (Fig. 9), group V plots at ele-
vated La /Ho values relative to the previous groups. In the λ-
coefficient plots (Fig. 5a–c), group V data points are less well
correlated with the Finstergrund or Tannenboden agglomer-
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Figure 10. Photographs of exemplary group II fluorites exhibiting
coarse-grained, euhedral crystal growth and blue colour.

ation. Both generally support a genetically decoupled origin
of group V fluorites compared to the other fluorite groups,
which is suggested to be related to the mixing with meteoric
water.

5.1.2 Fluid generations related to the Finstergrund
vein mineralization

Based on the physical-chemical interpretation of the fluo-
rite patterns, three different fluid generations or fluid mobi-
lization events are concluded for the Finstergrund deposit.
The first generation comprises groups III, I and IV describ-
ing a continuous evolution of the fluid during cooling from
above to below 200 ◦C and fractional crystallization. Ini-
tially, blue-coloured fluorite is formed and accompanied by
the co-precipitation of or the replacement by quartz upon
decreasing temperatures (Fig. 6). This generation matches
the first main mineralization episode of so-called “fluorite
I” and “barite I” after Werner et al. (2020) that is attributed
to 186–129 Ma up to 200 ◦C. The replacement by quartz and
the precipitation of dispersed sulfides is equally observed in
the sequence from Finstergrund (Fig. 6). A discrepancy ex-
ists, however, with respect to the colour of fluorite I which
is mostly whitish-greyish according to Werner et al. (2020)
instead of blue. Equally high temperatures of initial fluorite-
forming hydrothermal solutions were also suggested for flu-
orites from the Badenweiler–Quarzriff and the Teufelsgrund
mine near Untermünstertal (Lüders, 1994). The second fluid
generation is represented by group II, optically indicated by
a change in colour and related to remobilization. The re-
precipitation of green fluorite (Fig. 6) is in disagreement
with the second main mineralization episode after Werner et
al. (2020), who propose next the formation of blue-coloured
“fluorite II” between 80–60 Ma. Blue-coloured group II flu-
orites are, however, observed in multiple samples indepen-
dently from the sequence in Fig. 6 (e.g. FI20-05-01d, FI20-

05-01f, FI20-06-01, FI20-10-01) and often characterized by
euhedral crystals, consistent with observations of Werner et
al. (2020) (Fig. 10). A relationship between the colouration
and REE impurities in fluorites seems to exist by the forma-
tion of complex centres (Bill and Calas, 1978) but is not di-
rectly linked to absolute REE contents (Naldrett et al., 1987;
Nadoll et al., 2018). It is complicated by the presence of H2O,
O2 and O−3 , as well as colloids, crystal growth rates and ther-
mal bleaching (Calas, 1972; Bill and Calas, 1978; Naldrett
et al., 1987). Besides the colouration, Werner et al. (2020)
and this study agree that the second fluorite generation is
followed by the precipitation of barite (Fig. 6). Thus, group
II can roughly be constrained to 129–60 Ma. The third fluid
generation given by group V is characterized by dark-blue-
to purple-coloured fluorite and mixing with meteoric wa-
ter. Werner et al. (2020) link the third main mineralization
episode to the tectonic evolution of the URG and suggest
the precipitation of quartz, fluorite and calcite between 22–
0.5 Ma at 50–70 ◦C. An agreement between both studies with
respect to the third generation can hardly be drawn based on
the rare occurrence of group V. In general, the same number
of fluid mobilization events and fluorite generations is con-
cluded by both studies.

5.1.3 Fluid source aquifer related to the Finstergrund
deposit

The fluid source aquifer rock, fluid migration pathways and
mineral precipitation influence the REY pattern in fluorites.
Specific features such as the Eu anomaly and HREE char-
acteristics are, however, inherited from the source aquifer
rock and preserved in the fluid, as well as in fluorite precipi-
tates. This relationship has been shown for gneiss and gran-
ite aquifers in the Black Forest by comparison of the REE
patterns of hydrothermal fluorites with those from drill-core-
derived fluids, their corresponding aquifer rocks and exper-
imental leachates (Möller et al., 1997; Schwinn and Markl,
2005). Even where fluorite veins are hosted by sedimentary
lithologies, the typical granite or gneiss source-rock-related
features are preserved. Elemental fractionation between flu-
orite and the fluid does not overprint source-rock-related fea-
tures during fluorite precipitation either, as shown by similar
patterns between natural waters, leachates and hydrothermal
fluorites (Schwinn and Markl, 2005). Despite generally mod-
ified REY signatures between aquifer fluids and their source
rocks, the Eu anomaly and HREE characteristics in fluorites
remain conserved features, thus indicative for gneiss or gran-
ite source aquifer rocks.

The various fluorite REY patterns retrieved for the Finster-
grund deposit overall match the type A fluorite after Schwinn
and Markl (2005) regarding the roof-shaped pattern, the pos-
itive Eu anomaly and maximum slight depletion of HREEs
(Fig. 11a). Its pattern is representative of fluorite vein miner-
alization of the Black Forest whose hydrothermal fluid is de-
rived from gneissic source aquifers. The REY pattern is con-
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Figure 11. Physico-chemical evolution of the Finstergrund deposit. On the left: direct comparison between chronologically successive REY
patterns in addition to reference patterns with respect to the fluid’s source aquifer lithology (SM05: Schwinn and Markl 2005; MSD97:
Möller et al., 1997). On the right: graphical sketch of the corresponding fluorite mineralization sequence.

sistent with those derived from gneiss leachates, as well as
those inherited in natural waters from known gneiss aquifers.
The positive Eu anomaly is commonly used to distinguish
gneissic source aquifers from others, e.g. granitic aquifers
(Möller et al., 1997), and most likely originates from altered
biotite (Göb et al., 2013). The gneissic basement rock that
hosts the Finstergrund deposit is, however, not believed to
be the source rock of the hydrothermal fluid and its REY
characteristics. Similar mineralization styles found in the en-
tire Black Forest (Schwinn and Markl, 2005) and positive
Y anomalies are indicative of long migration distances of F-
rich hydrothermal solutions and crustal fluid circulation on a
larger scale (Bau and Dulski, 1995).

5.2 Genetic implications for the Tannenboden deposit

Despite the spatial proximity of about 1.5 km between the
Finstergrund and Tannenboden deposits, the fluorite REY
pattern collected at both sites gives evidence for two inde-
pendent formation histories.

5.2.1 Geochemical evolution, fluorite mineralization
stages and generations at the Tannenboden
deposit

The Tannenboden patterns of groups VII and VI are identi-
cal within the total range of individual samples except for a
missing positive Eu anomaly for group VII and the presence
of one in group VI (Fig. 12). The same characteristics of flu-
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orite REE pattern for the Tannenboden vein were published
by Bau and Dulski (1995) who reported a pattern consistent
with group VII, while Walter et al. (2018b) include a group
VI pattern in their supplementary data. Contrary to the Fin-
stergrund vein, the local variability in REE signatures and
thus the evolution of fluorite formation at the Tannenboden
deposit is covered by two steps only. Analogous to the argu-
ment of thermochemical oxidation of Eu2+ to Eu3+ outlined
for the Finstergrund deposit after Sverjensky (1984), Bi-
lal (1991), Möller et al. (1998), Möller (2000), and Schwinn
and Markl (2005), group VII fluorites precipitated at temper-
atures above 200 ◦C, whereas group VI fluorites formed be-
low 200 ◦C. The following formation order is consequently
implied: VII→ VI. A single fluid mobilization event for the
entire Tannenboden deposit is concluded, since the identi-
fied fluorite groups are genetically directly linked by cooling.
This is supported by the La /Ho vs. Y /Ho diagram where
group VII and VI fluorites are undistinguishable. Scharrer et
al. (2021) recently published microthermometry data on the
main ore stage of three unconformity-related vein systems
in the Black Forest including the Tannenboden and Anton
deposits from the Wieden district. Pressure-corrected vein
formation temperatures of 100–170 ◦C (on average 140 ◦C),
fluid reservoir temperatures from Na–K–Ca thermometers of
approx. 250 ◦C and a total salinity of 22.2 wt %–25.7 wt %
NaCl+CaCl2 are reported for both Tannenboden and An-
ton. Linear fluid mixing trends between a CaCl2- and an
NaCl-rich fluid endmember are observed for all investigated
locations. Binary fluid mixing aided by significant cool-
ing during ascent is concluded as the most likely formation
mechanism of quartz–barite–fluorite veins (Scharrer et al.,
2021). The single Tannenboden fluorite sample from Wal-
ter et al. (2018b) whose REE pattern is representative of
group VI was dated to 75±38 Ma using Sm /Nd geochronol-
ogy. In addition, primary fluid inclusions display a salinity
of 25.5 wt %–25.8 wt % NaCl+CaCl2 and a homogeniza-
tion temperature of 115–135 ◦C. The high uncertainty of the
Sm /Nd age does not allow us to assign group VI fluorites
unambiguously to either the Jurassic–Cretaceous or post-
Cretaceous period of hydrothermal activity in the Black For-
est as salinity and formation temperature constraints fit both
periods (Walter et al., 2016). The relative formation temper-
atures indicated by the absence and presence of the posi-
tive Eu anomaly in group VII and VI from REY patterns in
this study, respectively, are in agreement with the fluid in-
clusion data. Thus, group VI corresponds to the main ore
stage formed after significant cooling < 200 ◦C. The rarely
observed fluorites of group VII (three samples in total), how-
ever, indicate that small volumes of a fluid saturated with re-
spect to fluorite must have resided at the palaeodepth of the
Tannenboden deposit already at a time when temperatures
exceeded 200 ◦C. It should be further noted that the La /Ho
vs. Y /Ho plot captures fluid mixing only if the element ra-
tios are significantly modified in comparison with other fluo-
rite precipitation events.

5.2.2 Fluid source aquifer related to the Tannenboden
deposit

At first sight, the fluorite REY pattern of the Tannenboden
deposit resembles the granite-related type B fluorite after
Schwinn and Markl (2005) regarding the roof-shaped pat-
tern, the strong depletion in HREEs and the missing Eu
anomaly in group VII (Fig. 12a). However, the positive Eu
anomaly featured by group VI is in contradiction with the
REY patterns of waters known to be derived from granitic
aquifers (Möller et al., 1997). Especially felsic rocks tend
to form even negative Eu anomalies due to the partitioning
of Eu into feldspars at igneous conditions and segregation
in the magma chamber related to fractional crystallization
(Möller et al., 1998; Philpotts and Ague, 2009). Assuming
the thermochemical relationship with respect to the redox
behaviour of Eu between groups VII and VI is correct, a
granite-derived hydrothermal fluid that did not inherit a pos-
itive Eu anomaly from its aquifer rock at elevated temper-
atures can equally not form one at lower temperatures. For
this reason, either a granite-related source fluid with untyp-
ical REY pattern yielding a positive Eu anomaly and de-
pleted HREEs or an alternative source aquifer lithology not
regarded in the provenance classification for post-Variscan
hydrothermal fluorite veins by Schwinn and Markl (2005),
i.e. type A (gneiss-related) vs. type B (granite-related), is re-
quired.

Published geochemical data on the REE signature of gran-
ites from the central and southern Black Forest are surpris-
ingly scarce. The most comprehensive compilation is given
by Emmermann et al. (1975) but coverage of the REE spec-
trum remains incomplete. The lithologically complex “Rand-
granit” of the northward-dipping BLZ is likely to interfere
with the hydrothermal root zone of the Wieden mining dis-
trict. The REE pattern of the porphyroclastic metagranites
as part of the Variscan Rand Granite association (Altherr et
al., 2019) shows slightly positive Eu anomalies if normalized
to PAAS. However, as the REE patterns of natural waters
compared to their aquifer rocks commonly differ except for
some source-related features (Möller et al., 1997; Schwinn
and Markl, 2005), the compilation of trace element com-
positions of mineral, thermal and mine waters from south-
west Germany (Göb et al., 2013) is the most promising ac-
count. None of the granite-related waters from the central and
southern Black Forest show a positive Eu anomaly and de-
pleted HREEs if normalized to PAAS. The best match is ob-
tained from mine waters in migmatite from the Schauinsland
mine near Freiburg (Fig. 12a) which are characterized by a
positive Eu anomaly and a negative trend for the HREEs. The
missing roof-shaped pattern linked to a strong enrichment in
LREEs may be related to the recent influence of shallow me-
teoric waters (Göb et al., 2013). Likewise, the displayed neg-
ative Ce anomaly is typical of oxidized surface waters at low-
temperature conditions because Ce4+ is immobile relative to
Ce3+ and preferentially depleted by adsorption (Möller et
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Figure 12. Physico-chemical evolution of the Tannenboden deposit. On the left: direct comparison between chronologically successive REY
patterns in addition to reference patterns with respect to the fluid’s source aquifer lithology (SM05: Schwinn and Markl, 2005; MSD97:
Möller et al., 1997; Göb13: Göb et al., 2013). On the right: graphical sketch of the corresponding fluorite mineralization sequence.

al., 1998; Möller, 2000; Göb et al., 2013). For deep crustal-
derived fluids without meteoric influence, a roof-shaped pat-
tern should be attained. Moreover, migmatites situated in
closer proximity to the Wieden mining district exist within
the southern Black Forest gneiss complex (Fig. 1).

An alternative explanation with respect to the mismatch
of the Tannenboden REY pattern with granite-related type B
fluorites independent from the source aquifer cannot be ex-
cluded. The fractionation of LREEs and HREEs during fluid
migration is subject to competing complexation and sorption
processes. Effective metal complexation relies on fluid salin-
ity, temperature, pH, f (O2) and the availability of complex-
ing ligands, whereas sorption is controlled by charge density.
The REE charge density increases from LREEs to HREEs
due to decreasing ionic size leading to elevated adsorption
affinity of HREEs (Bau and Möller, 1992; Bau, 1991). A
low-salinity, ligand-depleted fluid at low pH should be sub-
ject to intensified HREE sorption and depletion (Schwinn
and Markl, 2005). A low-salinity hydrothermal fluid derived
from a granitic aquifer may thus hypothetically produce a
positive Eu anomaly below 200 ◦C and an HREE-depleted
pattern during fluid migration. However, in that case, the
MREEs would be expected to show a negative trend in align-
ment with the HREEs which is not observed for the fluorite
groups VII and VI from the Tannenboden deposit.

5.3 Updated genetic model of the Wieden mining
district and implications for a tectonic control of
multistage fluorite mineralization

The sequence of fluorite mineralization and the genetic
evolution of the Finstergrund and Tannenboden deposits
suggested on the basis of the identified REY patterns in
this study matches the previous mineralization episodes de-
scribed by Werner et al. (2020) in parts well but differs in
some characteristics of the precipitated assemblages and flu-
orite colours. Both studies conclude a total of three post-
Variscan fluid mobilization events in the lithosphere related
to hydrothermal fluorite vein formation. However, no inves-
tigation has previously been undertaken to study the genetic
evolution of the Finstergrund and Tannenboden deposits in-
dependently. An overall genetic model for the entire Wieden
mining district is commonly assumed. Likewise, other stud-
ies such as Lüders (1994) conclude the same fluid reser-
voir for fluorite-forming hydrothermal solutions of different
deposits on the basis of a few samples. The present study
provides evidence for independent formation histories and
separate source aquifers of the Finstergrund and Tannenbo-
den deposits despite their spatial proximity. The well-known
mineralogical differences between both deposits, i.e. the sig-
nificant enrichment in barite, as well as sphalerite, of the
Tannenboden vein compared to Finstergrund (Werner et al.,
2020), equally indicate different hydrothermal origins. Com-
plete coverage of all precipitation events cannot be ensured,
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but the major ones are likely to be covered as sampling tar-
geted locations of fluorite precipitation sequences.

As fluid mobilization in the lithosphere is triggered by re-
newed tectonic activity (Sibson et al., 1975), the differing
number of fluorite generations in the Finstergrund and Tan-
nenboden deposits are likely related to differences in the his-
tory of tectonic reactivation of their main faults. Fluid mobi-
lization at the Tannenboden deposit is accompanied by brec-
ciation of the paragneiss as a result of hydraulic fracturing
of the country rock and points to initial dextral strike-slip
tectonics. An equally clear indication is not known for the
Finstergrund deposit (Metz et al., 1957) but may be hidden
in the inaccessible parts of the mine. Fluorite mineralization
in the latter is linked to subsequent extensional tectonics and
the east–west oriented widening of the linear, fault-related
pore space in successive steps (Werner et al., 2020). Crustal-
scale fracturing of the basement, however, is required in or-
der to tap deep-seated fluid reservoirs. Initial strike-slip tec-
tonics thus appear likely for both deposits to have mobilized
fluids in the first event. Independent radiometric dating of
the oldest fluorite generation points to a more or less simul-
taneous onset of vein formation in the Late Jurassic–Early
Cretaceous at both deposits. For the Tannenboden deposit,
K /Ar dating of illite provided an average age of 151 Ma
(Werner and Franzke, 2001), while an age range of 129–
186 Ma (157 Ma on average) was determined by Werner et
al. (2020) for the Finstergrund deposit. The Sm /Nd age of
75± 38 Ma for group VI fluorite from Walter et al. (2018b)
for the Tannenboden vein thus represents a younger vein for-
mation stage. For these reasons, a simultaneous onset of ini-
tial fluid mobilization and first-generation fluorite precipi-
tation is suggested for both deposits. The different subse-
quent vein evolution indicated by the identified REY fluorite
groups between both deposits most likely results from differ-
ent mechanical responses of the gneiss host rock. This may
be texturally controlled as a lateral opening of the vein is
most effective where the fault and gneiss foliation meet per-
pendicular, as is the case with respect to the Finstergrund de-
posit (Werner and Franzke, 1994). Another factor in terms of
unequal stress accommodation between both veins may have
been the existence of clay-rich cataclastic zones that are par-
ticularly abundant and thick in the Finstergrund deposit with
up to 20 m each (Werner and Markl, 2020). The following
summary attempts to propose a new genetic model for the
Wieden mining district.

Post-Variscan strike-slip tectonics cause deep-reaching,
linear crustal faults of the order of 5–10 km depth trigger-
ing the onset of fluorite vein formation. Metamorphic flu-
ids or deep penetrated modified brines at temperatures of at
least 250 ◦C stored in the pore space are thought to be conse-
quently mobilized along decreasing pressure gradients. Min-
eralization is triggered either by supersaturation with respect
to fluorite due to decreasing solubilities in the course of tem-
perature and pressure decline or most likely by mixing be-
tween fluids tapped from different reservoirs in the basement

aided by cooling. Initial mineralization at the Tannenboden
and Finstergrund deposits occurs above 200 ◦C and most
likely continued simultaneously towards temperatures as low
as 100 ◦C in the Late Jurassic–Early Cretaceous (Scharrer et
al., 2021). Hydrothermal activity at the Tannenboden deposit
stops at this point and is proceeded solely at the Finstergrund
deposit. In the latter, extensional tectonics open up the void
space during at least two additional episodes around the Late
Cretaceous–Early Paleogene and in the Neogene (Walter et
al., 2018b; Werner et al., 2020) allowing for renewed flush-
ing and the stepwise formation of a multi-generational fluo-
rite vein. Regarding the Wieden mining district as a whole,
this interpretation implies a change in the fluid percolation
network of the Wieden vein system over time as the Tannen-
boden deposit apparently becomes disconnected from further
fluid influx. Two distinct fluorite vein formation histories re-
sult for the Tannenboden and Finstergrund deposits.

On the basis of REY patterns only, the initial fluorite gen-
erations (groups VII and VI for the Tannenboden deposit as
well as groups III and I for the Finstergrund deposit) can-
not unambiguously be attributed to the same fluid mobiliza-
tion event and reservoirs. To resolve these questions, iso-
tope data (e.g. Sr, Nd) on fluorites from both deposits may
yield fingerprints of shared or distinct source reservoirs of the
primary ore-forming fluid. Published studies containing iso-
tope characteristics from the Wieden district comprise three
analyses from the Tannenboden deposit on galena, sphalerite
and pyrite (van Gehlen et al., 1962), as well as one sam-
ple from the Anton vein on calcite (Schwinn et al., 2006)
only. Equally, the chronological order established from the
fluorite REY groups is interpretative. Direct radiometric ages
(e.g. Sm /Nd) of fluorites from the individual groups are re-
quired but currently not available except for a single data
point for group VI fluorites from the Tannenboden vein (Wal-
ter et al., 2018b). Other existing ages are either indirect es-
timates on illite (Werner and Franzke, 2001; Werner et al.,
2020) or originating from other fluorite veins (Walter et al.,
2018b; Scharrer et al., 2021). The same problem persists
with respect to published microthermometrical fluid inclu-
sion data. Except for the single sample from the Tannen-
boden vein studied by Walter et al. (2018b), the remaining
data record of fluorite-derived fluid inclusions relates to ei-
ther other hydrothermal veins (Burisch et al., 2016; Walter
et al., 2016, 2017, 2018a, b, 2019; Scharrer et al., 2021) or
generalized data for the entire Wieden district without dis-
tinguishing between the individual fluorite veins (Scharrer
et al., 2021). In addition, fluorite data from external sources
would have to be published in combination with their REY
pattern to be matched coherently with the presented fluorite
REY groups of this study.

Complementary imaging techniques such as cathodolumi-
nescence need to be applied in the future in order to exclude
erroneous fluorite mineralization stages from misled inter-
pretations of sector-zoned crystals where preferential parti-
tioning of the REEs has been shown to lead to heteroge-
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neous REE distribution (Bosze and Rakovan, 2002; Baele
et al., 2012). Based on the sampling approach guided by
field-scale observations and a focus on fluorite precipita-
tion sequences, the consistency between precipitation se-
quences and the chronology of interpreted fluorite REY pat-
terns (Fig. 6), the large number of samples per most fluo-
rite groups (Fig. 4), the overall agreement with Werner et
al. (2020) in terms of fluorite-precipitating fluid generations,
and the optical microscopic inspection of each sample, the
impact of sector zonation in fluorite on this study is expected
to be limited. After demonstrating the local variability in flu-
orite REY geochemistry at the Tannenboden and in particu-
lar the Finstergrund vein with three apparent fluorite genera-
tions indicative of a multi-stage formation process, radiomet-
ric ages, isotope characteristics and fluid inclusion microther-
mometry of each identified fluorite REY group need to be ac-
quired. These data are needed to provide evidence for sepa-
rated fluid source reservoirs of the Tannenboden and Finster-
grund deposits and to verify the chronology of genetic stages
established on the basis of interpreted fluorite REY patterns.
Furthermore, such data are required to set the detailed in-
sights gained about multi-stage fluorite formation at the local
scale into relation with the large-scale basement brine evolu-
tion of the Black Forest district (Walter et al., 2016, 2017,
2018a, b, 2019; Scharrer et al., 2021). The spatial proxim-
ity of approx. 1.5 km and yet clearly distinguished REY pat-
terns between the Tannenboden and Finstergrund deposits
additionally raise the question of how frequently changes in
lithospheric fluid percolation networks occur and if even co-
existing percolation networks without significant mixing are
possible to develop on this spatial scale. More local studies
are required that examine the hydrothermal vein formation
history of individual deposits in detail to improve the under-
standing of spatial diversity in lithospheric fluid–rock inter-
action processes.

6 Summary

The Black Forest hosts a wide range of hydrothermal miner-
alization (Werner and Dennert, 2004; Markl, 2017). Previous
studies presented extensive geochemical screening of REE
trace element systematics in hydrothermal fluorite (Schwinn
and Markl, 2005), as well as mineral, thermal, mine and sur-
face waters (Göb et al., 2013) on a larger scale of the en-
tire Black Forest. They linked REE patterns of hydrother-
mal fluids and waters to source aquifer rocks (Möller et al.,
1997; Schwinn and Markl, 2005). Contrary to previous re-
search that fails to document the geochemical diversity lo-
cally found on the scale of individual hydrothermal veins,
this study aims at investigating fluorite precipitation events
in only two nearby deposits. For this purpose, the REY pat-
terns of over 70 fluorite samples from the Finstergrund and
Tannenboden deposits in the Wieden mining district (south-
ern Black Forest) were collected. Classification of all indi-

vidual patterns by manual grouping, geochemical discrimi-
nation and the application of λ coefficients (O’Neill, 2016)
leads to the identification of seven fluorite groups represent-
ing three different fluid mobilization events in total. Inde-
pendent formation histories for the Finstergrund and Tan-
nenboden deposits are suggested as fluorite REY patterns
from both deposits are unambiguously distinguished by their
HREE depletion, in addition to the known differences in tec-
tonic controls between both deposits. Establishing a relative
sequence of formation among identified group patterns by
geologic field relationships and crystal zoning provides a tool
to unravel the physico-chemical processes between individ-
ual mineralization events from REY patterns. Five mineral-
ization steps from three fluorite generations are identified for
the Finstergrund deposit that are chronologically linked to
first generation: precipitation above 200 ◦C (group III), be-
low 200 ◦C (group I) and fractional crystallization (group
IV); second generation: remobilization (group II); and third
generation: meteoric water interaction (group V). The hy-
drothermal fluid from which the fluorites at the Finstergrund
deposit have been precipitated is suggested to be derived
from gneissic aquifer rocks (cf., Schwinn and Markl, 2005;
Möller et al., 1997). Only two mineralization steps from
the same fluid mobilization event or generation are identi-
fied for the Tannenboden deposit starting with fluorite pre-
cipitation above 200 ◦C (group VII) and subsequent cool-
ing below 200 ◦C (group VI). The fluid’s lithological source
aquifer remains unclear. Important features include a positive
Eu anomaly at temperatures below 200 ◦C and strong deple-
tion of HREEs which contradict both a gneiss- or granite-
related aquifer typically suggested for hydrothermal fluorites
by Schwinn and Markl (2005). The best matching alternative
source aquifer lithology found is given by migmatites (Göb
et al., 2013). Finally, a new genetic model is suggested for
the Wieden mining district that argues for the termination of
hydrothermal activity at the Tannenboden deposit after the
first fluid mobilization event.

This study serves as an example for the application of ex-
tensive, deposit-scale REE geochemistry to unravel locally
differing, long-term, multistage fluorite vein mineralization
histories. Spatial proximity between hydrothermal veins is
insufficient as an argument for the same genetic origin. The
geochemical evolution of multistage fluorite mineralization,
as exemplified by the Tannenboden and Finstergrund de-
posits in combination with other fluorite mineralization in
the Black Forest, provides unique insights into the litho-
spheric origin and precipitation behaviour of fluorite by var-
ious fluid–rock interaction processes occurring in large hy-
drothermal systems. The local diversity of REE patterns em-
phasizes, however, the need for detailed investigations of in-
dividual hydrothermal vein deposits.
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Appendix A

Table A1. PAAS-normalized (following McLennan, 1989) sample averages (G: fluorite group; n: number of analysis).

Sample G n La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu

FI20-02-02e I 2 0.105 0.115 0.185 0.347 1.108 3.597 2.659 2.668 3.057 8.446 2.906 2.584 2.410 1.975 1.686
FI20-02-02d III 2 0.184 0.233 0.389 0.637 1.997 2.505 4.083 4.173 4.493 14.32 4.273 4.040 4.273 4.188 3.716
FI20-02-02a III 3 0.071 0.090 0.159 0.289 1.124 2.071 2.761 2.890 3.350 10.03 3.397 3.414 3.606 3.202 2.972
FI20-02-02c III 2 0.168 0.224 0.370 0.560 2.140 4.273 5.277 5.975 6.119 14.46 5.177 4.479 3.986 3.356 2.619
FI20-02-01 IV 1 0.036 0.055 0.098 0.174 0.751 2.500 2.185 2.817 3.568 9.109 3.421 3.561 3.556 3.599 3.439
FI20-02-01 II 3 0.029 0.052 0.094 0.169 0.829 2.560 2.585 3.423 4.324 9.390 4.366 4.340 4.080 3.418 2.810
FI20-02-03 III 2 0.059 0.082 0.149 0.258 1.340 2.796 4.144 4.884 5.533 12.97 4.864 4.637 4.556 4.090 3.433
FI20-02-02f IV 2 0.102 0.130 0.200 0.304 1.247 3.204 3.338 4.012 4.793 11.55 4.551 4.335 4.341 4.030 3.292
FI20-02-04 II 3 0.021 0.034 0.066 0.128 0.602 1.819 1.880 2.547 3.427 7.612 3.367 3.262 3.020 2.535 2.099
FI20-08-02c III 8 0.133 0.166 0.289 0.508 1.749 2.840 3.978 4.023 4.584 14.32 4.485 4.480 4.530 4.333 4.084
FI20-08-02c I 1 0.173 0.192 0.268 0.419 1.070 2.861 2.221 2.249 2.626 8.511 2.624 2.642 2.731 2.684 2.291
FI20-08-01b I 2 0.139 0.150 0.215 0.343 1.026 3.449 2.358 2.480 2.839 8.596 2.992 3.007 3.154 3.016 2.712
FI20-08-01b III 2 0.115 0.143 0.235 0.398 1.307 2.366 2.703 2.906 3.017 9.028 2.786 2.716 2.711 2.463 2.159
FI20-08-02a III 2 0.073 0.102 0.193 0.345 1.223 1.764 2.878 2.668 2.745 8.315 2.376 2.056 1.736 1.395 1.112
FI20-08-02b I 2 0.118 0.138 0.214 0.352 1.421 5.819 3.318 3.792 4.435 11.49 4.400 4.374 4.704 4.601 4.177
FI20-08-02b III 1 0.108 0.141 0.251 0.414 1.550 3.065 3.466 3.333 3.536 9.919 3.229 3.249 3.279 2.901 2.344
FI20-08-01c III 1 0.056 0.069 0.119 0.215 0.703 1.096 1.577 1.424 1.660 5.939 1.673 1.428 1.274 1.004 0.859
FI20-08-01c I 2 0.101 0.115 0.205 0.322 1.189 4.236 2.806 3.075 3.737 9.785 3.683 3.725 3.940 3.736 3.309
FI20-04-03 II 2 0.042 0.075 0.154 0.295 1.577 4.861 5.061 8.088 11.06 19.59 11.68 12.46 12.86 13.33 11.55
FI20-04-02 II 3 0.029 0.046 0.087 0.175 0.861 2.778 2.733 3.854 5.048 10.28 5.146 5.117 4.884 4.300 3.679
FI20-04-01 III 3 0.062 0.084 0.155 0.273 1.021 2.191 2.642 2.860 3.006 8.764 3.044 2.904 2.766 2.255 1.978
FI20-04-10b III 2 0.082 0.112 0.213 0.399 1.607 3.037 3.582 3.372 3.785 11.26 3.718 3.442 3.247 2.679 2.285
FI20-04-05 III 3 0.056 0.068 0.112 0.201 0.741 1.760 2.005 2.040 2.362 7.288 2.192 2.073 1.868 1.482 1.089
FI20-04-06 III 1 0.078 0.107 0.177 0.310 1.058 2.111 2.680 3.010 3.090 9.818 2.957 2.772 2.464 1.730 1.256
FI20-04-06 IV 1 0.078 0.103 0.171 0.291 1.335 3.491 3.470 4.096 4.934 12.02 4.995 5.039 5.284 4.929 4.670
FI20-04-04 III 2 0.063 0.080 0.158 0.293 1.181 2.454 2.954 2.862 3.189 9.721 2.967 2.795 2.657 2.188 1.853
FI20-04-09a IV 3 0.123 0.189 0.323 0.547 2.372 6.963 6.747 9.276 11.32 23.41 10.86 11.01 11.65 11.63 10.52
FI20-04-07 I 1 0.029 0.039 0.078 0.134 0.838 2.713 2.391 2.661 2.994 7.057 2.553 2.144 1.847 1.504 1.242
FI20-04-09b IV 2 0.110 0.173 0.288 0.473 2.040 6.273 5.758 7.972 9.767 21.57 9.157 9.237 10.56 11.14 9.434
FI20-04-10a III 3 0.109 0.141 0.248 0.444 1.609 3.401 3.726 3.738 3.926 12.35 3.767 3.611 3.584 2.986 2.549
FI20-11-01c II 2 0.015 0.023 0.046 0.080 0.430 1.342 1.531 2.104 2.790 5.874 2.896 2.993 3.006 2.601 2.588
FI20-11-01a IV 3 0.148 0.211 0.336 0.508 1.802 5.586 4.703 6.245 7.386 16.52 7.225 7.195 7.811 8.151 6.844
FI20-11-01b IV 1 0.049 0.067 0.102 0.160 0.476 1.528 1.461 1.986 2.419 5.891 2.674 2.628 2.788 2.582 2.282
FI20-11-01d V 4 0.214 0.301 0.423 0.545 1.073 2.780 1.898 2.275 2.951 7.370 3.158 3.391 3.670 3.644 3.309
FI20-01-01 I 3 0.071 0.097 0.160 0.259 1.000 5.040 2.534 2.851 3.051 7.160 2.829 2.775 2.736 2.732 2.229
TA20-02-01b VI 3 0.204 0.251 0.362 0.503 1.156 3.549 2.898 3.071 3.486 9.849 3.142 2.750 2.279 1.734 1.283
TA20-02-01c VI 1 0.138 0.179 0.248 0.325 0.766 2.907 1.991 2.248 2.476 6.174 2.139 1.867 1.585 1.071 0.714
TA20-02-03a VI 1 0.052 0.078 0.134 0.285 0.948 2.870 2.545 2.881 3.321 8.696 3.027 2.670 1.538 0.947 0.721
TA20-02-03b VII 2 0.075 0.106 0.200 0.359 1.205 2.153 2.928 2.851 2.993 8.308 2.669 2.086 1.431 0.789 0.548
TA20-02-02a VI 2 0.145 0.170 0.255 0.429 1.101 2.782 2.198 2.066 2.154 5.622 1.941 1.609 1.110 0.619 0.447
TA20-02-02b VI 1 0.085 0.109 0.164 0.266 0.805 1.963 1.790 1.978 2.088 5.957 1.816 1.589 0.995 0.610 0.423
TA20-02-04 VI 1 0.029 0.038 0.060 0.128 0.526 2.083 1.588 1.667 1.900 4.727 1.678 1.305 0.691 0.422 0.291
TA20-05-02 VI 3 0.083 0.099 0.156 0.257 0.789 2.735 1.854 1.917 2.003 5.228 1.769 1.464 0.950 0.522 0.345
TA20-05-01 VI 4 0.149 0.170 0.221 0.308 0.877 3.646 2.129 2.359 2.621 7.427 2.424 2.031 1.619 1.121 0.743
TA20-05-03 VI 3 0.105 0.126 0.186 0.281 0.853 3.407 1.945 1.901 2.094 5.203 1.731 1.367 0.879 0.502 0.349
TA20-05-06 VI 3 0.103 0.120 0.189 0.322 0.920 3.340 2.032 2.056 2.080 5.687 1.864 1.512 1.058 0.627 0.418
TA20-05-04 VI 3 0.087 0.101 0.153 0.256 0.712 2.904 1.589 1.479 1.420 4.047 1.297 1.014 0.642 0.375 0.234
TA20-05-07b VI 3 0.112 0.139 0.199 0.284 0.882 5.380 2.097 2.377 2.658 6.911 2.486 2.117 1.821 1.449 1.055
TA20-05-07a VI 2 0.203 0.212 0.284 0.412 1.114 5.884 2.531 2.514 2.731 6.829 2.356 1.882 1.442 1.014 0.752
TA20-05-05 VI 3 0.089 0.108 0.160 0.250 0.804 3.204 1.843 1.808 1.926 5.304 1.763 1.350 0.875 0.508 0.331
TA20-05-08 VI 3 0.074 0.090 0.148 0.231 0.742 3.210 1.740 1.759 1.860 5.004 1.678 1.350 0.843 0.492 0.331
TA20-05-10b VI 3 0.040 0.056 0.094 0.172 0.578 2.105 1.548 1.580 1.580 4.091 1.374 1.091 0.733 0.353 0.255
TA20-05-09 VI 3 0.071 0.089 0.142 0.226 0.778 3.130 2.068 2.071 2.108 5.889 1.916 1.457 0.900 0.470 0.317
FI20-06-01 II 2 0.028 0.045 0.086 0.149 0.671 2.308 2.176 3.064 4.078 8.102 4.132 4.146 4.272 3.996 3.311
FI20-06-01 IV 1 0.052 0.068 0.100 0.152 0.562 1.593 1.433 1.885 2.701 6.297 2.603 2.684 3.037 2.826 2.619
FI20-03-01 III 2 0.094 0.116 0.202 0.327 1.124 2.796 2.721 2.700 2.979 8.844 2.881 2.854 3.012 2.718 2.290
TA20-01-01 VII 3 0.144 0.176 0.290 0.453 1.303 2.259 2.863 2.763 2.965 8.444 2.573 2.041 1.523 0.856 0.612
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Table A1. Continued.

Sample G n La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu

FI20-09-01 VI 2 0.071 0.090 0.144 0.223 0.697 2.028 1.423 1.503 1.531 4.024 1.209 1.054 0.762 0.370 0.234
TA20-04-01 VI 2 0.182 0.184 0.241 0.324 1.059 5.245 2.784 3.058 3.291 8.232 2.871 2.433 1.828 1.197 0.872
TA20-04-02 VI 3 0.081 0.102 0.158 0.264 0.868 3.293 2.285 2.280 2.516 6.495 2.188 1.756 1.092 0.642 0.397
TA20-03-01 VI 3 0.129 0.162 0.236 0.381 1.224 3.648 2.981 2.989 3.219 7.988 2.852 2.209 1.510 0.796 0.538
TA20-03-02 VII 3 0.178 0.196 0.250 0.343 0.845 1.756 1.850 2.105 2.413 6.896 2.287 2.065 1.588 1.105 0.747
FI20-10-01 V 1 0.437 0.595 0.802 0.911 1.503 4.102 2.339 2.817 3.421 9.526 3.623 4.109 4.588 4.567 3.864
FI20-10-01 II 4 0.037 0.061 0.114 0.199 1.132 4.759 3.948 6.163 8.880 17.97 9.400 9.870 10.14 9.713 8.066
FI20-10-02 II 3 0.007 0.012 0.027 0.047 0.226 0.698 0.760 1.060 1.334 3.576 1.444 1.310 1.215 1.026 0.848
FI20-07-01 V 2 0.089 0.097 0.126 0.168 0.219 0.415 0.355 0.390 0.499 1.684 0.537 0.547 0.530 0.423 0.330
FI20-07-02 III 2 0.086 0.113 0.213 0.369 1.314 2.537 2.716 2.700 2.932 8.934 2.846 2.709 2.538 2.085 1.759
FI20-05-01e IV 3 0.091 0.136 0.229 0.367 1.585 5.343 4.060 5.198 6.526 14.33 6.310 6.297 6.634 6.307 5.343
FI20-05-01d II 2 0.026 0.046 0.087 0.149 0.815 2.755 2.527 3.488 4.659 9.753 4.884 4.744 4.642 4.018 3.454
FI20-05-01f II 3 0.024 0.037 0.070 0.126 0.613 2.330 1.885 2.391 3.213 7.321 3.320 3.409 3.278 2.796 2.298
FI20-04-08 I 2 0.131 0.160 0.240 0.333 1.088 3.426 2.517 2.518 2.665 6.685 2.346 1.872 1.740 1.417 1.178
TA20-02-01c VI 1 0.138 0.179 0.248 0.325 0.766 2.907 1.991 2.248 2.476 6.174 2.139 1.867 1.585 1.071 0.714

Appendix B

Figure B1. Unmatched and rejected patterns from individual analyses with respect to the identified fluorite REY groups. FI: Finstergrund
deposit; TA: Tannenboden deposit.
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