Geological Quarterly, 2016, 60 (4): 811-826
DOI: http://dx.doi.org/10.7306/gq.1325

" Researon

Controls on the distribution of rare earth elements
in the Kupferschiefer series of SW Poland

Stawomir OSZCZEPALSKI" *, Andrzej CHMIELEWSKI' and Stanistaw Z. MIKULSKI'
1 Polish Geological Institute — National Research Institute, Rakowiecka 4, 00-975 Warszawa, Poland

Oszczepalski, S., Chmielewski, A., Mikulski, S.Z., 2016. Controls on the distribution of rare earth elements in the
Kupferschiefer series of SW Poland. Geological Quarterly, 60 (4): 811-826, doi: 10.7306/9q.1325

This study deals with the spatial distribution and the PAAS-normalized patterns of rare earth elements (REE) studied by
ICP-MS in the Kupferschiefer series of SW Poland. The most characteristic feature is a progressive enrichment in REE con-
tent (including Y and Sc) outward from the rocks with pyritic and Pb-Zn mineralisation, across the rocks with copper mineral-
isation, towards the oxidized (Rote Faule) areas. The same trend can also be observed with respect to LREE, MREE and
HREE. Whereas REE distribution diagrams for shales with pyrite and Pb-Zn mineralisation are almost flat, diagrams for
shales with hematite and copper mineralisation are convex-upward and the strongest convexity is attributed to the transition
from hematitic alteration to copper-rich rocks. REE distribution diagrams normalized to PAAS show strong MREE enrich-
ment relative to LREE and HREE, which is typically the highest in the hematite zone, lower in shale with copper mineralisa-
tion, and the lowest in shales with Pb-Zn and pyrite mineralisation. The systematic increase in the concentration of REE
towards the Rote Faule, and the strong enrichmentin MREE in the transition zone are indicative of variable intensity of leach-
ing and formation of the REE enrichments (including MREE) by MREE>HREE>LREE fluids, as evidenced by the MREE-en-
riched signatures. Overprinting of secondary enrichments over the original REE pattern due to redistribution along the
pathways of expanding fluids are postulated to account for the apparent differences in the distribution and concentration of
REE (including the MREE-enriched trend) between the oxidized rocks, copper-bearing rocks, and reduced lithologies barren

=

in copper.
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INTRODUCTION

The Kupferschiefer series (often referred to as the Zechstein
copper-bearing series) comprises the lowermost part of the Up-
per Permian (Wuchiapingian) marine sequence (Zechstein) and
the uppermost portion of the terrestrial redbeds (Rotliegend)
(Fig. 1). This series is developed as black or dark grey or-
ganic-rich and metal sulphide-containing facies (“reduced
zone”), and as red-stained organic matter-depleted and iron ox-
ide-bearing rocks (“oxidized zone” = “Rote Faule”). The Rote
Faule is a zone of post-depositional oxidative alteration exhibiting
hematite mineralisation heavily overprinting sulphide minerals
(Rydzewski, 1978; Jowett et al., 1987; Oszczepalski, 1989,
1994, 1999; Oszczepalski and Rydzewski, 1991), and features
indicative of extensive destruction of organic matter, transforma-
tion of clay minerals, and stable isotope variations (Speczik and
Puttmann, 1987; Pattmann et al., 1989; Bechtel et al., 1999,
2001a, 2002; Kucha and Przybytowicz, 1999; Oszczepalski et
al., 2002; Speczik et al., 2003). The metals are distinctly zoned
not only vertically, but also laterally in belts predominated by cop-
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per, lead, zinc and pyrite mineralisation, which surround succes-
sively the Rote Faule areas indicating direction of ore fluids flow
(Oszczepalski and Rydzewski, 1997; Oszczepalski et al., 2016).
The hematite zone forming the inner part of the oxidized area is
developed as extensively altered rocks containing sparse relics
of sulphides and highly-degraded organic matter. The outermost
part of the oxidized zone, which was named as the transition
zone between oxidized and reduced rocks (Oszczepalski and
Rydzewski, 1991), is dominated by weaker alteration and char-
acterized by replacements of Cu and Fe sulphides by iron oxides
accompanied by sparsely disseminated remnant copper sulphi-
des and minor glauconites (Oszczepalski, 1994, 1999; Oszcze-
palski et al., 2002).

General increase in the content of many trace elements
(e.g., Se, Re, U and Th) towards the copper zone, and the ten-
dency for certain elements to be depleted (e.g., Co, Ni, Mo, Re,
As, Sc, F and Y) or enriched (e.g., Au, PGE, Hg and Sc) in the
oxidized Rote Faule zone have been reported (e.g., Kucha and
Przybytowicz, 1999; Oszczepalski, 1999; Piestrzynski and
Wodzicki, 2000; Oszczepalski et al., 2002; Pieczonka et al.,
2008; Pieczonka, 2011). Much less attention has been paid to
the research of rare earth elements (REE). So far, mostly rock
samples from the Lubin-Sieroszowice mining district have been
studied (Janczyszyn et al., 1986; Mayer et al., 1992; Sawlowicz,
1994, 2013; Bechtel et al., 2001b; Michalik, 2001). Additional
samples from only a few boreholes outside the mining district
have been analysed (Mayer et al., 1992; Bechtel et al., 2001b).
These studies show that the most enriched in REE are oxidized
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Zechstein rocks (Bechtel et al., 2001b; Sawtowicz, 2013) in
contrast to reduced facies which does not contain such enrich-
ments, regardless of a presence or absence of rich sulphide
mineralisation (Janczyszyn et al., 1986; Mayer et al., 1992;
Bechtel et al., 2001b; Sawtowicz, 2013). Therefore, it is ex-
tremely vital to examine boreholes from the metal zones that
represent different geochemical characteristics and mineralisa-
tion patterns throughout SW Poland.

The main goal of this study was to determine the content of
REE in the Kupferschiefer series in selected boreholes located
in the Sudetic foreland (Fig. 2). Preliminary research into the
REE geochemistry described here was carried out at the Polish
Geological Institute — National Research Institute (Mikulski et
al., 2014). Particular emphasis was placed on the transition
zone, occurring in the outermost parts of the oxidized complex,
which is considered to be a significant component of the miner-
alizing system, indicating direction of the alteration trend
caused by mineralizing fluids (Oszczepalski and Rydzewski,
1997). In this light, the essential task of this examination was to
define the regularities of REE occurrences in the Fore-Sudetic
Monocline based on selected boreholes to reveal changes in
their content with regard to the oxidized zone (including the
transition zone) and zones of sulphide mineralisation. These
variations can be used to interpret the factors responsible for
REE transport and accumulation. The next aim was to indicate
areas with the highest concentrations of rare earth elements.
Although REE in the Kupferschiefer series rarely form a consid-
erable concentration, an increasing world demand expects to
increase global REE reserves by seeking new sources.

GEOLOGICAL BACKGROUND

The study area is located within the southwestern part of
epi-Variscan platform, which consists of the North Sudetic

Trough and the Fore-Sudetic Monocline, sepa-
rated by the uplifted Fore-Sudetic Block. These
units developed essentially during the Laramide
Phase of the Alpine Orogeny as foreland basins to
the Sudetes Mountains. The post-Variscan cover
of Permian-Mesozoic formations was likely depos-
ited over the Fore-Sudetic Block, but was eroded
during Laramide movements. The Permian to Early
Triassic extensional stage is consistent with the
Late Permian-Early Jurassic tectonic subsidence
curves implying that Permian and Triassic rifting
predominantly modified the configuration of the
Southern Permian Basin (van Wees et al., 2000).

The pre-Permian basement was folded and
consolidated during the Late Carboniferous Vari-
scan orogeny. During the Permian, the area of SW
Poland belonged to the Southern Permian Basin
which was formed at the transition from the Car-
boniferous to Early Permian as a result of subsi-
dence by rifting (van Wees et al., 2000). A number
of sub-depressions separated by ridges devel-
oped, including the Wolsztyn-Pogorzela High
which separated the Zielona Géra Basin from the
Variscan Foreland (Kiersnowski et al., 2010). Rot-
liegend red-beds accumulated in basins, whereas
at ridges the Rotliegend sediments are generally
lacking, or the ridges are partly covered by volcanic
rocks. The Rotliegend red beds/volcanics are over-
lain by white fluvial or aeolian sediments forming
the Weissliegend sandstones (Fig. 1).

The Zechstein deposition commenced with flooding of the
continental Rotliegend basin as a result of rifting-induced subsi-
dence combined with a contemporaneous rise in sea level
(Peryt et al., 2010 with references). The topmost parts of the
Weissliegend sandstones were reworked by the initial Zech-
stein transgression, and the transgressive conglomerates and
sandstones were locally deposited (mostly in nearshore condi-
tions). With progressive stabilization, the Kupferschiefer was
deposited throughout the basin, excluding ridges (Oszczepalski
and Rydzewski, 1987). The Kupferschiefer rests above the
Zechstein Sandstone or Zechstein Conglomerate, less often
above the Basal Limestone, and only sporadically on the
Rotliegend siliciclastics and volcanics or pre-Permian base-
ment. The Basal Limestone is present only in shallow-water,
nearshore environments. The thickness of the Kupferschiefer
varies from several centimetres to 170 cm, with the maximum at
depressions and their slopes. Spatial distribution of the litho-
facies indicates that the Kupferschiefer was deposited in a
low-energy, mud-dominated stratified sea with permanent stag-
nant bottom-water conditions. Deposition generally took place
below the fair-weather wave base. The deep-water facies (or-
ganic matter-rich black shales with fine flat lamination) was
formed in anaerobic-to-dysaerobic waters, whilst the shallow-
-water facies (organic matter-containing grey shales consisting
mainly of planar- and wavy laminated marlstones and dolomitic
shales) formed within the storm wave base in dysaerobic condi-
tions. Variability of the Kupferschiefer sequences is attributed to
a fluctuating redoxcline that intersected the submarine topogra-
phy. The deposition of the Kupferschiefer terminated with an
extensive bioturbation and expansion of skeletal fauna indicat-
ing that the anaerobic-dysaerobic environment had been re-
placed by aerobic conditions which are distinctive for the
Zechstein Limestone setting. The Zechstein Limestone shows
a fairly consistent development throughout the basin, with up to
120 m of carbonates in nearshore platforms, in contrast to sev-
eral metres thick carbonates in the basinal settings (Peryt et al.,
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2010, 2012a, b). Most of the intrabasinal palaeohighs are gen-
erally lacking both the Rotliegend and Weissliegend sediments
and the Kupferschiefer, and are represented by condensed
sections (1-5 m thick) comprising shallow-water carbonates,
whereas other ridges are overlain by build-ups up to 90 m thick
(Kiersnowski et al., 2010; Peryt et al., 2012b). The deposition of
the Zechstein Limestone was terminated by the Lower
Anhydrite which is the lowermost unit of Zechstein evaporites.

The Kupferschiefer mineralisation occurs at the contact be-
tween the uppermost Rotliegend redbeds and the Lower
Zechstein marine siliciclastics, shales, carbonates and evapo-
rites (Fig. 1). The copper-bearing series comprises the Weiss-
liegend, Basal Limestone, Kupferschiefer and Zechstein Lime-
stone units. Locally, small amounts of sulphides occur at the
base of Lower Anhydrite.

The Kupferschiefer-type ore mineralisation rims the Rote
Faule showing a regional-scale metal zonation around the ar-
eas of footwall oxidative alteration (Fig. 2). The metals are dis-
tributed both vertically and horizontally in the sequence
Fe*(Au, Pt, Pd)-Cu(Ag)-Pb-Zn-Fe®* in distinct successive zo-
nes (Oszczepalski and Rydzewski, 1997). Gold and PGE con-

centrated mainly within the Rote Faule, and particularly in the
transition zone (e.g., Piestrzynski et al., 1997; Piestrzynski and
Sawtowicz, 1999; Kucha and Przybytowicz, 1999; Oszcze-
palski, 1999; Piestrzynski and Wodzicki, 2000; Oszczepalski et
al., 2002; Pieczonka et al., 2008). The pyrite zone, character-
ized by vast predominance of pyrite over Cu, Pb and Zn
sulphides, is restricted to the areas most distal from the Rote
Faule, prevailing in marginal parts of the Zechstein basin and in
the Wolsztyn-Pogorzela High.

The spatial distribution of metals and the highly significant
relationships between copper orebodies and the Rote Faule ar-
eas indicate that the Kupferschiefer mineralizing system devel-
oped as a post-sedimentary event caused by a large-scale
cross-formational flow of amagmatic hydrothermal fluids from
pre-Zechstein footwall rocks during the evolution of the Permian
Basin. Substantial flows of metalliferous solutions proceeded
within the Rotliegend basin towards palaeohighs, spreading up-
ward and outward, as evidenced by oxidative footwall alteration
in feeder areas (Rydzewski, 1978; Oszczepalski and Rydze-
wski, 1991, 1997; Oszczepalski, 1999). Fluid flows were trig-
gered by convection, compaction, brine recirculation, seismic
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pumping, episodic release or a combination of the processes
(Kucha and Pawlikowski, 1986; Jowett et al., 1987; Oszcze-
palski, 1989, 1999; Cathles et al., 1993; Wodzicki and Pie-
strzynski, 1994; Blundell et al., 2003). The temperature of min-
eralizing solutions did not exceed 150°C (Oszczepalski, 1999;
Oszczepalski et al., 2002; Speczik et al., 2003). It was argued
that the large-scale long-lived or multistage fluid flow caused
the cross-cutting relationships, expansion of the hematitic alter-
ation front to form the transition zone between the oxidized and
ambient reduced rocks, redistribution of metals, and the loca-
tion of Cu-Ag ore bodies directly above and around the noble
metals-bearing oxidized rocks. The geochemical and petrologic
studies provide evidence for an extensive oxidation of organic
matter and pre-existing sulphides as demonstrated by de-
graded organics and remnant iron and copper sulphides re-
placed by iron oxides (e.g., Rydzewski, 1978; Speczik and
Pittmann, 1987; Pilttmann et al., 1989; Oszczepalski and
Rydzewski, 1991; Sawtowicz, 1993; Oszczepalski, 1994; Bech-
tel et al., 2001a, b, 2002; Oszczepalski et al., 2002; Speczik et
al., 2003; Chmielewski, 2014; Chmielewski et al., 2015).

PREVIOUS WORK

The first analytical REE determinations in the lowermost
Zechstein sediments of SW Poland were done on 22 samples
collected from mines of the Lubin-Sieroszowice district (Jan-
czyszyn et al., 1986). In the initial stage, only La, Eu and Sc
(INAA method) were examined. It has been shown that the con-
tent of La in the shales varies from 12 to 21 ppm, Eu from 0.5 to
1.6 ppm, and Sc in the range of 2—19 ppm.

The preliminary investigation in Germany concerning the
content of REE (using the INAA method) was performed on six
profiles from outcrops in the Sangerhausen region (Hammer et
al., 1990). The presented range of REE (La, Ce, Sm, Eu, Tb, Yb
and Lu) contents show no clear REE concentration patterns in
the distribution of REE with respect to mineralisation zones. A
weakly expressed trend of slight depletion in La and Ce is noted
only in the copper zone compared with the oxidized and Zn-Pb
zones. In addition, the study of several samples from the
Mansfeld area in Germany (by ICP-MS) revealed that regard-
less of the presence or absence of rich sulphide mineralisation,
lowermost Zechstein rocks are not enriched in REE (Muller et
al., 2008).

Broad regional research was conducted by Mayer et al.
(1992) who studied 29 samples of mineralized sandstones,
shales and dolomites gathered from the Lubin mine, and 25
samples taken from boreholes situated in the eastern part of the
Fore-Sudetic Monocline and in the Pomerania region. Based on
reduced profiles, the highest REE abundances (INAA method)
were measured in the shales, while the lowest content — in the
sandstones. According to the authors, this is attributed to an in-
creasing abundance of clay minerals. Distribution diagrams
normalized to the NASC standard (North American Shale Com-
posite; cf. Table 1) display the dominance of light REE over
heavy REE, negative Ce and Eu anomalies, and a positive Sm
anomaly; nevertheless, the profiles distant from the Lubin-
-Sieroszowice deposit do not exhibit equivalent regularities.

Further studies of REE concentrations (ICP-MS method) in
shales were done on seven samples from boreholes located in
the vicinity of the Fore-Sudetic Block (Fig. 2), and two samples
from the Pomerania region in order to determine variability in
REE concentration and distribution with respect to mineralisa-
tion zones (Bechtel et al., 2001b). For this purpose, samples

Table 1
Average REE composition (ppm) of rock standards
DO-1 SDO-1
REE Chondrite Contir?é)rﬂg Crust WRUgrggg | NASC | PAAS Blaik gha|e3 Mgﬁ'g‘fg’l‘g

Lanthanum La 0.237 31 41.00 31.1 38.2 38.5 77.0
Cerium Ce 0.613 63 83.00 66.7 79.6 79.3 158.6
Prazeodymium | Pr 0.0928 71 10.10 7.70 8.83 8.9 19.8
Neodymium Nd 0.457 27 38.00 27.4 33.9 36.6 73.2
Samarium Sm 0.148 47 7.50 5.59 5.55 7.7 15.4
Europium Eu 0.0563 1.0 1.61 1.18 1.08 1.6 3.2
Gadolinium Gd 0.199 4.0 6.35 4.90 4.66 6.5 13.0
Terbium Tb 0.0361 0.7 1.23 0.85 0.774 1.2 2.4
Dysprosium Dy 0.246 3.9 5.50 417 4.68 6.0 114
Holmium Ho 0.0546 0.83 1.34 1.02 0.991 1.2 0.2
Erbium Er 0.160 2.3 3.75 2.84 2.85 3.6 7.2
Thulium Tm 0.0247 0.3 0.63 0.48 0.405 0.45 0.9
Ytterbium Yb 0.161 2.0 3.53 3.06 2.82 3.4 6.8
Lutetium Lu 0.0246 0.31 0.61 0.46 0.433 0.54 1.0
YREE 2.5 148.1 204.2 157.5 184.8 195.5 390.1
Yttrium Y 1.57 21 35 27 40.6 81.2
Scandium Sc 14 14.9 16 13.2 26.4

Chondrite (McDonough and Sun, 1995), Upper Continental Crust (Rudnick and Gao, 2003), World Shale Average (Piper, 1974),
NASC — North American Shale Composite (Gromet et al., 1984), PAAS — Post-Archean Australian Shale (McLennan, 1989),
SDO-1 — Black Shales (Huyck, 1989), SDO-1 — Metalliferous Black Shales (Huyck, 1989)
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from the hematite, Cu, Zn-Pb, and pyrite zones were examined.
The highest contents of REE were found in oxidized shales (in
the range of 99 to 211 ppm, average 142 ppm), lower concen-
tration in shales with Cu, Pb and Zn mineralisation (69-96 ppm;
average 83 ppm), and the lowest concentration in pyritic shales
(60-65 ppm; average 62 ppm). The weakly oxidized shales
from the transition zone are characterized by a significantly
higher average content of REE (211 ppm) than the strongly oxi-
dized shales (125 ppm). The highest REE concentration occurs
in the sample from the transition zone (210.81 ppm in the S-2
borehole). Diagrams normalized to both chondrite and ES (Eu-
ropean Shale Composite) show strong enrichment in MREE
(Nd, Sm, Eu and Gd) compared with LREE (La and Ce) and
HREE (Dy, Er, Yb and Lu). Oxidized rocks have a positive
anomaly for Sm and negative Ce and Eu anomalies. Summing
up, a gradual decrease in REE concentration (including LREE,
MREE and HREE) was observed starting from oxidized shales
(142 ppm) through copper shales (83 ppm) to shales with pyrite
mineralisation located far away from copper deposits (62 ppm),
as well as when going from highly oxidized (125 ppm) to poorly
oxidized shales (211 ppm).

Based on 32 samples from the Lubin-Sieroszowice district,
Michalik (2001) reported the highest concentration of REE in
the uppermost Weissliegend, linking this enrichment with the
presence of carbonate cements, phosphates, fluorides, and
Fe-oxide rims around detrital grains.

Sawtowicz (1994, 2013) achieved comparable results to
those presented by Bechtel et al. (2001b) by the study of rock
samples from the Lubin-Sieroszowice district (ICP-MS and
INAA). This study demonstrates the overall REE budget in dif-
ferent regions and seven REE diagrams for selected samples
of sandstones, shales and dolomites normalized to the NASC
standard. In addition, plots for 11 samples with copper minerali-
sation, two samples with Pb-Zn mineralisation and 10 oxidized
samples (including six samples from the transition zone) are
presented. It has been shown that the largest amounts of REE
(including MREE, Y and Sc) are in the oxidized profiles (aver-
age REE concentration range 60—298 ppm, in the Polkowice
Mine and in the Solniki K 11 borehole), lower concentrations
are recorded in the profiles with copper mineralisation
(117-158 ppm) and zinc-lead-bearing profiles (126—160 ppm).
The oxidized samples have elevated concentrations of Sc
(13-19 ppm) and Y (8—45 ppm) compared to reduced samples
(7-12, 7-27 ppm, respectively), and are enriched in MREE, as
demonstrated by the REE convex-upwards distribution pat-
terns. REE concentration values in dolomites and sandstones
are distinctly lower than in shales (average contents are 73 and
82 ppm, respectively).

Accepting the mineralizing system, in which the formation of
the Rote Faule/ore system resulted from the upward and lateral
advancing alteration by hydrothermal solutions, it is believed
that enrichment of REE resulted not only from the delivery by
mineralizing fluids but primarily from remobilization of REE from
the altering lowermost Zechstein bedrock, and their redistribu-
tion during the subsequent flow. Bechtel et al. (2001b) stated
that REE enrichments (including MREE) in oxidized lithologies
are the result of secondary supply of REE by fluids of
MREE>HREE>LREE type and their subsequent deposition at
the redox front. Alternatively, REE may have been remobilized
from originally reduced profiles by oxidizing solutions responsi-
ble for the Rote Faule alteration, during the formation of
neomorphic illite, iron oxides or phosphates (cf. Bechtel et al,,

1999, 2001a, b; Michalik, 2001; Oszczepalski et al., 2002).
Sawtowicz (2013) have shown that the largest amount of REE
(including MREE) and Y and Sc were accumulated in the oxi-
dized part of profiles. Unlike Bechtel et al. (2001b), Sawtowicz
(2013) assumed that there are no significant differences in the
distributions of REE between strongly oxidized samples and
samples from the transition zone. However, the reported REE
distribution data unequivocally display that oxidized samples
have considerable contents of REE in the range of
60—-298 ppm, with the highest values in samples from the transi-
tion zone (188-298 ppm) and lower values for extensively oxi-
dized samples (60—269 ppm). Both types of samples (heavily
oxidized and poorly oxidized) are enriched in REE (average
247 ppm) and lacking in Eu anomalies in comparison with cop-
per-rich samples. On the basis of variations in REE distributions
and their enrichments in oxidized and copper-bearing profiles,
Sawtowicz (2013) supports the view of Bechtel et al. (2001b)
that this enrichment is due to the upward influx of mineralizing
solutions from Rotliegend units and believes that differences in
REE concentrations in oxidized and copper-bearing profiles are
caused by a higher flow rate and (or) total volume of mineraliz-
ing solutions in oxidized areas than in the copper zone. In con-
trast to previous studies (e.g., Bechtel et al., 1999, 2001b;
Oszczepalski, 1999), Sawtowicz (2013) suggested that oxida-
tion of copper sulphides and their removal were related to the
later action of mineralizing or post-mineralizing solutions and
that late-stage fluids could be oxidizing but not mineralising.

SAMPLING AND ANALYTICAL METHODS

A representative suite of 26 samples from 10 boreholes lo-
cated in the Fore-Sudetic Monocline (outside the Lubin-Siero-
szowice copper district) was collected from all lithostratigraphic
units of the Kupferschiefer series (Fig. 1). An additional sample
from the Zdrada |G 8 borehole located in northern Poland was
also studied. The examination covered 14 shale samples col-
lected from the Kupferschiefer, nine Weissliegend sandstone
samples, two samples from the Zechstein Limestone and two
other specimens from the Basal Limestone. Thirteen samples
represent reduced facies and 14 samples are from the oxidized
zone (Appendix 1*). Among samples of oxidized rocks, eight
come from the strongly oxidized part of the profiles and six sam-
ples from the slightly oxidized transition zone, whereas samples
of reduced rocks comprise copper, Pb-Zn and pyrite mineralisa-
tion patterns.

The REE ICP-MS analyses were performed at the Chemi-
cal Laboratory of the Polish Geological Institute — National Re-
search Institute, using Elan DRC Il Perkin Elmer mass spec-
trometry. The calibration of external standards were prepared
from multi-element stock solutions from AccuStandard. After
acid digestion, the samples were diluted 20 times with a solution
of 1% HNO3. Total solution of elements contained in the sam-
ples was achieved by use of hydrofluoric acid and chloric acid
(VIl — oxidation of fluorine and chlorine in acid). Dried and pow-
dered samples were initially treated with nitric acid (V) in order
to distribute organic matter and dissolved in a mixture of
perchloric and hydrofluoric acid (VII). In order to improve the
procedure for dissolution, the digestion process was repeated
three times. In the last stage, after evaporation to dryness (on a
hot plate, to a temperature of 150 +10°C) the residue was dis-
solved in dilute nitric acid (V). The solution obtained was sub-

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1325
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mitted to ICP-MS analysis enabling achievement of low de-
tection limits of 0.5 ppm for LREE and 0.05 ppm for HREE.
Abundances of base metals were determined by the XRF
method, and Au, Pt, and Pd by ET AAS.

RESULTS

ANALYTICAL DATA

In order to identify changes in REE variation and distribu-
tion, Kupferschiefer and Weissliegend samples were
grouped with respect to geochemical zones into oxidized and
reduced samples and into rocks characterized by hematite,
copper, Pb-Zn, and pyrite mineralisation, considering zones
of respective mineralisation (Appendix 1). Since the number
of carbonate samples is insignificant, the following studies of
REE abundances were based mainly on shale and sand-
stone units. The concentrations of selected base metals are
presented in Appendix 1 and the total and average contents
of REE, Y and Sc for all samples are presented in Appendix
2. Average REE contents in the Kupferschiefer and
Weissliegend samples grouped with respect to redox and
mineralisation zones have been calculated (Table 2).

Due to significant differences in concentrations of individ-
ual REE, as proposed by Sholkovitz (1995) and followed by
Bechtel et al. (2001b), rare earth elements were divided into
three groups comprising light REE (LREE): La, Ce, middle
REE (MREE): Nd, Sm, Eu, Gd, and heavy REE (HREE): Dy,
Ho, Er, Tm, Yb and Lu.

To interpret variations in REE abundances in studied
samples, different standards are typically used (Table 1),
however, the normalization of REE concentrations against
the chondrite and PAAS (post-Archean Australian Shale, cf.
Table 1) standards are now more commonly used
(McLennan, 1989; McDonough and Sun, 1995). A Kupfer-
schiefer sample from the Zdrada IG 8 borehole with pyritic
mineralisation, barren of Cu, Pb and Zn (Appendices 1 and
2), is also significant for comparisons. It was recently charac-
terized by Peryt et al. (2012a). The REE content in this sam-
ple is similar to REE concentrations in black shale standards
without rich sulphide mineralisation (cf. Table 1), showing the
background distribution of REE.

The REE distributions in Kupferschiefer samples are pre-
sented as diagrams, both chondrite-normalized (Fig. 3) and
PAAS-normalized patterns (Figs. 4-8), whereas the distribu-
tion of REE in Weissliegend samples is normalized to
chondrite (Fig. 9). To show enrichments of some REE rela-
tive to other elements and with respect to the redox zones
(reduced vs. oxidized) and zones of mineralisation (hematitic,
copper, Pb-Zn, and pyrite), PAAS-normalized mean values
and related parameters are presented (Tables 2 and 3).

REE VARIATIONS IN LITHOLOGIES

According to the acquired data, the distribution and con-
tent of REE vary significantly depending on lithology (Appen-
dix 2). The highest XREE concentrations are recorded in the
Kupferschiefer (115-318 ppm, average 201 ppm) and con-
siderably lower concentrations are in carbonates of the
Zechstein Limestone and Basal Limestone (50—154 ppm, av-
erage 95 ppm), whereas the lowest values are typical for
Weissliegend sandstone samples (42—186 ppm, average
87 ppm). This trend is clearly visible in the chondrite-normal-

Table 2

Average REE contents (ppm) in the Kupferschiefer and Weissliegend samples grouped with respect to redox and mineralisation zones
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Fig. 3. Chondrite-normalized REE average concentrations for
Basal Limestone and Zechstein Limestone carbonates (Ca0
and Ca1), Kupferschiefer shales (T1) and Weissliegend sand-
stones (Ws)
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Fig. 4. REE diagram normalized to chondrite for the Kupfer-
schiefer samples grouped into oxidized (red) and reduced
(blue) rocks including the reduced sample from the Zdrada IG 8
borehole and the PAAS standard
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Fig. 5. REE diagram normalized to PAAS for the Kupferschiefer
samples grouped into oxidized (red) and reduced (blue) rocks
including the reduced sample from the Zdrada IG 8 borehole
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Fig. 6. PAAS-normalized REE average concentrations for the
Kupferschiefer samples grouped into oxidized and reduced

shales with respect to the reduced sample from the Zdrada IG 8
borehole
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Fig. 7. PAAS-normalized REE average concentrations for the
Kupferschiefer samples grouped into shales with predominant
hematite, copper, and Pb-Zn mineralisation with respect to the
pyritic sample from the Zdrada IG 8 borehole
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Fig. 8. PAAS-normalized REE average abundances for the
Kupferschiefer samples grouped with respect to transition and
hematite zones
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Fig. 9. Chondrite-normalized REE average abundances for the

Weissliegend samples grouped into sandstones with hematite,
copper, and Pb-Zn-pyrite mineralisation

ized signatures for the average REE content in carbonates,
shales and sandstones (Fig. 3). The chondrite-normalized dia-
grams display a very similar shape of REE distribution curves,
as well as the highest REE values for shales, enrichment in
LREE, and negligible negative Eu anomaly for all types of
lithological units.

REE VARIATIONS IN OXIDIZED
AND REDUCED ROCKS

In the shales studied, XREE varies in the range of
42-291 ppm, LREE range from 20 to 158 ppm, MREE from 13 to
95 ppm, and HREE are in the range of 3-25 ppm (Appendix 2).
Based on REE analyses, average contents have been calcu-

lated to show diversity with respect to oxidized vs. reduced
shales (Table 2). The highest REE concentrations are recorded
in the oxidized shales since REE is in the range from 145 to 291
ppm (with a mean of average 223 ppm), where LREE range be-
tween 86 and 158 ppm (average 125 ppm), and MREE (41-95
ppm, average 69 ppm) distinctly prevail over HREE values
(10-25 ppm, average 16 ppm). The highest average values are
exemplified by: Ce (85 ppm), Nd (47 ppm) and La (40 ppm). The
average value of Y (34 ppm) makes the sum of REY (REE with
Y) relatively high (257 ppm). A pronounced convex-up REE dis-
tribution pattern (Figs. 5 and 6) indicates that MREE (from Nd to
Gd) are enriched with respect to both LREE and HREE. This ob-
servation is strongly supported by several geochemical parame-
ters (Table 3), such as a high average Gd/Gd* ratio (1.96), which
clearly shows that oxidized rocks are strongly enriched in MREE.
Furthermore, the high value of Gd/La ratio (1.87) means that
MREE are enriched compared to LREE. There is also a domi-
nance of MREE over HREE (Gd/Yb = 1.91; Nd/Yb =1.38) and a
slight LREE prevalence over HREE (La/Yb = 1.03). However, the
enrichments in MREE over the LREE are slightly greater than the
enrichments of MREE relative to HREE.

Taking into account the division of shales into strongly oxi-
dized hematitic rocks and slightly oxidized rocks typical of the
transition zone, a significant enrichment in ZREE (261 ppm) is
recorded within the transition zone, including XZLREE
(140 ppm), XMREE (85 ppm) and XHREE (20 ppm), Y (43 ppm)
and Sc (16 ppm) in comparison to hematitic rocks (Appendix 2;
Fig. 8). The values of coefficients, particularly specified by the
Gd/Gd* (2.43), Gd/La (2.36), Gd/Yb (2.26), Nd/Yb (1.50) ratios,
confirm that the transition zone in shales is typically character-
ized by strong MREE predominance over other groups (LREE,
HREE).

Reduced shales in contrast to their oxidized counterparts are
characterized by more variable *REE values (from 115 to
253 ppm), but the average value is fairly low (163 ppm) (Table 2).

Table 3

PAAS-normalized REE associated parameters in the Kupferschiefer and Weissliegend samples in relation
to redox and mineralisation zones

Lithostratigraphy Redoxa”dzgj]igefa'isation CelCe* | EWEU* | Gd/Gd* | Lay/Yb, | Ndy/Yb, | Dys/Yb, | Gdy/La, | Smy/Nd, | Gdn/Yb,
oxidized | 093 | 105 | 196 | 104 | 138 | 154 | 187 1.36 1.91

redox zones
reduced | 094 | 105 | 183 | 136 | 167 | 149 | 157 122 | 2.08
hematite | 093 | 1.05 | 196 | 104 | 138 | 154 | 1.87 1.36 1.91
mineralisation | copper | 094 | 108 | 197 | 127 | 162 | 152 | 173 126 | 2.14

Kupferschiefer

zones Pbzn | 092 | 100 | 160 | 150 | 164 | 146 | 1.31 1.19 1.99
Pyrite 1.01 1.02 | 1.71 144 | 192 | 142 | 142 1.11 2.05
hematite | 0.92 | 1.07 | 1.61 110 | 130 | 134 | 151 1.27 1.66

oxidized zone
transiton | 095 | 1.03 | 243 | 096 | 150 | 1.80 | 2.36 147 | 226
oxidized | 0.91 125 | 284 | 106 | 178 | 190 | 267 144 | 2.82

redox zones
reduced | 090 | 118 | 222 | 102 | 142 | 154 | 216 145 | 2.18
Weissliegend hematite | 0.91 125 | 284 | 106 | 178 | 190 | 267 144 | 2.82
m'”ifri'::tm” copper | 091 | 110 | 218 | 100 | 148 | 154 | 213 | 138 | 2.11
Pb-zn | 090 | 123 | 225 | 103 | 138 | 154 | 2.19 149 | 218

Ce/Ce* = Cep/(Lan x Pr,)0.5; Eu/Eu* = Eu,/(Sm, x Gd,)0.5; Gd/Gd* = 2Gd,/(La, + Lu,); n — PAAS-normalized ratio
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Similarly, the values of XLREE (68-131 ppm, average 96 ppm),
>~MREE (32-91 ppm, average 49 ppm) and XHREE (7-15 ppm,
average 9 ppm) in reduced shales are significantly lower than in
oxidized shales. Due to the lower content of yttrium in reduced
rocks, ZREY is also lower (186 ppm) than in the oxidized shales
(257 ppm). PAAS-normalized REE signatures show ratios
(La’Yb = 1.36, Gd/Yb = 2.08, Nd/Yb = 1.67) indicating stronger
enrichments in LREE and MREE over HREE but weaker enrich-
ment in MREE over LREE relative to oxidized rocks (Table 3).

As shown in Figure 4, chondrite-normalized oxidized shales
are enriched in REE relative to reduced shales mineralized with
sulphides. When normalized to PAAS, the values in oxidized
shales generally exceed 1.0 indicating that REE are more
abundant in these lithologies than in PAAS, whereas the nor-
malized REE abundances are usually less than 1.0 in reduced
shales revealing depletion relative to PAAS (Figs. 5-7). Char-
acteristically, despite the similarity in the overall distribution of
REE, oxidized shales are characterized by a distinct enrich-
ment in both REE and MREE not only in comparison with re-
duced shales, but also in relation to the PAAS standard. MREE
enrichments are particularly noticeable in PAAS-normalized
REE distribution diagrams, where apparent convexities are oc-
cupied by MREE.

In the case of sandstones, similar trends of REE variation to
those recorded in shales are observed (Appendix 2; Table 2).
Oxidized sandstones have higher REE contents than reduced
ones (114 and 65 ppm respectively), including: LREE (59 and
36 ppm), MREE (40 and 21 ppm) and HREE (8 and 4 ppm). Sim-
ilar are Y and Sc abundances. The dominance of MREE over
other groups is supported by some ratios (Table 3): Gd/Gd*
(2.84 and 2.22 values for oxidized vs. reduced sandstones, re-
spectively), Gd/La (2.67 and 2.16, respectively) and Gd/Yb (2.82
and 2.18, respectively). Among MREE, particularly high concen-
trations of Gd are typical for oxidized sandstones (Fig. 9), result-
ing in the significant positive anomaly (Gd/Yb = 2.82), even
higher than in the case of oxidized shales (Gd/Yb = 1.91).

REE VARIATIONS IN MINERALISATION ZONES

Shales with different types of mineralisation are character-
ized by various REE contents and specific distribution patterns
(Table 2 and Fig. 7). There is a consistent decreasing trend in
YREE from hematite-containing shales (223 ppm) through
shales with copper mineralisation (172 ppm) to shales with
Pb-Zn (147 ppm) and pyrite mineralisation in the Zdrada I1G 8
borehole (158 ppm). LREE exhibit a similar tendency (with
mean of 125, 99, 90 and 96 ppm, respectively in oxidized, cop-
per, Pb-Zn and pyrite shales), as well as MREE (69, 53, 41 and
45 ppm), HREE (16, 10, 8 and 8 ppm), Y (35, 24, 18 and 17
ppm) and Sc (15, 9, 8 and 9 ppm). The flattest diagram is typical
of shales mineralized predominantly by pyrite (Zdrada I1G 8
borehole) and shales with Pb-Zn mineralisation (Swieciechowa
2 and Wilcze 2 boreholes), but the most convex-up are REE
distribution patterns for shales with copper and hematite miner-
alisation. Hence, a significant decrease in MREE is observed
going from oxidized to pyritic shales (Gd/Gd* ranging from 1.96
in oxidized shale to 1.71 in pyritic shales as well as Gd/La from
1.87 to 1.42 respectively). A similar trend is also typical in the
case of sandstones (Table 3 and Fig. 9).

It is obvious that oxidized rocks (including weakly oxidized
rocks from the transition zone) are found to have the highest
MREE concentrations, which is illustrated by characteristic con-
vexities in PAAS-normalized REE curves compared with less
convex patterns for samples with copper and Pb-Zn mineralisa-

tion, and with the most flat REE diagram pattern typical for bar-
ren rocks with pyrite mineralisation (Fig. 7). All samples show a
very weak negative Ce/Ce* anomaly and nearly all (except two
samples) a slightly positive Eu/Eu* anomaly (Table 3), regard-
less of the mineralisation zone.

The slightest differences in the REE patterns in the shale
specimens with regard to different mineralisation zones are ob-
served in the case of LREE, despite a similar rising trend from
the pyrite to hematite mineralisation zone (Fig. 7), whereas a
significant increasing trend of HREE dominance over LREE is
finely marked (La/Yb decreases from 1.04 in hematitic shales to
1.4-1.5 in Pb-Zn and pyritic shales).

In turn, a fairly visible decline in the value of La/Yb and
Nd/Yb ratios from pyritic to hematitic shales indicates an in-
creasing enrichment in HREE within shales (with copper and
hematite mineralisation) with respect to light REE, such as La
and Nd. The outcome of this trend is flat REE distribution dia-
grams for shales with hematite mineralisation in the direction to-
wards HREE compared to shales with copper mineralisation,
which are characterized by more convex curves (Fig. 7). In the
case of sandstones there is a clear ramp-like steep peak in the
direction towards the lightest REE (Table 3), which means an
impoverishment of copper-bearing and hematite sandstones in
HREE compared with sandstones containing Pb-Zn and pyritic
mineralisation.

INTERPRETATION AND DISCUSSION

In the marine sedimentation dominated by deposition of
clay and organic matter, the distribution of REE depends pri-
marily on the composition of terrigenous source material,
biogenic material composition, and redox conditions in bottom
waters (e.g., Piper, 1974; McLennan, 1989; German et al,,
1991; Jiang et al., 2006; Zanin et al., 2010). Modern sediments
deposited under reducing conditions are characterized mostly
by relatively flat REE patterns, with a slight HREE enrichment
(de Baar et al., 1988; Piper and Bau, 2013). However, the ulti-
mate REE distribution in sediments is commonly governed by
diagenetic processes (Schieber, 1988; Milodowski and Zalasie-
wicz, 1991; Shields and Stille, 2001; Bouch et al., 2002) or inter-
action of sediments with migrating fluids, which tends to in-
crease REE contents and concentrate preferentially the middle
REE (de Baar et al., 1988; Gieré, 1996; Zwingmann et al., 1999;
Wood, 2003). Because of this, REE distribution diagrams for
various kinds of black shales can exhibit high variability where
metalliferous black shales are usually more strongly enriched in
REE than typical black shales (Table 1; Huyck, 1989; Jiang et
al., 2006).

The primary source of REE and the origin of their enrich-
ments in rocks of the Kupferschiefer series are not well under-
stood. These issues have been broadly discussed by Mayer et
al. (1992), Bechtel et al. (2001b), Michalik (2001) and Sawto-
wicz (2013), but significant differences between total REE and
MREE concentrations in the transition zone in comparison with
samples containing hematite and copper mineralisation lean to-
ward supplementing an earlier interpretation. According to
Mayer et al. (1992), differences in concentrations of REE may
reflect various compositions of source material and modification
by diagenetic processes rather than changes during short-dis-
tance transport of terrigenous material to the sedimentary ba-
sin. Bechtel et al. (2001b) maintained that REE, just like copper,
gold, platinum and many other metals, were derived from either
the underlying Rotliegend sandstones and volcanics, the
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Variscan basement rocks, or the Kupferschiefer shales whose
metals were mobilized by saline, oxidizing fluids released dur-
ing Triassic intra-continental rifting. Zwingmann et al. (1999)
suggested that REE might have been supplied to migrating flu-
ids through feldspar alteration, and Michalik (2001) pointed out
to the large potential role of iron oxide coatings, feldspars and
monazite, present in the Rotliegend rocks, for the release of
REE. It is believed that the differences in REE contents cannot
be generally provenance-dependent, but they were rather cau-
sed by post-sedimentary processes related to their desorption
from large volumes of ascending solutions (Sawtowicz, 2013).

Although the primary sources of REE are enigmatic, the
general similarity shown in the chondrite or PAAS-normalized
REE patterns for different lithological samples that come from
different localities indicates that REE may have originated from
a similar terrigenous source. It may be argued that rare earth el-
ements, as copper, silver, lead, zinc, gold and platinum, were
derived from the pre-Permian basement and (or) from the
Rotliegend siliciclastic and volcanic rocks. Weathering of bed-
rock and erosional processes led to deposition of vast masses
of detrital material accumulated in the Rotliegend basin in the
form of red-beds. REE are assumed to be sourced from disso-
lution of various rock-forming minerals (feldspar, apatite, fluoro-
carbonate, titanite, zircon, monazite), volcanic detritus, dissem-
inated hematite, clay-hematite coatings on detrital grains, and
mudstone interbeds under acidic conditions, as suggested for
other geological settings (e.g., Piper, 1974; McLennan, 1989;
Milodowski and Zalasiewicz, 1991; Wood, 2003). Michalik
(2001) challenged the assumption that REE were derived from
decomposition of feldspars or diagenetic transformation of
monazite in oxidizing conditions. As a result of chemical weath-
ering and interaction of the formation fluids with Rotliegend
rocks, REE might have been preferentially scavenged by
clay/Fe-oxyhydroxide coatings on detrital components of the
red beds (Hartmann et al., 1997; Zwingmann et al., 1999). This
process has also been observed in many geological settings
(e.g., Bau, 1999; Protano and Riccobono, 2002; Verplanck et
al., 2004; Welch et al., 2009; Ma et al., 2011).

The ability of aqueous solutions to mobilize REE from the
host rocks depends mainly on the stability and availability of
REE ligands (Migdisov et al., 2016). Generally, REE exhibit a
significant tendency to form CI”, F~ and SO} complexes, but in
warm and mildly acidic saline brines they commonly form stable
complexes with chloride which can transport appreciable
amounts of REE at low pH (Gosselin et al., 1992; Gammons et
al., 1996; Gieré, 1996; Brugger et al., 2006; Mayanovic et al.,
2007; Migdisov et al., 2016).

As commonly argued, Rotliegend formation waters were
characterized by a relatively low pH, high Eh (in the stability field
of hematite), considerable salinity, high concentration of chlo-
ride ions, and elevated temperatures increasing the ability of
the fluid to transport metals (e.g., Jowett et al., 1987; Wodzicki
and Piestrzynski, 1994; Oszczepalski, 1999; Speczik et al.,
2003). Such fluids can dissolve as little as up to 4 ppb REE
(Gieré, 1996; Jaireth et al., 2014), but chloride complexation
and REE mobility sufficiently increases with increasing temper-
ature (Gammons et al., 1996; Gieré, 1996; Migdisov et al.,
2016). Although weaker than other aqueous complexes of
REE, chloride species, like REECI2+, can play a significant role
in REE transport due to the considerable concentrations of
chloride in natural solutions (Migdisov et al., 2016). As a result
of water-rock interactions involving fluids with a high concentra-
tion of chloride ligands, REE are thought to have been liberated
as REE-chloride complexes by groundwater and transported to
the Lower Zechstein rocks by mineralizing solutions. It should
be noted, however, that even though chloride transport of REE

is plausible and widely accepted, low solubility of REE in the
form of chloro-complexes shows that their delivery to the lower-
most Zechstein to form enrichments was probably not decisive
because stability of REE chloride species at low temperature is
not high (Migdisov et al., 2016). Although many hydrothermal
REE deposits are assumed to form from fluoride complexes,
extremely low solubility of REE-fluorides in low-temperature so-
lutions may indicate that possible contribution of fluoride spe-
cies to REE transport is much less significant (Migdisov et al.,
2016). The other obvious candidates for transporting REE are
sulphates (Sholkovitz, 1995; Gieré, 1996; Johannesson et al.,
1996; Wood, 2003; Migdisov et al., 2016).

A highly significant positive relationship between the REE
enrichments and oxidative alteration is obvious; nevertheless
the formation of elevated REE concentrations in oxidized rocks
seems unclear. On the basis of relics of sulphide minerals sur-
rounded by hematite pigment and copper sulphide replace-
ments by hematite and other iron oxides in the oxidized zone, it
should be assumed that alteration of sulphides and organic
matter generated acidic fluids with appreciable concentrations
of sulphate from oxidation of sulphides. This oxidation resulted
in the precipitation of iron oxides. The acidification following the
oxidation enhanced the mobilization and leaching of various el-
ements from altered rocks. As a result, the oxidized rocks are
significantly depleted in most of the base metals (Appendix 1).
At a weakly acidic pH, mobility of REE may significantly in-
crease due to formation of the stable sulphate ligand, mainly
REESO; and REE(SQ, )*", enhancing the release of REE from
rocks (Sholkovitz, 1995; Giere, 1996; Wood, 2003; Zhao et al.,
2007; Migdisov et al., 2016). Additionally, the acidification may
have promoted dissolution of carbonates and hydrolysis of clay
minerals at acidic pH, liberating additional amounts of REE
(Olias et al., 2005). For these reasons, it is believed that low-pH
solutions dominated by sulphate ligands, such as those gener-
ated by oxidation processes, enhanced leaching of REE from
the altered rocks.

It is suggested that REE deposition in the hematitic zone
was caused by interaction of oxidizing solutions with rocks, re-
sulting in destabilization of sulphate complexes that can occur
due to changing pH, Eh and temperature conditions of migrat-
ing solutions (cf. Giere, 1996; Gammons et al., 1996). Many re-
searchers have argued that REE sulphate complexes in acidic
environments can be adsorbed onto the Fe-Al-Mn hydrous ox-
ides (Johannesson et al., 1996; Bau, 1999; Protano and
Riccobono, 2002; Gammons et al., 2003; Verplanck et al.,
2004; Brugger et al., 2006; Zhao et al., 2007; Welch et al,,
2009). Because the flow of mineralizing solutions took place
within the carbonate-rich rocks of the Kupferschiefer series,
subsequent fluid-rock exchange reactions (including dissolution
of carbonates) neutralized acidity of the solution (cf. Worrall and
Pearson, 2001; Verplanck et al., 2004; Olias et al., 2005;
Migdisov et al., 2016). After the release of REE into solution, as
acidic fluids were buffered to a higher pH by carbonates, reac-
tive Fe-oxyhydroxides scavenged REE due to destabilization of
REE sulphate ligands, removing them from oxidizing fluids.
Consequently, it seems likely that the formation of REE enrich-
ments (including MREE) in the oxidized rocks was favoured by
interaction of the REE-enriched fluid with wall rocks containing
efficient neutralizers in the form of carbonate, and followed by
their coeval uptake by precipitating ferric oxyhydroxides. Sorp-
tion, not only by hematite but also by clay, silica and alumina,
can be also responsible for REE concentration (cf. Protano and
Riccobono, 2002; Gammons et al., 2003; Piasecki and
Sverjensky, 2008; Zanin et al., 2010; Ma et al., 2011), therefore
uptake by clay minerals (Sawtowicz, 2013), particularly by
neomorphic illite (Bechtel et al., 1999, 2001b) and by carbon-
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ates (Michalik, 2001), can be also considered. Variability of
REE concentrations, with respect to different lithologies are as-
sumed to be associated with the content of clay material (Mayer
et al., 1992). As demonstrated by European Shale/REE nor-
malized curves, REE contents of the silicate fraction show sig-
natures similar to the whole rock analyses, indicating that sili-
cates are the main carriers of REE (Bechtel et al., 2001b).
Glauconite locally dispersed in oxidized rocks can be an addi-
tional site for concentration of some REE (cf. Stille and Clauer,
1994). Likewise, iron sulphides and organic matter are sug-
gested as possible sites for REE adsorption (cf. Welch et al.,
2009). Michalik (2001) demonstrated an increase of REE con-
tent in the uppermost part of the sandstones that may have
been caused by the formation of authigenic REE carbonate and
phosphate minerals in carbonate cement of the topmost
Weissliegend or due to the presence of detrital heavy minerals
and feldspar.

It should be noted that slightly oxidized shales, typical for
the transition zone, are more enriched in REE than intensely
oxidized hematitic shales from centres of the Rote Faule areas
(Fig. 8). It is postulated that REE were leached from the most
oxidized rocks, redistributed along the pathways of fluids, and
formed enrichments in the transition zone. By this stage, the
conversion of intermediate REE-bearing Fe-oxyhydroxide pha-
ses to hematite, and the formation of authigenic illite and (or)
the recrystallisation of illite (Bechtel et al., 1999) could promote
subsequent mobilization of REE and their transport from mostly
oxidized centres of alteration, and later reprecipitation of REE in
localities close to the expanded redox front.

The origin of MREE enrichments in the Kupferschiefer is
unclear, as they may have been inherited from the source rock
or mineralizing fluids; alternatively it can be a consequence of
solid-liquid exchange reactions. Although the PAAS-normal-
ized REE curves have similar shapes (Figs. 5-8), it is evident
that oxidized and copper-bearing rocks are characterized by
more pronounced enrichment of MREE over LREE and HREE
than Pb, Zn, and pyrite-mineralized rocks.

Several mineral phases or a combination of iron oxides,
phosphates, carbonates, organics and sulphides have been
suggested as MREE sources (Johannesson et al., 1996). Al-
though organic matter and sulphides are not effective concen-
trators of REE, they may accumulate more (M + H)REE than
LREE (Jiang et al., 2006; Zanin et al., 2010). Locally encoun-
tered rocks of the Kupferschiefer series enriched in P,Os or
containing phosphate minerals (e.g., Kucha, 1982; Mayer and
Piestrzynski, 1986; Hartmann et al., 1997; Michalik, 2001;
Sawtowicz, 2013) suggest the possibility of REE liberation from
phosphates which are commonly enriched in MREE (e.g.,
Hannigan and Sholkovitz, 2001; Shields and Stille, 2001;
Bouch et al., 2002).

A number of possible processes have been suggested to
explain the enrichment of MREE in natural waters, including the
original composition of source rocks, solid-liquid exchange re-
actions, dissolution of MREE-rich mineral phases, leaching of
MREE-enriched mineral surface coatings, fractionation by sur-
face/solution reactions between MREE-enriched minerals and
acid waters, sulphate and (or) phosphate complexation, and
the combined action of different mechanisms (Gosselin et al.,
1992; Sholkovitz, 1995; Gieré, 1996; Gammons et al., 2003).
Strong consideration is given to chemical properties of mineral-
izing solutions (low pH, high salinity, elevated temperature and
the presence of ligands) that facilitate fluid-rock interactions
(Johannesson et al., 1996; Worrall and Pearson, 2001; Protano
and Riccobono, 2002; Verplanck et al., 2004), however, desor-
ption processes (Gosselin et al., 1992; Protano and Riccobono,

2002; Ma et al., 2011) and leaching of certain mineral phases,
such as hematite, phosphates, clay minerals, carbonates or or-
ganic matter have been proposed as the most probable pro-
cesses that may be responsible for MREE enrichments in fluids
(Sholkovitz, 1995; Johannesson et al., 1996; Cruse et al., 2000,
Hannigan and Sholkovitz, 2001; Shields and Stille 2001; Welch
et al., 2009; Zanin et al., 2010).

There is plenty of evidence that low-pH solutions rich in
sulphates are more capable of being enriched in MREE through
sulphate complexation because MREE sulphate ligands are
most stable compared with LREE and HREE equivalents, indi-
cating greater MREE mobility (Johannesson et al., 1996; Gam-
mons et al., 2003; Zhao et al., 2007). It was clearly demon-
strated (e.g., Bau, 1999; Worrall and Pearson, 2001; Protano
and Riccobono, 2002; Verplanck et al., 2004; Olias et al., 2005;
Welch et al., 2009; Ma et al., 2011) that metal sulphide-contain-
ing rocks affected by acidic washing tend to be depleted in
MREE whereas fluids resulting from oxidative alteration present
MREE-enriched signatures and that ferric oxyhydroxides
played a crucial role in both the REE uptake and removal. As
previously suggested, deposition of MREE, like REE, occurred
due to destabilization of REE-sulphate complexes through pH
neutralization by carbonates, or through processes that reduce
the sulphur, and transform it into species, such as thiosul-
phates, sulphides, or native sulphur (Migdisov et al., 2016). This
may also indicate that a short-distance transport of REE might
have been facilitated by processes that transform sulphate into
metastable intermediate sulphur oxyanions during fluid percola-
tion through the redox transition (Oszczepalski, 1994, 1999;
Piestrzynski and Wodzicki, 2000). A distinct relationship be-
tween distribution of REE, oxidative alteration and metal zona-
tion strongly supports the suggestion of Bechtel et al. (2001b)
that mid-REE enrichment is probably related to the formation of
insoluble mineral phases associated with the silicate fraction
accompanied by iron oxyhydroxides, as evidenced by similar
REE distributions for both rock samples and silicate fraction.
They conclude that MREE have been preferentially partitioned
into secondary ferric iron precipitates and authigenic illite, which
were formed during oxidation. Therefore, it seems that the most
likely cause of elevated MREE patterns can be attributed to dis-
solution of MREE-enriched Fe-oxyhydroxides and, to a lesser
extent, phosphates. Subsequently, MREE were presumably
scavenged from migrating fluids by aged iron-oxyhydroxides
and coeval authigenic illite. Since the highest MREE concentra-
tions typically occur in external parts of the oxidized rocks stud-
ied (Fig. 8), one can assume that these enrichments are the
consequence of acidic sulphate solution flow outward from the
core of the ore system exhibiting the most extensive alteration,
while fluids expanded the hematitic alteration front (Fig. 10).

Slightly different signatures for shales from the Zabno 2/13
and, to a lesser extent, from the Kalwy 2/7 and Czmon 11/8
boreholes (Figs. 4 and 5) that are situated at the northern side
of the Wolsztyn palaeo-high, as compared to other signatures,
may be attributed to a number of factors including mixing from
many sources and intensity of remobilization.

A RESOURCE PERSPECTIVE

The term “rare earths” creates confusion, because the aver-
age content of REE in the crust (approx. 148 ppm; Table 1) is
higher than most of industrial base metals, such as copper, zinc,
lead, molybdenum, nickel, tin or tungsten, and the concentration
of the least abundant lutetium is many times higher than of gold.
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Fig. 10. Schematic section of the Kupferschiefer series showing the REE-enriched zone in relation to the oxidized Rote Faule
and the metal zoning with respect to the enclosing strata

However, in contrast to these metals, REE exhibit a poor ten-
dency to form ore concentration. Most of the resources are lo-
cated in China, Brazil, USA, India, Australia, Malaysia, Canada
and South Africa. In Europe, insignificant deposits, resources
and occurrences are found in Sweden, Norway, Finland, Spain,
Turkey and Germany (Simandl, 2014; Goodenough et al., 2016).
The most important localities classified as REE resource are as-
sociated with carbonatites, syenites, pegmatites, peralkaline ig-
neous rocks, monazite-apatite veins, clays, laterite, bauxite,
heavy minerals deposits, uranium-bearing conglomerates, xeno-
time sandstones, phosphorites, skarns, greisens, iron oxide cop-
per-gold (IOCG) ores, and deep-sea manganese nodules and
muds. Global mining of REE (with Y) is currently approx. 120
thousand tons (2013) and ca. 95% of production comes from
China and only 5% come from other producers including USA,
India, Russia, Australia, Vietnam, Brazil and Malaysia (Long et
al., 2012; Simandl, 2014).

Global REE resources are higher than expected consump-
tion in the 21st century. However, concentration of production in
China, the supply risk, abrupt variations in prices, and recent
REE shortages for the production of high-tech applications
have forced companies to invest in exploration. The measure of
this activity is almost 600 active exploration projects, of which
approx. 400 perform drilling exploration and prospecting
(Simandl, 2014). World REE-demand growth is estimated to be
increasing at a rate of about 8% per year due to technological
progress (Long et al., 2012). As a result of market shortages,
non-delivery risk is likely, hence the EU recognized REE as crit-
ical for its economic development (Galos et al., 2012). This ap-
plies particularly to MREE-HREE, for which there is the highest
demand, reflected by the highest prices exceeding $100/kg of
metal (Dy, Nd and Pr), or even $1,000/kg (Tb and Eu).

As is apparent from the review of different types of docu-
mented REE deposits, the lowest average REO (rare-earth ox-
ides) grade ranges within 100-1000 ppm (Long et al., 2012;
Jaireth et al., 2014; Goodenough et al., 2016), but the average
REOQO content in most deposits with proven reserves typically ex-

ceeds the value of 1%. Insights from comparison of Table 2 and
Appendix 2 show that the maximum concentration of REE in the
copper shale (XREE in the range of 140—230 ppm) only margin-
ally exceeds the average content in the Earth’s crust
(140-150 ppm) and world shales (150-390 ppm; Table 1). The
reported average content of REE in the transition zone
(261 ppm) and, to a lesser extent, in hematitic and copper-rich
shales (194 and 172 ppm, respectively) fall within the range be-
tween black shales and metalliferous black shales (REE aver-
age 185 and 390 ppm, respectively; cf. Table 1), which means
that even the richest Kupferschiefer samples (XREE 291 ppm in
oxidized shales and up to 253 ppm in shales with copper miner-
alisation) do not contain substantial concentration of REE. In
the case of sandstone and carbonate samples, abundances of
REE are even smaller than in shales, but the REE content is
also the highest in oxidized sandstone samples (average con-
tent is 114 ppm at a maximum up to 186 ppm). Therefore, the
Kupferschiefer series, due to relatively low REE concentrations
compared to documented REE deposits, does not seem to be a
prospective source, barring the appearance of economic need,
particularly in parts of the oxidized areas, in which REE coexist
spatially with gold and PGE. The REE deposits associated with
black shale are extremely rare (Gieré, 1996; Long et al., 2012;
Jaireth et al., 2014; Simandl, 2014), excepting a few poly-
metallic black shales (Weng et al., 2015), phosphorite-bearing
shales (e.g., Cruse et al, 2000), black slates (Loukola-
-Ruskeeniemi and Lahtinen, 2013) or shales with IOCG hydro-
thermal mineralisation (Simandl, 2014). REE in several other
shale-related polymetallic deposits occur as accompanying
commodities (e.g., Jiang et al., 2006; Zanin et al., 2010), how-
ever, there is little information about economic utility.

Modes of occurrence of REE in the examined samples are
not well understood. Similar REE patterns for sandstones,
shales and carbonates may suggest that REE are mainly linked
with terrigenous material, iron oxides and, to lesser extent, with
phosphates, carbonates, accessory minerals as well as with
kerogen and sulphides (in reduced rocks) or glauconite (in
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slightly oxidized rocks). The likely presence of rare earths within
the structure of various REE-bearing mineral phases, that are
difficult to process, makes it difficult to consider the mode of ex-
traction, recoverability, and related costs (Long et al., 2012;
Weng et al., 2015).

The considering of the Kupferschiefer series as a prospec-
tive source of REE (even in the case of efficient recovery tech-
nology) is not currently justified from an economic point of view.
However, since almost all investigated rock samples (especially
oxidized shales) are characterized by elevated REE contents, it
is not unlikely to find even higher (than disclosed today) con-
centrations that may occur locally in undiscovered oxidized lo-
calities. Regional prospectivity assessment of REE could be
particularly useful in areas with Rote-Faule-related Au-Pt-Pd
mineralisation, when considering the possibility of their
combined production.

CONCLUSIONS

This study of REE concentrations in 27 samples of the
Kupferschiefer series from 10 boreholes revealed large-scale
regularity in variability of their concentration in terms of areas with
different geochemical zones. Distinct differences in REE con-
centrations (including LREE, MREE and HREE) in shales are
observed on the REE diagrams normalized both to chondrite
and to PAAS with respect to redox changes as well as with re-
gard to type of mineralisation. The highest *REE and XMREE
concentrations (261 and 85 ppm on average, respectively) are
found to be associated with oxidized shales of the transition
zone, which is reflected in relatively symmetric upward convex
REE distribution patterns in relation to PAAS, whereas slightly
flatter REE profiles characterize copper shales, and most of
Pb-Zn and pyritic shales. Concentrations of REE versus the tran-
sition zone tend to be lower in the hematite zone occupying cen-
tres of the Rote Faule areas (223 ppm) and in successive zones
with copper (194 ppm), Pb-Zn (147 ppm) and pyrite (158 ppm)
zones. Very similar trends can be also observed with respect to
Y and Sc. The abundances of REE in sandstones and carbon-
ates are lower than in shales, but the trend of their increasing
concentration towards oxidized lithologies is also noted.

The results are consistent with a recent genetic model for
the Kupferschiefer mineralisation, arguing for the migration of
metalliferous brines outward from the cores of the Rote Faule
areas into the reduced sediments. The regional association be-
tween Rote Faule alteration, metal zonation, and distribution of
REE enrichments indicates that both REE and base metals

were introduced by the same hydrothermal fluids during pro-
gressive evolution of the mineralizing system. The striking fea-
ture is that the upgraded REE abundances in oxidized rocks co-
incide with the Rote Faule-related gold and PGE concentra-
tions, suggesting that both types of enrichment were likely a
result of similar fluid/rock interactions.

The highest concentration of REE, especially MREE, within
the Rote Faule, testifies to remobilization and movement of rare
earth elements by relatively low-pH and sulphate-dominated
fluids MREE>HREE>LREE, and their deposition superimposed
on the original REE distribution along flow paths of mineralizing
solutions. This is indicated by a systematic decrease in REE
(especially MREE) from oxidized rocks, through rocks mineral-
ized with copper sulphides up to the outermost Pb-Zn and pyrite
zones. The lowest average concentrations of REE (including
LREE, MREE and HREE) were found in barren pyritic shales,
since areas of the pyrite zone were not being subjected to
extensive mineralizing processes.

A pronounced convex-up PAAS-normalized REE pattern
indicating the highest enrichment in MREE within shales from
the transition zone can be explained by leaching of altered
rocks and lateral REE redistribution during migration of mineral-
izing fluids enriched in sulphate ligands, and followed by pro-
gressive fixation and concentration of REE (chiefly MREE) by
secondary ferric iron precipitates and authigenic illite, which
have been formed contemporaneously with oxidation.

Despite forecasted global REE-demand growth by new
technologies, due to relatively low concentrations (compared to
the average grade in REE deposits and occurrences), the domi-
nance of LREE and MREE over the most economically valuable
HREE, and the occurrence of REE within the matrix of rock-
-forming minerals, the Kupferschiefer series do not seem to be
a valuable source of REE to economic levels. Nevertheless, the
overall potential looks prospective regardless of the size or
grade, particularly in relation to those parts of oxidized areas,
where REE coexist spatially with Au and PGE.
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