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This study deals with the spa tial dis tri bu tion and the PAAS-nor mal ized pat terns of rare earth el e ments (REE) stud ied by
ICP-MS in the Kupferschiefer se ries of SW Po land. The most char ac ter is tic fea ture is a pro gres sive en rich ment in REE con -
tent (in clud ing Y and Sc) out ward from the rocks with py ritic and Pb-Zn min er al isa tion, across the rocks with cop per min er al -
isa tion, to wards the ox i dized (Rote Fäule) ar eas. The same trend can also be ob served with re spect to LREE, MREE and
HREE. Whereas REE dis tri bu tion di a grams for shales with py rite and Pb-Zn min er al isa tion are al most flat, di a grams for
shales with he ma tite and cop per min er al isa tion are con vex-up ward and the stron gest con vex ity is at trib uted to the tran si tion
from hematitic al ter ation to cop per-rich rocks. REE dis tri bu tion di a grams nor mal ized to PAAS show strong MREE en rich -
ment rel a tive to LREE and HREE, which is typ i cally the high est in the he ma tite zone, lower in shale with cop per min er al isa -
tion, and the low est in shales with Pb-Zn and py rite min er al isa tion. The sys tem atic in crease in the con cen tra tion of REE
to wards the Rote Fäule, and the strong en rich ment in MREE in the tran si tion zone are in dic a tive of vari able in ten sity of leach -
ing and for ma tion of the REE en rich ments (in clud ing MREE) by MREE>HREE>LREE flu ids, as ev i denced by the MREE-en -
riched sig na tures. Over print ing of sec ond ary en rich ments over the orig i nal REE pat tern due to re dis tri bu tion along the
path ways of ex pand ing flu ids are pos tu lated to ac count for the ap par ent dif fer ences in the dis tri bu tion and con cen tra tion of
REE (in clud ing the MREE-en riched trend) be tween the ox i dized rocks, cop per-bear ing rocks, and re duced lithologies bar ren 
in cop per. 
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INTRODUCTION

The Kupferschiefer se ries (of ten re ferred to as the Zechstein
cop per-bear ing se ries) com prises the low er most part of the Up -
per Perm ian (Wuchiapingian) ma rine se quence (Zechstein) and
the up per most por tion of the ter res trial redbeds (Rotliegend)
(Fig. 1). This se ries is de vel oped as black or dark grey or -
ganic-rich and metal sul phide-con tain ing fa cies (“re duced
zone”), and as red-stained or ganic mat ter-de pleted and iron ox -
ide-bear ing rocks (“ox i dized zone” = “Rote Fäule”). The Rote
Fäule is a zone of post-depositional ox i da tive al ter ation ex hib it ing 
he ma tite min er ali sa tion heavily over print ing sul phide min er als
(Rydzewski, 1978; Jowett et al., 1987; Oszcze palski, 1989,
1994, 1999; Oszczepalski and Rydzewski, 1991), and fea tures
in dic a tive of ex ten sive de struc tion of or ganic mat ter, trans for ma -
tion of clay min er als, and sta ble iso tope vari a tions (Speczik and
Püttmann, 1987; Püttmann et al., 1989; Bechtel et al., 1999,
2001a, 2002; Kucha and Przyby ³owicz, 1999; Oszczepalski et
al., 2002; Speczik et al., 2003). The met als are dis tinctly zoned
not only ver ti cally, but also lat er ally in belts pre dom i nated by cop -

per, lead, zinc and py rite min er ali sa tion, which sur round suc ces -
sively the Rote Fäule ar eas in di cat ing di rec tion of ore flu ids flow
(Oszczepalski and Rydzewski, 1997; Oszczepalski et al., 2016).
The he ma tite zone form ing the in ner part of the ox i dized area is
de vel oped as ex ten sively al tered rocks con tain ing sparse rel ics
of sulphides and highly -de graded or ganic mat ter. The out er most
part of the ox i dized zone, which was named as the tran si tion
zone be tween ox i dized and re duced rocks (Oszczepalski and
Rydze wski, 1991), is dom i nated by weaker al ter ation and char -
ac ter ized by re place ments of Cu and Fe sulphides by iron ox ides
ac com pa nied by sparsely dis sem i nated rem nant cop per sul phi -
des and mi nor glauconites (Oszczepalski, 1994, 1999; Oszcze -
palski et al., 2002). 

Gen eral in crease in the con tent of many trace el e ments
(e.g., Se, Re, U and Th) to wards the cop per zone, and the ten -
dency for cer tain el e ments to be de pleted (e.g., Co, Ni, Mo, Re,
As, Sc, F and Y) or en riched (e.g., Au, PGE, Hg and Sc) in the
ox i dized Rote Fäule zone have been re ported (e.g., Kucha and
Przyby³owicz, 1999; Oszczepalski, 1999; Piestrzyñski and
Wodzicki, 2000; Oszczepalski et al., 2002; Pieczonka et al.,
2008; Pieczonka, 2011). Much less at ten tion has been paid to
the re search of rare earth el e ments (REE). So far, mostly rock
sam ples from the Lubin-Sieroszowice min ing dis trict have been 
stud ied (Janczyszyn et al., 1986; Mayer et al., 1992; Saw³owicz, 
1994, 2013; Bechtel et al., 2001b; Michalik, 2001). Ad di tional
sam ples from only a few bore holes out side the min ing dis trict
have been ana lysed (Mayer et al., 1992; Bechtel et al., 2001b).
These stud ies show that the most en riched in REE are ox i dized
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Zechstein rocks (Bechtel et al., 2001b; Saw³owicz, 2013) in
con trast to re duced fa cies which does not con tain such en rich -
ments, re gard less of a pres ence or ab sence of rich sul phide
min er ali sa tion (Janczyszyn et al., 1986; Mayer et al., 1992;
Bechtel et al., 2001b; Saw³owicz, 2013). There fore, it is ex -
tremely vi tal to ex am ine bore holes from the metal zones that
rep re sent dif fer ent geo chem i cal char ac ter is tics and min er ali sa -
tion pat terns through out SW Po land. 

The main goal of this study was to de ter mine the con tent of
REE in the Kupferschiefer se ries in se lected bore holes lo cated
in the Sudetic fore land (Fig. 2). Pre lim i nary re search into the
REE geo chem is try de scribed here was car ried out at the Pol ish
Geo log i cal In sti tute – Na tional Re search In sti tute (Mikulski et
al., 2014). Par tic u lar em pha sis was placed on the tran si tion
zone, oc cur ring in the out er most parts of the ox i dized com plex,
which is con sid ered to be a sig nif i cant com po nent of the min er -
al iz ing sys tem, in di cat ing di rec tion of the al ter ation trend
caused by min er al iz ing flu ids (Oszczepalski and Rydzewski,
1997). In this light, the es sen tial task of this ex am i na tion was to
de fine the reg u lar i ties of REE oc cur rences in the Fore-Sudetic
Monocline based on se lected bore holes to re veal changes in
their con tent with re gard to the ox i dized zone (in clud ing the
tran si tion zone) and zones of sul phide min er ali sa tion. These
vari a tions can be used to in ter pret the fac tors re spon si ble for
REE trans port and ac cu mu la tion. The next aim was to in di cate
ar eas with the high est con cen tra tions of rare earth el e ments.
Al though REE in the Kupferschiefer se ries rarely form a con sid -
er able con cen tra tion, an in creas ing world de mand ex pects to
in crease global REE re serves by seek ing new sources.

GEOLOGICAL BACKGROUND

The study area is lo cated within the south west ern part of
epi-Variscan plat form, which con sists of the North Sudetic

Trough and the Fore-Sudetic Monocline, sep a -
rated by the up lifted Fore-Sudetic Block. These
units de vel oped es sen tially dur ing the Lara mide
Phase of the Al pine Orog eny as fore land bas ins to
the Sudetes Moun tains. The post -Variscan cover
of Perm ian-Me so zoic for ma tions was likely de pos -
ited over the Fore-Sudetic Block, but was eroded
dur ing Lara mide move ments. The Perm ian to Early 
Tri as sic extensional stage is con sis tent with the
Late Perm ian-Early Ju ras sic tec tonic sub si dence
curves im ply ing that Perm ian and Tri as sic rift ing
pre dom i nantly mod i fied the con fig u ra tion of the
South ern Perm ian Ba sin (van Wees et al., 2000).

The pre-Perm ian base ment was folded and
con sol i dated dur ing the Late Car bon if er ous Vari -
scan orog eny. Dur ing the Perm ian, the area of SW
Po land be longed to the South ern Perm ian Ba sin
which was formed at the tran si tion from the Car -
bon if er ous to Early Perm ian as a re sult of sub si -
dence by rift ing (van Wees et al., 2000). A num ber
of sub-de pres sions sep a rated by ridges de vel -
oped, in clud ing the Wolsztyn-Pogorzela High
which sep a rated the Zielona Góra Ba sin from the
Variscan Fore land (Kiersnowski et al., 2010). Rot -
lie gend red-beds ac cu mu lated in bas ins, whereas
at ridges the Rotliegend sed i ments are gen er ally
lack ing, or the ridges are partly cov ered by vol ca nic 
rocks. The Rotliegend red beds/volca nics are over -
lain by white flu vial or ae olian sed i ments form ing
the Weissliegend sand stones (Fig. 1). 

The Zechstein de po si tion com menced with flood ing of the
con ti nen tal Rotliegend ba sin as a re sult of rift ing-in duced sub si -
dence com bined with a con tem po ra ne ous rise in sea level
(Peryt et al., 2010 with ref er ences). The top most parts of the
Weissliegend sand stones were re worked by the ini tial Zech -
stein trans gres sion, and the transgressive con glom er ates and
sand stones were lo cally de pos ited (mostly in nearshore con di -
tions). With pro gres sive sta bi li za tion, the Kupferschiefer was
de pos ited through out the ba sin, ex clud ing ridges (Oszcze palski 
and Rydzewski, 1987). The Kupferschiefer rests above the
Zechstein Sand stone or Zechstein Con glom er ate, less of ten
above the Basal Lime stone, and only spo rad i cally on the
Rotliegend siliciclastics and volcanics or pre-Perm ian base -
ment. The Basal Lime stone is pres ent only in shal low-wa ter,
nearshore en vi ron ments. The thick ness of the Kupferschiefer
var ies from sev eral centi metres to 170 cm, with the max i mum at 
de pres sions and their slopes. Spa tial dis tri bu tion of the litho -
facies in di cates that the Kupferschiefer was de pos ited in a
low-en ergy, mud-dom i nated strat i fied sea with per ma nent stag -
nant bot tom-wa ter con di tions. De po si tion gen er ally took place
be low the fair-weather wave base. The deep-wa ter fa cies (or -
ganic mat ter-rich black shales with fine flat lam i na tion) was
formed in an aer o bic-to-dysaerobic wa ters, whilst the shal low -
-wa ter fa cies (or ganic mat ter-con tain ing grey shales con sist ing
mainly of pla nar- and wavy lam i nated marlstones and dolomitic
shales) formed within the storm wave base in dysaerobic con di -
tions. Vari abil ity of the Kupferschiefer se quences is at trib uted to 
a fluc tu at ing redoxcline that in ter sected the sub ma rine to pog ra -
phy. The de po si tion of the Kupferschiefer ter mi nated with an
ex ten sive bioturbation and ex pan sion of skel e tal fauna in di cat -
ing that the an aer o bic-dysaerobic en vi ron ment had been re -
placed by aer o bic con di tions which are dis tinc tive for the
Zechstein Lime stone set ting. The Zechstein Lime stone shows
a fairly con sis tent de vel op ment through out the ba sin, with up to
120 m of car bon ates in nearshore plat forms, in con trast to sev -
eral metres thick car bon ates in the basinal set tings (Peryt et al.,
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Fig. 1. Strati graphic po si tion of the Kupferschiefer se ries 
and a dis tri bu tion chart of geo chem i cal zones



2010, 2012a, b). Most of the intrabasinal palaeo highs are gen -
er ally lack ing both the Rotliegend and Weisslie gend sed i ments
and the Kupferschiefer, and are rep re sented by con densed
sec tions (1–5 m thick) com pris ing shal low-wa ter car bon ates,
whereas other ridges are over lain by build-ups up to 90 m thick
(Kiersnowski et al., 2010; Peryt et al., 2012b). The de po si tion of
the Zechstein Lime stone was ter mi nated by the Lower
Anhydrite which is the low er most unit of Zechstein evaporites.

The Kupferschiefer min er ali sa tion oc curs at the con tact be -
tween the up per most Rotliegend redbeds and the Lower
Zechs tein ma rine siliciclastics, shales, car bon ates and evapo -
rites (Fig. 1). The cop per-bear ing se ries com prises the Weiss -
lie gend, Basal Lime stone, Kupferschiefer and Zechstein Lime -
stone units. Lo cally, small amounts of sulphides oc cur at the
base of Lower Anhydrite. 

The Kupferschiefer-type ore min er ali sa tion rims the Rote
Fäule show ing a re gional-scale metal zonation around the ar -
eas of footwall ox i da tive al ter ation (Fig. 2). The met als are dis -
trib uted both ver ti cally and hor i zon tally in the se quence
Fe3+(Au, Pt, Pd)-Cu(Ag)-Pb-Zn-Fe2+ in dis tinct suc ces sive zo -
nes (Oszczepalski and Rydzewski, 1997). Gold and PGE con -

cen trated mainly within the Rote Fäule, and par tic u larly in the
tran si tion zone (e.g., Piestrzyñski et al., 1997; Piestrzyñski and
Saw³owicz, 1999; Kucha and Przyby³owicz, 1999; Oszcze -
palski, 1999; Piestrzyñski and Wodzicki, 2000; Oszczepalski et
al., 2002; Pieczonka et al., 2008). The py rite zone, char ac ter -
ized by vast pre dom i nance of py rite over Cu, Pb and Zn
sulphides, is re stricted to the ar eas most dis tal from the Rote
Fäule, pre vail ing in mar ginal parts of the Zechstein ba sin and in
the Wolsztyn-Pogorzela High.

The spa tial dis tri bu tion of met als and the highly sig nif i cant
re la tion ships be tween cop per orebodies and the Rote Fäule ar -
eas in di cate that the Kupferschiefer min er al iz ing sys tem de vel -
oped as a post-sed i men tary event caused by a large-scale
cross-formational flow of amagmatic hy dro ther mal flu ids from
pre-Zechstein footwall rocks dur ing the evo lu tion of the Perm ian 
Ba sin. Sub stan tial flows of met al lif er ous so lu tions pro ceeded
within the Rotliegend ba sin to wards palaeohighs, spread ing up -
ward and out ward, as ev i denced by ox i da tive footwall al ter ation
in feeder ar eas (Rydzewski, 1978; Oszczepalski and Rydze -
wski, 1991, 1997; Oszczepalski, 1999). Fluid flows were trig -
gered by con vec tion, com pac tion, brine recirculation, seis mic
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Fig. 2. Map show ing lo ca tion of stud ied bore holes in re la tion to the Rote Fäule and metal zon ing pat terns 
in the Kupferschiefer se ries of SW Po land

BO – Bytom Odrzañski, G – G³ogów, Ga – Gaworzyce, L – Lubin, M – Ma³omice, P – Polkowice, 

Ra – Radwanice, Re – Retków, Ru – Rudna, S – Sieroszowice



pump ing, ep i sodic re lease or a com bi na tion of the pro cesses
(Kucha and Pawlikowski, 1986; Jowett et al., 1987; Oszcze -
palski, 1989, 1999; Cathles et al., 1993; Wodzicki and Pie -
strzyñ ski, 1994; Blundell et al., 2003). The tem per a ture of min -
er al iz ing so lu tions did not ex ceed 150°C (Oszczepalski, 1999;
Oszczepalski et al., 2002; Speczik et al., 2003). It was ar gued
that the large-scale long-lived or mul ti stage fluid flow caused
the cross-cut ting re la tion ships, ex pan sion of the hema titic al ter -
ation front to form the tran si tion zone be tween the ox i dized and
am bi ent re duced rocks, re dis tri bu tion of met als, and the lo ca -
tion of Cu-Ag ore bod ies di rectly above and around the no ble
met als-bear ing ox i dized rocks. The geo chem i cal and pet ro logic 
stud ies pro vide ev i dence for an ex ten sive ox i da tion of or ganic
mat ter and pre-ex ist ing sulphides as dem on strated by de -
graded organics and rem nant iron and cop per sulphides re -
placed by iron ox ides (e.g., Rydzewski, 1978; Speczik and
Püttmann, 1987; Püttmann et al., 1989; Oszczepalski and
Rydzewski, 1991; Saw³owicz, 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 an a lyt i cal REE de ter mi na tions in the low er most
Zechstein sed i ments of SW Po land were done on 22 sam ples
col lected from mines of the Lubin-Sieroszowice dis trict (Jan -
czy szyn et al., 1986). In the ini tial stage, only La, Eu and Sc
(INAA method) were ex am ined. It has been shown that the con -
tent of La in the shales var ies from 12 to 21 ppm, Eu from 0.5 to
1.6 ppm, and Sc in the range of 2–19 ppm. 

The pre lim i nary in ves ti ga tion in Ger many con cern ing the
con tent of REE (us ing the INAA method) was per formed on six
pro files from out crops in the Sangerhausen re gion (Ham mer et
al., 1990). The pre sented range of REE (La, Ce, Sm, Eu, Tb, Yb 
and Lu) con tents show no clear REE con cen tra tion pat terns in
the dis tri bu tion of REE with re spect to min er ali sa tion zones. A
weakly ex pressed trend of slight de ple tion in La and Ce is noted
only in the cop per zone com pared with the ox i dized and Zn-Pb
zones. In ad di tion, the study of sev eral sam ples from the
Mansfeld area in Ger many (by ICP-MS) re vealed that re gard -
less of the pres ence or ab sence of rich sul phide min er ali sa tion,
low er most Zechstein rocks are not en riched in REE (Müller et
al., 2008).

Broad re gional re search was con ducted by Mayer et al.
(1992) who stud ied 29 sam ples of min er al ized sand stones,
shales and dolomites gath ered from the Lubin mine, and 25
sam ples taken from bore holes sit u ated in the east ern part of the 
Fore-Sudetic Monocline and in the Pomerania re gion. Based on 
re duced pro files, the high est REE abun dances (INAA method)
were mea sured in the shales, while the low est con tent – in the
sand stones. Ac cord ing to the au thors, this is at trib uted to an in -
creas ing abun dance of clay min er als. Dis tri bu tion di a grams
nor mal ized to the NASC stan dard (North Amer i can Shale Com -
pos ite; cf. Ta ble 1) dis play the dom i nance of light REE over
heavy REE, neg a tive Ce and Eu anom a lies, and a pos i tive Sm
anom aly; nev er the less, the pro files dis tant from the Lubin -
-Sieroszowice de posit do not ex hibit equiv a lent reg u lar i ties.  

Fur ther stud ies of REE con cen tra tions (ICP-MS method) in
shales were done on seven sam ples from bore holes lo cated in
the vi cin ity of the Fore-Sudetic Block (Fig. 2), and two sam ples
from the Pomerania re gion in or der to de ter mine vari abil ity in
REE con cen tra tion and dis tri bu tion with re spect to min er ali sa -
tion zones (Bechtel et al., 2001b). For this pur pose, sam ples
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T a  b l e  1

Av er age REE com po si tion (ppm) of rock stan dards

REE Chondrite
Up per 

Con ti nen tal Crust
World Shale

Av er age NASC PAAS
SDO-1

Black Shales

SDO-1

Met al lif er ous
Black Shales

Lan tha num La 0.237 31    41.00 31.1   38.2   38.5    77.0

Ce rium Ce 0.613 63    83.00  66.7   79.6    79.3  158.6

Prazeodymium Pr   0.0928 7.1 10.10  7.70 8.83 8.9   19.8

Neo dym ium Nd 0.457 27    38.00  27.4   33.9    36.6    73.2

Sa mar ium Sm 0.148 4.7 7.50 5.59 5.55 7.7   15.4

Eu ro pium Eu   0.0563 1.0 1.61 1.18 1.08 1.6      3.2

Gad o lin ium Gd 0.199 4.0 6.35 4.90 4.66 6.5   13.0

Ter bium Tb   0.0361 0.7 1.23 0.85   0.774 1.2     2.4

Dys pro sium Dy 0.246 3.9 5.50 4.17 4.68 6.0    11.4

Hol mium Ho   0.0546   0.83 1.34 1.02   0.991 1.2      0.2

Er bium Er 0.160 2.3 3.75 2.84 2.85 3.6       7.2

Thu lium Tm   0.0247 0.3 0.63 0.48   0.405   0.45       0.9

Yt ter bium 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

SREE 2.5    148.1    204.2      157.5     184.8     195.5      390.1

Yt trium Y 1.57  21    35     27     40.6      81.2

Scan dium Sc 14     14.9 16      13.2      26.4

Chondrite (McDonough and Sun, 1995), Up per Con ti nen tal Crust (Rudnick and Gao, 2003), World Shale Av er age (Piper, 1974),
NASC – North Amer i can Shale Com pos ite (Gromet et al., 1984), PAAS – Post-Archean Aus tra lian Shale (McLennan, 1989),
SDO-1 – Black Shales (Huyck, 1989), SDO-1 – Met al lif er ous Black Shales (Huyck, 1989) 



from the he ma tite, Cu, Zn-Pb, and py rite zones were ex am ined. 
The high est con tents of REE were found in ox i dized shales (in
the range of 99 to 211 ppm, av er age 142 ppm), lower con cen -
tra tion in shales with Cu, Pb and Zn min er ali sa tion (69–96 ppm;
av er age 83 ppm), and the low est con cen tra tion in py ritic shales
(60–65 ppm; av er age 62 ppm). The weakly ox i dized shales
from the tran si tion zone are char ac ter ized by a sig nif i cantly
higher av er age con tent of REE (211 ppm) than the strongly ox i -
dized shales (125 ppm). The high est REE con cen tra tion oc curs 
in the sam ple from the tran si tion zone (210.81 ppm in the S-2
bore hole). Di a grams nor mal ized to both chondrite and ES (Eu -
ro pean Shale Com pos ite) show strong en rich ment in MREE
(Nd, Sm, Eu and Gd) com pared with LREE (La and Ce) and
HREE (Dy, Er, Yb and Lu). Ox i dized rocks have a pos i tive
anom aly for Sm and neg a tive Ce and Eu anom a lies. Sum ming
up, a grad ual de crease in REE con cen tra tion (in clud ing LREE,
MREE and HREE) was ob served start ing from ox i dized shales
(142 ppm) through cop per shales (83 ppm) to shales with py rite
min er ali sa tion lo cated far away from cop per de pos its (62 ppm),
as well as when go ing from highly ox i dized (125 ppm) to poorly
ox i dized shales (211 ppm). 

Based on 32 sam ples from the Lubin-Sieroszowice dis trict,
Michalik (2001) re ported the high est con cen tra tion of REE in
the up per most Weissliegend, link ing this en rich ment with the
pres ence of car bon ate ce ments, phos phates, flu o rides, and
Fe-ox ide rims around de tri tal grains.

Saw³owicz (1994, 2013) achieved com pa ra ble re sults to
those pre sented by Bechtel et al. (2001b) by the study of rock
sam ples from the Lubin-Sieroszowice dis trict (ICP-MS and
INAA). This study dem on strates the over all REE bud get in dif -
fer ent re gions and seven REE di a grams for se lected sam ples
of sand stones, shales and dolomites nor mal ized to the NASC
stan dard. In ad di tion, plots for 11 sam ples with cop per min er ali -
sa tion, two sam ples with Pb-Zn min er ali sa tion and 10 ox i dized
sam ples (in clud ing six sam ples from the tran si tion zone) are
pre sented. It has been shown that the larg est amounts of REE
(in clud ing MREE, Y and Sc) are in the ox i dized pro files (av er -
age REE con cen tra tion range 60–298 ppm, in the Polkowice
Mine and in the Solniki K 11 bore hole), lower con cen tra tions
are re corded in the pro files with cop per min er ali sa tion
(117–158 ppm) and zinc-lead-bear ing pro files (126–160 ppm).
The ox i dized sam ples have el e vated con cen tra tions of Sc
(13–19 ppm) and Y (8–45 ppm) com pared to re duced sam ples
(7–12, 7–27 ppm, re spec tively), and are en riched in MREE, as
dem on strated by the REE con vex-up wards dis tri bu tion pat -
terns. REE con cen tra tion val ues in dolomites and sand stones
are dis tinctly lower than in shales (av er age con tents are 73 and
82 ppm, re spec tively).

Ac cept ing the min er al iz ing sys tem, in which the for ma tion of 
the Rote Fäule/ore sys tem re sulted from the up ward and lat eral
ad vanc ing al ter ation by hy dro ther mal so lu tions, it is be lieved
that en rich ment of REE re sulted not only from the de liv ery by
min er al iz ing flu ids but pri mar ily from remobilization of REE from 
the al ter ing low er most Zechstein bed rock, and their re dis tri bu -
tion dur ing the sub se quent flow. Bechtel et al. (2001b) stated
that REE en rich ments (in clud ing MREE) in ox i dized lithologies
are the re sult of sec ond ary sup ply of REE by flu ids of
MREE>HREE>LREE type and their sub se quent de po si tion at
the re dox front. Al ter na tively, REE may have been remobilized
from orig i nally re duced pro files by ox i diz ing so lu tions re spon si -
ble for the Rote Fäule al ter ation, dur ing the for ma tion of
neomorphic illite, iron ox ides or phos phates (cf. Bechtel et al.,

1999, 2001a, b; Michalik, 2001; Oszczepalski et al., 2002).
Saw³owicz (2013) have shown that the larg est amount of REE
(in clud ing MREE) and Y and Sc were ac cu mu lated in the ox i -
dized part of pro files. Un like Bechtel et al. (2001b), Saw³owicz
(2013) as sumed that there are no sig nif i cant dif fer ences in the
dis tri bu tions of REE be tween strongly ox i dized sam ples and
sam ples from the tran si tion zone. How ever, the re ported REE
dis tri bu tion data un equiv o cally dis play that ox i dized sam ples
have con sid er able con tents of REE in the range of
60–298 ppm, with the high est val ues in sam ples from the tran si -
tion zone (188–298 ppm) and lower val ues for ex ten sively ox i -
dized sam ples (60–269 ppm). Both types of sam ples (heavily
ox i dized and poorly ox i dized) are en riched in REE (av er age
247 ppm) and lack ing in Eu anom a lies in com par i son with cop -
per-rich sam ples. On the ba sis of vari a tions in REE dis tri bu tions 
and their en rich ments in ox i dized and cop per-bear ing pro files,
Saw³owicz (2013) sup ports the view of Bechtel et al. (2001b)
that this en rich ment is due to the up ward in flux of min er al iz ing
so lu tions from Rotliegend units and be lieves that dif fer ences in
REE con cen tra tions in ox i dized and cop per-bear ing pro files are 
caused by a higher flow rate and (or) to tal vol ume of min er al iz -
ing so lu tions in ox i dized ar eas than in the cop per zone. In con -
trast to pre vi ous stud ies (e.g., Bechtel et al., 1999, 2001b;
Oszczepalski, 1999), Saw³owicz (2013) sug gested that ox i da -
tion of cop per sulphides and their re moval were re lated to the
later ac tion of min er al iz ing or post-min er al iz ing so lu tions and
that late-stage flu ids could be ox i diz ing but not min er al is ing. 

SAMPLING AND ANALYTICAL METHODS

A rep re sen ta tive suite of 26 sam ples from 10 bore holes lo -
cated in the Fore-Sudetic Monocline (out side the Lubin -Siero -
szowice cop per dis trict) was col lected from all lithostratigraphic
units of the Kupferschiefer se ries (Fig. 1). An ad di tional sam ple
from the Zdrada IG 8 bore hole lo cated in north ern Po land was
also stud ied. The ex am i na tion cov ered 14 shale sam ples col -
lected from the Kupferschiefer, nine Weissliegend sand stone
sam ples, two sam ples from the Zechstein Lime stone and two
other spec i mens from the Basal Lime stone. Thir teen sam ples
rep re sent re duced fa cies and 14 sam ples are from the ox i dized
zone (Ap pen dix 1*). Among sam ples of ox i dized rocks, eight
come from the strongly ox i dized part of the pro files and six sam -
ples from the slightly ox i dized tran si tion zone, whereas sam ples 
of re duced rocks com prise cop per, Pb-Zn and py rite min er ali sa -
tion pat terns.

The REE ICP-MS anal y ses were per formed at the Chem i -
cal Lab o ra tory of the Pol ish Geo log i cal In sti tute – Na tional Re -
search In sti tute, us ing Elan DRC II Perkin Elmer mass spec -
trom e try. The cal i bra tion of ex ter nal stan dards were pre pared
from multi-el e ment stock so lu tions from AccuStandard. Af ter
acid di ges tion, the sam ples were di luted 20 times with a so lu tion 
of 1% HNO3. To tal so lu tion of el e ments con tained in the sam -
ples was achieved by use of hy dro flu oric acid and chlor ic acid
(VII – ox i da tion of flu o rine and chlo rine in acid). Dried and pow -
dered sam ples were ini tially treated with ni tric acid (V) in or der
to dis trib ute or ganic mat ter and dis solved in a mix ture of
perchloric and hy dro flu oric acid (VII). In or der to im prove the
pro ce dure for dis so lu tion, the di ges tion pro cess was re peated
three times. In the last stage, af ter evap o ra tion to dry ness (on a
hot plate, to a tem per a ture of 150 ±10°C) the res i due was dis -
solved in di lute ni tric acid (V). The so lu tion ob tained was sub -
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mit ted to ICP-MS anal y sis en abling achieve ment of low de -
tec tion lim its of 0.5 ppm for LREE and 0.05 ppm for HREE.
Abun dances of base met als were de ter mined by the XRF
method, and Au, Pt, and Pd by ET AAS.

RESULTS

ANALYTICAL DATA

In or der to iden tify changes in REE vari a tion and dis tri bu -
tion, Kupferschiefer and Weissliegend sam ples were
grouped with re spect to geo chem i cal zones into ox i dized and 
re duced sam ples and into rocks char ac ter ized by he ma tite,
cop per, Pb-Zn, and py rite min er ali sa tion, con sid er ing zones
of re spec tive min er ali sa tion (Ap pen dix 1). Since the num ber
of car bon ate sam ples is in sig nif i cant, the fol low ing stud ies of
REE abun dances were based mainly on shale and sand -
stone units. The con cen tra tions of se lected base met als are
pre sented in Ap pen dix 1 and the to tal and av er age con tents
of REE, Y and Sc for all sam ples are pre sented in Ap pen dix
2. Av er age REE con tents in the Kupfer schiefer and
Weissliegend sam ples grouped with re spect to re dox and
min er ali sa tion zones have been cal cu lated (Ta ble 2). 

Due to sig nif i cant dif fer ences in con cen tra tions of in di vid -
ual REE, as pro posed by Sholkovitz (1995) and fol lowed by
Bechtel et al. (2001b), rare earth el e ments were di vided into
three groups com pris ing light REE (LREE): La, Ce, mid dle
REE (MREE): Nd, Sm, Eu, Gd, and heavy REE (HREE): Dy,
Ho, Er, Tm, Yb and Lu. 

To in ter pret vari a tions in REE abun dances in stud ied
sam ples, dif fer ent stan dards are typ i cally used (Ta ble 1),
how ever, the nor mal iza tion of REE con cen tra tions against
the chondrite and PAAS (post-Archean Aus tra lian Shale, cf.
Ta ble 1) stan dards are now more com monly used
(McLennan, 1989; McDonough and Sun, 1995). A Kupfer -
schiefer sam ple from the Zdrada IG 8 bore hole with py ritic
min er ali sa tion, bar ren of Cu, Pb and Zn (Ap pen di ces 1 and
2), is also sig nif i cant for com par i sons. It was re cently char ac -
ter ized by Peryt et al. (2012a). The REE con tent in this sam -
ple is sim i lar to REE con cen tra tions in black shale stan dards
with out rich sul phide min er ali sa tion (cf. Ta ble 1), show ing the
back ground dis tri bu tion of REE.

The REE dis tri bu tions in Kupferschiefer sam ples are pre -
sented as di a grams, both chondrite-nor mal ized (Fig. 3) and
PAAS-nor mal ized pat terns (Figs. 4–8), whereas the dis tri bu -
tion of REE in Weissliegend sam ples is nor mal ized to
chondrite (Fig. 9). To show en rich ments of some REE rel a -
tive to other el e ments and with re spect to the re dox zones
(re duced vs. ox i dized) and zones of min er ali sa tion (hematitic, 
cop per, Pb-Zn, and py rite), PAAS-nor mal ized mean val ues
and re lated pa ram e ters are pre sented (Ta bles 2 and 3). 

REE VARIATIONS IN LITHOLOGIES

Ac cord ing to the ac quired data, the dis tri bu tion and con -
tent of REE vary sig nif i cantly de pend ing on li thol ogy (Ap pen -
dix 2). The high est SREE con cen tra tions are re corded in the
Kupferschiefer (115–318 ppm, av er age 201 ppm) and con -
sid er ably lower con cen tra tions are in car bon ates of the
Zechstein Lime stone and Basal Lime stone (50–154 ppm, av -
er age 95 ppm), whereas the low est val ues are typ i cal for
Weissliegend sand stone sam ples (42–186 ppm, av er age
87 ppm). This trend is clearly vis i ble in the chondrite-nor mal -
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Fig. 6. PAAS-nor mal ized REE av er age con cen tra tions for the
Kupferschiefer sam ples grouped into ox i dized and re duced
shales with re spect to the re duced sam ple from the Zdrada IG 8
bore hole

Fig. 3. Chondrite-nor mal ized REE av er age con cen tra tions for
Basal Lime stone and Zechstein Lime stone car bon ates (Ca0
and Ca1), Kupferschiefer shales (T1) and Weissliegend sand -
stones (Ws)

Fig. 4. REE di a gram nor mal ized to chondrite for the Kupfer -
schiefer sam ples grouped into ox i dized (red) and re duced
(blue) rocks in clud ing the re duced sam ple from the Zdrada IG 8
bore hole and the PAAS stan dard

Fig. 7. PAAS-nor mal ized REE av er age con cen tra tions for the
Kupferschiefer sam ples grouped into shales with pre dom i nant
he ma tite, cop per, and Pb-Zn min er al isa tion with re spect to the
py ritic sam ple from the Zdrada IG 8 bore hole

Fig. 5. REE di a gram nor mal ized to PAAS for the Kupferschiefer
sam ples grouped into ox i dized (red) and re duced (blue) rocks
in clud ing the re duced sam ple from the Zdrada IG 8 bore hole

For ex pla na tions see Fig ure 4

Fig. 8. PAAS-nor mal ized REE av er age abun dances for the
Kupferschiefer sam ples grouped with re spect to tran si tion and
he ma tite zones 



ized sig na tures for the av er age REE con tent in car bon ates,
shales and sand stones (Fig. 3). The chondrite-nor mal ized di a -
grams dis play a very sim i lar shape of REE dis tri bu tion curves,
as well as the high est REE val ues for shales, en rich ment in
LREE, and neg li gi ble neg a tive Eu anom aly for all types of
lithological units. 

REE VARIATIONS IN OXIDIZED 
AND REDUCED ROCKS

In the shales stud ied, SREE var ies 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 (Ap pen dix 2).
Based on REE anal y ses, av er age con tents have been cal cu -

lated to show di ver sity with re spect to ox i dized vs. re duced
shales (Ta ble 2). The high est REE con cen tra tions are re corded
in the ox i dized shales since SREE is in the range from 145 to 291 
ppm (with a mean of av er age 223 ppm), where LREE range be -
tween 86 and 158 ppm (av er age 125 ppm), and MREE (41–95
ppm, av er age 69 ppm) dis tinctly pre vail over HREE val ues
(10–25 ppm, av er age 16 ppm). The high est av er age val ues are
ex em pli fied by: Ce (85 ppm), Nd (47 ppm) and La (40 ppm). The
av er age value of Y (34 ppm) makes the sum of REY (REE with
Y) rel a tively high (257 ppm). A pro nounced con vex-up REE dis -
tri bu tion pat tern (Figs. 5 and 6) in di cates that MREE (from Nd to
Gd) are en riched with re spect to both LREE and HREE. This ob -
ser va tion is strongly sup ported by sev eral geo chem i cal pa ram e -
ters (Ta ble 3), such as a high av er age Gd/Gd* ra tio (1.96), which
clearly shows that ox i dized rocks are strongly en riched in MREE.
Fur ther more, the high value of Gd/La ra tio (1.87) means that
MREE are en riched com pared to LREE. There is also a dom i -
nance of MREE over HREE (Gd/Yb = 1.91; Nd/Yb = 1.38) and a
slight LREE prev a lence over HREE (La/Yb = 1.03). How ever, the 
en rich ments in MREE over the LREE are slightly greater than the 
en rich ments of MREE rel a tive to HREE.

Tak ing into ac count the di vi sion of shales into strongly ox i -
dized hematitic rocks and slightly ox i dized rocks typ i cal of the
tran si tion zone, a sig nif i cant en rich ment in SREE (261 ppm) is
re corded within the tran si tion zone, in clud ing SLREE
(140 ppm), SMREE (85 ppm) and SHREE (20 ppm), Y (43 ppm) 
and Sc (16 ppm) in com par i son to hematitic rocks (Ap pen dix 2;
Fig. 8). The val ues of co ef fi cients, par tic u larly spec i fied by the
Gd/Gd* (2.43), Gd/La (2.36), Gd/Yb (2.26), Nd/Yb (1.50) ra tios,
con firm that the tran si tion zone in shales is typ i cally char ac ter -
ized by strong MREE pre dom i nance over other groups (LREE,
HREE).  

Re duced shales in con trast to their ox i dized coun ter parts are
char ac ter ized by more vari able SREE val ues (from 115 to
253 ppm), but the av er age value is fairly low (163 ppm) (Ta ble 2). 
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Fig. 9. Chondrite-nor mal ized REE av er age abun dances for the
Weissliegend sam ples grouped into sand stones with he ma tite,
cop per, and Pb-Zn-py rite min er al isa tion 

T a  b l e  3

PAAS-nor mal ized REE as so ci ated pa ram e ters in the Kupferschiefer and Weissliegend sam ples in re la tion
to re dox and min er al isa tion zones 

Lithostratigraphy
Re dox and min er al isa tion

zone
Ce/Ce* Eu/Eu* Gd/Gd* Lan/Ybn Ndn/Ybn Dyn/Ybn Gdn/Lan Smn/Ndn Gdn/Ybn

Kupferschiefer

re dox zones
ox i dized 0.93 1.05 1.96 1.04 1.38 1.54 1.87 1.36 1.91

re duced 0.94 1.05 1.83 1.36 1.67 1.49 1.57 1.22 2.08

min er al isa tion
zones

he ma tite 0.93 1.05 1.96 1.04 1.38 1.54 1.87 1.36 1.91

cop per 0.94 1.08 1.97 1.27 1.62 1.52 1.73 1.26 2.14

Pb-Zn 0.92 1.00 1.60 1.50 1.64 1.46 1.31 1.19 1.99

Py rite 1.01 1.02 1.71 1.44 1.92 1.42 1.42 1.11 2.05

ox i dized zone
he ma tite 0.92 1.07 1.61 1.10 1.30 1.34 1.51 1.27 1.66

tran si tion 0.95 1.03 2.43 0.96 1.50 1.80 2.36 1.47 2.26

Weissliegend

re dox zones
ox i dized 0.91 1.25 2.84 1.06 1.78 1.90 2.67 1.44 2.82

re duced 0.90 1.18 2.22 1.02 1.42 1.54 2.16 1.45 2.18

min er al isa tion
zones

he ma tite 0.91 1.25 2.84 1.06 1.78 1.90 2.67 1.44 2.82

cop per 0.91 1.10 2.18 1.00 1.48 1.54 2.13 1.38 2.11

Pb-Zn 0.90 1.23 2.25 1.03 1.38 1.54 2.19 1.49 2.18

 Ce/Ce* = Cen/(Lan x Prn)0.5; Eu/Eu* = Eun/(Smn x Gdn)0.5; Gd/Gd* = 2Gdn/(Lan + Lun); n – PAAS-nor mal ized ra tio
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Sim i larly, the val ues of SLREE (68–131 ppm, av er age 96 ppm),
SMREE (32–91 ppm, av er age 49 ppm) and SHREE (7–15 ppm,
av er age 9 ppm) in re duced shales are sig nif i cantly lower than in
ox i dized shales. Due to the lower con tent of yt trium in re duced
rocks, SREY is also lower (186 ppm) than in the ox i dized shales
(257 ppm). PAAS-nor mal ized REE sig na tures show ra tios
(La/Yb = 1.36, Gd/Yb = 2.08, Nd/Yb = 1.67) in di cat ing stron ger
en rich ments in LREE and MREE over HREE but weaker en rich -
ment in MREE over LREE rel a tive to ox i dized rocks (Ta ble 3).

As shown in Fig ure 4, chondrite-nor mal ized ox i dized shales 
are en riched in REE rel a tive to re duced shales min er al ized with 
sulphides. When nor mal ized to PAAS, the val ues in ox i dized
shales gen er ally ex ceed 1.0 in di cat ing that REE are more
abun dant in these lithologies than in PAAS, whereas the nor -
mal ized REE abun dances are usu ally less than 1.0 in re duced
shales re veal ing de ple tion rel a tive to PAAS (Figs. 5–7). Char -
ac ter is ti cally, de spite the sim i lar ity in the over all dis tri bu tion of
REE, ox i dized shales are char ac ter ized by a dis tinct en rich -
ment in both REE and MREE not only in com par i son with re -
duced shales, but also in re la tion to the PAAS stan dard. MREE
en rich ments are par tic u larly no tice able in PAAS-nor mal ized
REE dis tri bu tion di a grams, where ap par ent con vex i ties are oc -
cu pied by MREE. 

In the case of sand stones, sim i lar trends of REE vari a tion to
those re corded in shales are ob served (Ap pen dix 2; Ta ble 2).
Ox i dized sand stones have higher REE con tents than re duced
ones (114 and 65 ppm re spec tively), in clud ing: LREE (59 and
36 ppm), MREE (40 and 21 ppm) and HREE (8 and 4 ppm). Sim -
i lar are Y and Sc abun dances. The dom i nance of MREE over
other groups is sup ported by some ra tios (Ta ble 3): Gd/Gd*
(2.84 and 2.22 val ues for ox i dized vs. re duced sand stones, re -
spec tively), Gd/La (2.67 and 2.16, re spec tively) and Gd/Yb (2.82
and 2.18, re spec tively). Among MREE, par tic u larly high con cen -
tra tions of Gd are typ i cal for ox i dized sand stones (Fig. 9), re sult -
ing in the sig nif i cant pos i tive anom aly (Gd/Yb = 2.82), even
higher than in the case of ox i dized shales (Gd/Yb = 1.91). 

REE VARIATIONS IN MINERALISATION ZONES

Shales with dif fer ent types of min er ali sa tion are char ac ter -
ized by var i ous REE con tents and spe cific dis tri bu tion pat terns
(Ta ble 2 and Fig. 7). There is a con sis tent de creas ing trend in
SREE from he ma tite-con tain ing shales (223 ppm) through
shales with cop per min er ali sa tion (172 ppm) to shales with
Pb-Zn (147 ppm) and py rite min er ali sa tion in the Zdrada IG 8
bore hole (158 ppm). LREE ex hibit a sim i lar ten dency (with
mean of 125, 99, 90 and 96 ppm, re spec tively in ox i dized, cop -
per, Pb-Zn and py rite 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 flat test di a gram is typ i cal 
of shales min er al ized pre dom i nantly by py rite (Zdrada IG 8
bore hole) and shales with Pb-Zn min er ali sa tion (Œwiêcie chowa
2 and Wilcze 2 bore holes), but the most con vex-up are REE
dis tri bu tion pat terns for shales with cop per and he ma tite min er -
ali sa tion. Hence, a sig nif i cant de crease in MREE is ob served
go ing from ox i dized to py ritic shales (Gd/Gd* rang ing from 1.96
in ox i dized shale to 1.71 in py ritic shales as well as Gd/La from
1.87 to 1.42 re spec tively). A sim i lar trend is also typ i cal in the
case of sand stones (Ta ble 3 and Fig. 9). 

It is ob vi ous that ox i dized rocks (in clud ing weakly ox i dized
rocks from the tran si tion zone) are found to have the high est
MREE con cen tra tions, which is il lus trated by char ac ter is tic con -
vex i ties in PAAS-nor mal ized REE curves com pared with less
con vex pat terns for sam ples with cop per and Pb-Zn min er ali sa -

tion, and with the most flat REE di a gram pat tern typ i cal for bar -
ren rocks with py rite min er ali sa tion (Fig. 7). All sam ples show a
very weak neg a tive Ce/Ce* anom aly and nearly all (ex cept two
sam ples) a slightly pos i tive Eu/Eu* anom aly (Ta ble 3), re gar d -
less of the min er ali sa tion zone. 

The slight est dif fer ences in the REE pat terns in the shale
spec i mens with re gard to dif fer ent min er ali sa tion zones are ob -
served in the case of LREE, de spite a sim i lar ris ing trend from
the py rite to he ma tite min er ali sa tion zone (Fig. 7), whereas a
sig nif i cant in creas ing trend of HREE dom i nance over LREE is
finely marked (La/Yb de creases from 1.04 in hematitic shales to 
1.4–1.5 in Pb-Zn and py ritic shales).  

In turn, a fairly vis i ble de cline in the value of La/Yb and
Nd/Yb ra tios from py ritic to hematitic shales in di cates an in -
creas ing en rich ment in HREE within shales (with cop per and
he ma tite min er ali sa tion) with re spect to light REE, such as La
and Nd. The out come of this trend is flat REE dis tri bu tion di a -
grams for shales with he ma tite min er ali sa tion in the di rec tion to -
wards HREE com pared to shales with cop per min er ali sa tion,
which are char ac ter ized by more con vex curves (Fig. 7). In the
case of sand stones there is a clear ramp-like steep peak in the
di rec tion to wards the light est REE (Ta ble 3), which means an
im pov er ish ment of cop per-bear ing and he ma tite sand stones in
HREE com pared with sand stones con tain ing Pb-Zn and py ritic
min er ali sa tion.

INTERPRETATION AND DISCUSSION

In the ma rine sed i men ta tion dom i nated by de po si tion of
clay and or ganic mat ter, the dis tri bu tion of REE de pends pri -
mar ily on the com po si tion of terrigenous source ma te rial,
biogenic ma te rial com po si tion, and re dox con di tions in bot tom
wa ters (e.g., Piper, 1974; McLennan, 1989; Ger man et al.,
1991; Jiang et al., 2006; Zanin et al., 2010). Mod ern sed i ments
de pos ited un der re duc ing con di tions are char ac ter ized mostly
by rel a tively flat REE pat terns, with a slight HREE en rich ment
(de Baar et al., 1988; Piper and Bau, 2013). How ever, the ul ti -
mate REE dis tri bu tion in sed i ments is com monly gov erned by
diagenetic pro cesses (Schieber, 1988; Milodowski and Zalasie -
wicz, 1991; Shields and Stille, 2001; Bouch et al., 2002) or in ter -
ac tion of sed i ments with mi grat ing flu ids, which tends to in -
crease REE con tents and con cen trate pref er en tially the mid dle
REE (de Baar et al., 1988; Gieré, 1996; Zwingmann et al., 1999; 
Wood, 2003). Be cause of this, REE dis tri bu tion di a grams for
var i ous kinds of black shales can ex hibit high vari abil ity where
met al lif er ous black shales are usu ally more strongly en riched in
REE than typ i cal black shales (Ta ble 1; Huyck, 1989; Jiang et
al., 2006). 

The pri mary source of REE and the or i gin of their en rich -
ments in rocks of the Kupferschiefer se ries are not well un der -
stood. These is sues have been broadly dis cussed by Mayer et
al. (1992), Bechtel et al. (2001b), Michalik (2001) and Saw³o -
wicz (2013), but sig nif i cant dif fer ences be tween to tal REE and
MREE con cen tra tions in the tran si tion zone in com par i son with
sam ples con tain ing he ma tite and cop per min er ali sa tion lean to -
ward sup ple ment ing an ear lier in ter pre ta tion. Ac cord ing to
Mayer et al. (1992), dif fer ences in con cen tra tions of REE may
re flect var i ous com po si tions of source ma te rial and mod i fi ca tion 
by diagenetic pro cesses rather than changes dur ing short-dis -
tance trans port of terrigenous ma te rial to the sed i men tary ba -
sin. Bechtel et al. (2001b) main tained that REE, just like cop per, 
gold, plat i num and many other met als, were de rived from ei ther
the un der ly ing Rotliegend sand stones and volcanics, the
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Variscan base ment rocks, or the Kupferschiefer shales whose
met als were mo bi lized by sa line, ox i diz ing flu ids re leased dur -
ing Tri as sic intra-con ti nen tal rift ing. Zwingmann et al. (1999)
sug gested that REE might have been sup plied to mi grat ing flu -
ids through feld spar al ter ation, and Michalik (2001) pointed out
to the large po ten tial role of iron ox ide coat ings, feld spars and
monazite, pres ent in the Rotliegend rocks, for the re lease of
REE. It is be lieved that the dif fer ences in REE con tents can not
be gen er ally prov e nance-de pend ent, but they were rather cau -
sed by post-sed i men tary pro cesses re lated to their desorption
from large vol umes of as cend ing so lu tions (Saw³owicz, 2013). 

Al though the pri mary sources of REE are enig matic, the
gen eral sim i lar ity shown in the chondrite or PAAS-nor mal ized
REE pat terns for dif fer ent lithological sam ples that come from
dif fer ent lo cal i ties in di cates that REE may have orig i nated from
a sim i lar terrigenous source. It may be ar gued that rare earth el -
e ments, as cop per, sil ver, lead, zinc, gold and plat i num, were
de rived from the pre-Perm ian base ment and (or) from the
Rotliegend siliciclastic and vol ca nic rocks. Weath er ing of bed -
rock and ero sional pro cesses led to de po si tion of vast masses
of de tri tal ma te rial ac cu mu lated in the Rotliegend ba sin in the
form of red-beds. REE are as sumed to be sourced from dis so -
lu tion of var i ous rock-form ing min er als (feld spar, ap a tite, fluoro -
carbonate, ti tan ite, zir con, monazite), vol ca nic de tri tus, dis sem -
i nated he ma tite, clay-he ma tite coat ings on de tri tal grains, and
mudstone interbeds un der acidic con di tions, as sug gested for
other geo log i cal set tings (e.g., Piper, 1974; McLennan, 1989;
Milodowski and Zalasiewicz, 1991; Wood, 2003). Michalik
(2001) chal lenged the as sump tion that REE were de rived from
de com po si tion of feld spars or diagenetic trans for ma tion of
monazite in ox i diz ing con di tions. As a re sult of chem i cal weath -
er ing and in ter ac tion of the for ma tion flu ids with Rotliegend
rocks, REE might have been pref er en tially scav enged by
clay/Fe-oxyhydroxide coat ings on de tri tal com po nents of the
red beds (Hartmann et al., 1997; Zwingmann et al., 1999). This
pro cess has also been ob served in many geo log i cal set tings
(e.g., Bau, 1999; Protano and Riccobono, 2002; Verplanck et
al., 2004; Welch et al., 2009; Ma et al., 2011).

The abil ity of aque ous so lu tions to mo bi lize REE from the
host rocks de pends mainly on the sta bil ity and avail abil ity of
REE lig ands (Migdisov et al., 2016). Gen er ally, REE ex hibit a
sig nif i cant ten dency to form Cl–, F– and SO4

2 -com plexes, but in
warm and mildly acidic sa line brines they com monly form sta ble 
com plexes with chlo ride which can trans port ap pre cia ble
amounts of REE at low pH (Gosselin et al., 1992; Gam mons et
al., 1996; Gieré, 1996; Brugger et al., 2006; Mayanovic et al.,
2007; Migdisov et al., 2016). 

As com monly ar gued, Rotliegend for ma tion wa ters were
char ac ter ized by a rel a tively low pH, high Eh (in the sta bil ity field 
of he ma tite), con sid er able sa lin ity, high con cen tra tion of chlo -
ride ions, and el e vated tem per a tures in creas ing the abil ity of
the fluid to trans port met als (e.g., Jowett et al., 1987; Wodzicki
and Piestrzyñski, 1994; Oszczepalski, 1999; Speczik et al.,
2003). Such flu ids can dis solve as lit tle as up to 4 ppb REE
(Gieré, 1996; Jaireth et al., 2014), but chlo ride complexation
and REE mo bil ity suf fi ciently in creases with in creas ing tem per -
a ture (Gam mons et al., 1996; Gieré, 1996; Migdisov et al.,
2016). Al though weaker than other aque ous com plexes of
REE, chlo ride spe cies, like REECl2+, can play a sig nif i cant role
in REE trans port due to the con sid er able con cen tra tions of
chlo ride in nat u ral so lu tions (Migdisov et al., 2016). As a re sult
of wa ter-rock in ter ac tions in volv ing flu ids with a high con cen tra -
tion of chlo ride lig ands, REE are thought to have been lib er ated
as REE-chlo ride com plexes by ground wa ter and trans ported to
the Lower Zechstein rocks by min er al iz ing so lu tions. It should
be noted, how ever, that even though chlo ride trans port of REE

is plau si ble and widely ac cepted, low sol u bil ity of REE in the
form of chloro-com plexes shows that their de liv ery to the low er -
most Zechstein to form en rich ments was prob a bly not de ci sive
be cause sta bil ity of REE chlo ride spe cies at low tem per a ture is
not high (Migdisov et al., 2016). Al though many hy dro ther mal
REE de pos its are as sumed to form from flu o ride com plexes,
ex tremely low sol u bil ity of REE-flu o rides in low-tem per a ture so -
lu tions may in di cate that pos si ble con tri bu tion of flu o ride spe -
cies to REE trans port is much less sig nif i cant (Migdisov et al.,
2016). The other ob vi ous can di dates for trans port ing REE are
sulphates (Sholkovitz, 1995; Gieré, 1996; Johannesson et al.,
1996; Wood, 2003; Migdisov et al., 2016). 

A highly sig nif i cant pos i tive re la tion ship be tween the REE
en rich ments and ox i da tive al ter ation is ob vi ous; nev er the less
the for ma tion of el e vated REE con cen tra tions in ox i dized rocks
seems un clear. On the ba sis of rel ics of sul phide min er als sur -
rounded by he ma tite pig ment and cop per sul phide re place -
ments by he ma tite and other iron ox ides in the ox i dized zone, it
should be as sumed that al ter ation of sulphides and or ganic
mat ter gen er ated acidic flu ids with ap pre cia ble con cen tra tions
of sul phate from ox i da tion of sulphides. This ox i da tion re sulted
in the pre cip i ta tion of iron ox ides. The acid i fi ca tion fol low ing the
ox i da tion en hanced the mo bi li za tion and leach ing of var i ous el -
e ments from al tered rocks. As a re sult, the ox i dized rocks are
sig nif i cantly de pleted in most of the base met als (Ap pen dix 1).
At a weakly acidic pH, mo bil ity of REE may sig nif i cantly in -
crease due to for ma tion of the sta ble sul phate ligand, mainly 
REESO4

+ and REE(SO4 )2 - , en hanc ing the re lease of REE from
rocks (Sholkovitz, 1995; Gieré, 1996; Wood, 2003; Zhao et al.,
2007; Migdisov et al., 2016). Ad di tion ally, the acid i fi ca tion may
have pro moted dis so lu tion of car bon ates and hy dro ly sis of clay
min er als at acidic pH, lib er at ing ad di tional amounts of REE
(Olias et al., 2005). For these rea sons, it is be lieved that low-pH
so lu tions dom i nated by sul phate lig ands, such as those gen er -
ated by ox i da tion pro cesses, en hanced leach ing of REE from
the al tered rocks.

It is sug gested that REE de po si tion in the hematitic zone
was caused by in ter ac tion of ox i diz ing so lu tions with rocks, re -
sult ing in destabilization of sul phate com plexes that can oc cur
due to chang ing pH, Eh and tem per a ture con di tions of mi grat -
ing so lu tions (cf. Gieré, 1996; Gam mons et al., 1996). Many re -
search ers have ar gued that REE sul phate com plexes in acidic
en vi ron ments can be ad sorbed onto the Fe-Al-Mn hy drous ox -
ides (Johannesson et al., 1996; Bau, 1999; Protano and
Riccobono, 2002; Gam mons et al., 2003; Verplanck et al.,
2004; Brugger et al., 2006; Zhao et al., 2007; Welch et al.,
2009). Be cause the flow of min er al iz ing so lu tions took place
within the car bon ate-rich rocks of the Kupferschiefer se ries,
sub se quent fluid-rock ex change re ac tions (in clud ing dis so lu tion 
of car bon ates) neu tral ized acid ity of the so lu tion (cf. Worrall and 
Pearson, 2001; Verplanck et al., 2004; Olias et al., 2005;
Migdisov et al., 2016). Af ter the re lease of REE into so lu tion, as
acidic flu ids were buf fered to a higher pH by car bon ates, re ac -
tive Fe-oxyhydroxides scav enged REE due to destabilization of
REE sul phate lig ands, re mov ing them from ox i diz ing flu ids.
Con se quently, it seems likely that the for ma tion of REE en rich -
ments (in clud ing MREE) in the ox i dized rocks was fa voured by
in ter ac tion of the REE-en riched fluid with wall rocks con tain ing
ef fi cient neu tral iz ers in the form of car bon ate, and fol lowed by
their co eval up take by pre cip i tat ing fer ric oxyhydroxides. Sorp -
tion, not only by he ma tite but also by clay, sil ica and alu mina,
can be also re spon si ble for REE con cen tra tion (cf. Protano and
Riccobono, 2002; Gam mons et al., 2003; Piasecki and
Sverjensky, 2008; Zanin et al., 2010; Ma et al., 2011), there fore
up take by clay min er als (Saw³owicz, 2013), par tic u larly by
neomorphic illite (Bechtel et al., 1999, 2001b) and by car bon -
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ates (Michalik, 2001), can be also con sid ered. Vari abil ity of
REE con cen tra tions, with re spect to dif fer ent lithologies are as -
sumed to be as so ci ated with the con tent of clay ma te rial (Mayer 
et al., 1992). As dem on strated by Eu ro pean Shale/REE nor -
mal ized curves, REE con tents of the sil i cate frac tion show sig -
na tures sim i lar to the whole rock anal y ses, in di cat ing that sil i -
cates are the main car ri ers of REE (Bechtel et al., 2001b).
Glauconite lo cally dis persed in ox i dized rocks can be an ad di -
tional site for con cen tra tion of some REE (cf. Stille and Clauer,
1994). Like wise, iron sulphides and or ganic mat ter are sug -
gested as pos si ble sites for REE ad sorp tion (cf. Welch et al.,
2009). Michalik (2001) dem on strated an in crease of REE con -
tent in the up per most part of the sand stones that may have
been caused by the for ma tion of authigenic REE car bon ate and 
phos phate min er als in car bon ate ce ment of the top most
Weissliegend or due to the pres ence of de tri tal heavy min er als
and feld spar.

It should be noted that slightly ox i dized shales, typ i cal for
the tran si tion zone, are more en riched in REE than in tensely
ox i dized hematitic shales from cen tres of the Rote Fäule ar eas
(Fig. 8). It is pos tu lated that REE were leached from the most
ox i dized rocks, re dis trib uted along the path ways of flu ids, and
formed en rich ments in the tran si tion zone. By this stage, the
con ver sion of in ter me di ate REE-bear ing Fe-oxyhydroxide pha -
ses to he ma tite, and the for ma tion of authigenic illite and (or)
the recrystallisation of illite (Bechtel et al., 1999) could pro mote
sub se quent mo bi li za tion of REE and their trans port from mostly 
ox i dized cen tres of al ter ation, and later reprecipitation of REE in 
lo cal i ties close to the ex panded re dox front. 

The or i gin of MREE en rich ments in the Kupferschiefer is
un clear, as they may have been in her ited from the source rock
or min er al iz ing flu ids; al ter na tively it can be a con se quence of
solid-liq uid ex change re ac tions. Al though the PAAS-nor mal -
ized REE curves have sim i lar shapes (Figs. 5–8), it is ev i dent
that ox i dized and cop per-bear ing rocks are char ac ter ized by
more pro nounced en rich ment of MREE over LREE and HREE
than Pb, Zn, and py rite-min er al ized rocks. 

Sev eral min eral phases or a com bi na tion of iron ox ides,
phos phates, car bon ates, organics and sulphides have been
sug gested as MREE sources (Johannesson et al., 1996). Al -
though or ganic mat ter and sulphides are not ef fec tive con cen -
tra tors of REE, they may ac cu mu late more (M + H)REE than
LREE (Jiang et al., 2006; Zanin et al., 2010). Lo cally en coun -
tered rocks of the Kupferschiefer se ries en riched in P2O5 or
con tain ing phos phate min er als (e.g., Kucha, 1982; Mayer and
Piestrzyñski, 1986; Hartmann et al., 1997; Michalik, 2001;
Saw³owicz, 2013) sug gest the pos si bil ity of REE lib er a tion from
phos phates which are com monly en riched in MREE (e.g.,
Hannigan and Sholkovitz, 2001; Shields and Stille, 2001;
Bouch et al., 2002). 

A num ber of pos si ble pro cesses have been sug gested to
ex plain the en rich ment of MREE in nat u ral wa ters, in clud ing the 
orig i nal com po si tion of source rocks, solid-liq uid ex change re -
ac tions, dis so lu tion of MREE-rich min eral phases, leach ing of
MREE-en riched min eral sur face coat ings, frac tion ation by sur -
face/so lu tion re ac tions be tween MREE-en riched min er als and
acid wa ters, sul phate and (or) phos phate complexation, and
the com bined ac tion of dif fer ent mech a nisms (Gosselin et al.,
1992; Sholkovitz, 1995; Gieré, 1996; Gam mons et al., 2003).
Strong con sid er ation is given to chem i cal prop er ties of min er al -
iz ing so lu tions (low pH, high sa lin ity, el e vated tem per a ture and
the pres ence of lig ands) that fa cil i tate fluid-rock in ter ac tions
(Johannesson et al., 1996; Worrall and Pearson, 2001; Protano 
and Riccobono, 2002; Verplanck et al., 2004), how ever, desor -
ption pro cesses (Gosselin et al., 1992; Protano and Riccobono,

2002; Ma et al., 2011) and leach ing of cer tain min eral phases,
such as he ma tite, phos phates, clay min er als, car bon ates or or -
ganic mat ter have been pro posed as the most prob a ble pro -
cesses that may be re spon si ble for MREE en rich ments in flu ids
(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 ev i dence that low-pH so lu tions rich in
sulphates are more ca pa ble of be ing en riched in MREE through 
sul phate complexation be cause MREE sul phate lig ands are
most sta ble com pared with LREE and HREE equiv a lents, in di -
cat ing greater MREE mo bil ity (Johannesson et al., 1996; Gam -
mons et al., 2003; Zhao et al., 2007). It was clearly dem on -
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 sul phide-con tain -
ing rocks af fected by acidic wash ing tend to be de pleted in
MREE whereas flu ids re sult ing from ox i da tive al ter ation pres ent 
MREE-en riched sig na tures and that fer ric oxyhydroxides
played a cru cial role in both the REE up take and re moval. As
pre vi ously sug gested, de po si tion of MREE, like REE, oc curred
due to destabilization of REE-sul phate com plexes through pH
neu tral iza tion by car bon ates, or through pro cesses that re duce
the sul phur, and trans form it into spe cies, such as thio sul -
phates, sulphides, or na tive sul phur (Migdisov et al., 2016). This 
may also in di cate that a short-dis tance trans port of REE might
have been fa cil i tated by pro cesses that trans form sul phate into
metastable in ter me di ate sul phur oxyanions dur ing fluid per co la -
tion through the re dox tran si tion (Oszczepalski, 1994, 1999;
Piestrzyñski and Wodzicki, 2000). A dis tinct re la tion ship be -
tween dis tri bu tion of REE, ox i da tive al ter ation and metal zona -
tion strongly sup ports the sug ges tion of Bechtel et al. (2001b)
that mid-REE en rich ment is prob a bly re lated to the for ma tion of
in sol u ble min eral phases as so ci ated with the sil i cate frac tion
ac com pa nied by iron oxyhydroxides, as ev i denced by sim i lar
REE dis tri bu tions for both rock sam ples and sil i cate frac tion.
They con clude that MREE have been pref er en tially par ti tioned
into sec ond ary fer ric iron pre cip i tates and authigenic illite, which 
were formed dur ing ox i da tion. There fore, it seems that the most 
likely cause of el e vated MREE pat terns can be at trib uted to dis -
so lu tion of MREE-en riched Fe-oxyhydroxides and, to a lesser
ex tent, phos phates. Sub se quently, MREE were pre sum ably
scav enged from mi grat ing flu ids by aged  iron-oxyhydroxides
and co eval authigenic illite. Since the high est MREE con cen tra -
tions typ i cally oc cur in ex ter nal parts of the ox i dized rocks stud -
ied (Fig. 8), one can as sume that these en rich ments are the
con se quence of acidic sul phate so lu tion flow out ward from the
core of the ore sys tem ex hib it ing the most ex ten sive al ter ation,
while flu ids ex panded the hematitic al ter ation front (Fig. 10). 

Slightly dif fer ent sig na tures for shales from the ¯abno 2/13
and, to a lesser ex tent, from the Kalwy 2/7 and Czmoñ 11/8
bore holes (Figs. 4 and 5) that are sit u ated at the north ern side
of the Wolsztyn palaeo-high, as com pared to other sig na tures,
may be at trib uted to a num ber of fac tors in clud ing mix ing from
many sources and in ten sity of remobilization.

A RESOURCE PERSPECTIVE

The term “rare earths” cre ates con fu sion, be cause the av er -
age con tent of REE in the crust (approx. 148 ppm; Ta ble 1) is
higher than most of in dus trial base met als, such as cop per, zinc,
lead, mo lyb de num, nickel, tin or tung sten, and the con cen tra tion
of the least abun dant lutetium is many times higher than of gold.
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How ever, in con trast to these met als, REE ex hibit a poor ten -
dency to form ore con cen tra tion. Most of the re sources are lo -
cated in China, Brazil, USA, In dia, Aus tra lia, Ma lay sia, Can ada
and South Af rica. In Eu rope, in sig nif i cant de pos its, re sources
and oc cur rences are found in Swe den, Nor way, Fin land, Spain,
Tur key and Ger many (Simandl, 2014; Good enough et al., 2016). 
The most im por tant lo cal i ties clas si fied as REE re source are as -
so ci ated with carbonatites, syenites, pegmatites, peralkaline ig -
ne ous rocks, monazite-ap a tite veins, clays, laterite, baux ite,
heavy min er als de pos its, ura nium-bear ing con glom er ates, xeno -
time sand stones, phosphorites, skarns, grei sens, iron ox ide cop -
per-gold (IOCG) ores, and deep-sea man ga nese nod ules and
muds. Global min ing of REE (with Y) is cur rently approx. 120
thou sand tons (2013) and ca. 95% of pro duc tion co mes from
China and only 5% come from other pro duc ers in clud ing USA,
In dia, Rus sia, Aus tra lia, Viet nam, Brazil and Ma lay sia (Long et
al., 2012; Simandl, 2014). 

Global REE re sources are higher than ex pected con sump -
tion in the 21st cen tury. How ever, con cen tra tion of pro duc tion in 
China, the sup ply risk, abrupt vari a tions in prices, and re cent
REE short ages for the pro duc tion of high-tech ap pli ca tions
have forced com pa nies to in vest in ex plo ra tion. The mea sure of 
this ac tiv ity is al most 600 ac tive ex plo ra tion pro jects, of which
approx. 400 per form drill ing ex plo ra tion and pros pect ing
(Simandl, 2014). World REE-de mand growth is es ti mated to be
in creas ing at a rate of about 8% per year due to tech no log i cal
prog ress (Long et al., 2012). As a re sult of mar ket short ages,
non-de liv ery risk is likely, hence the EU rec og nized REE as crit -
i cal for its eco nomic de vel op ment (Galos et al., 2012). This ap -
plies par tic u larly to MREE-HREE, for which there is the high est
de mand, re flected by the high est prices ex ceed ing $100/kg of
metal (Dy, Nd and Pr), or even $1,000/kg (Tb and Eu).

As is ap par ent from the re view of dif fer ent types of doc u -
mented REE de pos its, the low est av er age 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 av er age
REO con tent in most de pos its with proven re serves typ i cally ex -

ceeds the value of 1%. In sights from com par i son of Ta ble 2 and 
Ap pen dix 2 show that the max i mum con cen tra tion of REE in the 
cop per shale (SREE in the range of 140–230 ppm) only mar gin -
ally ex ceeds the av er age con tent in the Earth’s crust
(140–150 ppm) and world shales (150–390 ppm; Ta ble 1). The
re ported av er age con tent of REE in the tran si tion zone
(261 ppm) and, to a lesser ex tent, in hematitic and cop per-rich
shales (194 and 172 ppm, re spec tively) fall within the range be -
tween black shales and met al lif er ous black shales (REE av er -
age 185 and 390 ppm, re spec tively; cf. Ta ble 1), which means
that even the rich est Kupferschiefer sam ples (SREE 291 ppm in 
ox i dized shales and up to 253 ppm in shales with cop per min er -
ali sa tion) do not con tain sub stan tial con cen tra tion of REE. In
the case of sand stone and car bon ate sam ples, abun dances of
REE are even smaller than in shales, but the REE con tent is
also the high est in ox i dized sand stone sam ples (av er age con -
tent is 114 ppm at a max i mum up to 186 ppm). There fore, the
Kupfer schiefer se ries, due to rel a tively low REE con cen tra tions
com pared to doc u mented REE de pos its, does not seem to be a 
pro spec tive source, bar ring the ap pear ance of eco nomic need,
par tic u larly in parts of the ox i dized ar eas, in which REE co ex ist
spa tially with gold and PGE. The REE de pos its as so ci ated with
black shale are ex tremely rare (Gieré, 1996; Long et al., 2012;
Jaireth et al., 2014; Simandl, 2014), ex cept ing a few poly -
metallic black shales (Weng et al., 2015), phosphorite-bear ing
shales (e.g., Cruse et al., 2000), black slates (Loukola -
-Ruskeeniemi and Lahtinen, 2013) or shales with IOCG hy dro -
ther mal min er ali sa tion (Simandl, 2014). REE in sev eral other
shale-re lated polymetallic de pos its oc cur as ac com pa ny ing
com mod i ties (e.g., Jiang et al., 2006; Zanin et al., 2010), how -
ever, there is lit tle in for ma tion about eco nomic util ity. 

Modes of oc cur rence of REE in the ex am ined sam ples are
not well un der stood. Sim i lar REE  pat terns for sand stones,
shales and car bon ates may sug gest that REE are mainly linked
with terrigenous ma te rial, iron ox ides and, to lesser ex tent, with
phos phates, car bon ates, ac ces sory min er als as well as with
kerogen and sulphides (in re duced rocks) or glauconite (in
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Fig. 10. Sche matic sec tion of the Kupferschiefer se ries show ing the REE-en riched zone in re la tion to the ox i dized Rote Fäule
and the metal zon ing with re spect to the en clos ing strata
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slightly ox i dized rocks). The likely pres ence of rare earths within 
the struc ture of var i ous REE-bear ing min eral phases, that are
dif fi cult to pro cess, makes it dif fi cult to con sider the mode of ex -
trac tion, recoverability, and re lated costs (Long et al., 2012;
Weng et al., 2015). 

The con sid er ing of the Kupferschiefer se ries as a pro spec -
tive source of REE (even in the case of ef fi cient re cov ery tech -
nol ogy) is not cur rently jus ti fied from an eco nomic point of view.
How ever, since al most all in ves ti gated rock sam ples (es pe cially 
ox i dized shales) are char ac ter ized by el e vated REE con tents, it 
is not un likely to find even higher (than dis closed to day) con -
cen tra tions that may oc cur lo cally in un dis cov ered ox i dized lo -
cal i ties. Re gional prospectivity as sess ment of REE could be
par tic u larly use ful in ar eas with Rote-Fäule-re lated Au-Pt-Pd
min er al isa tion, when considering the possibility of their
combined production.

CONCLUSIONS

This study of REE con cen tra tions in 27 sam ples of the
Kupferschiefer se ries from 10 bore holes re vealed large-scale
reg u lar ity in vari abil ity of their con cen tra tion in terms of ar eas with 
dif fer ent geo chem i cal zones. Dis tinct dif fer ences in REE con -
cen tra tions (in clud ing LREE, MREE and HREE) in shales are
ob served on the REE di a grams nor mal ized both to chon drite
and to PAAS with re spect to re dox changes as well as with re -
gard to type of min er ali sa tion. The high est SREE and  SMREE
con cen tra tions (261 and 85 ppm on av er age, re spec tively) are
found to be as so ci ated with ox i dized shales of the tran si tion
zone, which is re flected in rel a tively sym met ric up ward con vex
REE dis tri bu tion pat terns in re la tion to PAAS, whereas slightly
flat ter REE pro files char ac ter ize cop per shales, and most of
Pb-Zn and py ritic shales. Con cen tra tions of REE ver sus the tran -
si tion zone tend to be lower in the he ma tite zone oc cu py ing cen -
tres of the Rote Fäule ar eas (223 ppm) and in suc ces sive zones
with cop per (194 ppm), Pb-Zn (147 ppm) and py rite (158 ppm)
zones. Very sim i lar trends can be also ob served with re spect to
Y and Sc. The abun dances of REE in sand stones and car bon -
ates are lower than in shales, but the trend of their in creas ing
con cen tra tion to wards ox i dized litholo gies is also noted. 

The re sults are con sis tent with a re cent ge netic model for
the Kupferschiefer min er al isa tion, ar gu ing for the mi gra tion of
met al lif er ous brines out ward from the cores of the Rote Fäule
ar eas into the re duced sed i ments. The re gional as so ci a tion be -
tween Rote Fäule al ter ation, metal zonation, and dis tri bu tion of
REE en rich ments in di cates that both REE and base met als

were in tro duced by the same hy dro ther mal flu ids dur ing pro -
gres sive evo lu tion of the min er al iz ing sys tem. The strik ing fea -
ture is that the up graded REE abun dances in ox i dized rocks co -
in cide with the Rote Fäule-re lated gold and PGE con cen tra -
tions, sug gest ing that both types of en rich ment were likely a
result of similar fluid/rock interactions.

The high est con cen tra tion of REE, es pe cially MREE, within
the Rote Fäule, tes ti fies to remobilization and move ment of rare 
earth el e ments by rel a tively low-pH and sul phate-dom i nated
flu ids MREE>HREE>LREE, and their de po si tion su per im posed 
on the orig i nal REE dis tri bu tion along flow paths of min er al iz ing
so lu tions. This is in di cated by a sys tem atic de crease in REE
(es pe cially MREE) from ox i dized rocks, through rocks min er al -
ized with cop per sulphides up to the out er most Pb-Zn and py rite 
zones. The low est av er age con cen tra tions of REE (in clud ing
LREE, MREE and HREE) were found in bar ren py ritic shales,
since ar eas of the py rite zone were not being subjected to
extensive mineralizing processes. 

A pro nounced con vex-up PAAS-nor mal ized REE pat tern
in di cat ing the high est en rich ment in MREE within shales from
the tran si tion zone can be ex plained by leach ing of al tered
rocks and lat eral REE re dis tri bu tion dur ing mi gra tion of min er al -
iz ing flu ids en riched in sul phate lig ands, and fol lowed by pro -
gres sive fix a tion and con cen tra tion of REE (chiefly MREE) by
sec ond ary fer ric iron pre cip i tates and authigenic illite, which
have been formed contemporaneously with oxidation.

De spite fore casted global REE-de mand growth by new
tech nol o gies, due to rel a tively low con cen tra tions (com pared to
the av er age grade in REE de pos its and oc cur rences), the dom i -
nance of LREE and MREE over the most eco nom i cally valu able 
HREE, and the oc cur rence of REE within the ma trix of rock -
-form ing min er als, the Kupferschiefer se ries do not seem to be
a valu able source of REE to eco nomic lev els. Nev er the less, the 
over all po ten tial looks pro spec tive re gard less of the size or
grade, par tic u larly in re la tion to those parts of ox i dized ar eas,
where REE co ex ist spa tially with Au and PGE. 
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