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There are two ar sen i cal py rite (As-FeS2) min er al iza tion zones crop ping out in the Podwiœniówka and Wiœniówka Du¿a
quar ries where quartzites and quartzitic sand stones have been ex tracted for over a cen tury. A large amount of py rite in the
Wiœniówka siliciclastics is un usual in the hard rock min ing through out the world. The pyritiferous beds con tain a va ri ety of
REE-bear ing min er als, in clud ing a crandallite se ries of alu mi num-phos phate-sul fate (APS) min er als, e.g., pre dom i nant
goyazite SrHAl3[(PO4)2(OH)6] with sub or di nate gorceixite BaHAl3[(PO4)2(OH)6] and very oc ca sional crandallite
CaHAl3[(PO4)2(OH)6]. By con trast, the other REE-phos phate min er als, e.g., xeno time YPO4, but par tic u larly monazite
CePO4, oc cur in a lesser amount. Goyazite pre vails some what in the Podwiœniówka beds whereas xeno time in the
Wiœniówka Du¿a beds. Of the other REE-bear ing min er als, bastnäsite REECO3(F,OH), florencite (REE)Al3(PO4)2(OH)6

and synchysite CaCe[CO3]2F oc cur in trace amounts. In ter est ingly, the quite com mon phos phate min er als, i.e., wa vel lite
(Al3[(OH,F)3|(PO4)2]×5H2O and variscite Al[PO4]×2H2O) are de pleted in REEs with only Ce at tain ing 0.09 wt.% as doc u -
mented by an elec tron-probe microanalysis. In con trast to quartzites/quartzitic sand stones, car bo na ceous clayey-silty
shales and bentonites/tuffites are dis tinctly en riched in REE-bear ing min er als. This di ver sity is also mir rored in the mean
to tal REE con cen tra tions vary ing from 204 to 314 mg/kg in clayey-silty shales and bentonites, at tain ing 457 mg/kg in some
Podwiœniówka shale beds. Re sults of this and the pre vi ous petrographic, min er al og i cal and geo chem i cal stud ies have in -
di cated that REE-bear ing min er als formed gen er ally along with As-rich py rite, nacrite/dickite and TiO2 poly morphs as a re -
sult of multiphase hy dro ther mal vent ac tiv ity that took place in the Wiœniówka Late Cam brian sed i men tary ba sin. This
ev i dence is also backed up by the val ues of LREENASC/HREENASC (1.44–1.75) and Eu/EuNASC (1.24–1.30) co ef fi cients in
the clayey-silty shales. This pos i tive Eu anom aly (³1.20) points to the for ma tion of REE-bear ing min er als in a re duc ing en -
vi ron ment.

Key words: siliciclastic rocks, REE-bear ing min er als, geo chem i cal anal y sis, SEM-EDS, EMPA, REE-min eral prov e nance,
Wiœniówka area, Po land.

INTRODUCTION

Due to the grow ing de mand for rare earth el e ments (REEs)
in many ar eas of in dus try, es pe cially in elec tron ics and high
tech nol o gies as well as in ag ri cul ture and med i cine, the search
for and the study of REE min eral de pos its have be come of cru -
cial im por tance (e.g., Chakhmouradian and Wall, 2012; Emsbo, 
et al., 2015; Migaszewski and Ga³uszka, 2015). Acid mine
drain age (AMD) is a nat u ral pro cess that may en hance the re -
lease of REEs from their ac ces sory min er als that oc cur in bed -
rock or tail ings piles as a re sult of wa ter-min eral in ter ac tions

(e.g., Miekeley et al., 1992; Migaszewski and Ga³uszka, 2019;
Migaszewski et al., 2019; Moreno-González et al., 2020).
Hence, to better un der stand REE be hav iour and mo bil ity in
AMD en vi ron ments, we must be come more fa mil iar with the oc -
cur rence, geo chem is try and prov e nance of pri mary REE-bear -
ing min er als and their host li thol ogy.

Ac ces sory REE-bear ing min er als oc cur in a wide va ri ety of
ig ne ous, meta mor phic, hy dro ther mal and sed i men tary set tings
(e.g., Ras mus sen, 1996, 2005; Ras mus sen et. al., 1998, 2007;
Kositcin et al., 2003; Vallini et al., 2005; Rich ter et al., 2006;
Stanis³awska and Michalik, 2008; Harlov et al., 2008; Hether -
ing ton et al., 2008; Brañski and Mikulski, 2016; Wani, 2017;
Mikulski et al., 2021). Of dif fer ent REE-rich min eral groups,
authigenic phos phate (xeno time, monazite) and alu mi -
num-phos phate-sul fate (APS) min er als have been em ployed in 
study ing sed i men tary and diagenetic pro cesses. Ac cord ing to
Ras mus sen (1996), they rep re sent a sig nif i cant global sink for
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oce anic phos pho rus, Y and pre sum ably HREEs. Dif fer ent as -
pects of ge ol ogy, min er al ogy and geo chem is try of APS min er -
als have been sum ma rized by Dill (2001).

The Wiœniówka area be longs to the unique AMD ar eas
world wide be cause of enor mous amounts of pre dom i nant
As-rich py rite stratiform min er al iza tion zones (un usual in hard
rock min ing), and ad di tion ally the pres ence of REE-min er als.
The pre vi ous geo chem i cal, min er al og i cal and petrographic
stud ies cen tered pri mar ily around wa ter-min eral in ter ac tions in
the con text of the AMD im pact on the neigh bour ing sur face and
un der ground wa ter sys tems (e.g., Migaszewski et al., 2008,
2013, 2016, 2018a, b, 2019) or plants (Ga³uszka et al., 2020).
Of the REE-bear ing min er als, only gorceixite and xeno time
have been de scribed in more de tail us ing op ti cal and scan ning
elec tron mi cros copy (Migaszewski et al., 2007; Migaszewski
and Ga³uszka, 2010). How ever, at that time, no elec tron-probe
microanalysis has been per formed on xeno time, monazite and
APS min er als. Be sides, only a small por tion of geo logic pro files
with py rite min er al iza tion has been ex posed in both quar ries.

The prin ci pal pur pose of this study is to sum ma rize the REE 
rock geo chem is try and min er al ogy of the Wiœniówka area. To
achieve this ob jec tive a va ri ety of geo chem i cal and min er al og i -
cal meth ods have been em ployed in clud ing op ti cal and scan -
ning elec tron mi cros copy with an en ergy dispersive spec trom e -
try sys tem (OM, SEM-EDS), elec tron microprobe anal y sis
(EMPA) and in duc tively cou pled plasma-mass spec trom e try
(ICP-MS).

MATERIALS AND METHODS

SITE DESCRIPTION

The study area is lo cated in the Wiœniówka mas sif (west ern
part of the Holy Cross Mts., south-cen tral Po land) within the Up -
per Cam brian siliciclastic rock for ma tion (Fig. 1A) that con sists
pri mar ily of al ter nat ing beds of quartzites, quartzitic sand -
stones/siltstones and mostly car bo na ceous clayey-silty shales,
in places with tuffite and ben ton ite interbeds (¯yliñska et al.,
2006; Jaworowski and Sikorska, 2006; Migaszewski and
Ga³uszka, 2019). This in for mal re gional lithostratigraphic unit,
termed the Wiœniówka Sand stone For ma tion (Or³owski, 1975),
is a part of the £ysogóry Block (£ysogóry Unit, £ysogóry Thrust)
sep a rated from the Ma³opolska Block to the south by the Holy
Cross Fault (¯yliñska et al., 2006; Jaworowski and Sikorska,
2006; Or³owski, 1975; Konon, 2008). The £ysogóry Block
(Terrane) bor ders on the Trans-Eu ro pean Su ture Zone (TESZ)
that sep a rates the Pre cam brian East-Eu ro pean Craton from
the Pa leo zoic Plat form of Cen tral Eu rope (Be³ka et al., 1997;
Konon, 2008; Mazur et al., 2015). In gen eral, most of the geo -
logic pro file con sists of al ter nat ing grey to dark grey, fine-to me -
dium-bed ded quartzites/quartzitic sand stones and clayey-silty
shales (Fig. 1C, D), and only in the south west ern part of the
Podwiœniówka Quarry, they are re placed with light grey,
fine-bed ded quartzites with nu mer ous tuffite and ben ton ite
interbeds dip ping north ward (Fig. 1B).
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Fig. 1. Ge ol ogy of the study area with se lected out crops

A – geo logic sketch map (mod i fied af ter ¯yliñska et al., 2006); B – quartz ite-ben ton ite se ries in the south west ern part
of the Podwiœniówka Quarry; C – a frag ment of quartz ite-clayey-silty shale se ries in the north east ern part of the

Podwiœniówka Quarry; D – east ern part of the Wiœniówka Du¿a Quarry
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The Wiœniówka area, but es pe cially its east ern part
(Podwiœniówka), is char ac ter ized by an enor mous abun dance
of stratiform py rite min er al iza tion giv ing rise to AMD (e.g.,
Migaszewski et al., 2008, 2013, 2016, 2018a, b, 2019). In ter est -
ingly, the other metal sul fides (ga lena, sphalerite, tetrahedrite,
chal co py rite, chalcocite, covelline, bornite, cin na bar) and bar ite
are ex tremely scarce form ing in clu sions within py rite and ac -
com pa ny ing min er als or host rocks. The prin ci pal raw ma te rial
is quartz ite that has been quar ried for over a cen tury leav ing
stone pits, acid wa ter bod ies and tail ings piles. The ox i da tion of
microcrystalline As-rich py rite leads to acid i fi ca tion of pit lake
and pond wa ters, the re lease of metal(loid)s, and sub se quently
to the for ma tion of var i ous ochreous pre cip i tates in tail ings
seeps and streams, jeop ar diz ing the neigh bor ing en vi ron ment
(Migaszewski et al., 2018b).

FIELDWORK AND SAMPLING

Geo logic field work was con ducted for many years as
quartz ite ex trac tion pro gressed and in cluded pro fil ing and sam -
pling. For the pur pose of this study, 59 rock sam ples (weigh ing
0.5–1.0 kg each) were col lected from dif fer ent ex posed walls of
the Podwiœniówka and Wiœniówka Du¿a quar ries for a more de -
tailed petrographic, geo chem i cal and min er al og i cal study
(Fig. 1). Each sam ple was placed in a la beled poly eth yl ene bag
to pre vent ac ci den tal mix ing. Dur ing sam pling, trans port, stor -
age and treat ment, pre cau tions were taken to avoid con tam i na -
tion.

GEOCHEMICAL ANALYSIS AND MICROSCOPE STUDY

Rock sam ples were used for the geo chem i cal bulk anal y sis
and mi cro scope study. The sam ples for geo chem i cal anal y sis
were dried at an am bi ent tem per a ture, and sub se quently
disaggregated to pass a <0.063 mm screen us ing a
Pulverisette 2 Fritsch’s blender and an Analysette 3 Spar tan
shaker. The pow dered sam ples were to tally di gested with a
mix ture of HCl + HNO3 + HF + HClO4 (3:2:1:2) and then an a -
lyzed for REEs us ing an ICP-MS; model ELAN DRC II, Perkin
Elmer. The de tec tion lim its for 14 REEs var ied from 0.05
(HREEs) to 0.5 mg/kg (LREEs). The cer ti fied ref er ence ma te -
rial (CRM) used for mea sur ing lanthanide con cen tra tions was
SBC-1, Brush Creek Shale (USGS). Qual ity con trol in cluded
both ac cu racy (SRM) and pre ci sion (trip li cates). The av er age
re cov ery of REEs from the CRM av er aged 80%, the un cer tainty 
of the method was be low 10%. The rel a tive stan dard de vi a tion
(RSD) val ues were <3% for most of the an a lyzed el e ments. The 
geo chem i cal anal y ses were per formed at the ac cred ited Cen -
tral 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 (PGI–NRI) in War saw.

The min eral com po si tion and microtextural fea tures of rock
sam ples were ex am ined us ing a ste reo scopic mi cro scope
Leica M205A and a petrographic mi cro scope Nikon LV 100 Pol. 
The mi cro scope stud ies were per formed on raw rock chips and
pol ished thin sec tions, re spec tively. These op ti cal mi cro scope
anal y ses were car ried out at the En vi ron men tal An a lyt i cal Lab o -
ra tory, Jan Kochanowski Uni ver sity in Kielce.

The rock sam ples were also ex am ined with a scan ning
elec tron mi cro scope com bined with an en ergy dispersive spec -
trom e ter (SEM-EDS); model LEO 1430, Carl Zeiss Jena. The
fol low ing mea sur ing pa ram e ters were ap plied: sig nal A – back -
scat tered elec tron (BSE) and sec ond ary elec tron (SE1), magn.
1260–15,850´, ac cel er at ing volt age (EHT) 20.00 kV, work ing
dis tance (WD) 10–21 mm. Con cen tra tions of REEs, Al, As, Ba,
Cl, Cr, F, Fe, K, Mg, Mn, Na, P, S, Si and Sr in se lected rock

sam ples were in turn de ter mined us ing an elec tron microprobe
an a lyzer (EMPA), model Cameca SX-100 equipped with four
wave length dispersive de tec tors. The mea sur ing pa ram e ters
in cluded: ac cel er at ing volt age 15 kV, probe cur rent 20 nA,
beam di am e ter 1 to 5 µm and BSE sig nal. These stud ies were
done on car bon-coated pol ished thin sec tions. The
microanalysis was per formed at the Microanalysis Lab o ra tory
of the Pol ish Geo log i cal In sti tute – Na tional Re search In sti tute
in War saw.

For the pur pose of this study, the au thors di vided REEs
(lanthanides) into two sub groups: light REEs (LREEs; La
through Eu) and heavy REEs (HREEs; Gd through Lu). The
third sub group, mid dle REEs (MREEs; Sm through Dy), over -
laps both LREEs and HREEs. The REE anom a lies were iden ti -
fied af ter nor mal iza tion of REE con cen tra tions to North Amer i -
can Shale Com pos ite/NASC (Haskin et al., 1968; Gromet et al., 
1984). The Ce/CeNASC

* co ef fi cient in the Wiœniówka rock sam -
ples was cal cu lated from the equa tion (1) given by Bau and
Dulski (1996) and re ported in Ta ble 1:

Ce/CeNASC
* = CeNASC/(0.5LaNASC + 0.5PrNASC) [1]

where: CeNASC
* – a back ground con cen tra tion whereas LaNASC and

PrNASC are the NASC-nor mal ized La and Pr con cen tra tions, re spec -
tively.

The sim i lar equa tion was em ployed for the Eu/EuNASC
* co ef -

fi cient. To cal cu late the Eu anom aly, two neigh bor ing el e ments, 
i.e., Sm and Gd, were in cluded in the equa tion (2) as re ported
by Ger man et al. (1991): 

Eu/EuNASC
* = EuNASC/(0.5 SmNASC + 0.5GdNASC) [2] 

Val ues £0.8 are in dic a tive of neg a tive anom a lies whereas
those ³1.2 point to pos i tive anom a lies (Grawunder et al., 2014;
Migaszewski et al., 2016). This ±0.2 range is linked to the mea -
sure ment er ror. This im plies that val ues in the range of 0.81 to
1.19 are not re garded as anom a lies.

RESULTS AND INTERPRETATION

BULK CONCENTRATIONS OF REES AND Y IN MAIN ROCK TYPES

Ob served mean and range con cen tra tions of REEs and Y
as well as NASC-nor mal ized REE con cen tra tion co ef fi cients in
main lithotypes of the Podwiœniówka and Wiœniówka Du¿a
quar ries are sum ma rized in Ta ble 1. Both REEs and Y pre dom -
i nate in clayey-silty and ben ton ite fa cies of the Wiœniówka For -
ma tion as op posed to quartzites/quartzitic sand stones which
are dis tinctly de pleted in these el e ments. The high est to tal REE 
con cen tra tions oc cur in car bo na ceous clayey-silty shales of
Podwiœniówka vary ing from 131 to 457 mg/kg with a mean of
314 mg/kg. Sim i larly, these rocks also con tain Y rang ing from
8.3 to 31.8 mg/kg with a mean of 18.5 mg/kg. These REE con -
cen tra tions are higher than those in the Con ti nen tal Crust
(144.3 mg/kg; Wedepohl, 1995) or the Up per Con ti nen tal Crust
(146.37 mg/kg; Tay lor and McLennan, 1985). By com par i son,
the car bo na ceous shales of the Cu-rich sec tions of the
Kupferschiefer cop per de posit in Po land con tain REEs and Y in 
the range of 117 to 158 mg/kg and 12 to 23 mg/kg Y, re spec -
tively (Saw³owicz, 2013). Sim i larly, in Maastrichtian car bo na -
ceous claystones of the Haymana for ma tion (Tur key) lesser
amounts of REEs (range of 77.81 to 162.05 mg/kg, mean of
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110.82 mg/kg) have been de ter mined (Koç et al., 2016). In an -
other study of the epicontinental Pol ish Ba sin sed i ments, con -
cen tra tions of to tal REEs in the up per most Tri as sic mudstones
and claystones (bore hole Niek³añ IG 1) have been more di ver -
si fied vary ing from 34.1 to 2450.1 mg/kg (mean of 560.6 mg/kg) 
whereas in the Lower Ju ras sic mudstones and claystones from
136.0 to 509.6 mg/kg (max. value in bore hole Kaszewy 1) with a 
mean of 223.4 mg/kg (Brañski and Mikulski, 2016).

The low est REE lev els vary ing from 75 to 126 mg/kg (mean
of 97 mg/kg) have been re corded in Wiœniówka Du¿a
quartzites/quartzitic sand stones. These val ues are gen er ally
higher than those in Pro tero zoic sand stones (13 to 76 mg/kg)
and quartzites (24.77 to 323.6 mg/kg) of south east ern In dia
(Wani, 2017). This com monly en coun tered dis sim i lar ity in REE
con tents be tween main lithotypes is in duced not only by a de -
creased amount of REE-bear ing min er als, but pre sum ably also
by a sub stan tial drop of clay min er als and or ganic mat ter. The
abun dances of REEs and ad di tion ally Y range sev eral or der of
mag ni tude within in di vid ual beds, es pe cially in the Podwiœ -
niówka host rocks. The most dis tinct vari a tions in REE con cen -
tra tions (39–265 mg/kg) have been noted be tween in di vid ual
Podwiœniówka quartz ite/quartzitic sand stone interbeds. Yt trium 
also shows di verse con cen tra tions be tween in di vid ual rock
beds of both quar ries; how ever, the most con sid er able vari a tion 
(range of 8.3 to 31.8 mg/kg) has been found in Podwiœniówka
clayey-silty shales.

It is in ter est ing to com pare to tal con cen tra tions of two REE
sub groups in the Wiœniówka For ma tion. Both in the
Podwiœniówka and Wiœniówka Du¿a quar ries, mea sured
LREEs pro nouncedly pre vail over HREEs. This re la tion ship is
more high lighted by the LREENASC/HREENASC co ef fi cient vary -
ing from 1.36 (Podwiœniówka bentonites) to 1.89 (Podwiœ -
niówka quartzites/quartzitic sand stones). In ter est ingly, both
clayey-silty shales and quartzites/quartzitic sand stones of
Wiœniówka Du¿a show the lower LREENASC/HREENASC co ef fi -
cient av er ag ing 1.44 than those in Podwiœniówka (1.75–1.89).
This is also ev i denced by the LaNASC/YbNASC co ef fi cient of these
two lithotypes of Wiœniówka Du¿a that ranges from 1.95 to 1.98. 

Podwiœniówka bentonites ex hibit nearly the same LREENASC/
HREENASC (1.36) and LaNASC/YbNASC (2.01) co ef fi cients. Both
lower val ues sug gest that clayey-silty shales and
quartzites/quartzitic sand stones od Wiœniówka Du¿a as well as
bentonites of Podwiœniówka are some what en riched in HREEs
com pared to Podwiœniówka clayey-silty shales. Sim i lar re sults
have been de rived from the pre vi ous study on a lesser amount
of sam ples (Migaszewski and Ga³uszka, 2019). Of the two re -
dox-sen si tive el e ments, i.e., Ce and Eu, only Eu shows a sig nif i -
cant pos i tive anom aly (³1.2) in clayey-silty shales and
bentonites. The other co ef fi cients com monly used to de ter mine
a con tri bu tion of MREEs (Sm through Dy), e.g., LaNASC/GdNASC

and SmNASC/YbNASC seem to be of doubt ful sig nif i cance due to
the sharp de crease of REE con cen tra tions at the bound ary be -
tween Eu and Gd (Fig. 2).
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REE con cen tra tions /REE ra tios
Podwiœniówka Wiœniówka Du¿a

Shales (N=22) Bentonites (N=6) Quartzites (N=17) Shales (N=9) Quartzites (N=5)

SREE (La–Lu) 
(mg/kg)

314±40.7

(131–457)

235±29.2

(163–333)

105±13.6

(39–265)

204±25.9

(155–271)

97±12.3

(75–126)

LREE (La–Eu)
(mg/kg)

295±52.6

(123–432)

216±37.8

(141–310)

98.9±17.6

(66–252)

190±33.6

(151–254)

90.5±16.0

(69–117)

HREE (Gd–Lu)
(mg/kg)

19.4±2.61

(7.92–33.6)

18.7±2.40

(11.9–23.3) 

5.91±0.799

(2.91–13.4)

14.1±1.65

(12.5–17.5)

6.78±0.807

(5.61–9.44)

Y
(mg/kg)

18.5±5.25

(8.3–31.8)

18.2±5.22

(11.8–25.0)

5.93±2.01

(3.7–11.1)

16.3±2.61

(11.5–21.1)

8.08±2.04

(6.7–11.6)

LREENASC/HREENASC 1.75 1.36 1.89 1.44 1.44

Ce/CeNASC
*

1.09 1.06 1.09 1.02 1.04

Eu/EuNASC
* 1.30 1.20 1.12 1.24 1.04

LaNASC/YbNASC 2.47 2.01 2.76 1.98 1.95

LaNASC/SmNASC 1.02 0.95 0.94 1.17 1.03

LaNASC/GdNASC 1.41 1.13 1.47 1.55 1.42

SmNASC/YbNASC 2.42 2.13 2.93 1.69 1.90

T a  b l e  1

Ob served mean (±SD) and range REE and Y con cen tra tions and NASC-nor mal ized REE con cen tra tion co ef fi cients in main
lithotypes of the Podwiœniówka and Wiœniówka Du¿a quar ries

Fig. 2. NASC-nor mal ized REE con cen tra tion pat terns 
on a log a rithm scale of Podwiœniówka and Wiœniówka 

Du¿a main lithotypes

Pw-Sh – Podwiœniówka clayey-silty shales, Pw-Bent –
Podwiœniówka bentonites, WD-Sh – Wiœniówka Du¿a clayey-silty
shales, Pw-Qtzt – Podwiœniówka quartzites, WD-Qtzt– Wiœniówka
Du¿a quartzites
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MINERALOGICAL AND GEOCHEMICAL CHARACTERISTICS 
OF REE-BEARING MINERALS

Microtextures of REE-bear ing min er als are de picted in Fig -
ures 3 and 4, whereas their chem i cal com po si tion is given in
Ta bles 2, 3 and 4. Goyazite SrHAl3[(PO4)2(OH)6] is a pre dom i -
nant REE-bear ing min eral in the Wiœniówka area. The other
APS min er als, i.e., gorceixite BaHAl3[(PO4)2(OH)6], but par tic u -
larly crandallite CaHAl3[(PO4)2(OH)6], are very scarce. How -
ever, some beds com prise more gorceixite than the re main ing
APS min er als (Migaszewski et al., 2007). Goyazite as sem -
blages usu ally do not ex ceed 100 µm in di am e ter and com -
monly re veal a het er o ge neous microtexture com posed of light
grey rhombohedral or cu bic cores float ing in a grey ma trix
(Fig. 3C). This min eral infills in ter sti tial micropores or micro -
cracks be tween quartz grains (Fig. 3A, B). In places, goyazite
shows a more com plex microtexture that con sists of grey ag -
gre gates and em bed ded crys tals with al ter nat ing wide light grey 
and thin grey microbands (Fig. 3C). The light grey core or band
do mains are dis tinctly en riched in LREEs at tain ing 21.00 wt.%
whereas the grey ma trix is de pleted in LREEs gen er ally av er ag -
ing <1 to 3 wt.%. The LREE sub group is rep re sented by La (up
to 10.39 wt.%), Ce (up to 8.90 wt.%), Nd (1.54 wt.%) and sub or -
di nate Sm (0.17 wt.%).

Ac cord ing to Ras mus sen et al. (1998), APS min er als and
ap a tite are en riched in LREEs as op posed to xeno time that
con cen trates HREEs (dis cussed be low). Some goyazite ag gre -
gates par tially fill the in te rior of microfossils (Fig. 3E). It is in ter -
est ing to note that APS min er als also make up tran si tional
forms from goyazite to gorceixite or crandallite within in di vid ual
grains, which is ev i denced by re sults of microanalysis per -
formed on sam ple WD2 (Fig. 3G and Ta ble 4). The con tents of
Sr, Ba and Ca are in the range of 4.14–4.47 wt.%,
1.46–4.37 wt.% and 1.62–2.22 wt.%, re spec tively. This
Sr-Ba-Ca-APS min eral grain also shows en rich ment in LREEs
(Ce > Nd > La > Sm) vary ing from 8.95 to 12.31 wt.% (Ta ble 4).
Goyazite and sub or di nate gorceixite and crandallite as sem -
blages oc cur oc ca sion ally in the form of paragenetic oc cur -
rences with py rite (Fig. 3F–H) or goethite, TiO2 poly morphs and
nacrite/dickite (Fig. 3D).

It is also in ter est ing to com pare con cen tra tions of REEs and 
ac com pa ny ing el e ments in goyazite and gorceixite ag gre ga -
tions (Ta ble 2). For ex am ple, goyazite shows vari able con tents
of ma jor el e ments: 10.05 to 18.19 wt.% (Al), <0.1 to 4.37 wt.%
(Ba), 0.46 to 2.22 wt.% (Ca), 6.41 to 12.61 wt.% (P), 0.22 to
4.04 wt.% (S) and 1.51 to 7.65 wt.% (Sr) (Ta ble 2). The REE
con tents also ex hibit the same sub stan tial vari a tions as ex em -
pli fied by Ce (4.25 to 10.43 wt.%), La (1.31 to 8.90 wt.%), Nd
(1.15 to 5.41 wt.%) and sub or di nate Sm (<0.1 to 0.77 wt.%; Ta -
ble 3). The vari abil ity of mi nor and trace el e ments is also found
within some gorceixite grains, but like in goyazite, there is no in -
ter re la tion ship be tween el e ment con tents and microtextural
pat terns. Among APS min er als, gorceixite is dis tin guished by
the high est con tent of Ba vary ing from 9.89 to 26.80 wt.%
(mean of 20.89 wt.%), Cl from <0.1 to 4.44 wt.% (mean of
0.45 wt.%) and F in the range of 0.21 to 1.64 wt.% (mean of
0.97 wt.%; Ta ble 2). How ever, as op posed to goyazite,
gorceixite con tains a lesser amount of REEs reach ing
4.85 wt.% (Ta ble 3). It should be stressed that APS min er als do
not con tain ar senic al though very high con cen tra tions of this el -
e ment have been re corded in py rite (up to 8.2 wt.%;
Migaszewski et al., 2016) and goethite/he ma tite (up to
5.29 wt.%; Migaszewski and Ga³uszka, 2019).

The sec ond most wide spread REE-rich min eral in the
Wiœniówka area is xeno time form ing mostly syntaxial tooth-like

overgrowths up to 70 µm in di am e ter on de tri tal zir con grains
(Fig. 4A–D). In places, the xeno time rim is nearly com plete
(Fig. 4A, B). Most of the outer sur faces of xeno time
overgrowths ex hibit no rounded morphologies, thus pre clud ing
the trans port of com bined zir con/xeno time ag gre gates from the
prox i mal parts of the shelf. Xeno time oc curs also as dis crete
grains lo cally com posed of 2–3 gen er a tions (Fig. 4E, F). In
some places, xeno time fills microcracks or micropores within
zir con grains. The bound aries be tween xeno time gen er a tions
of com pos ite as sem blages show lo cally etch ing that may re sult
from early-diagenetic dis so lu tion by hy dro ther mal flu ids (in ner
tooth-like rims; Fig. 4E). In con trast, the outer rims re veal typ i -
cally a strong dis solv ing pat tern de rived from re ac tive py rite ox i -
da tion prod ucts (outer rims). The light grey do mains con tain
more HREEs and U com pared to their grey and dark grey
equiv a lents (Migaszewski and Ga³uszka, 2019). Xeno time as -
sem blages oc ca sion ally show a del i cate ir reg u lar zonal and/or
patchy microtextures sim i lar to those ob served in goyazite. In
xeno time, in con trast to the APS min er als, phos pho rus re veals
a more uni form spa tial dis tri bu tion, vary ing from 13.73 to
15.46 wt.% with a mean of 15.00 wt.% (Ta ble 2). Of the
REE-rich min er als, xeno time com prises the larg est amount of
HREEs with an ad mix ture of  some LREEs (Nd, Sm, Eu) (Ta -
ble 3). The to tal mean con tent of HREEs amounts to 17.09
wt.% whereas LREEs to 0.92 wt.%. This min eral shows the fol -
low ing se quence of mean HREE con cen tra tions (wt.% in pa -
ren the ses): Dy (5.66) > Er (3.16) > Gd (2.94) > Yb (2.81) > Ho
(1.00) > Tb (0.65) > Lu (0.59) > Tm (0.28). The same HREE
trend is seen in sin gle xeno time grains (Ta ble 4). The most en -
riched in to tal REEs (22.5 wt.%) and HREEs (21.25 wt.%) is a
xeno time grain that has been found is sam ple WD2 from the
Wiœniówka Du¿a Quarry.

An other REE-phos phate min eral is monazite CePO4 that
oc curs in a mi nor amount. It forms in di vid ual grains de void of
banded or patchy microtextures (Fig. 4G). Like in xeno time, the
con cen tra tion of phos pho rus in this min eral shows rel a tively
small vari a tions from 11.84 to 13.44 wt.% with a mean of
13.09 wt.% (Ta ble 2). REEs are rep re sented pri mar ily by
LREEs with a fol low ing se quence of mean val ues (wt.% in pa -
ren the ses): Ce (25.86) > La (13.35) > Nd (9.69) > Pr (2.54) >
Sm (1.34) > Eu (0.10). HREEs en com pass only Gd (1.10 wt.%)
and Dy (0.42 wt.%). The high est to tal con tents of to tal REEs
(58.14 wt.%) in clud ing LREEs (57.23 wt.%) have been noted in
sam ple Pw39 from the Podwiœniówka Quarry. Monazite also
shows en rich ment in yt trium in the range of 0.16 to 2.49 wt.%
(mean of 1.38 wt.%). As op posed to most APS and xeno time
oc cur rences, monazite grains show dis tinct crack ing and etch -
ing of rims in duced by re ac tive py rite ox i da tion prod ucts
(Fig. 4G). Monazite forms pre dom i nantly authigenic as sem -
blages as op posed to de tri tal grains which are ex tremely
scarce.

Of the other REE-bear ing min er als, bastnäsite
REECO3(F,OH), florencite (REE)Al3(PO4)2(OH)6 and synchy -
site CaCe[CO3]2F are ex tremely scarce or neg li gi ble. In ter est -
ingly, the quite com mon phos phate min er als, i.e., brown ish wa -
vel lite (Al3[(OH,F)3|(PO4)2]×5H2O) (Fig. 4H) and pale green
variscite (Al[PO4]×2H2O), are de pleted in REEs in re la tion to
APS min er als, xeno time and monazite as ev i denced by an
elec tron microprobe ex am i na tion. REEs are rep re sented by ce -
rium not ex ceed ing 0.10 wt.% in these two min er als (Ta ble 3).
The ma jor el e ments, e.g., Al and P, show slightly vari able con -
cen tra tions with mean val ues of 18.92 wt.% (Al) and 15.68 wt.% 
(P) in wa vel lite and 17.24 wt.% (Al) and 19.17 wt.% (P) in
variscite (Ta ble 2)
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Fig. 3. Back-scat tered SEM pho to mi cro graphs of APS min er als

A – goyazite as sem blages in fill ing microcracks along quartz grain bound aries roughly pat tern ing a map of Po land (sam ple Pw10); B –
goyazite ag gre gates com posed of LREE-rich cores (light grey) and LREE-de pleted ma trix in fill ing microvoids be tween quartz grains (sam ple 
Pw3, 11.5–11.6 m); C – a goyazite ag gre gate show ing mostly a zonal-patchy microtexture with LREE-rich (light grey) and LREE-poor do -
mains (grey; sam ple Pw3, 11.5–11.6 m); D – a mixed ag gre ga tion of goyazite, kaolinite, goethite and rutile (sam ple Pw3/1); E – a microfossil
(acritarch?) infilled with a goyazite ag gre gate rimmed with a sil ica sheath (sam ple Pw15); F – goyazite be ing partly re placed wit a py rite as -
sem blage (sam ple Pw20); G, H – a tran si tional APS as sem blage (goyazite-gorceixite-crandallite; see Ta ble 4) with scat tered in ter locked py -
rite in clu sions (sam ple WD2); Anh – anhydrite, Aps – alu mi num-phos phate-sul fate min er als, Goy – goyazite, Gt – goethite, Kln – kaolinite
(nacrite/dickite), Mnz – monazite, Py – py rite, Qtz – quartz, Rt – rutile; Wvl – wa vel lite, Xnt - xeno time, Zrn – zir con



An other in ter est ing is sue is a con cen tra tion of REEs in ac -
com pa ny ing authigenic as sem blages of py rite, goethite/he ma -
tite or TiO2 poly morphs. Elec tron-probe microanalysis has
shown that these el e ments oc cur only in trace amounts and are
rep re sented only by Ce reach ing 0.27 wt.% in TiO2 poly morphs.

DISCUSSION

RARE EARTH ELEMENTS FINGERPRINTING SEDIMENTARY
CONDITIONS

The NASC-nor mal ized REE con cen tra tion pat terns of prin -
ci pal rocks types in both Podwiœniówka and Wiœniówka Du¿a
quar ries are de picted in Fig ure 2. Five lin ear graphs con firm en -
rich ment of lithotypes in LREEs, which is also ev i denced by the
LREENASC/HREENASC and LaNASC/YbNASC co ef fi cients (dis -
cussed in sub sec tion Bulk con cen tra tions of REEs and Y in
main rock types). Both Ce and Eu anom a lies may in di cate the
re dox con di tions dur ing the for ma tion of REE-rich min er als. In
sea wa ter at mod er ately el e vated pH and/or Eh, Ce3+ ox i dizes to 
lower sol u ble Ce4+ (Dia et al., 2000; Leybourne et al., 2000).
Con se quently, this cat ion un der goes pre cip i ta tion giv ing a pos i -
tive anom aly in sed i ments/rocks (Brookins, 1989; At las, 2005;
Migaszewski and Ga³uszka, 2015). Eu ro pium ex hib its the op -

po site be hav iour, this means that Eu3+ is re duced to in sol u ble
Eu2+ at low Eh (be low 350 mV) and/or pH in very re duc ing
aque ous en vi ron ments. Tak ing to gether, both neg a tive Ce and
pos i tive Eu anom a lies in wa ters in di cate the ox i diz ing con di -
tions and vice versa the re duc ing con di tions. How ever, in sed i -
ments/rocks, Ce and Eu show in versely pro por tional pat terns
un der the same con di tions. None the less, this re la tion ship is
dis torted in the sub ma rine hy dro ther mal sys tems (dis cussed
later).

In the Wiœniówka area clayey-silty shales ex hibit a dis tinct
pos i tive Eu anom aly vary ing from 1.24 (Wiœniówka Du¿a) to
1.30 (Podwiœniówka). This co ef fi cient points to a re duc ing en vi -
ron ment dur ing the for ma tion of REE-bear ing min er als, which is 
also ev i denced by the pres ence of dom i nant dark grey to black
car bo na ceous clayey-silty shales host ing scat tered micro -
crystalline py rite, as well as the V/(Ni+V) ra tio. Re sults of the
pre vi ous study (Migaszewski and Ga³uszka, 2019) have shown
that Podwiœniówka dark grey to black pyritiferous, car bo na -
ceous clayey-silty shales are dis tinctly en riched in to tal or ganic
car bon/TOC (range of 0.13 to 1.54%) com pared to their
Wiœniówka Du¿a equiv a lents (range of <0.10 to 0.35%). It is
note wor thy that py rite-rich car bo na ceous shales of the
Haymana for ma tion in Tur key are also abun dant in TOC in the
range of 0.39 to 1.69% (Acar et al., 2007) and they also show a
strongly pos i tive Eu anom aly (Fig. 4 in Koç et al., 2016). In con -
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El e ment

[wt.%]

Goyazite

(N = 87)

Gorceixite

(N = 20)

Xeno time

(N = 62)

Monazite

(N = 18)
Wa vel lite

(N = 35)

Variscite

(N = 22)

Al
15.66±0.98

10.05–18.19

14.82±1.00

11.40–15.70

bdl bdl 18.92±0.77

17.61–20.65

17.24±0.44

16.43–18.07

Ba
0.54±0.64

<0.1–4.37

20.89±6.92

9.89–26.80
bdl bdl

0.02±0.03

<0.1–0.11

bdl

Ca
0.98±0.36

0.46–2.22

0.27±0.34

<0.1–1.42

0.20±0.15

<0.1–0.71

0.51±0.20

0.05–0.74
<0.1–0.02

0.02±0.01

0.1–0.04

Cl  bdl
0.45±1.08

<0.1–4.44
bdl bdl bdl bdl

F
0.29±0.09

0.12–0.60

0.97±0.32

0.21–1.64
bdl bdl

2.41±0.96

0.29–3.71

0.29±0.04

0.22–0.41

Fe
0.48±0.50

<0.1–2.04

3.96±7.06

<0.1–20.52

0.13±0.26

<0.1–1.44
<0.1–0.06  bdl

0.09±0.02

 bdl

K <0.1–0.13 <0.1–0.15  bdl  bdl bdl bdl

Mg <0.1–0.16  bdl  bdl  bdl  bdl bdl

Mn bdl
0.24±0.55

<0.1–2.23
 bdl. bdl  bdl  bdl

Na <0.1–0.11
0.10±0.05

0.1–0.22
bdl bdl bdl bdl

P
11.17±0.77

6.41–12.61

8.53±4.39

0.98–11.62

15.00±0.33

13.73–15.46

13.09±0.38

11.84–13.44

15.68±0.41

14.74–16.41

19.17±1.09

17.29–20.86

S
0.89±0.59

0.22–4.04

0.80±1.80

<0.1–8.40
<0.1–0.15 <0.1–0.17  bdl bdl

Si
0.28±0.30

<0.1–2.38

0.54±0.32

0.16–1.44

0.36±0.23

<0.1–1.17

0.19±0.19

0.07–0.88
 bdl  bdl

Sr
4.01±1.11

1.51–7.65

1.07±1.95

0.10–6.92
bdl bdl bdl bdl

bdl – be low de tec tion limit; (~0.1 wt.%); arsenic and chro mium al ways oc curs be low de tec tion limit; when the num ber of points con tain ing a
spe cific el e ment be low de tec tion limit amounted to more than 20% of the to tal num ber of points, then only ob served con cen tra tion ranges are 
given

T a  b l e  2

Mean and range con tents of ma jor and mi nor el e ments in REE-bear ing min er als of the Wiœniówka area (de rived from EMPA)
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trast, the up per most Tri as sic and the Lower Ju ras sic
mudstones and claystones of the Pol ish Ba sin re veal a neg a -
tive Eu anom aly vary ing from 0.48 to 0.70 (mean of 0.64) and
0.53 to 0.68 (mean of 0.63), re spec tively (Brañski and Mikulski,
2016). These low co ef fi cients may sug gest the ox i da tion con di -
tions that pre vailed in a shal low sed i men tary ba sin or an in flu -
ence of dif fer ent post-depositional pro cesses. How ever, a lack
of de tailed min er al og i cal REE study in many ar eas makes dif fi -
cult ad e quate in ter pre ta tion of pos i tive or neg a tive Eu anom a -
lies in siliciclastic rock for ma tions (pH/Eh con di tions, com po si -
tion and prov e nance of REE source ma te rial, weath er ing pro -
cesses, etc.). The re dox Eu sig na ture is also backed up by the
min er al og i cal con text of the host ing py rite min er al iza tion zones. 
The data in di cate that microcrystalline py rite forms in sed i ments 
un der euxinic (H2S abun dance and lack of O2) or in ter mit tent
anoxic (lack of H2S and O2) con di tions, es pe cially in black shale 
fa cies en riched in or ganic mat ter as a reductant (Schieber,
2001).

An other di rect in di ca tor of euxinic-anoxic en vi ron ments in
the Wiœniówka depositional ba sin is the V/(Ni+V) ra tio. Its val -

ues vary mostly from 0.84 to 0.95 oc ca sion ally from 0.63 to 0.83 
(Migaszewski and Ga³uszka, 2019). The for mer range points to
euxinic whereas the lat ter to anoxic con di tions (Hatch and
Leventhal, 1992). These short pe ri ods of py rite for ma tion may
have re flected the re stricted in fluxes of Fe- and H2S-rich hy dro -
ther mal flu ids and the ham pered pro cess of bac te rial sul fate re -
duc tion (BSR) pro cess. Both oxic and dysoxic (low O2 con tents) 
con di tions have not been re corded in clayey-silty fa cies as op -
posed to some quartz ite beds show ing the V/(Ni+V) ra tio in the
range of 0.08 to 0.51 (Migaszewski and Ga³uszka, 2019). This
im plies that pe ri od i cal in puts of sandy ma te rial, which was sup -
plied by sus pen sion cur rents from the prox i mal parts of the shelf 
into the deeper parts of the Wiœniówka ba sin, caused vari a tions
in the pre vail ing re dox con di tions.

More over, the lower val ues of the Eu/EuNASC
* co ef fi cient in

quartzites/quartzitic sand stones of Wiœniówka Du¿a (1.04) and
Podwiœniówka (1.12) points ac tu ally to a lack of Eu anom aly
(£1.2). This may sug gest some what ox i diz ing con di tions in -
duced by sus pen sion cur rents that trans ported sandy ma te rial
from prox i mal parts of the sed i men tary ba sin, which is also ev i -
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El e ment

[wt.%]

Goyazite

(N = 87)

Gorceixite

(N = 20)

Xeno time

(N = 70)

Monazite

(N = 22)

Wa vel lite

(N = 35)

Variscite

(N = 22)

Y bdl 0.12±0.06

<0.1–0.22

32.83±1.47

29.02–38.19

1.38±0.68

0.16–2.49
bdl bdl

La
3.38±1.62

1.31–8.90

0.10±0.19

<0.1–0.61
bdl 13.35±1.83

10.07–17.37
bdl bdl

Ce
7.84±1.46

4.25–10.43

1.24±0.59

0.16–2.44
bdl 25.86±1.29

23.88–28.03

bdl

<0.1–0.1

bdl

<0.1–0.1

Pr bdl bdl bdl 2.54±0.15

2.26–2.94
bdl bdl

Nd
2.96±0.85

1.15–5.41

0.20±0.43

<0.1–1.51

0.26±0.12

<0.1–0.65

9.69±0.61

9.00–11.59
bdl bdl

Sm <0.1–0.77 <0.1–0.44 0.66±0.28

0.06–1.56

1.34±0.32

0.73–1.98
bdl bdl

Eu bdl bdl 0.28±0.19

<0.1–0.71

0.10±0.09

<0.1–0.36
bdl bdl

Gd bdl bdl 2.94±1.51

0.53–7.25

1.10±0.29

0.48–1.57
bdl bdl

Tb bdl bdl 0.65±0.25

0.18–1.23
bdl bdl bdl

Dy bdl bdl 5.66±1.09

2.61–7.91

0.42±0.19

<0.1–0.70
bdl bdl

Ho bdl bdl 1.00±0.10

0.75–1.27
bdl bdl bdl

Er bdl bdl 3.16±0.47

2.2–4.34
bdl bdl bdl

Tm bdl bdl 0.28±0.09

<0.1–0.49
bdl bdl bdl

Yb bdl bdl 2.81±1.25

1.19–5.51
bdl bdl bdl

Lu bdl bdl 0.59±0.16

0.30–1.04
bdl bdl bdl

bdl – be low de tec tion limit; when the num ber of points con tain ing a spe cific el e ment be low de tec tion limit amounted to >20% of the to tal num -
ber of points, then only ob served con cen tra tion ranges are given

T a  b l e  3

Mean and range con tents of REEs and Y in APS and phos phate min er als of the Wiœniówka area (de rived from EMPA)

https://doi.org/10.7306/gq.1288
https://doi.org/10.1016/0009-2541(92)90031-Y
https://doi.org/10.1016/j.sedgeo.2019.07.004
https://doi.org/10.1016/j.sedgeo.2019.07.004
https://doi.org/10.1016/S0166-5162(01)00041-6


denced by the lo cal pres ence of sand stone balls up to 40 cm in
di am e ter in some quartz ite beds (Migaszewski and Ga³uszka,
2019). This pro cess may have dis torted a dis tinct Eu anom aly in 
these de tri tal rocks. The far lower Eu/EuNASC

* val ues (range of
0.4 to 0.8; mean of 0.59) have in turn been found in Pro tero zoic
sand stones and quartzites of south east ern In dia. Hence, the
neg a tive Eu anom aly may be in dic a tive of ox i diz ing con di tions
in a sed i men tary ba sin (Wani, 2017). This may im ply that in puts
of de tri tal ma te rial from oxic-dysoxic sandy fa cies into the
deeper euxinic-anoxic muddy fa cies may have changed the
orig i nal pos i tive Eu anom aly.

The Ce/CeNASC
* co ef fi cient is too low (1.02 to 1.09) to be

rec og nized as a pos i tive anom aly (³1.2) and a proxy for re dox
con di tions due to di verse mix ing of hy dro ther mal vent flu ids and 
sea wa ter dur ing for ma tion of py rite and REE-rich min er als. The
REE geo chem i cal data, but es pe cially strong LREE en rich -
ments in re la tion to HREE, a pos i tive Eu anom aly as so ci ated
with weak neg a tive to pos i tive Ce anom a lies point to a stron ger
in flu ence of hy dro ther mal events (Ger man et al., 1990, 1999;
Wang et al., 2012).

MULTIPROXY RECORD FOR HYDROTHERMAL REE-MINERAL
PROVENANCE

An other im por tant is sue is a source of Al, Ba, Ca, Sr, P,
REEs and Y for the for ma tion of REE-rich min er als, es pe cially
when con sid er ing the REE scar city (1 to 6.5 mg/kg) in the
ocean wa ter (Elderfield and Greaves, 1982). How ever, the sul -
fate re duc tion zone (be low the sed i ment-wa ter in ter face) may
ex hibit the 10-to-50 higher lev els of REEs (Elderfield and
Sholkovitz, 1987). Hy dro ther mal sed i ments show in turn higher
REE con cen tra tions (in mg/kg lev els) than sea wa ter and sub -
ma rine hy dro ther mal flu ids. Dif fer ent REE pat terns re sult from
com pet ing for the scav eng ing mech a nism in pre cip i tated min -
er als. The for ma tion of APS and phos phate min er als re quires a
low pH and high con cen tra tions of dis solved phos phates
(Nriagu, 1976; Stoffregen and Alpers, 1987).

There is no in di ca tion of mag matic ac tiv ity within the
Wiœniówka siliciclastic depositional ba sin or the trans port of
REE-rich min er als (ex cept for scarce monazite in clu sions in de -
tri tal quartz grains) with sus pen sion cur rent ma te rial from the
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El e ment

[wt.%]

APS group – WD2 (Fig. 3G) Xeno time – Pw34 (Fig. 4D) Xeno time – Pw34 (Fig. 4E)

#1 #2 #3 #1 #2 #1 #2 #3 #4

Al 16.36 18.19 16.21 bdl bdl bdl bdl bdl bdl

Ba 1.46 4.37 2.18 bdl bdl bdl bdl bdl bdl

Ca 1.63 2.22 1.62 bdl bdl bdl 0.02 0.07 0.34

Fe 0.51 1.10 1.17 bdl bdl bdl bdl 1.44 bdl

P 11.36 12.61 11.11 14.76 14.69 15.17 15.30 15.32 15.24

S 0.97 0.86 1.52 bdl bdl bdl bdl bdl bdl

Sr 4.47 4.14 4.26 bdl bdl bdl bdl bdl bdl

Th bdl bdl bdl 0.83 0.47 0.20 0.42 0.48 0.36

U bdl bdl bdl 0.32 0.34 0.22 1.23 0.62 0.35

Y bdl bdl bdl 33.57 33.65 33.23 32.85 32.75 33.66

La 1.89 1.72 1.38 bdl bdl bdl bdl bdl bdl

Ce 6.85 5.78 4.71 bdl bdl bdl bdl bdl bdl

Pr bdl bdl bdl bdl bdl bdl bdl bdl bdl

Nd 3.10 2.89 2.45 0.26 0.33 0.11 0.37 0.32 0.23

Sm 0.47 0.48 0.41 0.78 0.70 bdl bdl bdl bdl

Eu bdl bdl bdl 0.38 0.40 0.18 bdl bdl 0.33

Gd bdl bdl bdl 2.69 2.67 2.12 2.24 2.12 2.32

Tb bdl bdl bdl 0.64 0.62 0.61 1.57 1.53 0.63

Dy bdl bdl bdl 5.92 5.74 6.59 5.21 5.19 5.80

Ho bdl bdl bdl 1.13 0.98 1.27 1.06 1.00 1.11

Er bdl bdl bdl 3.04 2.96 3.62 3.53 3.22 3.12

Tm bdl bdl bdl 0.18 0.20 0.31 0.36 0.34 0.25

Yb bdl bdl bdl 1.96 2.03 2.73 3.24 3.22 1.97

Lu bdl bdl bdl 0.54 0.54 0.51 0.53 0.66 0.55

åREEs
(La-Lu) 12.31 10.87 8.95 17.52 17.17 18.05 18.11 17.60 16.31

bdl – be low de tec tion limit (~0.1 wt.%)

T a  b l e  4

Con tents of REEs and ma jor as so ci ated el e ments in se lected APS min er als and xeno time of the Wiœniówka area (de rived from EMPA)
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Fig. 4. Back-scat tered SEM (A–C) and EMP (D–H) pho to mi cro graphs of REE-rich min er als

A, B, C, D – dif fer ent forms of de tri tal zir con grains rimmed by HREE-rich xeno time show ing zonal and/or patchy microtextures (sam ples
WD2, Pw15, WD2 and Pw34, re spec tively); E, F – in di vid ual xeno time grains com posed of three gen er a tions (sam ple Pw34); G – a cracked
and etched in di vid ual monazite grain with an ad ja cent py rite in clu sion (sam ple WD34); H – a wa vel lite as sem blage in fill ing veined quartz
microvoids with oc ca sional anhydrite in clu sions; ex pla na tion as in Fig ure 3



prox i mal parts of the shelf. The other pro cesses, e.g., hypogene 
al ter ations (in clud ing sub ma rine weath er ing) or supergene pro -
cesses should not be taken un der con sid er ation. Trace
amounts of felspar also pre clude their deg ra da tion as a ma jor
source of some el e ments (Dill, 2001). The other po ten tial
source of Al, Ba, Ca, Sr, P, REEs and Y is vol ca nic ashes that
give rise to ben ton ite/tuffite interbeds in the old est south ern
strata of the Podwiœniówka Quarry. How ever, the py rite min er -
al iza tion zones, which oc cu pies the most part of the Wiœniówka
geo logic pro file, prac ti cally lacks this volcanoclastic ma te rial as
in di cated by the pre vi ous petrographic study (Migaszewski and
Ga³uszka, 2019).

There is min er al og i cal ev i dence sug gest ing the sub ma rine
hot spring or i gin of REE-bear ing min er als. These in clude com -
mon paragenetic as sem blages of APS min er als as so ci ated
with hy dro ther mal py rite and nacrite/dickite (Migaszewski and
Ga³uszka, 2019). The Ariadne’s web is Wiœniówka py rite that
shows both ex tremely high con cen tra tions of As (up to 8.2%
based on LA-ICP-MS mea sure ments) and un com monly neg a -
tive d34S val ues (from  –41.4 to –19.8‰), fin ger print ing sed i -
ment-hosted py rite stratiform de pos its (Migaszewski et al.,
2008, 2016; Migaszewski and Ga³uszka, 2019 and ref er ences
therein). These highly neg a tive val ues also sug gest that or ganic 
mat ter may have been in volved in the for ma tion of py rite and
some REE-rich min er als. The neg a tive d34S (–42.5‰) val ues of 
py rite have also been re corded in fos sil hy dro ther mal chim neys
and mounds at Silvermines (Cen tral Ire land; Boyce et al.,
1983). The neg a tive sta ble sul fur sig na tures are also a proxy for 
ac tiv ity of mi cro or gan isms pre served in the form of some
framboids in the Wiœniówka area (Migaszewski et al., 2018a, b;
Migaszewski and Ga³uszka, 2019) or microfossils (acritarchs?)
infilled with ana tase (Migaszewski and Ga³uszka, 2023) or
goyazite ag gre gates (Fig. 3E). Hy dro ther mal or i gin of py rite is
ev i denced not only by an un typ i cal high con tent of ar senic (un -
com mon in sed i men tary for ma tions), but also by al ter nat ing ar -
senic-rich and ar senic-poor in ter nal microbands in py rite grains
(Kolker and Nordstrom, 2001). This min er al og i cal and iso to pic
con text also cast light on the or i gin of REE-bear ing min er als.
Be sides, con sid er able vari a tions of xeno time overgrowths in
size and mor phol ogy, and an ir reg u lar zonal-patchy
microtexture is a char ac ter is tic min er al og i cal sig na ture of hy -
dro ther mal ac tiv ity (Ras mus sen, 1996; Kositcin et al., 2003).
The same prop er ties are also re lated to APS min er als that com -
monly show a zonal-patchy microtexture.

An other hy dro ther mal proxy for REE-rich min er als is both
the pre dom i nance of LREEs over HREEs and  a pos i tive Eu
anom aly that have com monly been found in hy dro ther mal
sea-floor sys tems, for ex am ple in met al lif er ous sed i ments and
hy dro ther mal flu ids of the Red Sea and the East Pa cific Rise
(Courtois and Treuil, 1977; Michard et al., 1983; Michard and
AlbarÀde, 1986; Douville et al., 1999; Ger man et al., 1990,
1999; Bau and Dulski, 1996; Wang et al., 2012). It is note wor thy 
that av er age black and white smoker fluid of the ac tive TAG
Mound has shown a strongly pos i tive Eu anom aly and a neg li gi -
ble Ce neg a tive anom aly with LREE en rich ments as op posed to 
am bi ent sea wa ter that has ex hib ited a weak neg a tive Eu
anom aly and a dis tinctly neg a tive Ce anom aly with HREE en -
rich ments (Mills and Elderfield, 1995). Be cause Wiœniówka
siliciclastic rocks are not meta mor phic in or i gin (ex cept for some 
neg li gi ble parts of white quartzites which are de void of REEs),
the REE pat terns re flect the REE com po si tion of flu ids. The oc -
cur rence of dif fer ent REE-min er als and re sul tant di verse con -

tents of REEs and Y be tween in di vid ual beds also sug gest vari -
able geo chem is try and pe ri od i cal in fluxes of hy dro ther mal flu ids 
dis charged into the seafloor sed i ment and the wa ter col umn.
The geo chem i cal fluid di ver sity is ev i denced by en rich ments of
goyazite and gorceixite (vs. xeno time and monazite) in Cl and
F. This may in di cate that aque ous com plexes of these two el e -
ments have played a sig nif i cant role in trans port ing REEs and
crys tal li za tion of APS min er als (Wil liams-Jones and Artas,
2014).

It is hard to es tab lish the se quence of min eral crys tal li za tion
in the Wiœniówka siliciclastic se ries due to multiphase for ma tion
of py rite, APS and phos phate min er als, and nacrite/dickite, not to 
men tion TiO2 poly morphs (rutile, ana tase, brookite). Py rite and
nacrite/dickite ag gre ga tions and veinlets seem to have crys tal -
lized prior to REE-bear ing as sem blages al though lo cally a re -
verse se quence is ob served. This means that it is rea son able to
as sume that all these min er als, which oc cur in the py rite min er al -
iza tion zones, may be rec og nized as nearly co eval. How ever,
REE-de pleted variscite and wa vel lite, co-oc cur ring with quartz
veinlets, may have fol lowed the crys tal li za tion of APS min er als.

CONCLUSIONS

The Wiœniówka Up per Cam brian For ma tion takes up a
unique po si tion among siliciclastic for ma tions of Po land due to
the pres ence of ar sen i cal py rite and REE min er al iza tion, which is 
un usual in hard rock min ing world wide. This and the pre vi ous
geo chem i cal, min er al og i cal and petrographic stud ies com bined
with sta ble sul fur iso tope mea sure ments have in di cated hy dro -
ther mal prov e nance of py rite, nacrite/dickite and as so ci ated
REE-rich min er als (Migaszewski and Ga³uszka, 2010, 2019).
The hot spring flu ids dis charged Al, Ba, Ca, Sr, P, REEs and Y
into the sed i ment and the sea wa ter col umn dur ing the Late Cam -
brian, over print ing the other pos si ble mi nor sources of these el e -
ments. An ob served de crease in con tents of ar sen i cal py rite and
REE-rich min er als (es pe cially APS min er als) along with the di -
min ish ing V/(Ni+V) ra tio in the Wiœniówka Du¿a lithofacies point
to van ish ing Fe-As-REE min er al iza tion and a grad ual shift from
euxinic/anoxic to ward dysoxic/oxic con di tions.

This in ves ti ga tion has doc u mented a broad range of
REE-bear ing min er als show ing dif fer ent microtextural and geo -
chem i cal char ac ter is tics. There is a les son that can be drawn
from this REE min er al iza tion study. This im plies that the use of
a va ri ety of an a lyt i cal tech niques com bined with field ob ser va -
tions en able pin point ing a true source of REEs. This ap proach
has al lowed us to de ter mine a hy dro ther mal or i gin of REE-rich
min er als that are closely re lated to the py rite min er al iza tion
zones and ex clude a ma jor con tri bu tion of other po ten tial
terrigenous or volcanogenic sources as well as re sul tant
remobilization of REEs from de tri tal in gre di ents, or gan i -
cally-coated clay min er als or vol ca nic ashes. The prac ti cal as -
pect of this study, how ever, is the po ten tial of the Up per Cam -
brian Wiœniówka mas sif for a search of REE min er al iza tion of
eco nomic value.
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