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Abstract. This report presents the results of a petrographical, mineralogical (SEM/EDS, XRD) and
geochemical (XREF, CV-AAS, ICP-MS) study of gorceixite (barium aluminophosphate) from the abandoned
Podwisnidéwka mine pit. This site is highlighted by the presence of highly acidic pit pond whose chemistry
is strongly affected by the exposed pyrite-bearing zone. The gorceixite occurs in the Upper Cambrian
carbonaceous clayey shales, quartzites and tuffs in form of minute accumulations varying from about 0.5 to
100 pm in diameter. These accumulations infill voids, cavities, cracks and partly fissures in the rocks
examined. The other minerals of the crandallite series, i.e. florencite and goyazite, can be found only in trace
amounts. The gorceixite-bearing rocks, especially carbonaceous clayey shales, are characterized by the
highest concentrations of REE reaching 455.09 mg-kg-1. In addition, these rocks are distinctly enriched in
light rare earth elements (LREE), with the La/Yb ratio ranging from 24.44 through 36.30. Some of the
examined gorceixite accumulations are paragenetically linked to the veined pyrite and nacrite. The latter
mineral is indicative of crystallization temperatures of about 200 to 300°C. The coexistence of gorceixite with
the veined nacrite or pyrite mineralization and the volcaniclastic rocks, as well as the microtextural features
and high concentrations of REE in the gorceixite-bearing parent rocks suggest that this mineral formed as
a result of both hydrothermal and volcanic activity in a shallow-marine basin during the late Cambrian.

Key-words: gorceixite, clayey shales, quartzites, volcaniclastic rocks, mineralogical and chemical com-
position, REE, hydrothermal-volcanic origin, Podwisniéwka, Holy Cross Mts

INTRODUCTION

Like other secondary aluminophosphate and phosphate minerals, i.e. florencite
(REE)Al3(POy4)2(OH)g (Pouliot, Hofmann 1981), crandallite CaHAI3[(PO4)2(OH)g]
(Scott 1987), goyazite SrHAI3[(PO4)2(OH)g] (Kato, Radoslovich 1968), apatite
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(Ca,...)5(POy,...)3(F,Cl,OH), xenotime Y[POy4], gorceixite is isostructural (hexagonal)
with alunite. It belongs to the crandallite series of aluminum-phosphate-sulphate
(APS) minerals, and its chemical formula is differently reported by various au-
thors: BaAl3(POy4)>(OH)5-H,O (Dill et al. 1995; Ward et al. 1996; Rasmussen et al.
1998), BaAlsH[(OH)x(POy4),] (Kato, Radoslovich 1968; Dill 2001; Manecki 2004) or
BaAl3(PO,)(PO3OH)(OH)g (Dill et al. 2006). Gorceixite is resistant to weathering and
dissolves only in strong acids at ambient pressure and temperature of above 400°C. This
mineral is hard (6 in hardness scale), brown, glassy and dull. In general, gorceixite
occurs in form of minute crystals (<0.1 to 10 pm in diameter) infilling vugs, cavities,
cracks and fissures in various rocks. The calculations predict that gorceixite is most
stable from pH 4.0 to 6.8 (Jerden, Sinha 2006).

Gorceixite was found in a wide range of geochemical environments, including:
aluminous metamorphic rocks (Wise 1975), explosive pipe breccias (Ribeiro et al. 2005),
weathering mantles developed from apatite-rich carbonatites (e.g., Walter et al. 1995) or
basalts (Cabata 2001), hydrothermal barite-fluorite and metal ore veins or alteration
zones of porphyry deposits (e.g., Kowalski, Smietariska 1983; Stoffregen, Alpers 1987),
coal seams (e.g., Finkelman, Stanton 1978; Ward et al. 1996), and soils developed
from uranium deposits hosted in quartzo-feldspathic gneiss (Jerden, Sinha 2006). This
mineral was also discovered in various supergene kaolinite-alunite deposits, i.e. china
clay deposits, lateritic duricrusts and karst bauxites (Dill et al. 1995; Putter et al. 2002).
In addition, gorceixite and related accessory minerals (florencite, crandallite, goyazite,
apatite, xenotime) are also widespread as trace constituents of shallow-marine sandsto-
nes of all ages (e.g., Rasmussen et al. 1998). They seem to have been formed in the
sulphate-reduction and methanogenesis early-diagenetic zones, probably in association
with “reverse weathering” reactions (Rasmussen et al. 1998). According to Rasmussen
(1996), these aluminophosphate and phosphate minerals represent an essential global
sink for oceanic phosphorus and presumably also for REE. These and other aspects of
geology, mineralogy and geochemistry of aluminum phosphates and sulphates of the
alunite supergroup (APS minerals) were summarized by Dill (2001).

Gorceixite has not been reported in previous mineralogical studies in the Holy Cross
Mountains. Of the aluminophosphate and phosphate minerals of the Wisniowka
mining area, only wavellite Al3[(OH,F)3|(POy4);]-5H,O and variscite Al[POy4]-2H,0
have been described in more detail. According to Dumanska-Stowik et al. (2007), the
former mineral completed the crystallization of hydrothermal veined quartz, while the
variscite formed later in hypergenic conditions. Moreover, these authors suggested
that aluminum and phosphorus might have been generated from degrading detritic
feldspars and authigenic apatite or from end-products of mafic intrusions (diabase and
lamprophyre) of late Paleozoic age.

This report presents the results of an optical microscope, scanning electron micro-
scope coupled with an energy dispersive X-ray spectrometer (SEM/EDS) and X-ray
diffractometer (XRD) study performed on the gorceixite and subordinate florencite and
goyazite that occur in the rocks of the abandoned Podwisniowka mine pit (Fig. 1). The
scope of this investigation also encompassed chemical analyses (XRF, ICP-MS, AAS)
of gorceixite-bearing rock samples. It should be stressed that the study of gorceixite is
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Fig. 1. Localization of the abandoned Podwisniéwka mine pit with an acidic pond
(for detailed location of sampling sites see Fig. 2A)

a part of a larger ongoing environmental investigation that includes complex isotope
and element determinations of mine pit waters as well as rocks and minerals of the
entire mining area (e.g., Migaszewski et al. 2007, 2008).

LOCATION AND CHARACTERIZATION OF THE STUDY AREA

The abandoned Podwisniéwka mine pit is located in the easternmost part of the
dismembered Wisnidowka massif of the western Holy Cross Mountains. Along with
the operative Wisniowka Duza and inoperative Wisniowka Mata quarries, this is
a part of a larger mining field (Fig. 1). The entire area is situated within Upper
Cambrian (Furongian) series composed of quartzites, quartzitic sandstones, in places
with siltstone, clayey shale, tuffite and bentonite interbeds (e.g., Zyliriska et al. 2006).
The Podwisniéwka mine pit is partly infilled with acidic water forming a shallow pond
about 1.5 m deep (Migaszewski et al. 2007). The characteristic feature of the landscape
is a towering wall composed of three exposed rock series (Fig. 2A). The southern
series consists of light gray-to-white, fine-bedded quartzites with numerous tuffite and
bentonite interbeds dipping northward. The central series is made of gray-to-dark gray,
steep-dipped, medium-bedded quartzites, locally quartzitic sandstones and siltstones,
with subordinate carbonaceous clayey shale interbeds (Fig. 2B, C). In contrast to the
tuff-bearing series, these rocks are highlighted by the presence of scattered and veined
crypto- to microcrystalline pyrite associated with secondary goethite accumulations.
In some places, quartzitic-quartz-pyrite breccias occur. Some of the quartz-pyrite veins
and veinlets are partly covered with white-to-brown wavellite and greenish variscite.
The joint and fracture planes of the quartzites are veneered with white, green and
brown-red efflorescences of hydrothermal minerals, including nacrite and jarosite
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(study in progress). The pyrite-bearing zone trends eastward through the pit floor to
the opposite pit wall. The northern series is composed of light gray-to-brown-red
nonbedded hematite-goethite quartzites (Fig. 2D), passing northward into white hy-
drothermal metamorphic quartzites, locally quartzitic-quartz breccias.

Fig. 2. (A) A view of the western wall of the Podwisniéwka mine pit with a quartzite-carbonaceous

clayey shale series containing quartz-pyrite mineralization (central part of the wall),

a quartzite-tuff-bentonite series in southern part (left photo margin) and a tectonically brecciated
quartzite series with hematite/goethite mineralization in northern part (right photo side).
Selected sampling points 2, 6, 9, 10, 10a, 13, 15 (see Figs. 3A-F, 4A-F, 5); (B) (C) gorceixite-bearing
carbonaceous clayey shale interbed (sample 9); (D) iron-bearing quartzites (sample 15)
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MATERIALS AND METHODS

Microscopic examinations were performed on quartzite, clayey shale, tuff and
pyrite-quartz samples (Fig. 2A-D) using conventional optical methods in transmitting
and reflected light (polarized microscope Axiolab Carl Zeiss). In addition, the study of
these rocks was carried out with scanning electron microscopy (SEM; microscope
LEO 1430; signal A = SE1, magn. = 158-35,120x, EHT = 15.00 kV, WD = 8-24 mm)
using various techniques (SEI, QBSD, CL, EDX). The SEM study was performed at
the Electron Microscope Laboratory of the Polish Geological Institute in Warsaw.
Semi-quantitative chemical analyses of selected minerals were made with an EDS ISIS
Detector (Oxford Instruments Ltd.). In addition, identification of mineral phases was
done with X-ray diffraction (XRD; diffractometer Philips X'Pert PW 3020) using Ko
wavelengths 1.54056 A.

For the purpose of this study the selected quartzite, clayey shale, tuff and pyrite-
-quartz bulk samples were analysed for 23 major and trace elements (detection limits
expressed as mg-kg! are given in parentheses), i.e. Al (50), As (3), Ba (10), Ca (50),
Cd (3), Co (3), Cr (3), Cu (5), Fe (100), K (50), Mg (100), Mn (10), Mo (2), Na (100), Ni (5),
P (50), Pb (3), Sr (2), Ti (10), V (5) and Zn (2), using X-ray fluorescence spectrometry
(XRF; spectrometer Philips PW 2400). In addition, Hg was determined using the atomic
absorption spectroscopic method (AAS; Altec amalgam analyzer AMA 254). These
samples were also analysed for 13 REE (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm,
Yb)!, Th, U, Y and Zr using inductively coupled plasma mass spectrometry (ICP-MS;
spectrometer ELAN DRC 1I, Perkin Elmer). The XRD and chemical analyses were
performed in the accredited Central Chemical Laboratory of the Polish Geological
Institute in Warsaw.

RESULTS AND DISCUSSION

Petrographic studies of the gorceixite-bearing host rocks in the Podwisniowka
quarry indicate that quartz and muscovite are predominant rock-forming minerals of
the tuffs, clayey shales and quartzites. Most of the clayey shales contain a considerable
amount of aleuritic terrigenous and volcanogenic quartz grains. Smectite, kaolinite and
pyrite (including As-rich variety) are subordinate, whereas chalcedony and feldspars
occur only in trace amounts. Accessory minerals are represented primarily by rutile
and zircon commonly with pyramidal, dentate overgrowths of xenotime, and scarce
monazite and tourmaline. Some of these minerals are depicted in Figure 3E. No apatite
has been recorded in the rocks examined. Except for the tuffs, all the remaining rocks
contain variable amounts of scattered and veined pyrite, as well as a large variety
of supergene minerals, including goethite, iron sulphates, and subordinate secondary
jarosite and gypsum (study in progress).

! Luwas used as an internal reference material for determining REE. Pm was not determined.
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The gorceixite occurs in all the rock series examined, primarily in form of scattered
anhedral grains or granular aggregates varying in size between about 0.5 and 100 pm.
In general, these tiny accumulations infill voids, cavities, cracks and partly fissures
(Figs 3A-F, 4A-D). Sub- or euhedral grains lining vugs are scarce (Fig. 3A, B). The
largest accumulations of gorceixite have been noted in the carbonaceous clayey shale
interbed (sample 9). This mineral forms intergrowths in an aleuropelitic hydromusco-

Fig. 3. SEM images: (A, B) Vug filling composed of pseudocubic crystals of gorceixite growing in a cavity
of aleuropelitic hydromuscovite (illite-2M;)-quartz matrix (sample 6); (C, D) Accumulations of authigenic
gorceixite at different scales in an aleuropelitic hydromuscovite (illite-2M;)-quartz groundmass
(sample 9); (E) Grains/accumulations of gorceixite (Gor) with minute rutile inclusions (white), rutile (Ru),
zircon (Zr), K-feldspar (Kfs) and kaolinite (Kaol) in a quartz groundmass (Q) of quartzite (sample 10);
(F) Gorceixite (Gorc) and pyrite (Py) grains and kaolinite (nacrite?) accumulations (Kaol)
filling a vug in a quartzite (sample 10)
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vite (illite-2M)-quartz groundmass, exceeding 1 mm in length (Figs 3C, D, 4F). Some
of the gorceixite grains contain inclusions of rutile reaching 5 um in size (Fig. 3E). The
gorceixite is scarce in the hydrothermal quartz-pyrite veins (Fig. 4D). This is probably
due to the very low concentrations of Al, Ba and P both in the quartz and pyrite
(sample 10a in Table 2). It is interesting to note that the gorceixite forms paragenetic
accumulations with the nacrite, a typical hydrothermal mineral lining numerous fissu-
res in the quartzites (study in progress).

20 ym. 20 um

Fig. 4. SEM images: (A) Gorceixite grain in a ferric quartzite (sample 15); (B, C) Gorceixite grain (arrow)
at different scales and a spheric cyst in a quartzite void (sample 10); (D) Pyrite (Py) and subordinate
gorceixite (Gor) grains in a veined quartz matrix (Q); cracked zircon grain on the right photo side (Zr)
(sample 10a); (E) Framboidal aggregates of florencite (Flor) in an aleuropelitic quartz-muscovite
groundmass of tuff (sample 2); Optical microscope image: (F) Gorceixite grain in an aleuropelitic
hydromuscovite (illite-2M;)-quartz groundmass; transmitted light, partly crossed nicols (sample 9)
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The EDS spectrum of gorceixite confirmed the presence of the main elements
making up this mineral, i.e. Al, Ba, O and P (Fig. 5A). Of the related isostructural
minerals (crandallite series), Ce-bearing goyazite (Fig. 5B) and REE-bearing-florencite
(Figs 4E, 5C) have been recorded in trace amounts in the tuff and quartzite. However,
this issue should be further examined due to the small number of samples analysed by
the XRD/EDS and XRD methods.
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Fig. 5. Spectra of: (A) gorceixite, (B) Ce-bearing goyazite, and (C) REE-bearing florencite; cps = counts per second.
(A) and (C) from sample 2 and (B) from sample 10a (see Fig. 2)

The results of major and trace element determinations of the selected bulk rock and
pyrite samples are presented in Table 1. Compared to the non-ferric quartzite, quartz
and pyrite, the tuff and carbonaceous clayey shales reveal distinctly higher concen-
trations of Al, Ba, Cr, K, Mg, Na, P, Ti, V, Zr, and partly Ca and Sr. In contrast,
the Fe-quartzite exhibits high concentrations of Fe, P and Sr, and intermediate con-
centrations of Ba and Cr. Except for Cr and V, these elements make up the rock-forming
or accessory minerals. No barite or Cr and V minerals have been noted in the Pod-
wisniowka rocks (see also Migaszewski et al. 2007). The gorceixite seems to be the only
Ba mineral in the profile examined. As, Cd, Hg and at least partly Co, Cu and Ni are
linked to the pyrite and some of its secondary minerals (e.g., goethite).

Compared to the pyrite and quartzites, the tuff and clayey shales exhibit noti-
ceably higher levels of REE (255.52-455.09 vs. 50.82-112.86 mg-kg™!), Th (17.8-35.6 vs.
2.2-5.9 mg-kg1), U (4.24-7.86 vs. 0.42-1.64 mg-kg~1) and Y (13.9-31.8 vs. 2.7-5.4 mg-kg!)
(Table 2). The highest concentrations of gorceixite, REE as well as Th, U and Y were
noted in the carbonaceous clayey shale interbed (sample 9) (Fig. 3C,D, Table 2). Except
for the crandallite series minerals, the principal scavengers of REE, Th and U are zircon,
xenotime and monazite. Of these elements, the trivalent REE can exchange directly with
Y3* in the xenotime with no charge-compensating species necessary as is the case with
Zr* in the zircon (Cherniak 2006). The total REE levels in the rocks of the Pod-
wisniéwka area are in the range of those (150.2-582.2 mg-kg™!) recorded in kaolinitic
clays of Waldsaum open pit, Germany (Dill et al. 1995) and close to the average REE
content (451 mg-kg1) in the parent rocks of apatite-rich carbonatites of Brazil (Walter
et al. 1995).
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In addition, the tuff and clayey shales are characterized by an increased amount of
LREE (La through Eu or Gd) of larger ionic radii relative to the HREE, showing the
following sequence: Ce>La>Nd > Pr. The LREE enrichment of the gorceixite host rocks
is evidenced by a high La/Yb ratio varying from 24.44 (shales and tuffs) to 36.30 (pyrite
with an admixture of quartz) (Table 2). This ratio is higher compared to that (8.65)
recorded in the parent rocks of apatite-rich carbonatites of Brazil (Walter et al. 1995).
According to Rasmussen et al. (1998), the apatite and aluminophosphates are enriched
in light REE, whereas xenotime concentrates heavy REE.

When considering the origin of the gorceixite of the Podwisniowka area, the que-
stion arises whether this mineral formed as a result of hypogene alterations (including
submarine wearhering) or supergene processes. However, it should be stressed that no
matter what hypothesis is considered, the principal issue is the source of Al, Ba, P and
REE, the elements which are essential for precipitation of gorceixite. The formation of
gorceixite and other aluminophosphate and phosphate minerals requires a low pH and
high concentrations of dissolved phosphates (Nriagu 1976; Stoffregen, Alpers 1987).
The lack of SO42- and AsO43-bearing APS minerals, e.g., svanbergite, woodhou-
seite, kemmlitzite, arsenocrandallite, dussertite (Dill 2001), in the Podwisniéwka area
precludes As-rich pyrite weathering as a decisive factor triggering the formation of
gorceixite (Eary 1999). The main source of Ba for this mineral may be carbonaceous
clayey shales and volcaniclastics (Dill et al. 1995; Dill 2001). Al in turn may be derived
from degrading muscovite, clay minerals and feldspars, whereas P and REE primarily
from organically-coated clay minerals or volcanic ashes (Dill 2001 and references
therein). If the gorceixite precipitates in a shallow-marine basin, these adsorbed ele-
ments may be released to sediment pore water during bacterially induced decom-
position of organic matter and reduction of Fe oxyhydroxides (Rasmussen 1996).
However, there is still uncertainty on the provenance of the REE due to their scarcity
(1 to 6.5 ug-kg) in the ocean water (Elderfield, Greaves 1982). In contrast, the river
waters exhibit much higher concentrations of REE varying from 47.5 to 192 pg-kg™!
(e.g., Martin et al. 1976; Elderfield et al. 1990). Although the sulphate reduction zone
(below the sediment-water interface) may exhibit the 10-to-50 higher levels of REE
(Elderfield, Sholkovitz 1987), this evidence does not explain distinctly raised con-
centrations of these elements in the rocks examined.

The microscopic study indicates that the gorceixite precipitated and crystallized
in shallow-marine sediments at the early-diagenetic stage. This is evidenced by occur-
rences of gorceixite in quartzite vugs, cavities and cracks (Figs 3A, B, E, F, 4A-D) as well
as by authigenic intergrowths of this mineral in an aleuropelitic hydromuscovite-
-quartz groundmass of the carbonaceous clayey shales (Fig. 3C, D). The coexistence of
gorceixite with the veined nacrite or pyrite mineralization and tuffs/bentonites, as well
as the microtextural features and distinctly raised levels of REE in the gorceixite-rich
parent rocks suggest that a more complex model should be chosen when considering
the origin of this mineral in the Podwisniéwka area. The lack of nacrite and pyrite
signature in the tuff/bentonite-bearing series indicates that the main source of Ba, Al, P
and LREE for gorceixite was the volcaniclastic material. However, the nacrite crystallizes
at temperatures of about 200 to 300°C, which indicates that the gorceixite of the pyrite
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and at least partly hematite/goethite series was a product of hydrothermal vent activity
in the shallow-marine environment. The hot spring fluids apparently discharged Ba,
Al, P and LREE to the sediment and water column, overprinting other possible sources
of these elements, i.e. carbonaceous clayey sediments and volcaniclastic material.

CONCLUSIONS

From this study the following conclusions can be drawn:

1. The gorceixite is a predominant mineral of the crandallite series found in the
Podwi$nidwka mine pit. Florencite and goyazite are scarce.

2. The carbonaceous clayey shales of the Podwisniowka area are characterized by
a high amount of the gorceixite and REE. This evidence indicates that clay minerals
may have acted as Ba, P and REE traps.

3. The presence of paragenetically linked pyrite and nacrite, and in places volca-
niclastic material, as well as the microtextural features and markedly raised levels of
REE suggest that the gorceixite is a product of both submarine hot springs and
volcanic activity. The LREE-rich hydrothermal fluids may have overprinted other
sources of Al, Ba, P and REE.

4. The precipitation and crystallization of gorceixite occurred in the shallow-marine
basin apparently during the late Cambrian.

Another question that requires further studying is the temporal relationship
between the crandallite series and the remaining phosphate minerals, i.e. xenotime,
wavellite and variscite as well as quartz-pyrite mineralization. The results obtained
provide a reference level for a future study on the location of the potential source of
some elements for the gorceixite and other related minerals.
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Zdzistaw M. MIGASZEWSKI, Ewa STARNAWSKA, Agnieszka GALUSZKA

Gorceixyt w utworach kambru gornego w kamieniolomie Podwisniowka,
Gory Swietokrzyskie (poludniowo-centralna Polska)

Streszczenie

Niniejszy artykul przedstawia wyniki badan petrograficznych, mineralogicznych
(SEM/EDS, XRD) i geochemicznych (XRF, AAS, ICP-MS) gorceixytu BaAlzH[(OH)(PO4),]
znieczynnego kamieniotomu Podwisniéwka. Wyrobisko to czesciowo wypelnia zbior-
nik wodny o bardzo niskim pH, ktérego chemizm pozostaje pod silnym wptywem
odstonietej strefy mineralizacji pirytowej. Gorceixyt wystepuje w gérnokambryjskich
tupkach ilastych, kwarcytach i tufach w postaci drobnych skupien o srednicy od okoto
0,5 do 100 um. Wypetniajq one pory, préznie, spekania i czesciowo szczeliny w skatach.
Pozostate mineraly z grupy crandallitu (florencyt i goyazyt) wystepuja w ilosciach
sladowych. Skaty wzbogacone w gorceixyt, a w szczegdlnosci wegliste tupki ilaste,
wyrdzniaja sie najwyzsza zawartoscig pierwiastkéw ziem rzadkich, dochodzaca do
455,09 mg-kg~l. W poréwnaniu z podobnymi stanowiskami na $wiecie, skaly zawie-
rajace gorceixyt z kamieniolomu Podwisnidowka sa wyraznie bogatsze w 1zejsze pier-
wiastki ziem rzadkich, wykazujac stosunek La/Yb w zakresie od 24,44 do 36,30. Go-
rceixyt wystepuje miejscami w postaci paragenetycznych skupien z zytowym pirytem
i nakrytem. Ostatni z wymienionych mineratéw jest wskaznikiem srednich i wysokich
temperatur krystalizacji. Wspdtwystepowanie z nakrytem i pirytem, cechy mikro-
teksturalne oraz wysokie zawartosci pierwiastkéw ziem rzadkich $wiadcza o genezie
gorceixytu i pozostalych mineratéw z grupy crandallitu z Podwisniéwki. Powstaty one
przypuszczalnie w wyniku dziatalnosci hydrotermalnej w ptytkim basenie morskim
w péznym kambrze. Nalezy jednak podkresli¢, ze dziatalno$¢ roztworéw hydro-
termalnych mogta zamaskowac inne mozliwosci pochodzenia Al, Ba, P i pierwiastkow
ziem rzadkich. W szczegdlnosci pierwiastki te moga by¢ zwiazane z dziatalnoscia
wulkaniczna, ktérej przejawy w postaci wkladek tufow i bentonitow wystepuja w naj-
starszej serii skalnej odstaniajacej si¢ w kamieniotomie.
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