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Ap a tite-type struc ture is known for its flex i bil ity to wards ac com mo dat ing nu mer ous ions of dif fer ent crys tal lo graphic af fin i ties. 
The trace el e ment com po si tion of two sam ples of fluorellestadite from pyrometamorphic rocks (slags) of burnt waste heaps
(BWH) from France (LdS) and Po land (RDT) were stud ied us ing La ser Ab la tion In duc tively Cou pled Plasma Mass Spec trom -
e try. Bo ron shows an ev i dent, per sis tent en rich ment in both sam ples, with av er age/max i mum lev els of 497/1040 and
49/106 ppm, re spec tively, as do mag ne sium (884/16766 and 404/6251 ppm, re spec tively) and so dium (512/697 and
249/370 ppm, re spec tively). Ger ma nium is clearly en riched in the first sam ple (29/40 ppm) and, to a lesser de gree, in the
sec ond one (34 ppm on av er age). The LdS sam ple is also clearly en riched in Al (888/1238 ppm), K (385/697 ppm), Ti
(515/943 ppm), V (172/347 ppm), and Cu (16/1369 ppm). The RDT sam ple is also rich in As (105/120 ppm) and Sr
(1072/6592 ppm). In the REE pat tern of both sam ples, Nd dom i nates, with re spec tive Nd/SLREE and Nd/(Ce+La) val ues of
0.43 and 0.90; and 0.37 and 0.66. From high est to lower av er age con cen tra tions, alu minium, mag ne sium, ti ta nium, bo ron,
po tas sium and ger ma nium may be es sen tial sub stitu ents in the BWH apatites.

Key words: ap a tite supergroup, non-nom i nal ion sub sti tu tion, bo ron, ger ma nium, ti ta nium, tet ra he dra.

INTRODUCTION

The ap a tite supergroup (ASG) is de fined as min er als with
the gen eral for mula IXM12

VIIM23(
IVTO4)3X (Pasero et al., 2010).

As such, this type of struc ture bears nonacoordinated (6+3;
metaprism or tri-capped trigonal prism) M1 sites,
heptacoordinated (dis torted pen tag o nal bipyramid) M2 sites,
tet ra he dral T sites, and X sites mainly re served for mono-
and/or di va lent an ions. Typ i cal res i dents of the M sites are Ca2+, 
Sr2+, Ba2+, Pb2+, REE3+ (REE – rare earth el e ments), and more
rarely Mn2+, Na+, and Bi3+.  The M1 sites may some times be
split into non-equiv a lent sites, and thus many ap a tite-struc tured 
com pounds are crystallochemically far from the nom i nal ideal
for mula. Some such com pounds show dis crep an cies from the
above ideal stoichiometry, e.g., vanackerite, Pb4Cd(AsO4)3Cl.

Pasero et al. (2010) re port that, in ad di tion to min er als, the M
site may be oc cu pied by K, Co, Cd, and most REEs, and the T
site by Be, Cr, Mn5+, and Ge in syn thetic com pounds. Nev er the -
less, the typ i cal res i dents at the T site are P5+, As5+, Si5+, S6+,
V5+, and B3+. The PO4

3 -  an ion may be par tially protonated (e.g.,
Ðordeviæ et al., 2008), and a frac tion of sul fur may be re duced
to the +4 state (e.g., up to 100 ppm, Xu et al., 2020) or even the
–2 (sul phide) state (Brounce et al., 2019; Xu et al. 2020). Bo -
ron-dom i nant ap a tite-supergroup min er als are, as yet, un -
known. How ever, tritomite-(Ce) and tritomite-(Y) are some -
times placed within the group, with com po si tions such as
Ce10(SiO4)4(BO4)2O2 (Pan and Fleet, 2002). The X (chan nel)
site is usu ally oc cu pied by F–, OH, Cl–, but may also bear O2–,
and even trace Br– (Dong, 2005) and CN– (e.g., Broska et al.,
2014) an ions. The struc tural ro bust ness and chem i cal di ver sity
of “apatites” is well known to many au thors (e.g., Hughes and
Rakovan, 2015). In ad di tion to nat u ral ASG spe cies, ex ten sive
diadochy is ex ploited in syn thetic ma te ri als, too. This is es pe -
cially im por tant in the rap idly de vel op ing field of long-term stor -
age of dan ger ous syn thetic radionuclides – a fea ture also ex -
ploited in ap a tite-re lated stud ies (e.g., Moore et al., 2009; Wang 
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et al., 2015; Rigali et al., 2016), in clud ing sorp tion and for ma tion 
of com pounds of CaPu4(SiO4)3O type (Villiars et al., 2015). Fur -
ther ex am ples in clude both stoichiometric and
non-stoichiometric ap a tite-struc tured com pounds with spe -
cies-de fin ing lith ium, e.g.: Li0.5La4.5(SiO4)3O; mag ne sium, e.g.,
Mg0.25La5.83Si2.75O13; man ga nese(V), e.g., Ba5Mn1.5(PO4)1.5

ClO6; io dine, e.g., Ca15(PO4)9OI; va na dium and/or ger ma nium,
e.g.,  BaLa4V0.13Ge2.88O13.06, PrPb4(GeO4)2(VO4) (with empty
chan nel sites), or H0.66Sr2.66La2.34(GeO4)3(OH); Ca4.24Co0.75

(PO4)3(OH); zinc, e.g., Sr3.5Zn1.4(PO4)3F; tin, e.g.,
K3Sn2(SO4)3Cl; rhe nium, e.g., Ba5Re3O15(OH)0.62I0.39; sul -
phide-bear ing Sm4.67(SiO4)3S or Ca4.25Eu0.75(PO4)3S0.88; and
even ni tro gen-bear ing spe cies such as La5Si3NO12. Bo ron-rich
com pounds in clude Na0.2Sr9.4B(PO4)6O2 and La3Eu2(SiO4)2

BO5 (Villiars et al., 2015). Other ions known in the ap a tite-type
com pounds in clude [BeF4]

–, Br–, [(Ge,C)(O,OH)4]
n–-, CrVO4

3–,
CrVIO4

2–, SeO4
2–, ReO5

3– and OsO5
3–, SbO3F

4–, SiO3N
5–; K+,

Rb+, NH4
+, Eu2+, Cr3+, U4+ and U6+. The M sites may also be par -

tially va cant. Due to polysomatism to wards nasonite,
Pb9Ca4(Si2O7)3, disilicate and digermanate an ions seem pos si -
ble, with sym me try low er ing from P63/m to the P-6 space group
(White and ZhiLi, 2003; Ptáèek, 2016). To make the im age
even more com plex, the chan nel sites may also bear O2

–

(superoxide), O2
2– (per ox ide), O3

– (ozonide), NCO–  (cyanate),
NCN2– (carbodiimide), BO2

– (metaborate), NO2
– (ni trite), NO2

2–

(dioxidonitrate(2–)), and may also be par tially va cant (Ptáèek,
2016). Bostick et al. (2003) showed that apatites may be used
to de con tam i nate some amounts of Cd, Cu, Hg, Mn, Zn, Sb and 
Se(IV). They re port the fol low ing sorptive af fin ity for an ions in
their ma te rial: VO4

3– > MoO4
2– > SeO3

2– > AsO4
3– > CrO4

2– >
TcO4

–; and cat ions: UO2
2+ > Pb2+ ³ Th4+ > Cd2+ > Mn2+ and Zn2+

> Cu2+, SbO+ and Hg2+ > Ni2+ > Sr2+ > Ba2+.
The ASG also shows in ter est ing mi cro-scale crystallo -

chemical phe nom ena, ex ploited by Fleet and Liu (2007, 2008).
They de scribed two types of diadochy of the CO3

2– (car bon ate)
ions: type A, in volv ing the chan nel (X) sites and cou pled with Na 
sub sti tu tion at the M sites; and type B, with car bon ate oc cu py -
ing slop ing faces of the T-site tet ra he dra. Fur ther more, the lo -
ca tion of CO3

2– ions nearby (sur plus) F– ions was ob served by
these and other (e.g., Regnier, 1996) au thors. An other in ter est -
ing nanoscale phe nom e non is ox y gen mi gra tion, ob served for
ap a tite-type lan tha num sil i cates (Liao et al., 2013).

Both bo ron and ger ma nium are rare el e ments, at a few ppm 
crustal av er age (Parker, 1962). Ger ma nium, along with Be, Bi,
Co, Ga, Sc, W, V and REEs, is treated as a crit i cal or stra te gic
ma te rial (Eu ro pean Com mis sion, 2017). In ter est ingly, Mg is in -
cluded as one at the high est sup ply risk (Bowles et al., 2018).
Even though the ap a tite-type struc ture is known to be ca pa ble
of hold ing nu mer ous el e ments and their forms, data on the con -
cen tra tions of many el e ments is scarce. Ex am ples of such data
are given in Ta ble 1.

The fluorellestadite-fluorapatite solid so lu tion – rich in Si
and S sub sti tut ing for P – is a typ i cal com po nent of metacarbo -
nate slags, a type of pyrometamorphic rock, or PM, formed by
ther mal trans for ma tion fol lowed by de car boni sa tion of a car -
bon ate-rich bi tu mi nous-shale protolith. As dis cussed by
Ciesielczuk et al. (2015), pyrometamorphic ASG rep re sen ta -
tives may form at dif fer ent tem per a tures (600 to >1200°C
range). These au thors were able to ob tain fluorapatite, as a
trace com po nent of a periclase-srebrodolskite-portlandite-dom -
i nant prod uct, af ter heat ing a do lo mite-an ker ite-quartz-
kaolinite-(sid er ite-“illite”) gangue rock with a small ad di tion of
CaF2 flux. Ap a tite-type com pounds are sta ble up to ~1600°C
dur ing coal ash fu sion, the tem per a ture where ini tial de com po -
si tion be gins (Reifenstein et al., 1999).

Elec tron microprobe (EPMA) anal y sis of typ i cally blue
fluorellestadite-fluorapatite from a clinopyroxene-wollastonite-

anhydrite-rich metacarbonate slag of a waste heap at
Lapanouse-de-Sévérac (Kruszewski et al., 2018a), sug gested
en rich ment in Al, and pos si bly Mg. This led to a ques tion: are
these el e ments com ing from tiny in clu sions, or are con tained
within the struc ture? To pro vide an swer, the sam ple was fur ther
an a lyzed us ing La ser Ab la tion In duc tively Cou pled Plasma
Mass Spec trom e try (LAICPMS). To check if the Mg- and Al-re -
lated phe nom e non is re stricted to this sin gle sam ple or not, a
com par a tive slag-de rived sam ple from a burnt post-coal-min ing 
waste heap in Rydu³towy (Up per Silesian Coal Ba sin, Po land)
was an a lyzed, too. The re sult ing, unique geo chem i -
cal/crystallochemical data is the mat ter of this pa per. An other
rea son for un der tak ing this re search is the idea of Re-Min ing,
i.e., ex trac tion of (es pe cially crit i cal) raw ma te ri als from wastes,
de pos ited in heaps and set tling ponds (e.g., Blengini et al.,
2019; Machiels and Perumal, 2022). Pro found Re-Min ing-re -
lated ac tiv i ties con cern, in par tic u lar, Ger many (e.g., EIT Raw
Ma te ri als; Vrancken and Delgado, 2016), and en cour age re -
con nais sance and search for new sources of rare el e ments.

MATERIALS AND METHODS

The Lapanouse site is lo cated in Sévérac-d’Aveyron,
Rodez, Aveyron, Occitanie; 44°19’41’’ N, 3°2’43’’ E; and is
herein re ferred as to LdS. The heap in Rydu³towy, known as
“Szarlota”, is a large, typ i cal coal-fire heap lo cated in Wodzis³aw 
county, Silesian Voivodship (50°03’40” N, 18°26’32” E; herein
re ferred as to RDT; Kruszewski, 2008). The par ent slag from
LdS bears leu cite, an or thite, and orthoclase/sanidine in ad di tion 
to the ma jor spe cies noted above. Ac ces sory min er als in the
LdS slag in clude magnesioferrite (Mg-Fe3+ oxyspinel) and
srebrodolskite (a Ca fer rite, Ca2Fe2O5; e.g., Kruszewski, 2008).
The fluorellestadite-rich mar ginal zones have anhydrite as a
ma jor and gyp sum as a mi nor phase (Fig. 1A). In other slag
sam ples, geochemically and crystallochemically ex otic ap a -
tite-supergroup spe cies oc cur, in clud ing (Sr,V)-en riched
fluorellestadite (2% of the pliniusite, Ca5(VO4)3F, end mem ber),
and a (Sr,Cr,P,Si)-rich V-dom i nant spe cies (pliniusite) with up
to 23.67 wt.% V2O5 (1.64 V at oms per for mula unit, apfu) and up 
to 0.55 wt.% CrO3 (0.14 apfu Cr; Kruszewski et al., 2018a).
Max i mum TiO2 and Al2O3 con tents in this spe cies are 3.81 and
0.49 wt.%, re spec tively. The av er age com po si tion of the French 
fluorellestadite ana lysed is [wt.%, EPMA]: SO3 12.51–20.18
(geo met ric mean, i.e., GM, of 16.48), P2O5 0.17–3.28
(GM=0.58), SiO2 17.56–23.09 (GM=19.76), Al2O3 be low the
de tec tion limit (bdl) – 1.56, FeO bdl–0.43, MgO bdl (sin gle case: 
0.06), CaO 56.48–61.27 (GM=59.63), F 1.50–2.89 (GM=2.20),
H2O (by dif fer ence) 0.32–0.97 (GM=0.59). The likely em pir i cal
for mula is Ca5.00[(SiO4)1.55(SO4)0.92(PO4)0.03(AlO4)0.02 (CO3)0.51]

S3.01[F0.55(OH)0.30]S0.85, cor re spond ing to 61% of fluorellestadite,
35% of hydroxylellestadite, 2% of a hy po thet i cal Al-dom i nant
ap a tite, 1% of fluorapatite, and 1% of hydroxylapatite
end-mem ber. The av er age com po si tion of the Rydu³towy
(RDT) ma te rial is [wt.%, EPMA]: SO3 8.34–18.19 (GM=13.14),
P2O5 3.90–21.88 (GM=9.63), SiO2 8.73–18.66 (GM=13.54),
FeO bdl–1.24, SrO bdl (sin gle case: 0.47), MgO bdl (sin gle
case: 0.08), CaO 54.84–58.49 (GM=56.84), F 3.60–4.85
(GM=4.02). It is as so ci ated with srebrodolskite and
magnesioferrite (Fig. 1B). The em pir i cal for mula is
(Ca4.98Fe0.02)S5.00[(SiO4)1.11(SO4)0.81(PO4)0.67(CO3)0.45]S3.04F1.04,
cor re spond ing to 45% of fluorellestadite, 33% of a car bon -
ate-dom i nant an a logue of fluorellestadite, and 22% of
fluorapatite end-mem ber com po si tion (Kruszewski, 2008;
Ciesielczuk et al., 2015).

La ser Ab la tion In duc tively-Cou pled Plasma Mass Spec -
trom e try (LAICPMS) was used to ob tain data on the trace el e -
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ment com po si tion of the sam ples. The anal y ses were con -
ducted us ing a Thermo Sci en tific El e ment 2 sec tor field ICPMS
cou pled with 193 nm ArF excimer la ser (Teledyne Cetac
Analyte Ex cite la ser), lo cated at the In sti tute of Ge ol ogy, Czech
Acad emy of Sci ences, Prague. The la ser en ergy was
5.7 J/cm2, rep e ti tion rate was 5 Hz, flow of the He car rier gas
was 765 ml/min. The anal y ses’ tim ing was: 20 s of gas blank,
35 s of ab la tion, and 30 s of cell wash-out. The in-house glass
sig nal ho mog e nizer (de sign of Tunheng and Hirata, 2004) was
used for mix ing all the gases and aero sol re sult ing in a smooth,
spike-free sig nal. The sig nal was tuned for max i mum sen si tiv ity
while keep ing low ox ide level, com monly <0.1%. The beam size 
was min i mized to meet the di am e ters of the crys tals stud ied; it
was 20 µm in the case of the larger LdS crys tals, and 13 µm in
the case of the RDT ones. Af ter the LAICPMS ses sion the thin
sec tions were ob served us ing a Scan ning Elec tron Mi cro scope
to con firm that all the post-an a lyt i cal holes were lo cal ized di -
rectly within the fluorellestadite crys tals. The mea sure ment se -
quence con sisted of re peated blocks of 2 anal y ses of NIST
SRM610, one anal y sis of BCR-2 stan dard and 10 un knowns.
The dead-time cor rected trace el e ment data were cal i brated
against NIST SRM610 glass. The min i mum de tec tion limit val -
ues were cal cu lated by mul ti ply ing the vari ance of the back -
ground by 3.25 for in di vid ual el e ments and are listed in the data
ta ble. The time-re solved sig nal data were pro cessed us ing Glit -
ter soft ware (van Achterbergh et al., 2001). In to tal, 29 crys tals
from LdS and 17 crys tals from RDT were ana lysed. This gives
47 anal y ses (Ta bles 2 and 3), one anal y sis per each crys tal.

RESULTS

TRACE-ELEMENT COMPOSITION OF THE FLUORELLESTADITES

The LdS15 fluorellestadite sam ple is very rich in terms of
both the num ber of en riched el e ments and their con tents (Ta -
ble 2). The most ev i dent, in tense en rich ment are seen in (av er -
age/max i mum) B 497/1040, Na 512/697, Mg 885/16766,
Al 888/1238, K 385/697, Ti 515/943, V 172/347, Cu 16/1369
and Ge 29/40. Com pared to the av er age con tents cal cu lated
for pub lished data for vari able-pro veni ence apatites (Ta ble 1),
the con tents in LdS15 are ~5 times higher for Mg, 34 times

higher for Al, >9 times higher for Ti, 12 times higher for V, >2
times higher for Cu and 3 times higher for Ge. There is less pro -
nounced en rich ment of As (61/114), Li (15/21), Cr (27/48), Mn
(423/641), Fe (243/843), Zn (16/130) and W (0.90/11). Con -
tents of other el e ments are mod er ate or low: Sc 2.1/4.4, Sr
88/205, Y 52/100, Zr 0.46/2.4, Nb 0.56/1.8, Ba 46/226, La
10/24, Ce 12/22, Pr 4.0/6.7, Nd 20/31, Sm 5.3/7.0, Eu 1.4/2.0,
Gd 7/11, Dy 7/13, Tb 1.1/1.9, Er 4.0/8.1, Ho 1.5/2.9, Tm
0.51/1.1, Yb 3.0/6.2, Lu 0.45/0.96, Pb 5.0/9.7, Th 0.49/2.5 and
U 0.14/2.5. Co balt and nickel are found only oc ca sion ally.

The num ber of pos i tively de ter mined trace-el e ment con cen -
tra tions in the sam ple RDTb16c fluorellestadite is much lower
(Ta ble 3). Nev er the less, its crys tals are clearly en riched in Sr
(1072/6592), B (49/106), Mg (404/6251), Na (249/379), Ge
(34/37; fewer pos i tive re cords than in the LdS15 ma te rial), and
As (105/120). They show lower con tents of V (16/23), Ge
(13/25), Y (38/72), Ba (8.4/25), Dy (5.4/11), Er (1.9/3.3), Ho
(1.0/1.5), Tm (0.28/0.34) and Yb (1.0/1.9), though clearly higher 
con tents of La (18/45), Ce (29/56), Pr (6.2/17), Nd (31/89), Sm
(12/23), Eu (2.6/5.5) and Gd (13/25). Pb is found oc ca sion ally,
with the max i mum level of 1.1 ppm.

The av er age to tal REE con tent in the LdS15 and RDTb16c
fluorellestadite is 134 and 155 ppm, re spec tively. The LdS15
ma te rial is HREE-dom i nant (GM=71 ppm), rel a tive to its LREE
(GM=46 ppm) and MREE (GM=14 ppm) con tents. The
RDTb16c crys tals are LREE-dom i nant, at GM=85 ppm, rel a tive 
to its MREE (GM=28 ppm) and HREE (GM=47 ppm) con tents.
How ever, the com mon, in ter est ing char ac ter is tics of both sam -
ples is their Nd dom i nance over the re main ing REEs, as shown
by the re spec tive Nd/SLREE and Nd/(Ce+La) val ues of 0.43
and 0.90; and 0.37 and 0.66.

STATISTICAL ANALYSIS

A mean-and-whis ker plot for the LdS15 fluorellestadite
(Fig. 2) shows the high est data spread for cop per, fol lowed by
zinc, mag ne sium, ura nium, bar ium, and tung sten. Lower
spreads are shown by neo dym ium, pra seo dym ium, sa mar ium,
eu ro pium, man ga nese; chro mium, va na dium, po tas sium, ar -
senic, stron tium and zinc. Low to mod er ate vari a tion is found for 
gad o lin ium, ter bium, ti ta nium, so dium and HREEs. In the
Shapiro-Wilk test (Ta ble 4), only the pra seo dym ium data shows 
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Fig . 1. Back scat ter-elec tron im ages of in di vid ual fluorellestadite (Fel) crys tals within ma tri ces of the two slag sam ples
com pris ing anhydrite (Anh), gyp sum (Gp), magnesioferrite (Mfr) and srebrodolskite (Sre)

A – LdS sam ple; B – RDT sam ple; the red ar rows point to crat ers due to the LAICPMS
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T a  b l e  2

Av er age con cen tra tions of some trace el e ments (ppm) in fluorapatite-fluorellestadite from Lapanouse-de-Sévérac



both nor mal dis tri bu tion and r ³0.05. Based on the the o ret i cal
Shapiro-Wilk W sta tis tics val ues, 17 of 39 mea sured con cen tra -
tions (44% of them) show a nor mal dis tri bu tion.

The pos i tive Kend all cor re la tions (Ta ble 5), with r ³0.05 are:

– t ³0.90: Y-Tb to Y-Er, Ho-Er, Ho-Tm, Er-Tm, Er-Yb,
Tm-Yb, Tm-Lu, Yb-Lu;

– 0.75£ t <0.90:  Y-Gd, Y-Tm to Y-Lu, La-Nd, Sm-Eu,
Sm-Tb, Gd-Tb, Gd-Dy, Tb-Dy to Tb-Yb, Dy-Ho to Dy-Lu, 
Ho-Yb, Ho-Lu, Er-Lu;

– 0.50£ t <0.75: Li-Na, Na-Pb, Mg-Cu, Mg-Zn, Al-Ti, Sc-Y, 
Sc-Sm to Sc-Tm, Ti-Ge, Ti-Nb, V-As, Cr-Eu, Cr-Gd,
Fe-Zn, Cu-W, Zn-Sr, Y-Sm, Y-Eu, La-Ce, La-Pr, La-Th,
Ce-Pr, Ce-Nd, Ce-Th, Pr-Nd, Nd-Sm, Nd-Eu, Sm-Gd,
Sm-Ho to Sm-Lu, Eu-Gd to Eu-Lu, Gd-Ho to Gd-Lu,
Tb-Lu;

– 0.30£ t <0.50: Li-Mg, B-Na, B-K, B-Ti, B-Y, B-Nb, B-Sm
to B-Lu, B-Pb, Na-Mg, Na-Al, Na-K, Mg-Fe, Mg-Ba,
Mg-W, Al-Nb, K-Ti, K-Ge, K-Nb, K-Ba, K-Pb, Sc-Yb,
Sc-Lu, Sc-W, V-Cr, V-Cu, V-Sr, V-La to V-Gd, V-W,
Cr-Mn, Cr-Y, Cr-Ce, Cr-Nd, Cr-Sm, Cr-Tb to Cr-Lu,
Mn-As, Cu-As, Cu-Sr, Zn-As, Ge-Nb, Ge-Ho to Ge-Lu,
As-La, As-Ce, As-Th, Sr-La, Sr-Pr, Y-Nb, Y-Nd, Zr-Nb,
Zr-Eu, Nb-Dy to Nb-Lu, Ba-W, La-Gd, Ce-Sm, Ce-Eu,
Pr-Sm, Pr-Eu, Pr-Th Nd-Gd to Nd-Er, Nd-Yb, Nd-Lu,
Nd-Th, W-Th.

Other rel a tively strong pos i tive cor re la tions (t ³0.30,
r> 0.05) are found for the fol low ing pairs: B-Sc, Sc-Pb, Zn-La
and Y-Nd.

The neg a tive Kend all cor re la tions, with r£ 0.05, are:

– 0.50£ t <0.75: Ti-As, Fe-Ho to Fe-Lu;

– 0.30£ t <0.50: Li-Y, Li-La, Li-Tb to Li-Lu, B-Fe, B-Zn,
B-As, Na-Ce, Na-Th, Mg-Tm to Mg-Lu, Al-Sc, Al-V,
Al-Cr, Al-Mn, Al-Cu, Al-As, Al-Eu, Al-Gd, K-As, K-Th,
Ti-V, Ti-Cu, Ti-Zn, Fe-Sm to Fe-Dy, Zn-Ge, Zn-Y, Zn-Tb, 
Zn-Ho to Zn-Lu, Ge-As, As-Nb, Pb-Th.

The PCA al lows pin point ing of col lin ear vec tors (Fig. 3).
They in clude the fol low ing groups:

– Yb, Lu, Tm, Er, B, K; Ho, Dy, Tb (some what neg a tively
cor re lated with Fe);

– Pb, Gd, Sm, Eu, Nd;

– Cr, U (Ba);

– Ce, Mn, P, (Sc);

– Mg, As, La (some what neg a tively cor re lated with Ti);

– Th, Sr (some what neg a tively cor re lated with Ti);

– Zn, Li (neg a tively cor re lated with Ti);

– and Nb, Ge (neg a tively cor re lated with Fe)
Alu minium shows clear neg a tive cor re la tion with V, and to

some ex tent with W, Ba, and the Ce+Mn+P group. The large Cu 
and Mg vari a tion shown in the mean-and-whis ker di a gram is
also clear in the PCA, as de rived from the con sid er able length
of their cor re spond ing vec tors.

A mean-and-whis ker plot for the RDTb16c fluorellestadite
(Fig. 4) dif fers some what from that of LdS15. It shows the high -
est data spread for mag ne sium, pra seo dym ium, neo dym ium;
stron tium, yt trium, lan tha num, ce rium, bar ium, ura nium and

6 £ukasz Kruszewski et al. / Geo log i cal Quar terly, 2023, 67: 7

Tabl. 2 cont.

GM – geo met ric mean; max i mum lev els are given in bold;1  Be, Rb, Sn, Hf, and Ta were be low their de tec tion lim its; 2 be low de tec tion
limit; 3 in clu sion; 4 pos si ble con tam i na tion/in clu sion

Fig. 2. Mean-and-whis ker di a gram of el e ment-compositional data vari a tion; the LdS15 post-oil-shale
fluorellestadite sam ple, PAST soft ware (Ham mer et al., 2001) ap plied
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dys pro sium. Least vari able el e ments are ar senic, so dium, va -
na dium; bo ron; thu lium and hol mium. Both nor mal dis tri bu tion
and r£ 0.05 in the Shapiro-Wilk test (Ta ble 6) is ex clu sively ob -
served for tung sten. A nor mal dis tri bu tion is shown by so dium,
mag ne sium, ger ma nium, ar senic, bar ium, sa mar ium, eu ro -
pium, gad o lin ium, ter bium, hol mium, thu lium, yt ter bium, tho -
rium and ura nium.

The pos i tive Kend all cor re la tions (Ta ble 7), with r£ 0.05 are:

– t³ 0.90: La-Pr, La-Nd, Pr-Nd;

– 0.75£ t <0.90: La-Ce to La-Tm, La-Th, Ce-Pr, Ce-Tb,
Pr-Sm to Pr-Ho, Nd-Sm, Nd-Eu to Nd-Dy, Sm-Eu to
Sm-Dy, Eu-Gd, Gd-Tb to Tb-Ho;

– 0.50£ t <0.75: B-Ho, V-As, Y-La, Y-Ce to Y-Er, Ba-Tm,
Ce-Nd, Ce-Sm to Ce-Er, Pr-Er, Pr-Th, Nd-Ho, Nd-Er,
Nd-Th, Sm-Tb, Sm-Ho, Sm-Th, Eu to Eu-Ho, Gd-Ho,
Gd-Er, Gd-Th, Tb-Dy, Dy-Ho, Dy-Er, Dy-Th, Ho-Tm,
Ho-Th, Er-Th;

– 0.30£ t <0.50: B-V, B-Th, As-Sm to As-Gd, Y-Sm, Y-Gd, 
Y-Tb, Y-Th, Ce-Mg, Sm-Er, Eu-Er, Tb-Er, Er-Yb, Ce-Th,
Eu-Th, Yb-Ho, Yb-Er;

Other rel a tively strong pos i tive cor re la tions (t ³0.30,
r >0.05) are: B-As, B-La to B-Nd, B-Eu to B-Tb, B-Er, Na-Mg,
Mg-La, Mg-Ce, Sr-U, Y-Eu, Tb-Yb, Ho-Yb, Er-Tm and Yb-Tm.

The neg a tive Kend all cor re la tions, with r£ 0.05, are:

– 0.50£ t <0.75 Na-Th, Nd-Sr, Gd-Sr;

– 0.30£ r <0.50: Ba-Pr, Ba-Gd, Ba-Tb, La-Sr, Pr-Sr,
Sm-Sr, Eu-Sr, Tb-Sr, Dy-Sr.

Other rel a tively strong neg a tive cor re la tions (t ³0.30,
r >0.05) are: B-Na, Na-Y, Na-Tb, Na-Ho to Na-Yb, Mg-As,
Mg-U, As-Sr, As-Ba, As-Tm, Sr-Y, Sr-La, Sr-Pr to Sr-Dy,
Ba-La, Ba-Nd to Ba-Eu, Ba-Th and Sm-Tm.

The PCA cor rob o rates most of the re la tions ob served
above (Fig. 5). Vari a tion is sim i lar in the case of La, Nd, Ce, Pr,
Y, Dy, Er, Th and V (~isolinear vec tors) and these el e ments
show in versely pro por tional be hav iour to wards Sr. In deed, ver -
ti ces of the cor re spond ing vec tors are very dis tant. A fur ther
pos i tively cor re lated group is Tb-Gd-Sm-Eu-Ho, that shows in -
verse-pro por tional be hav iour to wards Tm and Ba-Na. The last
isolinear vec tor group con cerns B and Mg, in versely cor re lated
with Yb, Sr, and with Ba show ing an ev i dent neg a tive cor re la -
tion with Mg.

£ukasz Kruszewski et al. / Geo log i cal Quar terly, 2023, 67: 7 9

Fig . 3. Prin ci pal Com po nent Anal y sis (PCA) graph i cal re sults with el e ment-re lated eigenvectors, for the
LdS15 fluorellestadite; PAST soft ware (Ham mer et al., 2001) ap plied

Fig . 4. Mean-and-whis ker di a gram of el e ment-compositional data
vari a tion, the RDTb16c post-coal fluorellestadite; PAST soft ware

(Ham mer et al., 2001) ap plied



In the PCA graph, the Sr vec tor is the lon gest, but it also
lacks re la tion to both PC1 and PC2 due to its rel a tive an gle of
45°. In terms of length, it is fol lowed by the col lin ear
Y-LREE-MREE-Er-Mg vec tor and the Ba vec tor. Thus, vari a -
tion of  Sr, Ba, most REEs, and Mg is most mean ing ful. In con -
trast to that, the short est vec tors are formed by Yb, V,  Eu and
Th, sug gest ing their vari a tion is prob a bly un re lated to the PC.
The Sr and Ba vec tors have their api ces (i) most dis tant from
that of the REE-Mg vec tor. Thus, a strong neg a tive cor re la tion
of both Sr and Ba with REE-Mg is sug gested. Con sid er ing the
in cli na tion of their vec tors to the PC1 axis, W, Eu and Th vari -
abil ity is most de pend ent on PC1, and that of V on PC2. An ev i -
dent in verse cor re la tion of Eu and U is ob served.

The PCA vari ance is com pared in Ta ble 8. Iden ti cal per -
cent age of the vari ance is found to wards the PC1 com po nent.
The PC2 com po nent is much less sig nif i cant in terms of the el e -
men tal vari ance, al though it is more mean ing ful in the case of
the RDT anal y ses.

Anhydrite, closely as so ci ated with the French fluorapa -
tite-fluorellestadite, was also stud ied for com par i son. It was
shown to be an im por tant car rier of Sr, Mo, and W (Ta ble 9).
These ad mix tures are re lated to sub sti tu tion of the ce lest ite,
powellite and schee lite end-mem ber equiv a lents. Sub sti tu tion
of Mo in the LdS anhydrite had been ear lier sus pected; in deed,
Kruszewski et al. (2018a) re ported a max i mum of 1.74 wt.%
MoO3 in this ma te rial.

10 £ukasz Kruszewski et al. / Geo log i cal Quar terly, 2023, 67: 7
6

 
e

l
 b

a
T

el
 p

m
a

s 
c

6
1

b
T

D
R ,t

s
et 

yt il
a

 mr
o

n 
kli

W-
ori

p
a

h
S

 
hti

w r
o/

d
n

a 
n

oi t
u

 bir t
si

d l
a

 mr
o

n 
hti

w 
s

dr
o

 c
e

R
£ 

r
dl

o
b 

ni 
n

e
vi

g 
er

a 
5

0.
0

7
 

e
l

 b
a

T

el
 p

m
a

s 
c

6
1

b
T

D
R ,

s
ci t

si t
at

s 
n

oi t
a l

e rr
o

c 
u

at ll
 a

d
n

e
K

 
s

e
 ul

a
v ;

s
c il

ati 
ni 

n
e

vi
g 

er
a 

s
e

 ul
a

v 
e

vi t
 a

g
e

N
t

 
e

s
e

ht ;
n

w
o

h
s t

o
n 

er
a 

0
3.

0
< 

³ t
 

d
n

a 
0

5.
0

t
 

hti
w 

e
s

e
ht ;

dl
o

b 
ni 

n
e

vi
g 

er
a 

0
5.

0
–

< 
³ 

r
d

e
ni lr

e
 d

n
u 

er
a 

5
0.

0



DISCUSSION

Both the oil-shale (French) and coal-re lated (Pol ish)
fluorellestadites stud ied show en rich ment in many el e ments.
Bo ron and ger ma nium are here of a spe cial in ter est due to
scarce pub lished data and be ing part of the crit i cal el e ments
list. The LdS15 sam ple seems to be more en riched, al though
this may also re flect the larger size of the crys tals an a lyzed. Av -
er age and max i mum TE con tents of the French fluorellestadite
were com pared with pub lished data, in clud ing of var i ous ig ne -
ous rocks, both ex tru sive and in tru sive, and metasomatic rocks, 
UHP rocks, phosphorites and the Durango ap a tite stan dard
(Fig. 6). For Li, B, Mg, Al, Cr and Cu, the high est lev els mea -
sured are si mul ta neously the max i mum con tents within this lit -
er a ture-based com par i son. El e ments for which both the max i -
mum and av er age con tents are higher than in ore-bear ing gran -
ites in clude Li, B, Mg, Al, K, Sc, V, Cr, Ge, Zr and Ba. The op po -
site de pend ence is ob served for the REEs, U, and to some ex -
tent also W and Pb. Higher val ues of K and Y are known for
some granitoid-de rived (e.g., from Mt. Isa, Queensland, Aus tra -
lia) apatites. In the case of Sc, Fe, Nb, Nd, U and in par tic u lar
also Ti, Zn, Ba and Pb, en rich ment was re corded in some USA
mag matic ap a tite-bear ing de pos its. The TrÝmso UHP-li thol ogy
apatites also bear more prom i nent Zr and REE anom a lies. The
av er age Mn con tent of our sam ple is rel a tively low, too, be ing
ex ceeded in apatites from var i ous gran ites and ig ne ous ore de -
pos its.

Only some of the el e ments stud ied show high en rich ment
com pared to av er age Earth’s crust (EC) lev els (as listed by
Parker, 1967). These in clude bo ron, with en rich ment fac tor
(EF, cal cu lated as quo tient of the mea sured value ver sus the
av er age EC value) be ing as high as 70 for LdS. In the LdS
fluorellestadite, the EF for Ge is 10, and that for As is  23. Val -
ues for Tm, Y and Dy are >1.5, while those for V, Er, Yb, Eu, Gd
and Ho are in the 1-1.4 range. Bo ron en rich ment in the RDT
sam ple is smaller, with the cor re spond ing EF of 7, and the val -
ues for Ge be ing 11, for As 41, for Sr 3, for Eu 2.4, for Gd 2, for
Dy 1.2 and for Y 1.1.

REE spi der di a grams are shown in Fig ure 7. These were
con structed to il lus trate the ev i dent Nd anom aly and its dom i -
nance over other REEs in both sam ples. Clear pos i tive anom a -
lies are also found for Gd, Dy, Er, and Yb for the LdS15 sam ple,
be ing less prom i nent in the RDT one. Some Dy anom a lies in
the LdS fluorellestadite may be slightly larger than Gd anom a -
lies. The pos i tive Ce anom aly only con cerns some of the LdS
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data, while be ing ev i dent for most of the RDT datapoints. Al -
though the ap a tite-type struc ture pre fers the Ce3+ ion due to its
larger ionic-size sim i lar ity to Ca2+ (e.g., Terra et al., 2008), the
Ce4+-Ca2+ ionic ra dii dif fer ence is 11%, thus be ing be low the
diadochy thresh old of Goldschmidt. Small pos i tive Ce anom a -
lies in apatites, al though not nec es sar ily ex plained, are known
(e.g., Bromiley, 2020).

The PCA re sults for the  LdS15 fluorellestadite al low der i va -
tion of some ev i dent trends. Zn, Li, and to some ex tent also Ti
are known to show tet ra he dral co or di na tion in min er als (e.g.,
Berry et al., 2007). A Zn-Li sub sti tu tion path is known, e.g., in
dusmatovite (Sokolova and Pautov, 1995) or zincostaurolite
(Cho pin et al., 2003). The Al-V diadochy sys tem is also
well-doc u mented in min er al ogy, al though it in volves tri va lent
cat ions (e.g., Brigatti et al., 2006; BaèÍk et al., 2018). Sep a ra tion 
of Al and V is clearly seen, e.g., in bariandite,
Al0.6(V

5+,V4+)8O20·9H2O. Al seems to be have dif fer ently to both
Fe and Ti (non-col lin ear vec tors, with large to mod er ate
intra-vec tor an gles). How ever, as V in the ap a tite supergroup is
known to oc cur in its pentavalent state (thus ex ist ing in tet ra he -
dral co or di na tion), Al-for-V sub sti tu tion in the LdS15 fluorapa -
tite-fluorellestadite seems un likely. A more likely phe nom e non
is re moval of V fol lowed by en rich ment in Al, pos si bly due to
changes in the el e men tal com po si tion of the par ent so lu tions.

El e men tal be hav iour in the RDT sam ple fluorellestadite is
com pletely dif fer ent to that in the LdS sam ple. Most im por tantly, 
B is now clearly cor re lated with Mg, the BMg pair be ing in -
versely cor re lated with As (in the LdS15 sam ple B is neg a tively
cor re lated with Mg). Dif fer ences also con cern Nd, which in the
RDT sam ple shows cor re la tion with MREE and Pb, and in the
LdS15 sam ple with LREE (in clud ing Y). The Dy-HoTb cor re la -
tion of the French fluorellestadite is not seen in the Pol ish sam -
ple. The Yb-Lu-Tm-Er-B-K cor re la tion of in LdS is also not seen
in the RDT sam ple, where Yb cor re lates with U. The Pr-Er and
Gd-Tb pairs found for the RDT sam ple can not be re cog nised in
that from LdS. Scan dium also shows dif fer ent re la tion ships and
this is also true of tho rium and va na dium. Stron tium also shows
dif fer ent cor re la tion, be ing clearly cor re lated with Th (LdS) while 
cor re lat ing neg a tively with the Th-V-Sc-Eu group (RDT). There
is a pos i tive cor re la tion of Ge and Nb (isolinear vec tors) and Ti.
These high-va lency el e ments do not show collinearity with V
and W, other high-va lency el e ments, al though no clear or
strong neg a tive cor re la tion was found ei ther.

CRYSTALLOCHEMICAL POSITION OF BORON

Ini tially, the bo ron-bear ing apatites were thought to ex clu -
sively bear the BO3 (sub sti tut ing for phos phate) and BO2

groups; BO4 groups were not ex pected (Ito et al., 1988). Both
the orthoborate(3–), i.e., BO3

3–, and the tet ra he dral BO4
5–

orthoborate groups were, how ever, later iden ti fied, as shown in
Pr5(BO4)3-x(BO3)x(F,OH)2.67O0.28 (Glätze et al., 2018). The
orthoborate an ion is also known in so-called con densed
apatites, such as Sr5(BO3)3Br (White and ZhiLi, 2003). Bo ron
may also en ter hydroxylapatite, to form borohydroxyapatite,
nom i nally Ca10{(PO4)6-x(BO3)x}{(BO3)y(BO2)z(OH)2-3y-z} in volv ing 
a rare charge-com pen sa tion pro cess re lated to the oc cur rence
of square-py ram i dal BO5 units (Ternane et al., 2002).  Mazza et
al. (2000) ex cluded the oc cur rence of pla nar orthoborate(3–)
groups in their La5Si2BO13 ap a tite-type com pound, based on
dis place ment fac tor cal cu la tions, and lo cate B at the T sites.

CRYSTALLOCHEMICAL POSITION OF POTASSIUM AND MAGNESIUM

Both po tas sium and mag ne sium are known to be in volved
in ap a tite biomineralization (e.g., Wiesmann et al., 1998; Serre
et al., 1998). Mag ne sium may be in cor po rated si mul ta neously
with car bon ate ions (Sader et al., 2013). Simpson (1968) syn -
the sized a K-H-sub sti tuted ap a tite at 100°C, with KOH as the
source of po tas sium. His prod ucts con tain up to 1.7 wt.% K2O,
with av er age con tent reach ing 0.97 wt.%. Atomic per cent ages
of K in his ma te ri als vary from 0.13 to 0.21 at oms per for mula
unit (apfu) K, with sug gested 0.48–1.24 apfu(H) at the A site,
0.14–0.29 mol e cules pfu (mpfu) H4O4 at the T site, and
0.84-1.32 mpfu(H2O) at the X site. The K-sub sti tuted pyrolytical
hydroxylapatite of Yokota et al. (2017) con tains up to 1.54
mass% K.

CRYSTALLOCHEMICAL POSITION OF ALUMINIUM

Magnesioferrite and srebrodolskite – two min er als as so ci -
ated with both the LdS and RDT fluorellestadite – are known
sinks of Co (Kruszewski, 2018). This el e ment is usu ally be low
the de tec tion limit in the cur rent ICP data. This re flects the qual -
ity of the ICP data, where only few in clu sion-type re cords were
con firmed. As such, alu minium is most likely pres ent within the
struc ture of the fluorellestadites ana lysed. Alu minium (LdS
sam ple) neg a tively cor re lates with V and W. No pos i tive cor re -
la tion is ob served for the Al-Mg sys tem. Also, Ti is neg a tively
cor re lated with Zn and Li, and to some ex tent with Fe, but does
not show clear cor re la tion with Mg. The lack of pos i tive Al-Mg,
Al-Fe, Mg-Mn and Mn-Fe cor re la tions may ex clude the pos si bil -
ity of these four el e ments be ing de rived from tiny, sub-mi cron
in clu sions of both magnesioferrite and srebrodolskite that are
oth er wise pres ent in the ma trix. How ever, both Al and Ti (but
not Mg) may show tet ra he dral crystallochemical af fin ity. This
could ex plain the mod er ately high pos i tive Al-Ti cor re la tion
(t =0.50).

Kharlamova et al. (2015) re port the oc cur rence of tet ra he -
dral AlO4 an ions in alu minium-doped lan tha num sil i cate-ox ide
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ap a tite, nom i nally La10-x(SiO4)6O3-3x/2. How ever, they
also men tion the oc cur rence of AlO6 and traces of AlO5

in poly he dral co or di na tion in this ma te rial. El e vated tem -
per a ture is clearly di min ishes the con tent of AlO6, with
both AlO6 and AlO5 lack ing at the 800°C stage of cal ci -
na tion of the protolith. Trans for ma tion of these units into
AlO4 is said to be com plete at T>500°C. Kharlamova et
al. (2015) stated that the AlO4 in the ap a tite-type struc -
ture is typ i cally dis torted, and the oc cur rence of this type
of poly he dron is cor rob o rated by IR stud ies.

CRYSTALLOCHEMICAL POSITION OF TITANIUM

Pos i tive t val ues in the Ti-Ge and Ti-As (t >0.50 in
both cases) may con firm the oc cur rence of IVTi in the
LdS fluorellestadite. How ever, a much stron ger pos i tive
cor re la tion con cerns the Ti-Nb sys tem. This re calls the
Ti-Nb diadochy at the oc ta he dral sites of min er als such
as rutile (e.g., Sahasrabudhe et al., 2016) and
titano(niobo)sil i cates (e.g., Rocha et al., 1996). On the
other hand, Nb seems to be neg a tively cor re lated with
As (t = –0.47) and shows a weak pos i tive cor re la tion
with B (t =0.31). It is thus rather at trib ut able to the T site
of the ASG struc tural type. Tet ra he dral “ti tan ate”, TiO4

4–, 
is known in a Ti-mod i fied syn thetic hydroxylapatite
(Adamiano et al., 2017).

CRYSTALLOCHEMICAL POSITION OF OTHER ADMIXING
ELEMENTS

Bostick et al. (2003) list the fol low ing lev els of el e -
men tal af fin ity to the ap a tite-type struc ture:

– strong af fin ity: Mn2+, Cu2+, Cd2+, Sb(III) (as
SbO+), Pb2+, Hg2+, Th, U(VI) (as UO2

2+, al though
with pre cip i ta tion of the syn thetic an a logue of
autun ite);

– mod est af fin ity: V(V) (as VO4
3–), Fe2+, Zn, Ni,

As(V) (as AsO4
3–), Sr, Ba;

– low or lack ing af fin ity: Se(IV) (as SeO3
2–; el e -

vated at pH = 8), Cr(VI) (as CrO4
2–), Mo(VI) (as

MoO4
2–), TcO4

–.
Syn thetic chromate apatites are also known, as ex -

em pli fied by Sr5(CrO4)3F (Ðordeviæ et al., 2008). The lat -
ter com pound, how ever, bears pentavalent chro mium,
which is not ex pected to be sta ble in nat u ral con di tions.
We rather sus pect chro mium to fol low both As and V,
and to be pres ent as tet ra he dral chromate(VI) an ions in
the LdS fluorellestadite. Chromate(VI) min er als, such as 
chromatite, CaCrO4, or the ettringite-group spe cies
siwaqaite, Ca6Al2(CrO4)3(OH)12·26H2O, are known from 
PM rocks of the well-known Hatrurim For ma tion and the
re lated Daba-Siwaqa com plex (Is rael, Jor dan, and Pal -
es tine sites) that is clearly anal o gous to a burn ing heap
en vi ron ment (Gross, 1977; Juroszek et al., 2020).

NEODYMIUM ENRICHMENT

The anom a lous Nd be hav iour (en rich ment) may be
ex plained by its co or di na tion. The Nd3+ ion fits to the
IXCa1 site best of all the REEs (e.g., Fleet and Pan,
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1995). Nd en rich ment in apatites seems to be im por tant in
terms of the crystallochemistry of other el e ments, in clud ing Na.
In deed, Fleet and Pan (1995) found that so dium pre fers the
Ca1 site in La- and Gd-dom i nant an a logues, but is found at
both the Ca1 and Ca2 sites in the Nd-dom i nant an a logue.
Chakhmouradian et al. (2017) noted a non-con form par ti tion ing 
of the REEs in carbonatitic apatites due to dif fer ences in up take 
be tween the LREEs (Ca1 site pref er ence) and HREEs (Ca2
site pref er ence). They also point to a crest be tween Pr and Nd,
and that in ter me di ate-size REEs (Sm-Tb) may be ac com mo -
dated equally. On the other hand, Fleet and Pan (1995) struc -
tur ally re fined a Nd-sub sti tuted fluorapatite us ing a model
where 80 atomic % of Nd is par ti tioned into the Ca2 site. They
also note that in a Nd-rich fluorapatite (but not in La-, Gd-, or
Dy-dom i nant ones) so dium not only en ters the Ca1 site, but is
also pres ent at the Ca2 site. The ob ser va tions of Hughes et al.
(vide Fleet and Pan, 1995) sug gest that while La, Ce and Pr
would rather fa vour the Ca2 site, and Pm and Sm the Ca1 site,
Nd would be ex cep tional in show ing af fin ity to both the Ca sites.
This be hav iour of Nd would also ex plain our ob ser va tions, as
with two sites avail able more Nd would en ter the struc ture than
in the case of the re main ing REEs.

Fur ther in for ma tion re gard ing LREE en rich ment/de ple tion
in apatites came from the work of Yakymchuk (2017) who stud -
ied ap a tite be hav iour dur ing par tial melt ing of metapelites – a
pro cess sim i lar to the one gen er at ing fluorellestadite-bear ing
PM rocks in the cur rent study. Monazite would be the dom i nant
REE sink in such sys tems. How ever, ap a tite, as op posed to
monazite, is pre dicted to with stand ul tra-high tem per a tures.

Thus, the sta bil ity of monazite above the sol i dus is di min ished
by the pres ence of LREE-rich ap a tite.

POTENTIAL SOURCES OF THE MOST ENRICHED ELEMENTS

The most po tent el e ment source in the coal-waste min ing
heaps is coal it self. Both bo ron and ger ma nium are known as
coalphile el e ments, with their Coal Af fin ity In di ces (CAIs) of 47
and 2.4, re spec tively (Ketris and Yudovich, 2009), which are
higher than av er age crustal lev els (Parker, 1967). The same is
true for ar senic (CA I= 9.0), bis muth, mer cury, mo lyb de num,
an ti mony, se le nium and tel lu rium. Mar ginal parts of coal de pos -
its are known to be es pe cially Ge-en riched, and ex tremely
Ge-rich coals are ex ploited in both Rus sia (Pavlovka de posit)
and China (e.g., Wulatunga and Lincang de pos its; Seredin and
Finkelman, 2008).

At the Lapanouse de posit, the Lower Ju ras sic black oil
shale is interbedded with lime stone and in ter ca lated be tween
marls and marly shales (Gatel et al., 2015). Some marls are lo -
cally pyritous. A “black lig nite” is spo rad i cally found there, too.
The min eral com po si tion of the oil shale com prises cal cite-gyp -
sum inter growths, quartz, py rite, microcline, “illite”, and chlorite.
No geo chem i cal data for the lo cal rocks could be found.
Lapidus et al. (2022) state that the Ge con tent of oil shales is,
gen er ally, lower than that of coals. How ever, they list de pos its
where the con tent may reach 14 (Negev, Is rael) or even 50
(Novodmitrovsk, Ukraine) ppm. Some shales of this kind may
bear as much as 20 ppm Be (Boysun, Tajikistan), ~1000 ppm
Sr (Kashpir, Rus sia, with just slightly less in Negev), >1000 ppm 
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Fig . 7. REE spi der di a grams of the two fluorellestadite sam ples

 The di a grams are not chondrite-nor mal ized, to show the clear Nd dom i nance and
anom aly of the ma te rial stud ied



Mo (Boysun; Suzak, Uzbekistan), 30 ppm Ga (Boysun, Suzak),
2900 ppm V (Boysun) and 100 ppm La (Suzak). Back ground
con cen tra tions of As in such shales may also be quite high at 30 
ppm. Con sid er ing the crystallochemistry of the slag-form ing
min er als at Lapanouse (Kruszewski et al., 2018), the sed i men -
tary protolith must have been en riched es pe cially in Cr (based
on en rich ment in spi nels, clinopyroxenes, cuspidine, he ma tite,
perovskite, fluorellestadite and even ti tan ite), V (con sid er ing the 
oc cur rence of pliniusite and en rich ment in perovskite, he ma -
tite-pseudobrookite solid so lu tion, and ti tan ite), Mo (based on
the oc cur rence of the powellite-equiv a lent end-mem ber in
anhydrite), Ba (based on en rich ment in feld spars and leu cite,
and the oc cur rence of “Ba-petalite”, BaAlSi3AlO10), Sr (con sid -
er ing its en rich ment of fluorellestadite, plagioclase, perovskite,
and levantite, the last for merly wrongly at trib uted to
“depmeierite-latiumite sys tem”), but also Ni, Zn, and less so Co
(some what en riched in he ma tite, pseudobrookite-he ma tite
solid so lu tion, and spi nels). As such, the most re li able source
for the sub sti tutes in the French fluorellestadite is the or ganic
mat ter of the oil shale.

Bo ron, along with lith ium and stron tium, is en riched in ma -
rine wa ters (e.g., Brunskill et al., 2003; Zhang et al., 2022). This
ex plains the pref er en tial en rich ment of, es pe cially, bo ron and
lith ium in shales (e.g., Warner et al., 2014). In the case of the
USCB coals, B en rich ment is not ob served (<20 ppm, own un -
pub lished data). Bo ron was not mea sured in any
pyrometamorphic min eral of the USCB area. A slightly el e vated
con tent of 33 ppm was mea sured in alu nite-cristobalite shales
of a heap in Radlin, with a sim i lar value of 29 ppm de rived for
just a sin gle coaly shale sam ple. Sim i lar lev els were found in
three ex ha la tive (gas-vent) de pos its. A much higher con tent of
125 ppm was de tected in am mo nium-rich gas-con den sate sul -
fate de pos its at a heap in Œwiêtoch³owice (Kruszewski, un pub -
lished data). Nu mer ous ash-con den sate sam ples from dif fer ent 
heaps show B as one of just a few clearly en riched el e ments,
thus con firm ing B af fin ity to the coal-fire gas phase. Bo ron may
pref er en tially en ter the struc ture of mullite (e.g., Romero et al.,
2021) – a com mon com po nent of coal-fire pyrometamorphic
min er als – via its gas-phase trans fer.

Ger ma nium en rich ment in newly-formed min er als in burn -
ing and burnt post-coal min ing waste heaps in Po land is rarely
ob served. A prom i nent ex cep tion is a sin gle-sam ple cuspidine,
with its max i mum Ge con tent of 941 ppm, with <300 ppm in a
few gehlenite crys tals stud ied (Kruszewski, 2018). This may be
due to volatization of Ge, pos si bly in the form of GeCl4 and
some other spe cies, in ex ha la tive vents (Kruszewski et al.,
2018b). Ge lev els in USCB coals and shales are in the
0.20-0.50 ppm range. The lo cal py rite shows a 0.30 ppm con -
tent (Kruszewski, un pub lished data).

Ar senic en rich ment in the Rydu³towy ap a tite-group spe cies
as stud ied by EPMA was found only in a sin gle anal y sis
(0.23 wt.% As2O5; Kruszewski, 2018). Py rite is a known lo cal As 
con cen tra tor (e.g., 26 ppm level; Kruszewski, un pub lished
data). The Rydu³towy coal is As-low at just 0.50 ppm, while
some clayey de pos its col lected at the heap there show 5.3 ppm
(Kruszewski, un pub lished data). Coaly shales col lected at
some USCB heaps are also good As sources, with av er age 8.6
ppm con tent (Kruszewski, un pub lished data).

Stron tium is com monly re ported in anal y ses of the
pyrometamorphic ap a tite-group min er als of the USCB area.
The av er age stron tium con tent in the Rydu³towy
apatites-ellestadites is 0.14–0.17 wt.% Sr. Much higher con -
tents (8.05 wt.% Sr on av er age) were de tected in a rare
celsian-slawsonite solid so lu tion within a yel low metapelite from 
a heap in Jankowice Rybnickie (Kruszewski, 2018).The
Rydu³towy coal is rel a tively rich in Sr, at 235 ppm. This is, how -
ever, an ex cep tion con sid er ing the av er age 73 ppm in the

USCB coals, and just 30 ppm in the shales (Kruszewski, un -
pub lished data). How ever, the ma jor Sr con cen tra tor in the
USCB heaps is gyp sum, with con tents peak ing at 945, or even
2000 ppm (Kruszewski, 2018). The pri mary Sr source is ex -
pected to be car bon ate min er als. In deed, Parzentny et al.
(2020) found a rel a tively high cor re la tion co ef fi cient for the
Sr-car bon ate sys tem of the USCB coals. Still, they re port a
higher r2 for the Sr-P2O5 sys tem, sug ges tive of Sr con tain ment
in pri mary ap a tite-group min er als. The LDS source rocks are
rich in gyp sum (a po ten tial Sr source; 8% in the modal com po si -
tion of the oil shale; Gatel et al., 2014). In the USCB coal de pos -
its, baryte min er al iza tion is known, bear ing Sr ad mix tures (e.g.,
with 1.6 mol.% SrSO4 com po nent in baryte from the “Mar cel”
mine). Stron tian baryte is a com mon ac ces sory phase of many
waste rocks from the USCB BWHs, in clud ing metacarbonate
slags from Rydu³towy, where celestine is also rarely en coun -
tered (Kruszewski, 2018). Al though the lo cal ap a -
tite-supergroup spe cies are, in gen eral, low in Sr (up to
0.25 wt.% SrO), Sr is also found in other lo cal min er als (e.g.,
bassanite, flu o rite).

STATISTICS – DISCUSSION

The high in put of the PC1 com po nent in the PCA, iden ti cal
for both the sam ples stud ied, sug gests the prev a lence of a sin -
gle source for the el e men tal vari a tion. This fac tor is likely the
ionic ra dii, as shown by collinearity of the vec tors at trib uted to
Zn and Li, Nb and Ge (with the Ti vec tor nearby), and the MREE 
groups (LDS sam ple), U+Yb and Y+LREE groups (RDT sam -
ple), and the HREE group (in both sam ples). The vec tors in
these cases are usu ally short, sug gest ing a higher sig nif i cance
of the de pend en cies listed. On the other hand, the vec tors listed 
form more acute an gles with the PC2 com po nent. The lat ter
could be at trib uted to the el e ments’ sources. In deed, the Th+Sr, 
Mg+As+La vec tors, rel a tive to el e ments with >15% diadochy
thresh old, form acute an gles with PC2. A mixed in flu ence of
both the PC com po nents is ex em pli fied by po si tions of the
REEs’ vec tors in the RDT case, which are ei ther acutely in -
clined to wards the PC2 com po nent (Ce, Y, Nd, La, Pr, Er, Dy),
or to wards PC1 (Ho, Tm, Yb, Gd). The dif fer ent po si tion of the Y 
and HREE vec tors is some what un ex pected.

The in flu ence of the source fac tor is pos si bly ex em pli fied by
the Sr-Th pair, for which an op po site be hav iour is ob served
when com par ing the two sam ples stud ied. In the LDS sam ple
there is a clear pos i tive cor re la tion, sug gest ing (con sid er ing the
vec tors’ po si tion rel a tive to the PC2 com po nent) a com mon
source. In the RDT sam ple Sr is clearly neg a tively cor re lated
with Th; Sr also does not show any pos i tive cor re la tion with any
other el e ment. The ob served dif fer ences in the Th-Sr re la tion
can not be sim ply ex plained by pref er en tial crystallochemical
be hav iour. Ac cord ing to Terra et al. (2008) stron tium pre fers
the Ca1 site of the ap a tite-type struc ture at Sr lev els <0.1 apfu – 
a con di tion ful filled by both of our sam ples. Luo et al. (2009)
found Th (and U) strongly pre fer ring the Ca2 site, with U4+ be ing 
al most the ex clu sive form in F-rich ap a tite. As such, no large
dif fer ences in the site pref er ence of Sr and Th are ex pected in
the sam ples stud ied.

Jux ta posed ionic (thermochemical) ra dii sizes of the par tic -
u lar el e ments known or sus pected to oc cur in nat u ral ap a -
tite-type struc tures are to be found in the Ap pen dix 1. El e ments
with co in cid ing ionic (thermochemical) ra dii are: VIK – Ba – IXPb;
IXNa – IXLa; VIPb – IXCe3+; VIIINa – IXCa – Sr – VIIILa – IXNd; VIINa –
VIIIPr – VIIINd; VINa – Sm – (Eu-Gd-Tb-Dy-Ho); VICa – Er-Tm-Yb;
VIIISc; VIMn2+ - VICu2+ - VIZn – VISc – VIZr; IVMn2+ – VINb; IVLi – IVMg 
– IVCu2+ - VIFe2+ - IVZn – VIFe3+ - VIMn3+ - VITi4+; VIAl – IVFe3+ - IVNb;
IVAl - Ge4+ - IVTi4+ - W6+; V5+ - As5+ - Mn5+; Si4+ - Cr6+; C4+ - P5+;
and IVB – S6+. Among an ions, three pairs are ev i dent: CrO4

2– –
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SiO4
4–; AsO4

3– - GeO4
4– and PO4

3– - SO4
2–. Sub sti tu tions in the

apatites stud ied fol low these de pend en cies at least in par tic u -
lar. This, how ever, needs con fir ma tion via sin gle-crys tal struc -
ture mod el ling. The sub sti tu tion of all the listed tet ra he dral an -
ions in the min er als stud ied may be due to com mon sources,
i.e., or ganic mat ter (Lapanouse), and or ganic mat ter plus py rite
(Rydu³towy), as noted in the Sec tion 4.7.

CONCLUSIONS

The cur rent study has shown that ASG min er als of fos sil
fuel-fire zones may rep re sent im por tant and rich car ri ers of nu -
mer ous TEs. This in cludes ger ma nium – one of the crit i cal raw
ma te ri als rec og nized by the EU. In terms of both TE con tent
and oc cur rence con firmed in both of the sam ples stud ied, this

en rich ment (>~50 ppm on av er age) is es pe cially true for alu -
minium, mag ne sium, so dium, iron, stron tium, bo ron and ar -
senic. Highly el e vated amounts of K and Ti were also found for
the LdS sam ple. An es sen tial find ing is ger ma nium en rich ment,
seen in both sam ples. Ap pli ca tion of the LAICPMS method
seems to ex clude the pos si bil ity that the Al and Mg are con -
tained in min eral in clu sions in the ASG in di vid u als. Rather, they
are part of the ASG struc ture. Fur ther stud ies on a larger sam -
ple set, in clud ing Sin gle-Crys tal X-Ray Dif frac tion and Nu clear
Mag netic Res o nance (for B, Al, and pos si bly Ge), are planned
to test these con clu sions.
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APPENDIX 1

Comparison of ionic (thermochemical) radii of anions ( ) Jenkins and Thakur, 1979; Simoes et al., 2017
and cations ( ), the radii are shown as calculated geometric means from published dataPauling, 1961; Shannon, 1976
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