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The sta bil ity and main te nance of the age re cord of monazite dur ing post-mag matic pro cesses were stud ied in gra nitic and
host metasedimentary rocks from the Sudetes (SW Po land). Un al tered monazite in the K³odzko–Z³oty Stok granitoid pro -
vided a Th-U-to tal Pb age of 329 ± 5 Ma, which con strains tim ing of the late stage of pluton em place ment. In con trast,
monazite in the Jawornik granitoid re mained un al tered or was par tially re placed by sec ond ary phases, in clud ing (1) al la nite,
epidote and, oc ca sion ally, ap a tite; (2) cheralite, al la nite and a mix ture of clays, Fe ox ides and pos si ble un known rare earth
el e ment (REE) phases; and (3) K-feld spar and cheralite with sub se quent for ma tion of ti tan ite. Dif fer ent al ter ation prod ucts
on the thin sec tion scale in di cate the lo cal char ac ter of the post-mag matic pro cesses af fect ing monazite in duced by al -
kali-rich flu ids. The al tered and un al tered monazite grains both yielded a Th-U-to tal Pb age of 343 ± 4 Ma. The Th-U-to tal Pb
ages of the monazite in the ac com pa ny ing metasedimentary rocks ther mally af fected by in trud ing mag mas were also con -
strained. In the paragneiss in con tact with the Jawornik granitoid, the un al tered monazite and monazite par tially re placed by
al la nite yielded an age of 344 ± 5 Ma. The monazite from the mica schist, far ther from the con tact with the granitoids, ex hib -
ited an age of 336 ± 4.5 Ma. The 344–336 Ma ages dem on strated a re cord of monazite (re)growth dur ing pro longed Variscan
meta mor phism. The pre dom i nant early Visean ages con strain the tim ing of the de vel op ment of the Z³oty Stok–Skrzynka
Shear Zone and the em place ment of the Jawornik granitoid in tru sion. The age re sults, which are con sis tent with pre vi ous
geo chron ol ogy, in di cate that the par tial al ter ation of the monazite did not af fect the in ter nal do mains or the main te nance of
the monazite ages. Thus, this study re veals that monazite geo chron ol ogy can pro vide mean ing ful data in crys tal line rocks af -
fected by fluid-in duced post-mag matic pro cesses.
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INTRODUCTION

Im prove ments in the microanalytical tech niques used to de -
ter mine pet ro log i cal con straints on crys tal line rocks pro vide an
in creased un der stand ing of ig ne ous, post-mag matic, meta mor -
phic and hy dro ther mal pro cesses. Monazite [(REE,Th,U)PO4]
is an ex am ple of a min eral that may grow in a wide pres -
sure-tem per a ture (P-T) range dur ing meta mor phic and ig ne ous 
pro cesses and has been ap plied in pe trol ogy, geo chem is try,
geo chron ol ogy and geothermometry stud ies. The de vel op ment 
of Th-U-to tal Pb “chem i cal” dat ing that uti lizes an elec tron
microprobe for in situ anal y sis (Suzuki and Adachi, 1991, 1994;
Montel et al., 1996; Koneèný et al., 2004; Jercinovic and Wil -

liams, 2005; Pyle et al., 2005; Wil liams et al., 2006; Jercinovic et 
al., 2008; Suzuki and Kato, 2008; Spear et al., 2009) al lows one
to pres ent monazite data in a tex tural con text to con strain the
ab so lute ages of par tic u lar geo log i cal pro cesses (Wil liams and
Jercinovic, 2002; Wil liams et al., 2007). Al though monazite is
char ac ter ized by a high-dif fu sion clo sure tem per a ture of
800–900°C (Cherniak et al., 2004; Gardes et al., 2006), geo -
chron ol ogi cal ap pli ca tions may be lim ited due to the sta bil ity of
monazite and re-equil i bra tion even dur ing low-tem per a ture pro -
cesses.

In fel sic ig ne ous rocks, monazite is po ten tially sen si tive to
al ter ations post dat ing monazite growth due to its in ter ac tions
with post-mag matic al kali-rich flu ids, which could dis turb the
Th-U-Pb sys tem. One clas sic ex am ple of monazite al ter ation is
the break down of monazite and its par tial-to-com plete re place -
ment by sec ond ary ap a tite, al la nite and epidote with or with out
ThSiO4 or ThO2, which have been iden ti fied in var i ous rocks of
gra nitic com po si tion (Broska and Siman, 1998; Fin ger et al.,
1998; Broska et al., 2005b; Budzyñ et al., 2010; Ondrejka et al.,
2012). Within the last de cade, in creas ing knowl edge of the sta -
bil ity of monazite has been sup ported by sev eral ex per i men tal
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stud ies that have pro vided im por tant in for ma tion for pet ro log i -
cal ap pli ca tions. Ex per i ments ex e cuted at 450–500°C and
450–610 MPa in the pres ence of gra nitic min eral as sem blages
and Ca-rich flu ids re vealed that the re la tion ships be tween the
sta bil i ties of monazite, al la nite and ap a tite de pend more on the
fluid com po si tion and ra tio of sil i cates than on the P-T con di -
tions (Budzyñ et al., 2011). This compositional de pend ence
was later con firmed ex per i men tally across a wider P-T range of
200–1000 MPa and 450–750°C by the al ter ation of monazite to
al la nite and ap a tite or britholite (Budzyñ et al., 2014). Re cent
ex per i ments con ducted at 250–350°C and 200–400 MPa did
not re sult in al ter ation of monazite, which sug gests that
monazite re mains sta ble in high-Ca bulk com po si tion un der
low-tem per a ture con di tions (Budzyñ et al., 2015b).

The par tic u lar mech a nisms of monazite al ter ation are re -
lated to a fluid-me di ated cou pled dis so lu tion-reprecipitation
pro cess, which is also rec og nized in var i ous other phases, such 
as feld spars, ap a tite, zir con and ore min er als (Putnis, 2002,
2009; Putnis and Austrheim, 2012). The re-equil i bra tion in -
duced by the in fil tra tion of flu ids into the min eral struc ture can
in crease the vol ume dif fu sion and lead to ionic ex change within
the de vel oped intracrystalline pores. Such compositional al ter -
ations, which af fect monazite dur ing post-mag matic, hy dro ther -
mal and metasomatic pro cesses, have been rec og nized in var i -
ous gra nitic rocks (e.g., Poitrasson et al., 1996, 2000;
Townsend et al., 2000; Petrík and Koneèný, 2009; TartÀse et
al., 2011). Ex per i men tal rep li ca tions of nat u ral pro cesses in di -
cate that the re-equil i bra tion of monazite via cou pled dis so lu -
tion-reprecipitation may sig nif i cantly dis turb the Th-U-Pb sys -
tem un der low- to high-grade con di tions (Teufel and Hein rich,
1997; Seydoux-Guillaume et al., 2002; Harlov and Hether ing -
ton, 2010; Hether ing ton et al., 2010; Budzyñ et al., 2011,
2015b; Harlov et al., 2011), which can re sult in the com plete re -
set ting of the Th-U-Pb sys tem even at 450°C (Wil liams et al.,
2011). Our cur rent knowl edge pro vides a better un der stand ing
of the al ter ation mech a nisms and im por tance of geo chron ol ogi -
cal data to avoid mean ing less dates in pet ro log i cal re con struc -
tions and to link the true ages with par tic u lar geo log i cal pro -
cesses.

This study aimed to test the main te nance of ages re corded
by monazite in gra nitic rocks that were vari ably al tered dur ing
post-mag matic pro cesses. Granitoids ex posed in the Sudetes
Mts. (SW Po land) were cho sen as pos si ble rep re sen ta tives to
in ves ti gate the in flu ences of post-mag matic flu ids on the sta bil -
ity of monazite in fel sic ig ne ous rocks. Among the granitoid
sam ples se lected for this work, sam ple rep re sent ing
K³odzko–Z³oty Stok con tained un al tered monazite, whereas
sam ple of Jawornik granitoids con tained both un al tered and al -
tered monazite that was par tially re placed by var i ous sec ond ary 
phases. More over, to better un der stand the be hav iour of
monazite in the pres ence of Ca-rich flu ids, the re sult ing
Th-U-to tal Pb dates from the Jawornik granitoid were com pared 
with the monazite ages from the en vel op ing metasedimentary
rocks pos si bly af fected by the post-mag matic flu ids (1) di rectly
con tact ing the granitoids and (2) sev eral dozen metres from the
granitoids.

GEOLOGICAL SETTING

The K³odzko–Z³oty Stok Pluton sep a rates the
Orlica–Œnie¿nik Dome in the south from the K³odzko Meta mor -
phic Mas sif and Bardo Ba sin in the north (Fig. 1). Rocks of the
NE–SW trending sickle-shaped in tru sion ex hibit mag matic flow
fo li a tion that out lines sev eral dome struc tures in side the pluton
(Wojciechowska, 1975). The pres ent ero sional level rep re sents 

the roof of the in tru sion, which is in con tact with hornfels de rived 
from both the Orlica–Œnie¿nik Dome and the Bardo Ba sin
(Wojciechowska, 1975; Wierzcho³owski, 1976; Fig. 1). The
compositionally vari able K³odzko–Z³oty Stok granitoid Pluton
con tains mafic en claves and lam pro phyre dykes (e.g., Wierz -
cho³owski, 1976; Lorenc, 1994; Awdankiewicz, 2007; Bach -
liñski and Bagiñski, 2007). U-Pb zir con dat ing re vealed an age
re cord of 349 to 330 Ma in this com pos ite pluton (Mikulski et al.,
2013; Oberc-Dziedzic et al., 2015) and its apophyses (Mikulski
and Wil liams, 2014).

Jawornik granitoids form a rel a tively nar row (up to 1.2 km
wide and 12 km long) NE–SW trending body lo cal ized along the 
Z³oty Stok–Skrzynka Shear Zone in the NE por tion of the
Orlica–Œnie¿nik Dome (e.g., Don, 1964; Fig. 1). The main body
is ac com pa nied by elon gated smaller-scale (up to few metres
thick) sills in meta mor phic rocks (e.g., Cwojdziñski, 1977).
Based on struc tural data, the Jawornik granitoids rep re sent the
late-tec tonic granitoid body emplaced be fore the in tru sion of the 
K³odzko–Z³oty Stok Pluton (Cwojdziñski, 1977;
Wojciechowska, 1993). The Jawornik granitoids re corded de -
for ma tion un der mag matic- to solid-state con di tions re lated to
the de vel op ment of the sinistral Z³oty Stok–Skrzynka shear
zone (e.g., Cymerman, 1996, 1997; Bia³ek and Werner, 2002;
Gotowa³a, 2003; Murtezi, 2006). How ever, be cause the
Jawornik granitoids are tightly folded within the meta sedi ments
(Cwojdziñski, 1977), the pos si bil ity of magma em place ment
dur ing ear lier tec tonic stages can not be ex cluded. The pre vi ous 
geo chron ol ogy per formed on Jawornik granitoids in di cated a
Pb-Pb evap o ra tion zir con age of ca. 353 Ma (Skrzypek et al.,
2014) and Ar-Ar dates of bi o tite and mus co vite rang ing be -
tween 351 and 343 Ma (Bia³ek and Werner, 2004).

SAMPLE SELECTION AND DESCRIPTION

Granitoid bod ies from the Sudetes (SW Po land) were con -
sid ered for this study to fo cus on the be hav iour of monazite dur -
ing post-mag matic pro cesses. Sam ples of granitoids from the
K³odzko–Z³oty Stok Pluton and the Jawornik granitoids were
se lected. Pre lim i nary elec tron microprobe ob ser va tions re -
vealed that the sam ple of the Jawornik granitoids con tained un -
al tered and al tered monazite grains. Due to these fea tures, we
also stud ied the pre sumed in flu ence of post-mag matic flu ids on 
monazite grains in the host meta mor phic rocks dur ing their con -
tact meta mor phism.

The granitoid KZ4 sam ple was col lected from large blocks
ex posed on the woody SW slopes of the Brzanka Mts., lo cated
ca 2.5 km N of the vil lage of O³drzychowice K³odzkie
(50°23’06"N 16°43’10"E; Fig. 1). The granitoid is com posed of
quartz, plagioclase (An14–21Ab77–85Kfs1–2), K-feld spar
(Kfs79–85Ab12–21), bi o tite (Fig. 2A) and mi nor mus co vite, with ac -
ces sory zir con, monazite and cor di er ite. Plagioclase crys tals,
which are oc ca sion ally sericitised, ex hibit sim ple and mul ti ple
twinning. K-feld spar crys tals re flect sim ple or oc ca sion ally tar -
tan twinning. K-feld spar and quartz form fine-grained
micrographic inter growths. Bi o tite flakes are pres ent as both in -
di vid ual ma trix grains and in clu sions in feld spars. Mi nor mus co -
vite re sulted from the feld spar al ter ations. Two large grains of
cor di er ite with nu mer ous bi o tite in clu sions ori ented par al lel to
the cor di er ite elon ga tion were pre served in a thin sec tion.

Sam ple OS338 is a granodiorite col lected from an out crop
along a tight bend of Road 390 from L¹dek Zdrój to Z³oty Stok in 
the Góry Z³ote Mts., 2 km south of the Jawornik Wielki Mt.
(50°23’24.2"N, 16°50’44.5"E). This sam ple rep re sents a
few-metre thick granodiorite sill emplaced within the mica
schists, paragneisses and leptites of the Orlica–Œnie¿nik
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Fig. 1. Locations of the samples selected for Th-U-total Pb monazite dating noted 
on a simplified geological map of the K³odzko–Z³oty Stok and Jawornik granitoids 

(after Sawicki, 1995, modified)

Fig. 2. Optical microscope images with crossed polars (XN) demonstrating K³odzko–Z³oty Stok granitoid KZ4 (A),
Jawornik granitoid OS338 (B), paragneiss OS338P (C) and mica schist SK19 (D)



Dome. The granodiorite is me dium-grained and com posed of
quartz, plagioclase (An15–19Ab80–83Kfs<1), K-feld spar
(Kfs97–99Ab1–3), bi o tite and mus co vite, with ac ces sory zir con,
monazite, al la nite, ap a tite and ti tan ite. Feld spars are strongly
sericitised and form augens man tled by quartz and micas with
pres sure shad ows of recrystallised quartz (Fig. 2B). Some bi o -
tite flakes are chloritised. The ana lysed thin sec tion also in -
cludes frag ments of paragneiss in con tact with granodiorite.
The paragneiss (la belled as OS338P) is com posed of
plagioclase (An11–21Ab79–87Kfs<2), quartz, mus co vite, bi o tite,
and chlorite (Fig. 2C), with ac ces sory zir con, monazite, al la nite
and ap a tite. The con tact be tween the paragneiss and
granodiorite is ori ented par al lel to a meta mor phic fo li a tion ob -
served in the paragneiss. This fo li a tion is mainly de fined by the
par al lel align ment of mica-rich laminae that sep a rate the
plagioclase- and quartz-rich bands.

Sam ple SK19 is a fo li ated porphyroblastic mica schist rep -
re sent ing the meta mor phic en ve lope of the Jawornik granitoids. 
The sam ple was col lected from an out crop lo cated along Road
390 from L¹dek Zdrój to Z³oty Stok, 600 m NW of the main
cross road in the Or³owiec vil lage (50°22’51.0"N 16°50’43.0"E).
The stud ied mica schists are lo cated at a dis tance of ca. 60 m
from the main body of the Jawornik granitoids (Fig. 1) near one
of the sills ac com pa ny ing the main body of the Jawornik
granitoids. A fine-grained schistosity is de fined by al ter nate, thin 
quartz- and mica-rich laminae. The mica-rich bands, mainly
com posed of bi o tite, mus co vite and chlorite, con tain
porphyroblasts of an da lu site, plagioclase (An7–8Ab91–92Kfs1)
and gar net porphyroblasts (Alm57–68Sps19–29Grs1–8Prp9–12)
(Fig. 2D). An da lu site and gar net form anhedral iso met ric grains
up to 1 mm in di am e ter con tain ing in clu sions of mus co vite, bi o -
tite, gar net, staurolite and il men ite that form in clu sion trails ori -
ented obliquely to the ex ter nal, pen e tra tive schistosity.
Monazite, zir con and mag ne tite are ac ces sory min er als pres ent 
in the cores of the an da lu site blasts and in the ma trix.

ANALYTICAL METHODS AND ABBREVIATIONS

The chem i cal anal y ses of the monazite, al la nite and ap a tite
were per formed us ing a Cameca SX 100 elec tron microprobe
equipped with four wave length dispersive spec trom e ters
(WDS) in the De part ment of Spe cial Lab o ra to ries at the Lab o ra -
tory of Elec tron Microanalysis, Geo log i cal In sti tute of Dionýz
Štúr (Bratislava, Slo vak Re pub lic). The an a lyt i cal strat egy and
de tails fol lowed those used in Budzyñ et al. (2015a). Monazite
was ana lysed us ing a 15 kV ac cel er at ing volt age, a 180 nA
beam cur rent and a 3 µm size of beam fo cused on car -
bon-coated thin sec tion. The fol low ing nat u ral and syn thetic
stan dards and cor re spond ing spec tral lines were used: ap a tite
(P Ka), PbCO 3 (Pb Ma), ThO2 (Th Ma), UO2 (U Mb), YPO4

(Y La), LaPO4 (La La), CePO4 (Ce La), PrPO4 (Pr Lb), NdPO4

(Nd La), SmPO4 (Sm La), EuPO4 (Eu Lb), GdPO4 (Gd La),
TbPO4 (Tb La), DyPO4 (Dy Lb), HoPO4 (Ho Lb), ErPO4 (Er Lb),
TmPO4 (Tm La), YbPO4 (Yb La), LuPO4 (Lu Lb), faya lite
(Fe Ka), bar ite (S Ka), wollastonite (Ca Ka, Si Ka), SrTiO3

(Sr La), Al2O3 (Al Ka), and GaAs (As La). The count ing times
(in sec onds) for the peak/back ground were as fol lows: P 10/10,
Pb 300/150, Th 35/17.5, U 80/80, Y 40/20, La 5/5, Ce 5/5, Pr
15/15, Nd 5/5, Sm 5/5, Eu 25/25, Gd 10/10, Tb 7/7, Dy 35/35,
Ho 30/30, Er 50/50, Tm 15/15, Yb 15/15, Lu 100/100, Fe 5/5, S
10/10, Ca 10/10, Sr 20/20, Al 10/10, Si 10/10, and As 120/120.
The com po si tions of monazite were re cal cu lated us ing the age

equa tions from Montel et al. (1996) and were eval u ated us ing
the in-house DAMON soft ware to plot his to grams and
isochrons (P. Koneèný, unpubl.). Monazite dates with 1-sigma
er ror out side of the age of pop u la tion were re jected from the
age cal cu la tions. More de tailed in for ma tion re gard ing monazite 
dat ing can be found in Koneèný et al. (2004), Petrík and
Koneèný (2009) and Vozárová et al. (2014). Al la nite anal y ses
were per formed us ing con di tions of 15 kV, 40 nA and a 3 µm
beam size. Ap a tite was ana lysed un der con di tions of (1) 15 kV,
20 nA for F (30/15 sec), Si (10/5), Na (10/5), Al (10/5), Mg (10/5) 
P (10/5), Ca (10/5), K (10/5), Cl (10/5), Fe (10/5), Mn (10/5),
and Ti (10/5); which were au to mat i cally switched dur ing the run
to (2) 15 kV, 80 nA for Y (30/15), Sr (60/30), Pb (30/15), La
(40/20), Ce (40/20), Nd (30/15), Pr (50/25), Sm (30/15), Eu
(60/30), Gd (40/20), Tb (20/10), Dy (60/30), Th (30/15), and U
(40/20).

Ad di tional anal y ses of feld spars, micas, and epidotes were
per formed us ing a JEOL SuperProbe JXA-8230 elec tron
microprobe equipped with five wave length dispersive spec -
trom e ters at the Lab o ra tory of Crit i cal El e ments AGH–KGHM at 
the AGH Uni ver sity of Sci ence and Tech nol ogy (Kraków, Po -
land). The an a lyt i cal con di tions used in cluded an ac cel er at ing
volt age of 15 kV, a beam cur rent of 20 nA, and a beam size of
1–5 µm. The count ing times for the peak and back ground for all
el e ments were 10 and 5 sec onds, re spec tively, ex cept for Si
and REE, which used 20 and 10 sec onds, re spec tively. The
WDS X-ray maps were col lected us ing 15 kV, 80 nA, a 100 ms
dwell time, a 0.3 µm step size and a fo cussed beam.

The min eral ab bre vi a tions fol low the rec om men da tions
from Whit ney and Ev ans (2010): Aln – al la nite; And – an da lu -
site; Ap1 – pri mary ap a tite; Ap2 – sec ond ary ap a tite; Bt – bi o -
tite; Cher – cheralite; Chl – chlorite; Ep – epidote; Kfs – K-feld -
spar; mix – mix ture of clays, Fe ox ides and pos si ble un known
REE-bear ing phases; Mnz – monazite; Ms – mus co vite; Pl –
plagioclase; Qz – quartz; Ttn – ti tan ite; Zrn – zir con.

RESULTS

MONAZITE IN GRANITOIDS

K³odzko–Z³oty Stok granitoid KZ4. The monazite in
granitoid KZ4 forms subhedral to anhedral grains 15–40 µm in
size and com monly shows some bound aries of crys tal faces.
Monazite forms in clu sions in bi o tite or is pres ent as ma trix
grains as so ci ated with quartz, feld spars and bi o tite. Monazite
grains are typ i cally het er o ge neous and oc ca sion ally ex hibit
rough os cil la tory zon ing in high-con trast BSE im ag ing (Fig. 3).
The com po si tions of the grains are rel a tively sim i lar with re -
spect to their con cen tra tions of REEs, al though high vari a tions
of 2.81–7.63 wt.% ThO2, 0.30–1.39 wt.% UO2, and 1.62–3.79
wt.% Y2O3 are ob served (Ta ble 1). No signs of monazite al ter -
ations were noted. Thirty-one ana lysed grains yielded a
weighted av er age Th-U-to tal Pb age of 329 ± 4.8 Ma (MSWD =
0.72, n = 33; Fig. 4, Ap pen dix 1*).

Jawornik granitoid OS338. The monazite in Jawornik
granitoid OS338 forms anhedral to subhedral grains with oc ca -
sion ally pre served crys tal bound aries (Figs. 5A, B and 6). The
monazite is pres ent as ma trix grains or as in clu sions in
plagioclase, micas or quartz (Fig. 5A, B). Most of the monazite
grains are ho mo ge neous when ob served us ing high-con trast
BSE im ag ing, al though some grains show faint os cil la tory
(Fig. 6E) or patchy zon ing (Fig. 6B–D). High Th, Y and REE
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Fig. 3. Representative BSE images of monazite in the K³odzko–Z³oty Stok granitoid with analysed spots 
and Th-U-total Pb dates
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vari a tions of 5.28–11.30 wt.% ThO2, 0.91–1.47 wt.% Y2O3 and
57.46–63.72 wt.% (Y+REE)2O3 oc curred in the monazite, with
a rel a tively ho mo ge neous and low U con tent of 0.20–0.38 wt.%
UO2 (Ta ble 1 pres ents the av er age con cen tra tions). The Th/U
ra tio ranges from 18.0 to 31.4 (Ap pen dix 1).

Monazite is com monly al tered and ac com pa nied by sec -
ond ary phases, of which the most com mon are al la nite and
epidote (Figs. 5A and 7A, D, F). The in ter nal do mains of
monazite are pre served un al tered, but the monazite is oc ca -
sion ally strongly dis solved to form skel e tal crys tals, with some
sec ond ary al la nite to epidote formed near the pri mary monazite 
(Fig. 5A). The al la nite as so ci ated with the al tered monazite
forms anhedral, elon gated grains rimmed by epidote (Fig. 7A,
D, F), which is com monly en closed in bi o tite and ori ented par al -
lel to the bi o tite cleav age (Figs. 5A and 7). Rarely, small grains
of sec ond ary ap a tite (sev eral to ca. 25 µm in size) are formed
(Figs. 5A and 7A, F).

The al la nite is char ac ter ized by Y+REE con cen tra tions
rang ing from 12.88 to 21.44 wt.% (Y+REE)2O3 (Ta ble 2). A plot
of Al ver sus Y + REE + Th + U (mod i fied from Petrík et al.,
1995) in di cates that the ana lysed al la nite is a solid so lu tion of
epidote, al la nite and ferriallanite end mem bers (Fig. 8).

Ap a tite forms large grains of up to ca. 240 mm that are con -
sid ered pri mary ap a tite. In ad di tion, small (up to 20 mm) grains
are as so ci ated with monazite al ter ation prod ucts (Fig. 5A). The
pri mary (Ap1) and sec ond ary (Ap2) apatites ex hibit sim i lar
com po si tions, al though Ap1 is char ac ter ized by higher to tal

[wt.%] KZ4 n = 33 OS338 n = 24 OS338P n = 24 SK19 n = 45

P2O5 29.54 0.22 27.99 0.63 28.63 0.51 29.34 0.42

As2O5 <0.02 <0.02 <0.02 <0.02

SiO2   0.16 0.04   0.91 0.22   0.63 0.34   0.18 0.05

ThO2   3.78 0.80   7.84 1.44   5.62 1.99   3.42 1.20

UO2   0.65 0.24   0.30 0.06   0.38 0.37   0.54 0.32

Al2O3 <0.02 <0.02 <0.02 <0.02

Y2O3   3.14 0.50   1.25 0.16   1.19 0.33   2.46 0.43

La2O3 12.36 0.38 14.27 0.62 14.13 1.04 13.37 0.78

Ce2O3 26.13 0.64 27.35 0.98 28.41 0.83 27.36 1.18

Pr2O3   3.15 0.09   3.02 0.08   3.19 0.16   3.13 0.15

Nd2O3 12.29 0.34 10.69 0.23 11.42 0.91 11.64 0.76

Sm2O3   2.39 0.13   1.61 0.08   1.76 0.38   2.05 0.27

Eu2O3   0.07 0.03   0.11 0.03   0.17 0.10   0.38 0.05

Gd2O3   1.70 0.20   0.79 0.10   0.87 0.33   1.37 0.25

Tb2O3   0.17 0.04   0.07 0.02   0.08 0.04   0.13 0.04

Dy2O3   0.85 0.11   0.34 0.05   0.33 0.10   0.72 0.13

Ho2O3   0.08 0.04 <0.07 <0.07   0.07 0.03

Er2O3   0.47 0.06   0.37 0.02   0.36 0.03   0.43 0.03

Tm2O3   0.10 0.03   0.07 0.02   0.08 0.02   0.09 0.02

Yb2O3   0.17 0.03   0.14 0.02   0.13 0.02   0.22 0.24

Lu2O3   0.09 0.03   0.10 0.02   0.09 0.03   0.09 0.04

CaO   0.95 0.15   1.08 0.17   0.93 0.19   0.99 0.24

FeO   0.27 0.12   0.06 0.08   0.13 0.13   0.08 0.07

SrO <0.02 <0.02 <0.02 <0.02

PbO   0.08 0.01   0.13 0.02   0.10 0.03   0.07 0.02

SO3   0.02 0.01   0.02 0.01   0.03 0.02   0.06 0.02

To tal 98.60 98.51 98.63 98.18

Stan dard de vi a tions are given in ital ics

T a  b l e  1

Av er age elec tron microprobe anal y sis re sults of monazite in the K³odzko–Z³oty 
Stok granitoid (KZ4), Jawornik granitoid (OS338), paragneiss (OS338P) and

mica schist (SK19)

Fig. 4. Results of the Th-U-total Pb dating of monazite in the
K³odzko–Z³oty Stok granitoid

https://gq.pgi.gov.pl/article/downloadSuppFile/23249/2802


(Y+REE)2O3 con cen tra tions, i.e., 0.83–0.98 wt.% and
0.66–0.71 wt.% in Ap1 and Ap2, re spec tively (Ta ble 2). The
small size of the Ap2 grains pre vented elec tron microprobe
anal y sis and col lec tion of a larger amount of data than that pre -
sented in Ta ble 2.

In ad di tion, the monazite al ter ation re sulted in par tial re -
place ment by a mix ture of clays, Fe ox ides and pos si ble un -
known REE-bear ing phases, cheralite and al la nite. The mix ture 
of sec ond ary phases and cheralite re placed monazite along the 
rim, pre serv ing the orig i nal shape of the monazite (Fig. 9B, D),
whereas al la nite formed the outer part of the co rona tex ture
(Fig. 9C, F). Here, the al tered ma trix monazite and sec ond ary
phases are as so ci ated with plagioclase, bi o tite, K-feld spar and
quartz.

The third as sem blage of the sec ond ary phases ac com pa -
ny ing the al tered monazite in cludes K-feld spar, cheralite and ti -
tan ite, with no al la nite or epidote (Figs. 5B and 10). In this case,
the monazite is par tially re placed by K-feld spar along the rim
(Fig. 10G, I), with the for ma tion of some cheralite in the outer
part that pre sum ably im i tates the shape of the orig i nal monazite 
(Fig. 10B). The ti tan ite formed sev eral mi cron-sized in clu sions
in the par tially al tered bi o tite intergrown with monazite
(Fig. 10E, F).

The anal y ses of seven monazite grains yielded Th-U-to tal
Pb dates rang ing from 361 to 326 Ma. No pat tern was ob served
be tween the older and youn ger dates ob tained from the un al -
tered and al tered monazite grains. The weighted av er age of the 
age from the 24 anal y ses was 343 ± 4.0 Ma (MSWD = 0.84;
Fig. 11).

MONAZITE IN METAMORPHIC ROCKS

Paragneiss OS338P. The monazite in paragneiss OS338P 
forms anhedral to subhedral ma trix grains 20–50 mm in size,
which are ho mo ge neous or re veal faint patchy zon ing. The
monazite ex hib its var i ous de grees of al ter ation, with par tial to
nearly com plete re place ment by sec ond ary al la nite that forms
grains com monly rimmed by epidote and ori ented par al lel to the 
as so ci ated bi o tite (Fig. 5C). Al la nite pres ent within the same
tex tural set ting but not ac com pa ny ing the monazite is also pres -
ent (Fig. 5C). The tex tural and compositional (Ta ble 2 and
Fig. 8) fea tures sug gest that the or i gin of the al la nite is re lated to 
the monazite al ter ations, which are sim i lar to the sec ond ary al -
la nite re plac ing monazite in granodiorite OS338.

The monazite con tains 2.43–9.77 wt.% ThO2,
0.15–1.92 wt.% UO2, 0.74–2.38 wt.% Y2O3, and
59.14–65.80 wt.% (Y+REE)2O3 (the av er age com po si tion is
pre sented in Ta ble 1). The Th/U ra tio greatly var ies, rang ing
from 1.9 to 44.3 (Ap pen dix 1). In ad di tion, the 24 anal y ses of the 
19 monazite grains in paragneiss yielded dates of 370 to 326
Ma, with a weighted av er age age of 344 ± 4.9 Ma (MSWD =
1.10; Fig. 11).

Mica schist SK19. The monazite in the SK19 mica schist
forms anhedral to subhedral grains 20–100 µm in size that are
pres ent as ma trix grains or in clu sions in an da lu site (Fig. 12).
The monazite is het er o ge neous in high-con trast BSE im ages
and shows patchy zon ing with ir reg u lar lobate bound aries be -
tween zones in large grains. The com po si tion of the monazite is 
vari able, with 1.22–6.95 wt.% ThO2, 0.22–1.55 wt.% UO2 and
1.44–3.39 wt.% Y2O3 and REE2O3 rang ing from 55.54 to 64.99
wt.% (Ta ble 1). The Th/U ra tios vary from 2.5 to 18.9 (Ap pen -
dix 1). The Th-U-to tal Pb dates yielded by the monazite do -
mains range from 368 to 312 Ma, with a weighted av er age age
of 336 ± 4.5 Ma (MSWD = 0.71, n = 45; Fig. 13, Ap pen dix 1).
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Fig. 5. Alterations of monazite in Jawornik granitoid OS338
(A–B) and associated paragneiss OS338P (C) in the same

analysed thin section

https://gq.pgi.gov.pl/article/downloadSuppFile/23249/2802
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DISCUSSION

MONAZITE ALTERATIONS

The monazite in the se lected granitoids re veals con trast ing
be hav iour re gard ing its sta bil ity. The monazite in the
K³odzko–Z³oty Stok granitoid (KZ4) ex hib its no signs of al ter -
ations, and the gen er ally un al tered pre served sil i cates in di cate
no re cord of sig nif i cant post-mag matic pro cesses. In con trast,
the monazite in the Jawornik granitoid ex hib its var i ous de grees
of al ter ation and re place ment by dif fer ent prod ucts. Some
monazite grains were pre served un al tered, in di cat ing the lim ited
trans port of el e ments through the fluid and the lo cal char ac ter of
the al ter ations. The monazite re place ment by al la nite, epidote
and, rarely, ap a tite cor re sponds to clas sic ex am ples of the par tial 
to com plete re place ment of monazite by these phases, which are 
rec og nized in var i ous ig ne ous and meta mor phic rocks (Broska
and Siman, 1998; Fin ger et al., 1998; Broska et al., 2005b; Majka 
and Budzyñ, 2006; Petrík et al., 2006; Janots et al., 2008;
Ondrejka et al., 2012; Berger et al., 2013). Such al ter ations in -
volve a sup ply of the re quired el e ments from the re act ing sil i -
cates ac cord ing to the fol low ing re ac tion pro posed by Broska
and Siman (1998): monazite + annite + an or thite + quartz + fluid
= ap a tite + al la nite + mus co vite (or K-feld spar). Here, al la nite is
the dom i nat ing al ter ation prod uct in the Jawornik granitoid, and
ap a tite is rarely pres ent. The rare earth el e ments re leased from
the al tered monazite were in cor po rated pri mar ily into the al la nite.

In ad di tion, a non-iden ti fied fine-grained ag gre gate of Fe-rich
phases (most likely Fe ox ides with some clay min er als) formed
due to the pres ence of an annite com po nent in the re act ing bi o -
tite. This ag gre gate con tains REEs and phos pho rous, which
were re leased from the monazite. The pres ence of Fe ox ides ac -
cu mu lat ing ex cess of Fe re leased from re act ing bi o tite sug gests
that the al ter ation pro cess oc curred un der con di tions of in -
creased fO2.

The sec ond ary Th-bear ing phase in the pre vi ously re ported
re place ment of monazite by ap a tite and al la nite in am phi bo lite
fa cies gran ite gneiss from the east ern Alps was tiny thorite
(ThSiO4) formed in the ap a tite zone within a co rona tex ture
(Fin ger et al., 1998). In an other case, the monazite was par tially 
to com pletely re placed by (1) ap a tite with thoria nite (ThO2) in -
clu sions and sec ond ary monazite or (2) ap a tite with thoria nite
in clu sions, al la nite and epidote in the Carpathian gra nitic gneiss 
clasts (Budzyñ et al., 2010). Thoria nite and sec ond ary
monazite were also formed in ex per i ments rep li cat ing these
pro cesses in the pres ence of sil i cates with bulk Ca in ex cess
and 2M NaOH fluid un der con di tions of 450°C and 450 MPa
(Budzyñ et al., 2011). The ex per i men tal al ter ation in the pres -
ence of al kali-bear ing fluid and ox i diz ing con di tions re lated to
the Ni-NiO buffer sug gests that the thoria nite in gneiss es was
sta bi lized un der rel a tively ox i diz ing con di tions (Budzyñ et al.,
2011). In the Jawornik granitoid, some re ac tion zones around
the monazite in clude fine-grained cheralite, as a sec ond ary
Th-bear ing phase, along the for mer bound aries of the
monazite. Ac cord ing to ex per i men tal de ter mi na tion of the
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Fig. 6. Representative BSE images of monazite in Jawornik granitoid OS338 (A–F) and associated paragneiss
OS338P (G–I) with analytical spots and Th-U-total Pb dates
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Fig. 7. BSE image (A) and X-ray maps (B–F) demonstrating altered monazite (Mnz6) accompanied by a secondary Fe-bearing
phase, allanite, epidote and apatite in Jawornik granitoid OS338
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Sam ple OS338 Aln OS338P Aln OS338 Ap1 OS338
Ap2

Anal y sis Aln2-1 Aln6-1 Aln6-2 Aln6-3 Aln14-3 Aln18-1 Aln19-2 Aln19-4 Ap6-1 Ap6-3 Ap6-5 Ap6s-1

P2O5 <0.02 <0.02 <0.02 <0.02 <0.02 0.07 <0.02 <0.02 43.03 42.76 42.97 41.67

SiO2 35.84 35.12 33.73 33.37 35.59 33.48 33.05 32.76 0.04 0.07 <0.03 0.14

TiO2 0.30 0.14 0.35 0.39 0.44 1.30 1.27 1.16 <0.05 <0.05 <0.05 <0.05

ThO2 0.05 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.03 <0.03 <0.03 <0.03

UO2 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.05 <0.05 <0.05 <0.05

Al2O3 19.88 18.42 16.82 16.07 17.42 14.57 14.90 14.55 <0.03 <0.03 <0.03 0.45

Y2O3 0.05 0.07 0.14 0.11 0.14 0.20 0.16 0.12 0.21 0.26 0.19 0.11

La2O3 3.29 3.29 4.75 4.76 2.67 4.10 5.26 5.89 <0.06 <0.06 <0.06 <0.06

Ce2O3 6.23 6.96 8.65 10.48 5.44 8.17 10.03 11.29 0.07 0.11 0.11 <0.06

Pr2O3 0.68 0.85 0.95 1.17 0.71 1.01 1.22 1.31 0.11 0.11 0.10 0.09

Nd2O3 1.89 2.28 3.01 3.52 1.98 3.18 3.69 3.97 <0.06 0.10 0.11 0.07

Sm2O3 0.24 0.30 0.49 0.52 0.36 0.51 0.53 0.57 <0.07 <0.07 0.08 <0.07

Eu2O3 0.34 0.38 0.46 0.44 0.36 0.42 0.41 0.37 <0.08 0.14 <0.08 0.09

Gd2O3 <0.09 <0.09 0.17 0.22 0.12 0.26 0.33 0.26 0.10 0.09 0.12 0.09

Tb2O3 <0.09 <0.09 <0.09 <0.09 <0.09 <0.09 <0.09 <0.09 <0.09 <0.09 <0.09 <0.09

Dy2O3 <0.12 <0.12 <0.12 <0.12 <0.12 <0.12 <0.12 <0.12 <0.08 <0.08 <0.08 <0.08

Ho2O3 <0.12 <0.12 <0.12 <0.12 <0.12 <0.12 <0.12 <0.12 <0.10 <0.10 <0.10 <0.10

Er2O3 0.17 0.17 0.23 0.23 0.23 0.23 0.17 0.18 0.18 0.19 0.23 0.20

Tm2O3 <0.11 <0.11 <0.11 <0.11 <0.11 <0.11 <0.11 <0.11 <0.07 <0.07 <0.07 <0.07

Yb2O3 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 0.08 <0.06 <0.06 <0.06

Lu2O3 <0.21 <0.21 <0.21 <0.21 <0.21 <0.21 <0.21 <0.21 <0.13 <0.13 <0.13 <0.13

MgO <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 0.07 0.09 <0.03 <0.03 <0.03 <0.03

CaO 17.11 16.38 14.21 12.97 17.34 14.42 12.62 11.76 53.94 54.59 54.61 55.30

MnO 0.26 0.38 0.34 0.20 0.29 0.32 0.31 0.22 0.47 0.49 0.47 0.24

FeO 12.46 13.99 15.01 14.75 15.09 16.08 15.21 14.89 0.11 0.17 0.10 0.24

SrO – – – – – – – – 0.07 <0.06 <0.06 <0.06

PbO <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

Na2O <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.07 <0.07 <0.07 <0.07

K2O 0.03 <0.02 0.03 0.08 0.06 <0.02 <0.02 <0.02 <0.03 <0.03 <0.03 0.06

SO3 <0.02 0.03 <0.02 <0.02 0.04 0.04 0.03 0.03 – – – –

F <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 3.32 3.54 2.93 3.19

Cl <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 0.03 0.04 0.04 0.01

To tal 98.80 98.77 99.32 99.28 98.28 98.37 99.24 99.41 101.76 102.63 102.08 101.95

-O=F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.40 1.49 1.23 1.34

-O=Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00

To tal(-F,Cl) 98.80 98.77 99.32 99.28 98.28 98.37 99.24 99.41 100.36 101.13 100.83 100.60

(Y+REE)2O3 12.88 14.30 18.84 21.44 12.01 18.09 21.79 23.96 0.76 0.98 0.94 0.66

T a  b l e  2

Rep re sen ta tive re sults of the elec tron microprobe anal y ses of al la nite, pri mary ap a tite and sec ond ary ap a tite in Jawornik
granitoid OS338 and paragneiss OS338P

Fig. 8. Al versus Y + REE + Th + U plot (after Petrík et al., 1995)
reflecting the allanite compositions from Jawornik granitoid

OS338 and associated paragneiss OS338P
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Fig. 9. BSE image (A) and X-ray maps (B–F) demonstrating altered monazite (Mnz2) partially replaced by the Fe-bearing phase,
cheralite and accompanied by secondary allanite in Jawornik granitoid OS338
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Fig. 10. BSE image (A) and X-ray maps (B–F) demonstrating monazite (Mnz5) partially replaced by K-feldspar and cheralite 
and accompanied by secondary titanite in Jawornik granitoid OS338

Slight shift between images is related to collecting X-ray maps in two analytical sessions: (1) Th, Y, Ca, Mg, K and (2) Ce, Ti, Si and Al
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Fig. 10 cont.

Fig. 11. Results of the Th-U-total Pb dating of monazite in Jawornik granitoid OS338 (A–B) 
and associated paragneiss OS338P (C–D)



cheralite ther mo dy namic prop er ties un der metasomatic con di -
tions, the sta bil ity of the cheralite in creases at low pH and in the
ab sence of Ca2+ (Popa et al., 2008). Here, the for ma tion of al la -
nite lim ited the Ca lo cal bud get in the fluid, which was likely rich
in F that was re leased from the re act ing bi o tite, con sis tent with
ex per i men tally es ti mated con di tions of cheralite for ma tion. Fur -
ther more, sec ond ary Fe ox ides re plac ing the monazite sug -
gested in creased ox i diz ing con di tions, which pro moted the for -
ma tion of cheralite from avail able Ca3(PO4)2 and ThO2.

The par tial re place ment of monazite by K-feld spar and
cheralite but not al la nite (Figs. 5B and 10) dif fers from the other
monazite al ter ations in the granitoid. The pre served ex ter nal
shape of the monazite sug gests that the monazite al ter ation
was in duced by a re-equil i bra tion re ac tion, which re duced the
free en ergy of the solid + fluid sys tem driven by a dis so lu -
tion-reprecipitation mech a nism (cf. Putnis, 2009). The
monazite al ter ation was in duced by an al kali, K-bear ing fluid,
which re sulted in the par tial re place ment by K-feld spar. Ac cord -
ing to ex per i ments rep li cat ing monazite al ter ations in the pres -
ence of sil i cate min er als and 2M KOH fluid at 450–500°C and
450–610 MPa (Budzyñ et al., 2011), fluorapatite should be
pres ent as a sec ond ary phase, how ever, avail able Ca was ap -
par ently used to form cheralite and ti tan ite. The cheralite
formed along the pri mary con tact of the monazite with bi o tite
(source of F) but not plagioclase. The ab sence of an REE-bear -
ing phase near the monazite sug gests that the rare earth el e -
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Fig. 12. Representative BSE images (A, D–I) and X-ray maps (B, C) of monazite in mica schist SK19 with analysed
spots and Th-U-total Pb dates

A–F – matrix monazite; G–I – inclusions of monazite in andalusite

Fig. 13. Results of the Th-U-total Pb dating of monazite in
mica schist SK19



ments were mo bi lized in the fluid as flu o ride com plexes (cf. Pan 
and Fleet, 1996). The ti tan ite near the al tered monazite
(Figs. 5B and 10E,F) orig i nated from com po nents re leased
from the al tered bi o tite and Ca sup plied by the fluid, most prob -
a bly from plagioclase lo cated also near monazite. The ti tan ite
grains were too small for ac cu rate anal y ses and the X-ray map
re vealed no Ce in ti tan ite (Fig. 10C), but some of the REEs re -
leased from the monazite could be in cor po rated into their struc -
ture. The for ma tion of ti tan ite sug gests con di tions of high fO2

and fH2O (Broska et al., 2005a), which in duced monazite al ter -
ations un der con di tions of high al ka lin ity.

The monazite al ter ations in the paragneiss dif fer from the
pro cesses rec og nized in the Jawornik granitoid. In the
paragneiss, both bi o tite and plagioclase were the main sources
of el e ments to re place the monazite with al la nite/epidote. The
monazite grains with no bi o tite within a short dis tance were pre -
served un al tered, in clud ing the monazite par tially shielded by
plagioclase (Fig. 5C), whereas the bi o tite in con tact with
monazite pro moted al ter ation and re place ment by al la nite. The
im por tance of the pres ence of bi o tite is re lated to sup ply ing the
fluid with F, which in duces monazite al ter ation.

The tem per a ture con di tions of the monazite al ter ations both 
in granitoid and ac com pa ny ing paragneiss can be es ti mated
based on pre vi ous stud ies. The al la nite to monazite tran si tion
dur ing the pro gres sive meta mor phism of the metapelites were
con strained to ca. 560–610°C (Janots et al., 2008;
Goswami-Banerjee and Robyr, 2015). Ther mo dy namic mod el -
ling us ing a bulk com po si tion of Shaw’s (1956) av er age pelite
re vealed that the al la nite to monazite tran si tions un der con di -
tions of mid dle am phi bo lite-fa cies oc cur at 525–600°C, with the
tem per a ture sub se quently in creas ing as the bulk CaO con tent
in creases (Spear, 2010). P-T con straints of metasedimentary
rocks host ing Jawornik granitoids es ti mated max i mum tem per -
a tures of meta mor phism of 625–640°C dur ing de for ma tion
stage D2 (Murtezi, 2006; Skrzypek et al., 2014). The re versed
un com pleted tran si tion of monazite to al la nite in the paragneiss
and si mul ta neous par tial al ter ations of monazite in the granitoid 
doc u mented in our study were re lated to the cool ing be low ca.
500°C dur ing the ret ro gres sive stage (Skrzypek et al., 2014).
These tem per a ture con di tions are con sis tent with pre vi ously re -
ported con di tions of sim i lar monazite al ter ations and dem on -
strate that the sil i cate as sem blage mainly con trolled the com -
po si tion of fluid in ter act ing with monazite and the vari abil ity of
the al ter ation prod ucts.

Al though monazite al ter ations in the Jawornik granitoid and
paragneiss in volved par tial re place ment by sec ond ary phases,
the in ter nal do mains of monazite re mained un al tered.
Compositional al ter ations that may re sult in dis tur bance of the
Th-U-Pb sys tem were pre vi ously doc u mented in na ture
(Poitrasson et al., 1996, 2000; Townsend et al., 2000; Petrík
and Koneèný, 2009; TartÀse et al., 2011) and ex per i ments
(Teufel and Hein rich, 1997; Seydoux-Guillaume et al., 2002;
Harlov and Hether ing ton, 2010; Hether ing ton et al., 2010;
Budzyñ et al., 2011, 2015b; Harlov et al., 2011; Wil liams et al.,
2011). Ex per i ments at 900°C and 1000 MPa with monazite in
the pres ence of an al kali-bear ing fluid Na2Si2O5 + H2O re sulted
in de ple tion of Pb (Harlov and Hether ing ton, 2010) or Th en rich -
ment (Hether ing ton et al., 2010). Seydoux-Guillaume et al.
(2002) in their 1000°C and 1 GPa ex per i ments uti liz ing a
CaCl2-bear ing fluid doc u mented that monazite al ter ation re -
sults in Ca en rich ment and Pb re moval. The fluid-me di ated
com plete re moval of Pb in al tered monazite do mains pro vides a 
pow er ful tool for dat ing metasomatic and hy dro ther mal pro -
cesses, as was ex per i men tally dem on strated at 450°C and
450 MPa (Wil liams et al., 2011). Re cent ex per i ments at
250–350°C and 200–400 MPa showed that the al kali-bear ing

en vi ron ment pro motes dis so lu tion-reprecipitation al ter ation of
monazite with only par tial Pb re moval (Budzyñ et al., 2015b).
The lat ter case has far im pli ca tions to geo chron ol ogy re gard ing
post-mag matic pro cesses that may af fect monazite and re sult
in geo log i cally mean ing less, dis turbed Th-U-Pb dates. How -
ever, even par tial re place ment of monazite by sec ond ary
phases does not nec es sar ily af fect the Th-U-Pb sys tem. Ex per -
i ments in volv ing monazite in the pres ence of a sil i cate min eral
as sem blage, CaF2 and a CaCl2 + H2O fluid re sulted in no al ter -
ations of monazite at 450°C and 450 MPa, and par tial re place -
ment by fluorapatite and al la nite with out compositional al ter -
ations at 500°C and 450 MPa (Budzyñ et al., 2011). The same
work used other Ca-bear ing flu ids such as 1M Ca(OH)2, 2M
Ca(OH)2 and CaCO3 + H2O re sult ing in par tial re place ment of
monazite by fluorapatite, a fluorapatite-britholite phase,
REE-epidote and/or al la nite, but no re-equil i bra tion of the re -
main ing monazite (Budzyñ et al., 2011). The avail able ex per i -
men tal data dem on strat ing that monazite sta bil ity strongly de -
pends on fluid com po si tion sup port ob ser va tions in na ture. For
in stance, al tered monazite man tled by ap a tite-al la nite-epidote
co rona in the am phi bo lite-fa cies gran ite gneiss from the east ern 
Alps lost lit tle or none ra dio genic Pb dur ing the al ter ation pro -
cess and re mained suit able for con strain ing the Th-U-Pb age of
the protolith (Fin ger et al., 1998). The new data on monazite al -
ter ation from this study dem on strate main te nance of the orig i -
nal Th-U-Pb age re cord al though par tial re place ment by sec -
ond ary phases dur ing fluid-in duced post-mag matic pro cesses.
Vari abil ity of the prod ucts in di cates lo cal char ac ter of the al ter -
ations de pend ing on the ac com pa ny ing min eral as sem blage
and fluid com po si tion on a thin-sec tion scale. The re sults, sup -
port ing pre vi ous works, dem on strate that ap pli ca tion of
monazite geo chron ol ogy re quires care ful eval u a tion of pos si ble 
post-mag matic al ter ations that may not af fect the monazite age
re cord.

TH-U-TOTAL PB GEOCHRONOLOGY

The un al tered monazite in the K³odzko–Z³oty Stok granitoid
sug gests that no post-mag matic age dis tur bance oc curred. The 
re cent U-Pb dat ing of zir con from the K³odzko–Z³oty Stok
granitoids pro vided an av er age con cordia age of ca. 344 Ma,
with two youn ger dates of 329 ± 3 and 326 ± 3 Ma that could be
re lated to post-ig ne ous ra dio genic Pb loss (Oberc-Dziedzic et
al., 2015). The pre vi ous zir con geo chron ol ogy of the
K³odzko–Z³oty Stok granitoids con strained the tim ing of the
hypa bys sal magmatism to 341–331 Ma (Mikulski et al., 2013;
Mikulski and Wil liams, 2014). Our monazite age of 329 ± 4.8 Ma 
re mains within the er ror of this age range and po ten tially re flects 
the late re cord of the em place ment of the youn gest granitoid
rocks in the K³odzko–Z³oty Stok Pluton.

The monazite age of 343 ± 4.0 Ma in granitoid OS338 was
ca. 14 Ma older than the monazite age in the KZ4 granitoid. The 
monazite age of the sam ple OS338 over laps with the old est
U-Pb ages ob tained from the K³odzko–Z³oty Stok Pluton con -
tain ing mag matic rocks with the U-Pb zir con ages rang ing from
341 to 331 Ma (Mikulski et al., 2013; Mikulski and Wil liams,
2014). Nev er the less, the age dif fer ence be tween the two stud -
ies sam ples is con sis tent with pre vi ous struc tural stud ies dem -
on strat ing that the Jawornik granitoids rep re sent an ear lier
mag matic pulse pre dat ing a late duc tile fold ing in the Or -
lica–Œnie¿ nik Dome (e.g., Cwojdziñski, 1977; Woj cie chow ska,
1993). A com par i son of the pres ent study to the re sults of pre vi -
ous geo chron ol ogy stud ies on Jawornik granitoids (Bia³ek and
Werner, 2004; Bia³ek, 2014; Skrzypek et al., 2014) in di cates
that the ob tained monazite age of ca. 343 Ma re flects the tim ing
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of the so lid i fi ca tion of the Jawornik granitoids. Con se quently,
de spite the par tial re place ment of monazite by sec ond ary
phases, no ev i dence sug gests that the compositional al ter ation
due to fluid-me di ated re-equil i bra tion af fected the in ter nal do -
mains that may dis turb the Th-U-Pb sys tem (cf. Wil liams et al.,
2011). Thus, our study con firms the po ten tial of the monazite
geo chron ol ogy in gra nitic rocks, in clud ing those with ev i dence
of post-mag matic al ter ations.

Ex pand ing the geo chron ol ogi cal dataset to the host
metasedimentary rocks pro vides an op por tu nity to com pare the 
monazite re cords of ig ne ous and meta mor phic pro cesses. The
age of 344 ± 4.9 Ma yielded by monazite in paragneiss, which is
sim i lar to the age of ca. 343 Ma in granitoid OS338, in di cates
that the magma em place ment was syn chro nous with the re -
gion ally dom i nant per va sive tectono-meta mor phic stage in its
meta mor phic en ve lope, i.e., in the Z³oty Stok–Skrzynka Shear
Zone. Con se quently, the struc tur ally dom i nant sinistral shear -
ing in this zone (e.g., Cymerman, 1996; Murtezi, 2006) pre sum -
ably oc curred dur ing the early Visean.

In con trast with these sam ples, mica schist SK19 re vealed a 
wider range of monazite ages from ca. 370 to ca. 310 Ma, with a 
weighted av er age age of 336 ± 4.5 Ma (Fig. 13). This age spec -
trum cor re sponds with the pre vi ously ob tained monazite age
spec tra de rived from metasedimentary rocksfrom the
Orlica–Œnie¿nik Dome (Jastrzêbski et al., 2014, 2016) and from 
the Staré Mìsto Belt (Gordon et al., 2005; Jastrzêbski et al.,
2013). In ter est ingly, the monazite in clu sions in the an da lu site
blasts pro vide an age re cord of ca. 336 Ma, which is con sis tent
with the gen eral age spec trum of the en tire monazite pop u la tion 
in the mica schist. This ob ser va tion sug gests that the for ma tion
of an da lu site was syn chro nous or even sub se quent to the ca.
336 Ma meta mor phic event. Murtezi (2006) pro posed that an -
da lu site for ma tion oc curred dur ing sinistral shear ing in the Z³oty
Stok–Skrzynka Shear Zone. Thus, it is rea son able to link the
monazite age of 343 ± 4.0 Ma from granitoid OS338 and the
age of 336 ± 4.5 Ma from mica schist SK19 to the same
tectonothermal event, par tic u larly be cause both are within er -
ror. It should be noted that the ca. 336 Ma do main was dis tin -
guished from a wider age dis tri bu tion be gin ning from 368 Ma
(stay ing within er ror with ca. 336 Ma age) and that some dates
sug gest an age do main at ca. 360–355 Ma. Monazite may grow 
nearly con tin u ously dur ing meta mor phism or may ex hibit ac cel -
er ated growth pe ri ods in duced by in ter nal metasomatism
(Spear and Pyle, 2010). There fore, in di vid ual monazite dates
ob tained from compositional do mains of larger grains or sin gle
do mains in smaller grains po ten tially pro vide a re cord of the
meta mor phic ep i sodes that ac com pany suc ces sive de for ma -

tion and intertectonic stages be tween 360 and 320 Ma. This in -
ter pre ta tion agrees with the re cent P-T-t-d re con struc tions of
Skrzypek et al. (2014). On the other hand, the spec trum of ca.
340–330 Ma in SK19 may re flect the ther mal in flu ence of the
K³odzko–Z³oty Pluton. Nev er the less, the lat ter in ter pre ta tion is
the least prob a ble be cause mica schist SK19 is lo cated out side
the con tact au re ole of the K³odzko-Z³oty Stok Pluton (e.g.,
Wierzcho³owski, 1976; Cwojdziñski, 1979).

CONCLUSIONS

1. The post-mag matic al ter ations of monazite that were rec -
og nized in the Jawornik granitoid and ad ja cent paragneiss re -
sulted in vari abil ity in the sec ond ary phases and in di cate the lo -
cal char ac ter of the al ter ation pro cesses at the thin-sec tion
scale. The al ter ations were in duced by al kali-rich fluid un der ox -
i diz ing con di tions. This study dem on strates that in ter nal do -
mains of par tially re placed monazite dur ing fluid-in duced al ter -
ations can main tain their orig i nal com po si tion and the Th-U-Pb
age re cord.

2. Our study on monazites from the Sudetes Mts. in di cates
that the monazite geo chron ol ogy can be used to pro vide time
con straints for sep a rate tectonothermal events in ar eas with
com plex geo log i cal evo lu tion. In par tic u lar, we dem on strate the
use ful ness of monazite geo chron ol ogy in gra nitic rocks, in clud -
ing those with ev i dence of post-mag matic al ter ations. In the
stud ied re gion in the Sudetes Mts. (NE part of the
Orlica–Œnie¿nik Dome), the 344–336 Ma ages re flect a pre -
dom i nant monazite-pro duc ing meta mor phic event with a weak
pat tern of an older ep i sode at ca. 360 Ma. The dom i nant Early
Visean ages were pre sum ably re lated to the de vel op ment of
the Z³oty Stok–Skrzynka Shear Zone ac com pa nied by in tru sion 
of the Jawornik granitoids. The ca. 329 Ma monazite age re -
flects the em place ment of the lat est granitoids within the com -
pos ite K³odzko–Z³oty Stok Pluton.

Ac knowl edge ments. This work was funded by the Na -
tional Sci ence Cen tre of Po land, grant num ber DEC
2011/03/B/ST10/05638, and the ING PAN re search funds (pro -
ject “REE”). G. Kozub-Budzyñ and P. Koneèný are greatly ac -
knowl edged for dis cus sions and their as sis tance with the elec -
tron microprobe anal y ses, and M. Murtezi is ac knowl edged for
his help in sam pling the mica schist. We thank A. Berger and
two anon y mous re view ers for their com ments and L. Krze -
miñski and T. Peryt for ed i to rial han dling.

REFERENCES

Awdankiewicz, M., 2007. Late Palaeozoic lam pro phyres and as so -
ci ated mafic subvolcanic rocks of the Sudetes (SW Po land): pe -
trol ogy, geo chem is try and petro gen esis. Geologia Sudetica, 39:
11–97.

Bachliñski, R., Bagiñski, B., 2007. K³odzko-Z³oty Stok granitoid
mas sif. Archivum Mineralogiae Mono graph, 1: 261–273.

Berger, A., Gnos, E., Janots, E., Whitehouse, M., Soom, M., Frei,
R., Waight, T.E., 2013. Dat ing brit tle tec tonic move ments with
cleft monazite: fluid-rock in ter ac tion and for ma tion of REE min -
er als. Tec ton ics, 32: 1176–1189.

Bia³ek, D., 2014. SHRIMP U-Pb zir con geo chron ol ogy of the
Jawornik granitoids (West Sudetes, Po land). Geologia
Sudetica, 42: 4.

Bia³ek, D., Werner, T., 2002. AMS and de for ma tion pat terns in the
Jawornickie Granitoids, Rychlebske Hory – Pre lim i nary data.
Geolines, 14: 14–15.

Bia³ek, D., Werner, T., 2004. Geo chem is try and geo chron ol ogy of
the Javornik Granodiorite and its geodynamic sig nif i cance in the 
east ern Variscan belt. Geolines, 17: 22–23.

Broska, I., Siman, P., 1998. The break down of monazite in the
West-Carpathian Veporic orthogneisses and Tatric gran ites.
Geologica Carpathica, 49: 161–167.

Monazite stability and the maintenance of Th-U-total Pb ages during post-magmatic processes... 121

https://gq.pgi.gov.pl/article/view/8167


Broska, I., Harlov, D., Tropper, P., Siman, P., 2005a. For ma tion of
mag matic ti tan ite and ti tan ite-il men ite phase re la tions dur ing
gran ite al ter ation in the Tribeè Moun tains, West ern
Carpathians, Slovakia. Lithos, 95: 58–71.

Broska, I., Wil liams, C.T., Janák, M., Nagy, G., 2005b. Al ter ation
and break down of xeno time-(Y) and monazite-(Ce) in gra nitic
rocks of the West ern Carpathians, Slovakia. Lithos, 82: 71–83.

Budzyñ, B., Hether ing ton, C.J., Wil liams, M.L., Jercinovic, M.J.,
Michalik, M., 2010. Fluid-min eral in ter ac tions and con straints
on monazite al ter ations dur ing meta mor phism. Min er al og i cal
Mag a zine, 74: 633–655.

Budzyñ, B., Harlov, D.E., Wil liams, M.L., Jercinovic, M.J., 2011.
Ex per i men tal de ter mi na tion of sta bil ity re la tions be tween
monazite, fluorapatite, al la nite, and REE-epidote as a func tion
of pres sure, tem per a ture, and fluid com po si tion. Amer i can Min -
er al o gist, 96: 1547–1567.

Budzyñ, B., Harlov, D.E., Majka, J., Kozub, G.A., 2014. Ex per i -
men tal con straints on the monazite-fluorapatite-al la nite and
xeno time-(Y,HREE)-rich fluorapatite-(Y,HREE)-rich epidote
phase re la tions as a func tion of pres sure, tem per a ture, and Ca
vs. Na ac tiv ity in the fluid. Geo phys i cal Re search Ab stracts, 16:
EGU2014–8583.

Budzyñ, B., Jastrzêbski, M., Kozub-Budzyñ, G.A., Koneèný, P.,
2015a. Monazite Th-U-to tal Pb geo chron ol ogy and P-T ther mo -
dy namic mod el ling in a re vi sion of the HP-HT meta mor phic re -
cord in granu lites from Stary Giera³tów (NE Orlica-Œnie¿nik
Dome, SW Po land). Geo log i cal Quar terly, 59 (4): 700–717.

Budzyñ, B., Koneèný, P., Kozub-Budzyñ, G.A., 2015b. Sta bil ity of
monazite and dis tur bance of the Th-U-Pb sys tem un der ex per i -
men tal con di tions of 250–350°C and 200–400 MPa. Annales
Societatis Geologorum Poloniae, 85: 405–424.

Cherniak, D.J., Wat son, E.B., Grove, M., Har ri son, T.M., 2004. Pb
dif fu sion in monazite: a com bined RBS/SIMS study.
Geochimica et Cosmochimica Acta, 68: 829–840.

Cymerman, Z., 1996. The Z³oty Stok–Trzebieszowice re gional
shear zone: the bound ary of ter ranes in the Góry Z³ote Mts.
(Sudetes). Geo log i cal Quar terly, 40 (1): 89–118.

Cymerman, Z., 1997. Struc ture, ki ne mat ics and an evo lu tion of the
Orlica-Œnie¿nik Dome, Sudetes. Prace Pañstwowego Instytutu
Geologicznego,156.

Cwojdziñski, S., 1977. The re la tion of Jawornik granitoids to de for -
ma tions of L¹dek-Œnie¿nik meta mor phic area (in Pol ish with
Eng lish sum mary). Geo log i cal Quar terly, 21 (3): 451–466.

Cwojdziñski, S., 1979. Szczegó³owa mapa geologiczna Sudetów w 
skali 1:25 000, arkusz Trzebieszowice. Instytut Geologiczny,
Warszawa.

Don, J., 1964. The Z³ote and Krowiarki Mts. as struc tural el e ments
of the Œnie¿nik meta mor phic mas sif (in Pol ish with Eng lish sum -
mary). Geologia Sudetica, 1: 79–117.

Fin ger, F., Broska, I., Rob erts, M.P., Schermaier, A., 1998. Re -
place ment of pri mary monazite by ap a tite-al la nite-epidote co ro -
nas in an am phi bo lite fa cies gran ite gneiss from the east ern
Alps. Amer i can Min er al o gist, 83: 248–258.

Gardes, E., Jaoul, O., Montel, J., Seydoux-Guillaume, A.M.,
Wirth, R., 2006. Pb dif fu sion in monazite: an ex per i men tal study 

of Pb2+ + Th4+ Û 2Nd3+ interdiffusion. Geochimica et Cosmo -
chimica Acta, 70: 2325–2336.

Gordon, S.M., Schnei der, D.A., Manecki, M., Holm D.K., 2005.
Ex hu ma tion and meta mor phism of an ultrahigh-grade terrane:
geochronometric in ves ti ga tions of the Sudete Moun tains (Bo he -
mia), Po land and Czech Re pub lic. Jour nal of the Geo log i cal So -
ci ety, 162: 841–855.

Goswami-Banerjee, S., Robyr, M., 2015. Pres sure and tem per a -
ture con di tions for crys tal li za tion of meta mor phic al la nite and
monazite in metapelites: a case study from the Miyar Val ley
(High Hi ma la yan Crys tal line of Zanskar, NW In dia). Jour nal of
Meta mor phic Ge ol ogy, 33: 535–556.

Gotowa³a, R., 2003. Tec tonic in volve ment of the Javornik
Granitoids – Skrzynka-Z³oty Stok Shear Zone (Sudetes).
Polskie Towarzystwo Mineralogiczne – Prace Specjalne, 23:
61–63.

Harlov, D.E., Hether ing ton, C.J., 2010. Par tial high-grade al ter -
ation of monazite us ing al kali-bear ing flu ids: ex per i ment and na -
ture. Amer i can Min er al o gist, 95: 1105–1108.

Harlov, D.E., Wirth, R., Hether ing ton, C.J., 2011. Fluid-me di ated
par tial al ter ation in monazite: the role of cou pled dis so lu -
tion-reprecipitation in el e ment re dis tri bu tion and mass trans fer.
Con tri bu tions to Min er al ogy and Pe trol ogy, 162: 329–348.

Hether ing ton, C.J., Harlov, D.E., Budzyñ, B., 2010. Ex per i men tal
ini ti a tion of dis so lu tion-reprecipitation re ac tions in monazite and 
xeno time: the role of fluid com po si tion. Min er al ogy and Pe trol -
ogy, 99: 165–184.

Janots, E., Engi, M., Berger, A., Allaz, J., Schwarz, J.-O.,
Spandler, C., 2008. Prograde meta mor phic se quence of REE
min er als in pelitic rocks of the Cen tral Alps: im pli ca tions for al la -
nite-monazite-xeno time phase re la tions from 250 to 610°C.
Jour nal of Meta mor phic Ge ol ogy, 26: 509–526.

Jastrzêbski, M., ¯elaŸniewicz, A., Majka, J., Murtezi, M.,
Bazarnik, J., Kapitonov, I., 2013. Con straints on the De vo -
nian–Car bon if er ous clo sure of the Rheic Ocean from a
multi-method geo chron ol ogy study of the Staré Mìsto Belt in the 
Sudetes (Po land and the Czech Re pub lic). Lithos, 170–171:
54–72.

Jastrzêbski, M., Stawikowski, W., Budzyñ, B., Or³owski, R.,
2014. Migmatization and large-scale fold ing in the
Orlica-Œnie¿nik Dome, NE Bo he mian Mas sif: pres sure-tem per -
a ture-time-de for ma tion con straints on Variscan terrane as sem -
bly. Tectonophysics, 630: 54–74.

Jastrzêbski, M., Budzyñ, B., Stawikowski W., 2016. Struc tural,
meta mor phic and geo chron ol ogi cal re cord in the Goszów
quartzites of the Orlica-Œnie¿nik Dome (SW Po land): im pli ca -
tions for the polyphase Variscan tectonometamorphism of the
Saxothuringian Terrane. Geo log i cal Jour nal, 51: 455–479.

Jercinovic, M.J., Wil liams, M.L., 2005. An a lyt i cal per ils (and prog -
ress) in elec tron microprobe trace el e ment anal y sis ap plied to
geo chron ol ogy: back ground ac qui si tion, in ter fer ences, and
Beam Ir ra di a tion Ef fects. Amer i can Min er al o gist, 90: 526–246.

Jercinovic, M.J., Wil liams, M.L., Lane, E.D., 2008. In situ trace el -
e ment anal y sis in com plex, multi-phase ma te ri als by EPMA.
Chem i cal Ge ol ogy, 254: 197–215.

Koneèný, P., Siman, P., Holický, I., Janák, M., Kollárová, V., 2004. 
Method of monazite dat ing by means of the elec tron microprobe
(in Slo vak with Eng lish ab stract). Mineralia Slovaca, 36:
225–235.

Lorenc, M.W., 1994. Role of ba sic mag mas in the granitoid evo lu -
tion (a com par a tive study of some Hercynian mas sifs) (in Pol ish
with Eng lish sum mary). Geologia Sudetica, 28 (1): 3–130.

Majka, J., Budzyñ, B., 2006. Monazite break down in metapelites
from Wedel Jarlsberg Land, Svalbard – pre lim i nary re sults.
Mineralogia Polonica, 37: 61–69.

Mikulski, S.Z., Wil liams, I.S., 2014. Zir con U-Pb ages of granitoid
apophyses in the west ern part of the K³odzko–Z³oty Stok Gran ite 
Pluton (SW Po land). Geo log i cal Quar terly, 58 (2): 251–262.

Mikulski, S.Z., Wil liams, I.S., Bagiñski, B., 2013. Early Car bon if er -
ous (Viséan) em place ments of the collisional K³odzko-Z³oty
Stok granitoids (Sudetes, SW Po land): con strains from geo -
chem i cal and U-Pb zir con age data. In ter na tional Jour nal of
Earth Sci ences, 102: 1007–1027.

Montel, J.M., Foret, S., Veschambre, M., Nicollet, C., Pro vost, A., 
1996. Elec tron microprobe dat ing of monazite. Chem i cal Ge ol -
ogy, 131: 37–53.

Murtezi, M., 2006. The acid meta vol can ic rocks of the
Orlica–Œnie¿nik Dome: their or i gin and tectono-meta mor phic
evo lu tion. Geologia Sudetica, 38: 1–38.

Oberc-Dziedzic, T., Kryza, R., Pin C., 2015. Variscan granitoids re -
lated to shear zones and faults: ex am ples from the Cen tral
Sudetes (Bo he mian Mas sif) and the Mid dle Odra Fault Zone. In -
ter na tional Jour nal of Earth Sci ences, 104: 1139–1166.

Ondrejka, M., Uher, P., Putiš, M., Broska, I., Baèík, P., Koneèný,
P., Schmiedt, I., 2012. Two-stage break down of monazite by
post-mag matic and meta mor phic flu ids: An ex am ple from the

122 Bartosz Budzyñ and Miros³aw Jastrzêbski



Monazite stability and the maintenance of Th-U-total Pb ages during post-magmatic processes... 123

Veporic orthogneiss, West ern Carpathians, Slovakia. Lithos,
142–143: 245–255.

Pan, Y., Fleet, M.E., 1996. Rare earth el e ment mo bil ity dur ing
prograde granulite fa cies meta mor phism: sig nif i cance of flu o -
rine. Con tri bu tions to Min er al ogy and Pe trol ogy, 123: 251–262.

Petrík, I., Koneèný, P., 2009. Metasomatic re place ment of in her ited 
meta mor phic monazite in a bi o tite-gar net gran ite from the Nízke
Tatry Moun tains, West ern Carpathians, Slovakia: chem i cal dat -
ing and ev i dence for dis equi lib rium melt ing. Amer i can Min er al o -
gist, 94: 957–974.

Petrík, I., Broska, I., Lipka, J., Siman, P., 1995. Granitoid al la -
nite-(Ce) sub sti tu tion re la tions, re dox con di tions and REE dis tri -
bu tions (on an ex am ple of I-type granitoids, West ern
Carpathians, Slovakia). Geologica Carpathica, 46: 79–94.

Petrík, I., Koneèný, P., Kováèik, M., Holický, I., 2006. Elec tron
microprobe dat ing of monazite from the Nízke Tatry Moun tains
orthogneisses (West ern Carpathians, Slovakia). Geologica
Carpathica, 57: 227–242.

Poitrasson, F., Chenery, S., Bland, D.J., 1996. Con trasted
monazite hy dro ther mal al ter ation mech a nisms and their geo -
chem i cal im pli ca tions. Earth and Plan e tary Sci ence Let ters,
145: 79–96.

Poitrasson, F., Chenery, S., Shep herd, T.J., 2000. Elec tron
microprobe and LA-ICPMS study of monazite hy dro ther mal al -
ter ation; im pli ca tions for U-Th-Pb geo chron ol ogy and nu clear
ce ram ics. Geochimica et Cosmochimica Acta, 64: 3283–3297.

Popa, K., Shvareva, T., Mazeina, L., Colineau, E., Wastin, F.,
Konings, R.J.M., Navrotsky, A., 2008. Ther mo dy namic prop er -
ties of CaTh(PO4)2 syn thetic cheralite. Amer i can Min er al o gist,
93: 1356–1362.

Putnis, A., 2002. Min eral re place ment re ac tions: from mac ro scopic
ob ser va tions to mi cro scopic mech a nisms. Min er al og i cal Mag a -
zine, 66: 689–708.

Putnis, A., 2009. Min eral re place ment re ac tions. Re views in Min er -
al ogy and Geo chem is try, 70: 87–124.

Putnis, A., Austrheim, H., 2012. Mech a nisms of metasomatism
and meta mor phism on the lo cal min eral scale: The role of dis so -
lu tion-reprecipitation dur ing min eral re-equil i bra tion. In:
Metasomatism and the Chem i cal Trans for ma tion of Rock (eds.
D.E. Harlov and H. Austrheim): 141–170. Lec ture Notes in Earth 
Sys tem Sci ences, Springer-Verlag, Berlin, Hei del berg.

Pyle, J.M., Spear, F.S., Wark, D.A., Dan iel, Ch.G., Storm, L.C.,
2005. Con tri bu tions to pre ci sion and ac cu racy of monazite
microprobe ages. Amer i can Min er al o gist, 90: 547–577.

Sawicki, L., 1995. Geo log i cal Map of Lower Silesia with ad ja cent
Czech and Ger man Ter ri to ries 1:100,000. Pañstwowy Instytut
Geologiczny, Warszawa.

Seydoux-Guillaume, A.M., Paquette, J.L., Wiedenbeck, M.,
Montel, J.M., Hein rich, W., 2002. Ex per i men tal re set ting of the
U-Th-Pb sys tems in monazite. Chem i cal Ge ol ogy, 191:
165–181.

Shaw, D.M., 1956. Geo chem is try of pelitic rocks. Part III: ma jor el e -
ments and gen eral geo chem is try. GSA Bul le tin, 67: 919–934.

Skrzypek, E., Lehmann, J., Szczepañski, J., Anczkiewicz, R.,
Štípská, P., Schulmann, K., Kröner, A., Bia³ek, D., 2014.
Time-scale of de for ma tion and intertectonic phases re vealed by
P–T–D–t re la tion ships in the orogenic mid dle crust of the
Orlica-Snieznik Dome, Pol ish/Czech Cen tral Sudetes. Jour nal
of Meta mor phic Ge ol ogy, 32: 981–1003.

Spear, F.S., 2010. Monazite–al la nite phase re la tions in metapelites. 
Chem i cal Ge ol ogy, 279: 55–62.

Spear, F.S., Pyle, J.M., 2010. The o ret i cal mod el ing of monazite
growth in a low-Ca metapelite. Chem i cal Ge ol ogy, 273:
111–119.

Spear, F.S., Pyle, J.M., Cherniak, D., 2009. Lim i ta tions of chem i cal
dat ing of monazite. Chem i cal Ge ol ogy, 266: 227–239.

Suzuki, K., Adachi, M., 1991. Pre cam brian prov e nance and Si lu -
rian meta mor phism of the Tsubonosawa paragneiss in the
South Kitakami terrane, North east Ja pan, re vealed by the
chem i cal Th-U-to tal Pb isochron ages of monazite, zir con, and
xeno time. Geo chem i cal Jour nal, 25: 357–376.

Suzuki, K., Adachi, M., 1994. Mid dle Pre cam brian de tri tal
monazite and zir con the Hide gneiss on Oki-Dogo is land, Ja pan: 
their or i gin and im pli ca tions for the cor re la tion of base ment
gneiss of south west Ja pan: con straints from CHIME monazite
ages of gneiss es and granitoids. Jour nal of Meta mor phic Ge ol -
ogy, 16: 23–37.

Suzuki, K., Kato, T., 2008. CHIME dat ing of monazite, xeno time,
zir con and polycrase: pro to col, pit falls and chem i cal cri te rion of
pos si bly dis cor dant age data. Gond wana Re search, 14:
569–586.

TartÀse, R., Ruffet, G., Poujol, M., Boulvais, P., Ire land, T.R.,
2011. Si mul ta neous re set ting of the mus co vite and monazite
U-Pb geochronometers: a story of flu ids. Terra Nova, 23:
390–398.

Teufel, S., Hein rich, W., 1997. Par tial re set ting of the U-Pb iso tope
sys tem in monazite through hy dro ther mal ex per i ments: an SEM 
and U-Pb iso tope study. Chem i cal Ge ol ogy, 137: 273–281.

Townsend, K.J., Miller, C.F., D’Andrea, J.L., Ayers, J.C., Har ri -
son, T.M., Coath, C.D., 2000. Low tem per a ture re place ment of
monazite in the Ireteba gran ite, South ern Ne vada: geo chron ol -
ogi cal im pli ca tions. Chem i cal Ge ol ogy, 172: 95–112.

Vozárová, A., Koneèný, P., Šarinová, K., Vozár, J., 2014. Or do vi -
cian and Cre ta ceous tectonothermal his tory of the South ern
Gemericum Unit from microprobe monazite geo chron ol ogy
(West ern Carpathians, Slovakia). In ter na tional Jour nal of Earth
Sci ences, 103: 1005–1022.

Whit ney, D.L., Ev ans, B.W., 2010. Ab bre vi a tions for names of
rock-form ing min er als. Amer i can Min er al o gist, 95: 185–187.

Wierzcho³owski, B., 1976. Granitoids of the K³odzko-Z³oty Stok
mas sif and their con tact in flu ence on the coun try rocks
(petrographic char ac ter is tics) (in Pol ish with Eng lish sum mary).
Geologia Sudetica, 11: 7–147.

Wil liams, M.L., Jercinovic, M.J., 2002. Microprobe monazite geo -
chron ol ogy: putt ing ab so lute time into microstructural anal y ses.
Jour nal of Struc tural Ge ol ogy, 24: 1013–1028.

Wil liams, M.L., Jercinovic, M.J., Goncalves, P., Mahan, K.H.,
2006. For mat and phi los o phy for col lect ing, com pil ing, and re -
port ing microprobe monazite ages. Chem i cal Ge ol ogy, 225:
1–15.

Wil liams, M.L., Jercinovic, M.J., Hether ing ton, C.J., 2007.
Microprobe monazite geo chron ol ogy: un der stand ing geo logic
pro cesses by in te grat ing com po si tion and chro nol ogy. An nual
Re view of Earth and Plan e tary Sci ences, 35: 137–175.

Wil liams, M.L., Jercinovic, M.J., Harlov, D.E., Budzyñ, B.,
Hether ing ton, C.J., 2011. Re set ting monazite ages dur ing
fluid-re lated al ter ation. Chem i cal Ge ol ogy, 283: 218–225.

Wojciechowska, I., 1975. Tec ton ics of the K³odzko-Z³oty Stok
granitoide mas sif and its coun try rocks in the light of the
mesostructural in ves ti ga tion (in Pol ish with Eng lish sum mary).
Geologia Sudetica,10: 61–121.

Wojciechowska, I., 1993. Geo log i cal set ting and tec ton ics of the
Z³ote Góry Mts and the Krowiarki Mts at the back ground for ore
min er al iza tion evo lu tion (Ziemia K³odzka re gion, the Sudetes)
(in Pol ish with Eng lish ab stract). Prace Geologiczno-Minera -
logiczne, Acta Universitatis Wratislaviensis, 33: 5–49.


	W³odzimierz MIZERSKI, Orest STUPKA and Izabela OLCZAK-DUSSELDORP – Remarks on the correlation of tectonic blocks in the foreland of the East European Craton in Poland with those in Ukraine 124

