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Abstract
Permo-Carboniferous rhyolitic rocks are widespread in the NE German Basin and NW Polish Basin. Hafnium (Hf) and 
oxygen (O) isotopes analysed in zircon from these rocks suggest diverse sources and processes involved in the formation of 
rhyolitic magmas. In this study, detailed core-to-rim trace element compositions were analyzed in zircon from four locali-
ties that were previously analyzed for Hf and O isotopes. The trace element analyses, in particular Hf concentrations as well 
as Eu/Eu*, Ce/U, Yb/Gd, and Th/U ratios, are consistent with prolonged magma evolution in three localities from the NE 
German Basin (Fehmarn, Slazwedel and Penkun). The fourth locality within the NW Polish Basin (Wysoka Kamieńska) is 
consistent with a shorter period of magma evolution. Similar stages were distinguished in zircon from the three NE German 
Basin localities that include: early crystallization followed by rejuvenation with more primitive magma (stage A), subsequent 
fractional crystallization (stage B) and finally late crystallization in a saturated system or alternatively late rejuvenation 
with a more primitive magma (stage C). Interestingly magmatic rims on inherited zircon grains have compositions typical 
for late stage B and stage C, which is consistent with their late addition to evolving rhyolitic magma, most probably during 
assimilation and not during source melting. The zircon from the fourth, NW Polish Basin locality shows limited composi-
tional variability consistent with the eruption of hot magma not long after the zircon started crystallizing. Thus trace element 
analyses in zircon provide a record of magmatic processes complementary to that of Hf and O isotope analysis, in that, a 
detailed analyses of core-to-rim compositional variations are particularly useful in distinguishing respective stages of magma 
evolution and can pinpoint the relative timing of inherited grains being incorporated into magma.

Keywords Trace elements · Isotopes · Zircon · Magma differentiation · AFC · Inherited grains · Permo-Carboniferous 
volcanism

Introduction

Accessory minerals such as zircon, apatite, and titanite, 
despite constituting usually less than 1% of the rock vol-
ume, can control the trace element budget of a magma (e.g. 
Rivera et al. 2014; Yan et al. 2020; Lukács et al. 2021). This 
is because they contain an abundance of many trace ele-
ments. Consequently, the composition of accessory minerals 
represents trace element variations for an evolving magmatic 
system experiencing the coeval crystallization of variable 
minerals. In particular, zircon may record crystallization 
processes and contemporaneous changes in composition 
and temperature of its host melt in its textural, trace ele-
ment, and isotopic composition (e.g. Bindeman et al. 2008; 
Stelten et al. 2015; Deering et al. 2016; Reid and Vazquez 
2017). This, combined with zircon’s resistance to alteration 
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and dissolution makes it a valuable fingerprint of magmatic 
conditions, particularly when information from cogenetic 
mineral phases have been obliterated. This is often the case 
in volcanic rocks, where the original composition has been 
changed by alteration due to weathering at the Earth’s sur-
face and/or metasomatic processes.

In this contribution, we investigate the potential of zir-
con to record magma evolution by tracking core-to-rim trace 
element concentrations to reveal changes in melt chemis-
try through time, focusing on both magmatic and inherited 
grains. In the case of the latter, the concept of the magmatic 
rim on inherited grain is introduced. We hypothesize that 
careful comparison of the composition of such rims with that 
of magmatic grains will provide information on the timing 
of an inherited grain’s incorporation into the evolving silicic 
magma. This study focuses on zircon grains from four occur-
rences of high-silica volcanic rocks formed during the post-
Variscan magmatic flare-up in central Europe. The zircon 
grains were analyzed for Hf and O isotopes and were then 
interpreted in the context of magma mixing and/or partial 
melting of diverse sources (Pietranik et al. 2013). The iso-
topic and trace element records are combined in this study.

Geological setting

In central Europe, the late Carboniferous and early Permian 
represent a period of change in the tectonic regime, from 
compressive to extensional/transtentional (e.g. McCann 
et al. 2006). Rift basins formed and provided the pathways 
for magmas and voluminous silica-rich volcanism (Benek 
et al. 1996; Van Wees et al. 2000). The widespread  SiO2-rich 
magmatic activity formed various (sub-) volcanic edifices, 
such as large caldera systems with voluminous pyroclas-
tic deposits and porphyry stocks, laccoliths, and resurgent 
domes. Depending on the location of the magmatic cen-
tres (either within intramountain basins, on Variscan and 
Cadomian basement, or its foreland), the lithological and 
emplacement record of these volcanics varies. Permo-Car-
boniferous volcanism typically occurred in laccolith-/sill-/
dome-systems that are often emplaced within a basin’s thick 
sedimentary succession (e.g. Saale Basin with rhyolitic lac-
coliths of the Halle Volcanic Complex; Mock et al. 2003; 
Schmiedel et al. 2015; Fig. 1). On the other hand, extensive 
and thick sheets of welded ignimbrite with high explosivity 
centres are found on the eastern part of the Variscan Belt in 
Europe (e.g. calderas of the North Saxon Volcanic Center, 
Hübner et al. 2021; Repstock et al. 2018; or the Altenberg-
Teplice, Casas-García et al. 2019, 2021; Fig. 1); whereas a 
wide range of possible morphological volcanic forms occurs 
within the voluminous magmatism of the Central European 
Variscan foreland surrounded by the (SPB) Southern Per-
mian Basin (e.g. Benek et al. 1996; Paulick and Breitkreuz 

2005; Geißler et al. 2008; Maliszewska et al. 2016). The 
time of the formation of the SPB was accompanied by 
extensional activity, strike-slip movements, and thermal 
relaxation that allowed large-scale magmatism to occur (Van 
Wees et al. 2000). As time went by, the SPB volcanics were 
covered by a thick pile of sediments. The present state of 
the art concerning these volcanics is based on hundreds of 
hydrocarbon wells reaching a depth of 8 km (Breitkreuz and 
Kennedy 1999; Geißler et al. 2008). The products of this 
volcanic activity extend over an area of ca. 160,000  km2 and 
their drilled thickness reaches up to 2000 m. The textural 
differences between these volcanic deposits allowed for the 
distinction between welded ignimbrites, lava flows, domes, 
and subvolcanic bodies (Geißler et al. 2008; Maliszewska 
et al. 2016). This paper focuses on the silicic (dacitic to 
rhyolitic) lavas and ignimbrites within the central part of the 
SPB, that is the Northeast German Basin (NEGB) and the 
Northwest Polish Basin (NWPB; Fig. 1b).

Previous studies on Permo‑Carboniferous rhyolites 
within the Northeast German Basin (NEGB)

The estimated volume of the NEGB is ca. 48,000  km3 and 
comprises five successive eruptive stages (andesitic > ign-
imbritic > post-ignimbritic > late rhyolitic > basaltic; Benek 
et al. 1996). While Geißler et al. (2008) recognized seven 
main volcanic products within the German part of the SPB, 
from which (1)  SiO2-rich lava flows, lava domes, lacco-
liths and (2)  SiO2-rich ignimbrite sheets (welded and non-
welded) were dominating, with subordinate (3) basaltic to 
andesitic shield volcano complexes, with (4) pyroclastic 
deposits related to the eruption of lava domes; (5) smaller 
basaltic and andesitic lava fields, (6) basaltic to andesitic sill 
complexes, and (7) volcanoclastic sediments. The rhyolitic 
rocks of the NEGB analyzed in this study are from the lava-
dominated region which is represented by investigated drill 
cores of Fehmarn, Penkun, and Salzwedel (Fig. 1b). The 
SHRIMP zircon U–Pb age determination of silicic volcan-
ics within the investigated region showed: (1) synchronicity 
of the magmatic activity focused between 295 and 299 Ma, 
and (2) variable proportions and ages of inherited grains 
between investigated drill cores (Breitkreuz and Kennedy 
1999; Breitkreuz et al. 2007; for the summary of magmatic 
and inherited zircon ages used in this paper see Table 1). 
Further insight into the magmatism of this region was pro-
vided by Pietranik et al. (2013) who revealed two stages in 
the silicic magma evolution based on zircon composition. 
Within the growth zones of zircon of magmatic origin, two 
successive stages were identified with distinct character-
istics, suggesting successive crystallization environments. 
These two stages were recorded in zoned and unzoned crys-
tals. The first magmatic stage was recognized in high Zr/
Hf zircon cores and refers to a less differentiated magma 
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composition (recorded as a wide range of Hf and O iso-
tope compositions—for an isotopic summary see Fig. 2; 
higher Th/U ratios; lack of correlation between Zr/Hf vs 
Th/U and Y vs P). The zircon at this first stage crystallized 
from heterogeneous, compositionally distinct magma pulses 
in small, unrelated magma portions that reflect either vari-
ous sources or combined crustal assimilation and fractional 
crystallization processes with an estimated juvenile compo-
nent involved in the magma generation from 5 to 80%. The 
following second stage was recorded as having low Zr/Hf 
zircon rims in zoned grains (while unzoned grains showed 
a constant low Zr/Hf concentration throughout the inner part 
and rim of the grain) and refer to a more fractionated and 
differentiated composition (recorded as lower Th/U ratios; 

the correlation between P vs Y; the small range of Hf and O 
isotope compositions). Zircon from this stage crystallized in 
a well-mixed (homogeneous) magma body with an estimated 
juvenile component involved in this magma generation vary-
ing from 30 to 40% (Pietranik et al. 2013).

Previous studies on Permo‑Carboniferous rhyolites 
within the Northwest Polish Basin (NWPB)

The drilling record of volcanic, subvolcanic, and volca-
nogenic rock thickness indicates a volumetric decrease of 
these rocks from the NEGB toward the NW Polish Basin 
(NWPB). The lower Permian rocks of the western part of 
the NWPB also come from cores of deep boreholes and 

Fig. 1  Map of Permo-Carboniferous rhyolites within the NE Ger-
man Basin and the NW Polish Basin showing the investigated sam-
pling sites; a numbers refer to the respective regions: 1—NE German 
Basin, 2—NW Polish Basin, 3—Saale Basin, 4—Halle Volcanic 
Complex, 5—North Saxony Volcanic Complex, 6—Altenberg–Tep-

lice Complex; b numbers refer to the thickness of drilled volcanic 
rocks in meters (data from Dadlez 2006, Geißler et  al. 2008). Map 
modified after compilation from Dadlez (2006), Breitkreuz et  al. 
(2007), Geißler et al. (2008)
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present a succession from tens of centimetres to over 350 m 
(not all boreholes cover the whole section). The volcanic 

rocks are covered by younger sediments of approximately 
1000–5000 m thickness, increasing towards the Teisseyre-
Tornquist Zone (Karnkowski 1999; Maliszewska et  al. 
2016). The NWPB belongs to two regional units, the Fore-
Sudetic Monocline, and the western Pomerania, with a 
volumetric predominance of acidic over intermediate rocks 
within the latter. The volcanic rocks from the Fore-Sudetic 
Monocline consist mainly of andesites and trachyandesites, 
with minor rhyolites, dacites, trachytes, and local basalts 
(Jackowicz 1995). Regarding pyroclastic rocks, silicic ones 
are relatively thin but more common compared to ones of 
intermediate composition. The volume of these explosive 
deposits is exceeded by subvolcanic and plutonic rocks com-
prising variable proportions of microdiorites, micromonzo-
nites, microgranitoids, granites, syenites, gabbros, trachy-
andesites, andesites, and trachytes (Maliszewka et al. 2016; 
Żelaźniewicz et al. 2016). Contrastingly, western Pomerania 
is dominated by rhyolites and dacites with subordinate trach-
yandesites, andesites, and trachytes (Jackowicz 1995). Silicic 
pyroclasts are frequent but not voluminous and subvolcanic 
rocks are represented by microdiorite and micromonzonite. 
Units of the NWPB were exposed to three stages of altera-
tion (e.g. carbonatization, albitization, hematitisation, seric-
itization, impregnation by sulphates or illitisation in perlitic 
rocks) which can be linked with (1) volcanic exhalations 
and hot springs, (2) circulation of warm pore waters during 

Table 1  Summary of the previous study done on zircon grains from Permo-Carboniferous rhyolites studied in this paper

[1] Breitkreuz et al. (2007), [2] Pietranik et al. (2013)
a Some grains were not analyzed; for respective measurements within particular zircon grains see Table 1 in [2]
b Zircons analysed by Słodczyk et al. (2018) from the same drill core, from neighbouring sample to that dated by Breitkreuz et al. (2007); only 
one older grain found out of 31 grains

Penkun [highly plag-Kfsp-
phyric dacite]

Salzwedel [porphyritic 
rhyolite]

Fehmarn [Fsp rich porphy-
ritic rhyolite]

Wysoka Kamieńska [Fsp 
rich porphyritic rhyolite]

Magmatic zircon
Age (Ma) [1] 295–312 (n = 10) 286–296 (n = 8) 290–298 (n = 10) 286–300 (n = 15)

302 ± 1.5b (n = 16)
δ18O (± 2σ = 0.6) [2] 7.6–9.6 (n = 10) 7.5–9.4 (n = 8) 6.2–8.0 (n = 9) 6.2–7.7b (n = 19)
εHf a[2] − 4.1 to − 8.3 (n = 7) (± 2σ 

between 0.7 and 0.9)
− 5.3 to − 7.7 (n = 5) (± 2σ 

between 0.7 and 1.1)
− 0.6 to − 7.3 (n = 9)
(± 2σ between 0.7 and 1.1)

− 5.6 and − 7.7b (n = 12)

Depleted mantle Hf modal 
age [2]

1619, 1534, 1526, 1707, 
1566, 1514, 1450

1573, 1531, 1523, 1563, 
1666,

1417, 1161, 1507, 1539, 
1577, 1529, 1645, 1566, 
1501

–

Inherited zircon
Age (Ma)
[1]

1793, 1464, 1665, 567, 
567,

800, 982, 1440, 774, 1183, 
1393, 2104, 1564

317, 317, 1078, 1390, 485, 
1446,

Inherited grains not detected 
by [1]

355.5 ± 5.1b

δ18O (± 2σ = 0.6)[2] 5.9–9.3 6.2–8.9 6.0–9.1 –
εHf a[2] 5.3; 0.9; 18.9; – 7.2

(± 2σ between 0.6 and 1.1)
– 20.3; 0.0; – 7.1; – 2.7; 

2.0; 1.1; 3.6
– 4.2; – 4.2; 0.4; – 1.8; 

6.8; 1.3 (± 2σ between 
0.5 and 0.9)

–

Depleted mantle Hf modal 
age [2]

2066, 2074, 1852 2829, 1745, 2547, 1745, 
1784, 2005, 1989

1473, 1471, 1799, 2181, 
933, 2038

–

Fig. 2  Summary of previous studies on rhyolitic zircon characterized 
by variable oxygen and hafnium isotopic composition. The rhyolites 
represent Permo-Carboniferous magmatism within the NE German 
Basin and the NW Polish Basin (data from Pietranik et  al. 2013; 
Słodczyk et al. 2018, respectively). The very same zircon grains from 
Penkun, Salzwedel, and Fehmarn were analyzed in this study, while 
Wysoka Kamieńska represents the very same drill core and rock 
record with isotopic and trace element analyses done on zircon from a 
neighbouring depth
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progressive burial and (3) very low-grade metamorphism 
(Maliszewska et al. 2016). Alteration can obfuscate regional 
correlations. However, the western part of the SPB was 
affected by much more intense volcanism than the eastern 
part. The zircon U–Pb ages of the NWPB “flare-up” silicic 
magmatism were determined by SHRIMP (293.0 ± 2.3 to 
298.5 ± 3.3 Ma, Breitkreuz et al. 2007) and SIMS (297 ± 3 to 
301 ± 5 Ma, Słodczyk et al. 2018). Zircon from those silicic 
rocks lacks inherited cores (for details see Table 1). The 
western Pomerania late Palaeozoic rocks are dominated, 
volumetrically, by silica rich lavas, that in turn may indicate 
a greater impact on the crustal environment compared to the 
mafic-dominated Fore-Sudetic Monocline. This may further 
indicate a lower proportion of evolved crustal components to 
the mantle source in the latter. The Fore-Sudetic Monocline 
shows larger lateral and lower vertical variability of pet-
rochemical indicators compared to the western Pomerania, 
which reflects not only different intensities and proportions 
of melted source material (variable degree of contamination) 
but also spatial diversity in the composition of this source 
material (Maliszewska et al. 2016). This diversification of 
the source material for these late Palaeozoic magmas was 
confirmed in different proportions of zircon ages (inherited 
or magmatic) and their O and Hf isotope signatures indi-
cating a derivation of magma from a sedimentary source 
(Carboniferous turbidites with an admixture of Baltica and/
or Avalonia component) for the Fore-Sudetic Monocline 
rhyolites and an antagonistic mixture of fine-grained sedi-
mentary material with mantle-derived magmas for the west 
Pomerania rhyolites (Słodczyk et al. 2018).

Previous studies on zircon from the studied area

Zircon analyzed as part of this research represents Permo-
Carboniferous silicic volcanics from 4 drill cores (sam-
ples Penkun, Salzwedel, and Fehmarn of the NEGB and 

Wysoka Kamieńska of the NWPB, see Fig.  1). These 
grains were first handpicked from crushed rock, mounted 
and dated (Breitkreuz et al. 2007), followed by O and Hf 
isotopic determination for representative grains (Pietranik 
et al. 2013). The whole rock composition of the studied 
rocks was not analyzed, but we refer to literature data for 
rhyolites located in the studied areas (Benek et al. 1996; 
Żelaźniewicz et al. 2016). The Rare Earth Element (REE) 
normalized diagrams for these rocks show considerable 
uniformity in composition (Fig. 3a). However, the sam-
ples in this study were chosen due to their diversity in 
isotopic composition (see Fig. 2) as well as the propor-
tion of magmatic-to-inherited zircon grains (Penkun = 2.6; 
Fehmarn = 3.0; Salzwedel = 0.7; Wysoka Kamieńska = 0.0; 
data from Pietranik et al. 2013). The choice of the very 
same zircon grains for analyses was determined by their 
diversity and the possibility to correlate the new trace ele-
ment data with already known isotopic differences (Pie-
tranik et al. 2013). The samples represent sections of the 
following four drill cores described by Breitkreuz et al. 
(2007): (1) Penkun (1/71 drill core): ~ 450 m thick highly 
Pl-Kfs dacite lava, (the bottom not penetrated), sampling 
depth 4690 m; (2) Salzwedel (2/64 drill core): porphyritic 
rhyolitic lava dome of almost 700 m thickness, sampling 
depth 4150 m; (3) Fehmarn (Z1 drill core): porphyritic 
rhyolitic lava dome with large Fsp phenocrysts with a 
minimum thickness of 160 m (the bottom not penetrated), 
sampling depth 194 m; (4) Wysoka Kamieńska (listed there 
as Wysoka Kamieńska-2 drill core): porphyritic rhyolite 
lava flow with Fsp phenocrysts < 0.5 cm; the thickness 
reaching 480 m, with the bottom drilled through at a depth 
of 3500 m), sampling depth 3500 m.

Fig. 3  Rare Earth Element normalized patterns for a rhyolitic whole 
rocks, data from Benek et  al. (1996) for the NE German Basin and 
from Żelaźniewicz et  al. (2016)  for the NW Polish Basin; b zircon 

analyzed in this study. Data normalized to chondrite after Anders and 
Grevesse (1989)
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Methods

Selected trace elements were investigated in both magmatic 
and inherited zircon grains, that are surrounded by a mag-
matic rim, previously investigated by Breitkreuz et al. (2007) 
and Pietranik et al. (2013). Thus, the following ratios of 
magmatic to inherited zircon grains were under scrutiny 
from drill cores at Penkun (13/5 grains), Salzwedel (6/10 
grains), Fehmarn (13/5 grains), Wysoka Kamieńska (10/no 
inherited grains). The Wysoka Kamieńska sample was the 
only one not previously investigated for zircon O and Hf 
isotope composition by Pietranik et al. (2013). However, 
zircon O and Hf isotope composition from a neighbouring 
sample in the same drill core was documented by Słodczyk 
et al. (2018). Trace element compositions were measured in 
zircon previously analyzed by Pietranik et al. 2013. While 
previous data (including Zr, Hf, U, Th, Y, and P concentra-
tions) were reanalysed for Y, La, Ce, Pr, Nd, Sm, Eu, Gd, 
Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Th, and U elements as part 
of this study. We checked and confirmed that the Zr/Hf ratio 
and Hf concentration range and patterns through the same 
zircon zones are consistent with the results by Pietranik et al. 
(2013). However, our results and discussion refer only to the 
newly measured trace element data with a higher measure-
ment density to track Hf versus other elements variations 
for the same analytical spots (Appendix 1, Supplementary 
Materials 1–5). Compilation of the new trace element data 
with O and Hf isotopic composition uses the same path as 
presented in Pietranik et al. (2013), where isotopic data were 
juxtaposed together only with the results from the neigh-
bouring trace element spot, localized within the same zircon 
zone (Fig. 4 and Supplementary Materials). Trace and rare 
earth element (REE) concentrations in zircon were analyzed 
using an Element 2 ICP-MS (Thermo Fisher Scientific) cou-
pled with an Analyte Excite 193 nm excimer laser ablation 
system (Teledyne/Cetac) at the Institute of Geology of the 
Czech Academy of Sciences, Prague. Linear rasters of 16 µm 
beam size, 40 µm raster length, and 2 µm/s scan speed were 
ablated alongside the growth zones in zircon grains. Samples 
were ablated using a repetition rate of 10 Hz and laser flu-
ence of 3 J/cm2. Calibration and reference standards (glasses 

NIST 612, NIST 610, and zircon 91,500) were measured 
regularly after every 10 samples. Each analysis included the 
acquisition of 15 s gas blank and 20 s laser ablation signal. 
The time-resolved signal data were processed using the Glit-
ter software (Van Achterbergh et al. 2001). NIST 612 was 
used for the calibration of element concentrations and the 
isotope 29Si was used as an internal standard assuming its 
concentration based on zircon stoichiometry.

Results

The selection of grains for trace element studies was based 
on cathodoluminescence (Fig. 4 and Supplementary Materi-
als: SM 1–5). The grains were often well preserved pyrami-
dal in shape, sometimes the grains were fragmented (see SM 
1–5). Where possible, grains were analyzed in full traverses 
from rim to rim, with up to eleven spots per grain. Zircon 
from all four locations show magmatic zonation expressed 
by both fine and/or thick oscillatory zoning (Fig. 4a–d). The 
REE pattern is also typical for magmatic grains (Fig. 3b). 
Resorption surfaces within magmatic grains are rarely seen 
and visible only in some grains (e.g. grain F_13 in SM 2), 
whereas more often than not such surfaces are present on 
inherited cores (Fig. 4d). Both elongated and stubby mag-
matic grains are observed in all locations, with a general 
minor predominance of the latter.

The whole set of data for the magmatic zircon grains pre-
sents similar trends for Hf, Yb/Gd, Th/U, Eu/Eu*, and Ce/U 
(Fig. 5). The pattern for Hf concentration and Yb/Gd ratio 
behave similarly, whereas Th/U ratio has an opposite direc-
tion to the trend. The Eu/Eu* and Ce/U trends are usually 
similar (Figs. 4 and 5). The typical pattern moving from core 
to rim is of increasing Hf and Yb/Gd, while Th/U and Eu/
Eu* decrease. However, for some grains the pattern in the 
core region is more complex, and is characterized by either 
constant or decreasing Hf. In the following description we, 
therefore, distinguish between cores (constant or decreasing 
Hf) and rims (increasing Hf). Furthermore, the outermost 
rims show no consistent change in compositional trends 
characterized by either a decrease, increase or stabilization 
of Hf content. Similar patterns can be seen in all studied 
localities, but each locality also has its own characteristic 
pattern (e.g. the same pattern but different ranges of ana-
lyzed indices).

Zircon from Fehmarn

We analyzed 18 zircons of which five were inherited with 
magmatic rims. Magmatic zircon from Fehmarn cover the 
broadest ranges of analyzed indices among investigated sites. 
In detail, the magmatic zircon grains are characterized by the 
following composition (Fig. 6): Hf (8000–13,000 ppm), Eu/

Fig. 4  Cathodoluminescence (CL) images and complementary trace 
element core-rim traverses across exemplary zircon grains; a oscilla-
tory zoned magmatic zircon with complex compositional zonation; b 
oscillatory zoned magmatic zircon with simple compositional zona-
tion pattern; c oscillatory zoned magmatic zircon showing minimal 
compositional zonation; d inherited grain with marked boundary 
layer and following magmatic rim. The rectangles show analyti-
cal spots, with corresponding analyses shown on the right hand side 
graphs; the red rectangles indicate analyses correlated with isotopic 
data. The given age is from Breitkreuz et  al. (2007), while the iso-
topic composition is from Pietranik et al. (2013). For the whole docu-
mentation of investigated zircon grains see Supplementary Materials 
1–5

◂
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Eu* < 0.15, Th/U (0.1–0.7), Yb/Gd (7–35), and Ce/U < 0.04. 
Correlation between trace elements and Hf and O isotopic 
composition (Fig. 7) shows that: (1) the core is characterized 
by variable δ18O from 6.2 to 7.8 ‰ and εHf from – 7.3 to 
0.6, and both isotopic systems show some correlation with 
Eu/Eu*, (2) the rim shows a very narrow range of O and 
Hf isotopic composition (δ18O 7.6 to 8 and εHf – 6 to – 5) 
accompanied by relatively large variations in trace element 
composition compared to the core. The five inherited grains 
have ages of 1446 Ma, 1390 Ma, 1078 Ma, 485 Ma, and 
317 Ma (cf. Breitkreuz et al. 2007 and Table 1) measured 

within rounded cores distinguished on CL images (for all 
documentation see SM 1 and 2). Trace element concentra-
tions for these inherited grains have varied ranges, generally 
much more variable than the ranges for magmatic grains 
(Fig. 8). Magmatic rims on these inherited zircon grains 
were observed on all 5 grains, with doable measurements 
within 4 of them (the grain F_8 has a visible 10-μm-thick 
bright outermost zone which was too thin to measure). 
Grains F_15 and F_17 had rims thick enough to be measured 
twice and showed that these rims have the same composition 
as the magmatic grains (Figs. 5 and 6). The remaining grains 

Fig. 5  Generalized example 
of core-to-rim trace elements 
trend. The presence of particu-
lar fragments of this general 
trend in individual localities and 
grains is indicated. Additional 
information about magmatic 
rims on inherited zircon grains 
is also included. For detailed 
information see results and 
discussion
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(n = 2 have a single analysis per grain with a composition 
typical of the rim composition (Fig. 6a–f).

Zircon from Wysoka Kamieńska

We analyzed 10 zircon grains which were magmatic. The 
general absence/low number of inherited zircon from this 
locality in this and previous studies needs to be highlighted 
(Breitkreuz et al. 2007 with only magmatic zircon, n = 18; 
Słodczyk et al. 2018 with magmatic zircon n = 16 and one 
older grain of 356 Ma). All these magmatic zircon grains 
are characterized by a generally lower and more restricted 
Hf concentration (8000–11,000 ppm) compared to other 
localities (Fig. 6a–f; SM 3). All measurements for Wysoka 
Kamieńska zircon cluster tightly for the majority of analyzed 
trace elements and show no general correlation of Hf con-
centration with Eu/Eu* anomaly (< 0.1, Fig. 6a) and Th/U 
ratio (0.3–0.6). The only observed pattern is visible for Yb/

Gd (7–20) where the ratio increases with decreasing Th/U 
(Fig. 6e).

Zircon from Salzwedel

We analyzed 16 zircon grains of which 11 were inherited 
with magmatic rims. Five magmatic zircon grains have the 
following ranges in composition: Hf (9000–13,000 ppm), 
Eu/Eu* < 0.09, Th/U (0.2–0.6), Yb/Gd (8—20), 
Ce/U < 0.02, Nd/Lu (0.02–0.08), Sm/Yb (~ 0.01–0.025) 
with different ranges representing core and rim sections 
(Fig. 9a–f; SM 4). Zircon isotopic composition was meas-
ured in one core (δ18O = 8.1 ‰ and εHf of – 5.5), and 
several rims (7.7–9.4 ‰ and – 7.7 to – 5.5, respectively; 
Fig. 7). The rims show isotopic trends of decreasing δ18O 
and increasing εHf with the increase in Hf concentra-
tion towards the outermost rims (Fig. 7). Inherited zir-
con grains have ages of 2104 Ma, 1564 Ma, 1440 Ma, 

Fig. 6  Trace element compositions of magmatic zircon from Fehmarn along with the data for magmatic rims on inherited grains. Crosses cor-
respond to Wysoka Kamieńska magmatic zircon



2214 International Journal of Earth Sciences (2023) 112:2205–2222

1 3

1394 Ma, 1183 Ma, 982 Ma, 815 Ma, 800 Ma, 774 Ma, 
and 332 Ma (n = 10; data from Breitkreuz et al. 2007; for 
summary see also Table 1). One grain (S_14) has a mag-
matic rim dated at 294 Ma with no core measurements, 
however, its CL imaging and increased Eu/Eu* composi-
tion show a similarity to the inherited zircon group. Based 
on these observations, we included this grain in the inher-
ited zircon group. Generally, the inherited zircon group 
in Salzwedel overlaps with the composition of inherited 
grains in Fehmarn (Fig. 8). Magmatic rims on inherited 
zircon grains were detected on all 11 grains, and eight of 
them have a composition typical for the rims in magmatic 
grains (Figs. 5 and 9a-f). The remaining three rims were 
too thin to perform analyses. For this locality, some analy-
ses were excluded as they represented mixed inherited-
and-magmatic trace element composition (e.g. S_1, S_4, 
S_8, S_10, S_15, and S_16; an example of boundary layer 
marked on Figs. 4d and 9).

Zircon from Penkun

We analyzed 18 zircon grains of which 6 were inherited with 
magmatic rims of variable thickness. The other 12 magmatic 
zircon grains show the following ranges of concentration 
for Hf (from 9 000 to 13 000 ppm); Eu/Eu* < 0.1, Th/U 
(0.2–0.8), Yb/Gd (8–25), Ce/U < 0.25, Nd/Lu < 0.08, Sm/
Yb (0.005—0.025), with different ranges representing core 
and rim section (Fig. 10a–f; SM 5). Oxygen and Hf isotopic 
composition of cores show a spread in δ18O from 9.6 to 
7.6‰, while for εHf from – 4.1 to – 5.3. On the other hand, 
rims have δ18O values from 7.6 to 8.6 ‰, and εHf from 
– 8.3 to – 5.3 (Fig. 7). Four inherited zircon grains have ages 
of 1793 Ma, 1464 Ma, 567 Ma, 355 Ma (Breitkreuz et al. 
2007). Two grains (Pe_5 and Pe_9) have magmatic rim ages 
of 305 and 299 Ma, respectively with no core measurements, 
again their internal structure and high trace element ratios 
(e.g. Eu/Eu*; Th/U, Ce/U) show similarity to the inherited 
zircon group and were therefore included in the inherited 
zircon group. Generally, the inherited grains have a similar 
trace element composition to the grains in other localities 
with the exception of the 567 My grain (Pe_15) showing 
distinctly higher Eu/Eu* and lower Hf values (Fig. 8). Mag-
matic rims on inherited zircon were detected on 5 of the 
6 grains. The rim on grain Pe_15 was too thin to measure 
(but it was still visible in the CL image; see SM 5). The 
magmatic rims on the remaining grains have Hf concen-
trations between 10,000 and 14,500 ppm. The majority of 
the rims fit within the outer rim composition except for one 
grain (Pe_11), which has a higher Eu/Eu* ratio (0.21—0.26) 
corresponding to the composition of inherited cores from 
this sample (probably due to the measurements performed 
in mixed zones).

Discussion

Rhyolitic magma evolution in the NE German Basin 
and NW Polish Basin

Zircon is a good indicator of rhyolitic magma evolution and 
preserves information on silicic magma formation in deeper 
magma reservoirs before an eruptible magma chamber is 
formed in the upper crust (e.g. Sliwinski et al. 2019; Szy-
manowski et al. 2017, 2019), and in younger zircon, it was 
shown that it may record secular compositional evolution 
from one eruption to another (Strom et al. 2014). The stud-
ied rhyolites were chosen because they had different Hf and 
O isotope compositions and corresponding differences in 
trace elements were expected. However, the trace element 
patterns have been shown to mostly overlap between locali-
ties and the same is true for the trace element compositions 
of inherited grains. Thus, despite the magmatic eruptions 

Fig. 7  Oxygen and Hf isotopic composition of cores and rims (based 
on the location within individual grains and corresponding Hf con-
centration pattern) with respect to magma differentiation indices such 
as Hf concentration and Eu/Eu*, Yb/Gd and Th/U ratios. Fehmarn, 
Salzwedel and Penkun isotopic data from Pietranik et  al. (2013); 
Wysoka Kamieńska isotopic ranges (shadowed field) from Słodczyk 
et al. (2018)
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Fig. 8  Trace element magma 
differentiation indices (Hf 
concentration, Eu/Eu*, Yb/Gd 
and Th/U ratios, respectively) 
versus age of inherited zircon 
grains from Fehmarn, Penkun 
and Salzwedel

Fig. 9  Trace element compositions of magmatic zircon from Salzwedel along with the data for magmatic rims on inherited grains including data 
from boundary layers



2216 International Journal of Earth Sciences (2023) 112:2205–2222

1 3

investigated in this paper being several million years apart 
(see Table 1), they show similarities in potential sources 
and to some extent magma evolution processes. The trace 
element compositions can be generalized and correlated 
between grains for the NE German Basin localities and from 
this, three stages of magma evolution can be identified: stage 
A is recognized by the formation of the core region of some 
grains characterized by constant, rather low Hf concentra-
tion followed by its decrease. This pattern is reversed for the 
Th/U ratio, while Eu/Eu* shows a rather constant, but rela-
tively high Eu/Eu* ratio; stage B is recognized by an increas-
ing Hf concentration and Yb/Gd ratio accompanied by a 
decreasing Th/U ratio. The Eu/Eu* ratio is decreasing with 
respect to that observed in stage A; stage C is recognized 
by a shift in Hf concentration from a continuous increase 
in stage C to its flatting out or slight decrease within the 
rim region. More restricted zircon composition (correspond-
ing to the A stage only) was typical of Wysoka Kamieńska 
(NW Polish Basin). These stages can be further interpreted 
in terms of rhyolitic magma evolution:

Stage A is typical of Fehmarn, Salzwedel, Penkun 
and Wysoka Kamieńska sites: where the zircon crystal-
lized during stage A, i.e. before a marked increase in Hf 

concentration, which shows some chemical variability 
between grains and locations, but less than the range of 
compositions observed in zircon crystallized during the 
later stage B. This may reflect crystallization from magma 
not affected by differentiation. The decrease in Hf noted 
in some grains at the end of stage A is correlated with an 
increase in Eu/Eu* and Th/U and a decrease in Yb/Gd. All 
these ratios can be interpreted in terms of rejuvenation with 
a less evolved magma (because a high Eu/Eu* ratio records 
the composition of a magma affected by less plagioclase 
fractionation and a low Yb/Gd ratio records less amphibole, 
clinopyroxene or titanite fractionation). Overlapping com-
positions are observed in the localities from the NE German 
Basin. In contrast, Wysoka Kamieńska shows mostly higher 
Ce/U ratios at given Eu/Eu* values compared to other locali-
ties (Fig. 6c), which may reflect more oxidized conditions. 
Further stages are not recorded in the Wysoka Kamieńska 
zircons; this suggests that Wysoka Kamieńska’s magmatic 
system represents an early system that erupted before under-
going a prominent evolution path. As a consequence, stage 
A can be interpreted as a fingerprint of early zircon crystal-
lization, followed by the addition of a more primitive magma 
pulse to the system.

Fig. 10  Trace element compositions of magmatic zircon from Penkun along with the data for magmatic rims on inherited grains
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Stage B is typical of only the Fehmarn, Salzwedel and 
Penkun sites: the compositional record is rather simple for 
this stage as an increasing Hf concentration in a rimward 
direction is accompanied by a decrease in the Eu/Eu*, Th/U 
and Ce/U ratios and an increase in Yb/Gd. The trends dis-
tinguished for A and early B stages overlap and cannot be 
detected based on scatter plots for trace elements or ratios 
(Fig. 11). Only detailed analyses of grain by grain individual 
patterns (Fig. 4 and SM 2–5) show that the trends go in 
opposite directions if moving from core to rim. That is why 
we suggest rejuvenation for stage A and continuous crys-
tallization of zircon together with other major and acces-
sory phases for stage B (Ballard et al. 2002; Burnham and 
Berry 2012; Trail et al. 2012; Deering et al. 2016; Large 
et al. 2018). Correlation between Eu/Eu* and Ce/U may also 
indicate a general trend of decreasing oxygen fugacity as a 
magma crystallizes zircon (Figs. 6c, 9c, 10c). The record 
is generally similar between all three analyzed localities, 
however, Fehmarn zircons have the widest range of observed 
compositions, with a generally more scattered pattern com-
pared to the tight compositional fields observed for Sal-
zwedel and Penkun (Fig. 11). This may indicate that Feh-
marn is affected by more complex changes in both chemical 
melt evolution and oxygen fugacity which may be consist-
ent with a higher input of less evolved (and more oxidized) 
magma at the later stages A for this locality. Therefore, stage 
B can be understood as a record of simple cooling of the sys-
tem and continuous fractional crystallization, which seems 
to be more prolonged and complex at Fehmarn.

Stage C is again typical of only the Fehmarn, Salzwedel 
and Penkun sites: the record of this stage is relatively short 
and variable from grain to grain. The outermost rim may 

show a flattening of the trends observed in stage B or even 
their reversal. This stage is not easily detected in scatter 
plots, because it overlaps with the late stage B composition 
and again requires careful grain by grain observations in a 
core to rim direction. This last stage may reflect crystalliza-
tion in a multiply saturated system, but it may also reflect 
a late recharge of the system with a less evolved magma, 
probably due to a rejuvenation event leading to crystal mush 
remobilization. The idea of mush remobilization leading to 
an eruption is a common scenario suggested for many vol-
canic systems (Bachmann and Bergantz 2008; Andersen 
et al. 2019; Tavazzani et al. 2020). As such, stage C may be 
interpreted as the result of the system reacting to the addition 
of a less fractionated portion of magma.

The implication coming from these detailed trace element 
analyses is that zircon may record processes of rejuvenation 
and fractional crystallization as well as the crystallization 
of zircon in a magmatic system over time, be it prolonged 
as at Fehmarn (and less so for Penkun and Salzwedel) or 
relatively short as at Wysoka Kamieńska. This may therefore 
be a potential tool to compare timescales of magma system 
evolution across a region such as the Central European Mag-
matic Province. Furthermore, we agree that the addition of 
thermal constraints would be a great asset to this and that is 
work for future analyses with Ti-in-zircon and Ti-in-quartz 
as possible thermometers.

Trace elements vs O and Hf isotopic composition 
in magmatic zircon

It is accepted that rhyolitic magmas form either by partial 
melting of the crust, fractional crystallization of more mafic 

Fig. 11  Compositional fields for magmatic stages A, B, and C with 
respect to the composition of the magmatic rim on inherited zircon 
grains for: a Fehmarn, b Salzwedel, c Penkun. Stage B is marked as 

one field, but the direction from early to late (i.e. rim ward) is shown. 
Wysoka Kamieńska is not shown, as it does not contain any inherited 
grains
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magmas, or a combination of these factors (e.g. Charlier 
et al. 2008; Sliwinski et al. 2019; Yan et al. 2020; Tavaz-
zani et al. 2020; Lukács et al. 2021). It is also accepted that 
combined isotopic and trace element analyses may distin-
guish between magma differentiation dominated by frac-
tional crystallization or by assimilation of crustal melts. 
Also, rejuvenation by more primitive magmas should be 
detected. Thus in this study, we used zircons with known O 
and Hf isotopic composition that were previously interpreted 
as a record of a coalescence of chemically variable mag-
mas (representing different proportions of crustal melting 
versus primitive magma fractionation in the source region) 
followed by homogenization (Pietranik et al. 2013). Direct 
correlation between the trace element measurements and 
isotope analyses is not possible, because of the difference 
in the analytical spot size, but the isotopic composition can 
be correlated roughly to stages A or B (Fig. 7), stage C was 
not analyzed isotopically. A clear low δ18O and high εHf 
value are observed for two grains in Fehmarn, and these 
values are correlated with the change in trace element com-
position towards a more primitive value (increasing Eu/Eu*, 
and decreasing Hf). However, stage A generally records a 
large spread in isotopic values. This may be consistent with 
either (a) a coalescence of isotopically variable magmas as 
proposed by Pietranik et al. (2013) or (b) variable mixing 
between a primitive magma joining the magmatic system 
at the later stages of A and a more crustal-like magma. The 
two processes are not exclusive. If mixing was responsible 
for the primitive isotopic values observed at Fehmarn it may 
indicate that this locality was more affected by this early 
rejuvenation. A potentially higher proportion of primitive 
magma at Fehmarn is not clearly reflected in the trace ele-
ment content in the zircon (as they overlap between locali-
ties), but may be consistent with (a) a lack of high δ18O 
and low εHf values in stage B zircon, when such values 
are observed at Salzwedel and Penkun, (b) a wider com-
positional change observed within the grains, suggest-
ing longer crystallization perhaps in a hotter magma, (c) 
or more thorough isotopic homogenization evident in the 
homogeneous composition of zircon crystallized at stage 
B. More crustal-like isotopic values occur in zircon from 
Penkun and Salzwedel, but they steadily move towards more 
primitive values as the magma fractionates during stage B. 
This may reflect a higher proportion of crustal magma that 
evolves towards a more mixed, homogenous composition as 
it fractionates. Wysoka Kamieńska records the shortest time 
span of crystallization as suggested by the presence of the 
most restricted zircon compositions representing only stage 
A. The zircons in this location have low variability in δ18O 
and εHf isotopic composition (ranges from these rhyolites 
are marked on Fig. 7). Moreover, the zircon does not show 
high Eu/Eu* values and no Eu/Eu* vs Hf trend. The lower 
Eu/Eu* values at Wysoka Kamieńska as compared to other 

localities may be explained by general zircon crystallization 
after more intense fractionation of feldspar and thus resulted 
in inheritance of lower Eu/Eu* values from the surrounding 
melt. The lack of a trend between Eu/Eu* vs Hf may be 
explained by the relatively quick crystallization of zircon 
that did not record melt evolution along with cooling of the 
system, probably due to its rapid remobilization and erup-
tion. Altogether it is clear that combined isotope and trace 
element analyses may provide more information on the evo-
lution of these rhyolitic systems. However, not all processes 
are recorded in the same way in those analytical approaches. 
For example, early rejuvenation is only scarcely recorded 
in the isotopic composition of a few grains, whereas the 
trace element record is preserved in the majority of grains. 
However, this may be due to the generally better resolution 
of trace element analyses but underlines the importance of 
using both methods.

Magma recharge—when did the older zircon join 
the magma?

Melting of the continental crust produces magmas that are 
considered an important source of rhyolites. Partial melt-
ing of the crust might be caused by either the direct intru-
sion of magma from the mantle (low-degree production 
of partial melt) or by thermal rejuvenation caused by heat 
released from frequent basaltic intrusions at shallow depths 
(increased-degree of produced partial melt; e.g. Szymanow-
ski et al. 2017, 2019; Tavazzani et al. 2020). The record of 
partial melting, if not obliterated by subsequent processes of 
mixing with more primitive, mantle-derived magmas, may 
be detected via mineral dissolution/resorption textures and/
or the lack of equilibrium between coexisting crystals and 
melt (as for the Krafla volcano, where—following the drill-
ing project—these features were observed in situ; Masotta 
et al. 2018). Inherited zircon is a prime example of a min-
eral that survives partial melting and is often considered as 
representing the crustal source of rhyolitic magmas. How-
ever, it is not always clear if the inherited zircon represents 
the source or if it was added from the wall rock into the 
magma during its evolution that was dominated by assimila-
tion–fractional crystallization process.

In this study, we suggest that important information relat-
ing to silicic magma crystallization can be obtained by stud-
ying the composition of magmatic rims on inherited zircon 
grains and compare it to that of fully magmatic grains. First 
of all, the presence versus absence of inherited grains needs 
to be discussed. Wysoka Kamieńska—this site is character-
ized by a small number of inherited zircon (Breitkreuz et al. 
2007; Słodczyk et al. 2018). Based on the isotopic composi-
tion of these zircon, Słodczyk et al. (2018) suggested that the 
rhyolites were derived from the melting of fine-grained sedi-
mentary material (an Avalonian accretionary prism) mixed 
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with volumetrically dominating mantle-derived magmas. In 
contrast, the Fehmarn, Penkun, and Salzwedel sites contain 
variable proportions of magmatic and inherited grains (Bre-
itkreuz et al. 2007), suggesting, at the first approach, that 
the crustal source material was rich in zircon. However, this 
conclusion is not supported by the present study as all rims 
on the inherited grains show the same magmatic trace ele-
ment composition which is consistent with crystallization 
during late stage B and thus refers to the similar late timing 
of the recharge event (Fig. 11) and similar residence times 
within the magma systems before their evacuation and erup-
tion. The thickness of the magmatic rims do vary, but the 
maximum widths are similar between localities i.e. 60 μm 
for Salzwedel, 50 μm for Fehmarn, and 65 μm for Pen-
kun. Estimated zircon growth rates vary between  10–11 and 
 10–14 cm/s (Schmitt et al. 2011; Bindeman and Melnik 2016; 
Zhang and Xu 2016). Therefore, the rims needed somewhere 
between a few years to thousands of years to crystallize. This 
time span should therefore approximately mark a period of 
magma homogenization and final rejuvenation, which took 
place after the first recorded rejuvenation during stage A 
and subsequent assimilation-fractional crystallization during 

early stage B (Fig. 12). It could be that material assimilated 
during stage B provided the inherited grains, but there was 
a time lag before they resumed crystallization. Regardless 
of if the inherited zircon grains were assimilated during 
stage B or not, they do not represent an early crustal source 
from which the rhyolite magmas were derived. There are 
two possible explanations for this observation: (1) the initial 
rhyolitic magmas were too hot and zircon undersaturated and 
the zircon from the source is therefore fully dissolved or (2) 
the first stages recorded in the zircon represent differenti-
ated mafic magmas and the addition of crustal melts would 
be later. However, relatively high δ18O and low εHf values 
for zircon crystallized during stage A is more consistent 
with the first explanation. This interpretation is further sup-
ported by the lack of inherited zircon in Wysoka Kamieńska, 
which records only the early stages of zircon crystallization 
(Fig. 12). The first major implication of this is that the lack 
of inherited zircon is less source-dependent and more marks 
a certain evolution path of rhyolitic magma i.e. rhyolites 
that underwent short evolution and quick eruption would 
not contain inherited zircon. The second interpretation is 
that perhaps only rarely we can find zircon representing the 

Fig. 12  Schematic model of the 
magma evolution based on zir-
con trace element and isotopic 
composition record
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initial source and thus what we analyzed in the inherited zir-
con is upper crustal material where rhyolitic magmas reside 
before their final emplacement and eruption.

Conclusions

Zircon core-to-rim trace element composition and differ-
entiation indices can be used to identify magmatic stages 
reflecting magma evolution through fractionation, assimila-
tion, and/or recharge with more primitive melts. New infor-
mation is obtained when such a record is interpreted along 
with O and Hf isotopic compositions. Our results from this 
study show that zircon from the NE German Basin (Feh-
marn, Salzwedel, and Penkun sites) records early evolution 
from a magma affected by common recharge, followed by 
prolonged fractional crystallization indicating a high degree 
of magma maturation within a long-lived magmatic system. 
The magmas at Salzwedel and Penkun were also experi-
encing assimilation during this stage. The Fehmarn magma 
was also assimilating material, but the trace element and 
isotope records are overshadowed by more intense magma 
recharge. Lastly, all three localities may have recorded 
recharge during the late magmatic stages. Interestingly, the 
inherited grains from these localities have rim compositions 
overlapping only with strongly fractionated compositions 
(late stage B; Fig. 11) suggesting that the majority of the 
inherited zircon was incorporated during assimilation and 
not from the crustal source of the magmas. Inherited zir-
con grains are very rare at Wysoka Kamieńska (NW Polish 
Basin) indicating less fractionated magma was involved, 
supporting the absence of later stages when the majority of 
inherited zircons would join the melt (Fig. 12). This might 
be generally explained by a short residence time following 
rejuvenation within the magma chamber and rapid evacua-
tion of hotter, less evolved melts. Altogether, a juxtaposition 
of isotopic and trace element data reveals more details on 
magma evolution by contemporaneous fractional crystal-
lization, assimilation, and rejuvenation of the system by 
varied magma portions i.e. of mafic (less evolved) origin 
as for Fehmarn, or crustal (more evolved) associations for 
Salzwedel and Penkun. The comparison of chemical and 
isotopic trends between different parts of the crystals gives 
a complementary record, but the better resolution of trace 
element data reveals important details of magma evolution, 
which were not recorded by isotopes such as early and late 
rejuvenation. Lastly, only detailed grain-by-grain analyses 
in core-to-rim directions reveal information on successive 
stages of magma evolution as the composition of respective 
stages may overlap in scatter plots.
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