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Erosional remnants of the Miocene Strzelin Volcanic Field in SW Poland were studied in terms of volcanology, petrology 
and Sr–Nd–Pb isotope geochemistry with the aim to identify the reasons for compositional variability of monogenetic 
volcanoes. The obtained data suggest that a heterogeneous mantle peridotite (with mixed DM/HIMU signature) was 
the dominant source of magmas. Partial melting and segregation of magmas in diapirically rising asthenosphere occu-
rred within the garnet stability field. The source heterogeneity was the basic cause that controlled the compositional 
variability of the primary magmas, and also influenced the subsequent differentiation processes and eruptive styles. On 
the surface, additional role was played by variable environments (i.e. phreatomagmatic eruptions in water-saturated 
environments). More fertile mantle domains, with prevailing HIMU component, released melts deeper, at lower degrees 
of partial melting and small magma batches were formed. These nephelinitic magmas underwent only limited fractional 
crystallization en route to the surface and erupted with low explosivity as lava flows. In contrast, less fertile mantle 
domains, dominated by the DM component, released melts at higher degrees of partial melting at a shallower depth. This 
resulted in a more sustained magma supply that further enhanced the development of shallow-level magmatic systems, 
with more advanced and complex differentiation: larger degrees of fractional crystallization as well as replenishment 
by new batches of primitive magma. The resulting basaltic and trachybasaltic volcanoes showed a greater diversity of 
eruptive styles, including effusive and variably explosive eruptions.
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cases have been linked to differentiation in complex, 
shallow-level magmatic systems (Brenna et al. 2011), 
but also the differences in the source characteristics and 
the degree and depth of partial melting (Needham et 
al. 2011; McGee et al. 2012) or source metasomatism 
(Augustín-Flores et al. 2011) may directly influence the 
erupted compositions and eruptive behaviour of mono-
genetic volcanoes. Thus, some of the key problems in 
the studies of monogenetic volcanism include the rela-
tive roles of deep- vs. shallow-level controls on magma 
compositions and styles of volcanism, as well as the links 
between magma origin and evolution, and the shallow-
level emplacement and eruptive processes.

Mafic and bimodal, intraplate anorogenic volcanic 
activity occurred around the Mediterranean Sea and ad-
jacent parts of Europe and Northern Africa in Cenozoic 
to sub-Recent (Lustrino and Wilson 2007). The northern 
part of this Circum-Mediterranean Volcanic Province 
is known as the Central European Volcanic Province 
(CEVP: Wimmenauer 1974). Variably eroded central 
volcanic complexes (e.g., Wilson et al. 1995; Rapprich 
and Holub 2008; Holub et al. 2010; Skála et al. 2014) as 

1. Introduction

Mafic, monogenetic volcanic fields, comprised of tens 
to hundreds of small pyroclastic cones and craters with 
associated lavas, are amongst the most common manifes-
tations of continental basaltic (sensu lato) volcanism (Cas 
and Wright 1987). The cumulative volumes of magma 
erupted in such fields may reach that of much larger 
polygenetic volcanoes (Connor and Conway 2000). How-
ever, the individual monogenetic volcanoes are of low 
volume, short-lived and are, generally, linked to the rise 
and eruption of small batches of basaltic magma with the 
formation of relatively simple volcanic edifices. In recent 
years the evolution of eruptive styles and even complex 
eruptive scenarios were recognized in many monogenetic 
volcanoes (Kereszturi and Németh 2012 and references 
therein). Individual volcanic systems within fields of 
monogenetic volcanoes usually show some geochemical 
differences (e.g., in the Eifel Volcanic Fields: Mertes and 
Schmincke 1985) and some recent studies demonstrate 
also that even a single monogenetic volcano may display 
a strong compositional variation. These relatively rare 
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well as mafic monogenetic volcanic fields (e.g., Mertes 
and Schmincke 1985; Awdankiewicz 2005, 2013; Rap-
prich et al. 2007; Cajz et al. 2009; Büchner and Tietz 
2012; Tietz and Büchner 2015), often associated with 
rift zones, are characteristic of the CEVP (Wilson and 
Downes 1991, 2006). 

An excellent example is the Eger Rift in the Bohemian 
Massif. There, volcanism occurred at several stages from 
Late Cretaceous to Late Pleistocene; the largest volumes 
of volcanic rocks were emplaced from volcanic centres 
in the Eger Rift itself, but numerous volcanic fields were 
also active adjacent to transverse fault zones, around the 
rift (Ulrych et al. 2011 and references therein). 

Basaltic volcanism in the CEVP, and in the Bohemian 
Massif in particular, is generally linked with lithospheric 
extension and melting of upwelling asthenosphere with 
variable interactions between the melts of asthenospheric 
and lithospheric origin. However, a number of different 
petrogenetic models have been proposed to account for 
the causes of mantle melting, the variable mantle sources 
involved and their variation in space and time (Lustrino 
and Wilson 2007 and references therein). The main argu-
ments in this debate include the isotopic characteristics 
of the least differentiated basaltic rocks. A regional geo-
chemical variation across the CEVP has been recognized, 
and samples bearing characteristics of the least enriched 
mantle sources represent volcanoes from the eastern part of 
CEVP, east of the Eger Rift, from the Lower Silesia region 
(Blusztajn and Hart 1989; Wilson and Downes 2006).

This paper is focused on monogenetic volcanoes and 
volcanic rocks of the Strzelin Volcanic Field, located in 
the eastern part of the Lower Silesia. Based on published 
papers, revision of field relationships and new petrologi-
cal and geochemical data, the overview of geology and 
volcanic evolution of the Strzelin Volcanic Field is given. 
The new geochemical data, including major and trace ele-
ments and the Nd, Sr and Pb isotope ratios, are discussed 
using geochemical modelling of partial melting and dif-
ferentiation processes. The significance of the results and 
conclusions presented in this paper is twofold: 1) they 
highlight the key role of mantle source heterogeneities in 
determining the magma compositions and eruptive styles 
at adjacent monogenetic volcanoes, and 2) they provide 
further constraints, from the area of most extreme isoto-
pic signatures, on the regional geochemical variation and 
mantle sources involved in the CEVP.

2. Methods

2.1. Fieldwork, sampling and petrography

The fieldwork covered all outcrops of alkaline basaltic 
rocks in the vicinities of the towns Strzelin and Ziębice 

located south of Wroclaw. Sampling was carried out 
with reference to volcanic structures and rock types and 
encompassed various products of successive volcanic 
phases where present (e.g., lavas, interbedded pyroclas-
tic deposits, cross-cutting dykes, plugs). Overall c. 50 
specimens from 18 outcrops were collected. A subset of 
30 representative and the freshest specimens was studied 
in thin sections. Standard petrographic studies using the 
polarising microscope were followed by chemical analy-
sis of minerals using the electron microprobe. However, 
the latter results are only qualitatively used here to sup-
port the identification of mineral phases, and full results 
will be published elsewhere. Mineral abbreviations used 
follow those of Whitney and Evans (2010).

2.2. Bulk-rock chemistry

2.2.1. Major and trace elements

Twenty-one specimens of the volcanic rocks were se-
lected for whole-rock chemical analysis. After remov-
ing weathered fragments, washed and dried samples 
were crushed and pulverized using tungsten carbide jaw 
crusher and ring mill at the Institute of Geological Sci-
ences, University of Wrocław. Major- and trace-element 
bulk-rock analyses were carried out at ACME Labs, 
Vancouver, Canada. Pulverized rock samples were fused 
with lithium tetraborate. Following digestion in nitric 
acid, major and minor elements were analyzed using 
the inductively coupled plasma emission spectrometry 
(ICP-ES) and trace elements were determined using the 
inductively coupled plasma mass spectrometry (ICP-
MS) (analytical packages 4A, 4B; http://www.acmelab.
com). The detection limits were: 0.04 % for SiO2, Fe2O3, 
K2O; 0.03 % for Al2O3; 0.1 % for other major elements; 
0.5 ppm for Zr, Hf, Ba, Rb, Sr, Nb, La, Ce; 0.4 ppm for 
Nd; 0.05 ppm for Eu, Gd, Dy, Ho, Er, Tm, Yb; 0.01 ppm 
for Tb an Lu; and 0.1 ppm for the other trace elements. 
Chromium was determined as Cr2O3 at the detection limit 
of 0.001%. The geochemical data were handled using the 
GCDkit software (Janoušek et al. 2006).

2.2.2. Sr–Nd–Pb isotopes

Based on major- and trace-element geochemistry, a subset 
of six samples was selected for Sr–Nd and four samples 
for Pb isotopic analyses. All leaching and chemical sepa-
ration procedures were carried out in Class 10,000 clean 
laboratory of Czech Geological Survey, Prague–Bar-
randov (CGS) and the mass spectrometric analyses were 
performed at the CGS (isotopic analyses) and Institute 
of Geology, Czech Academy of Sciences (concentra-
tion analyses). Sample handling in lab was carried out 
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in Class 100 laminar flow hoods. All reagents used for 
Sr and Nd were in-house double distilled acids (in DST-
1000, Savillex). 

All samples were dissolved in a closed vessel using 
a 3 : 7 mixture of concentrated HNO3 and HF acids on a 
hotplate at 180 ºC for ~72 h. Afterwards, the dissolved 
samples were evaporated, 3 ml of HNO3 were added to 
the residues and dried three times, and finally re-digested 
in 8 ml of 6M HCl. Samples for Pb were dissolved sepa-
rately from those for Sr and Nd isotopes.

The Sr–Nd analytical procedure consists of triple 
column ion-exchange chemistry (Míková and Denková 
2007). Strontium and REE were isolated from the ma-
trix of acid-digested samples by following the techniques 
of Pin et al. (1994) (PP columns filled with Sr.spec and 
TRU.spec Eichrom resins for separation of Sr and bulk 
REE, respectively). The Nd was further separated from 
the REE fraction on PP columns with Ln.spec Eichrom 
resin.

Isotopic analyses were performed on a Thermo Finni-
gan Neptune multi-collector inductively coupled plasma 
mass spectrometer (MC ICP-MS). The measured Sr 
isotopic ratios were corrected for mass-dependent in-
strumental fractionation using exponential law assuming 
86Sr/88Sr = 0.1194 (Steiger and Jäger 1977). The isobaric 
interference of Rb at the mass 87 was corrected using the 
natural value of 87Rb/85Rb = 0.3857 (Steiger and Jäger 
1977). Reproducibility of the isotopic determinations is 
estimated from replicate analyses of the NIST NBS 987 
reference material during analytical session, giving an 
average 86Sr/88Sr = 0.710338 ± 10 (2σ), n = 8. 

The measured 143Nd/144Nd ratios were corrected for 
mass-dependent instrumental fractionation using expo-
nential law to 146Nd/144Nd = 0.7219 (Wasserburg et al. 
1981). If present, the isobaric interference of Sm at mass 
147 was corrected for using the natural isotopic ratio of 
144Sm/147Sm = 0.20648. During analytical session the rep-
licate analyses of Nd reference material JNdi-1 (Tanaka 
2000) gave an average 143Nd/144Nd = 0.512114 ± 12 (2σ), 
n = 8. 

In order for the measured Pb isotopic compositions 
of basalts to be representative of their respective mantle 
sources, acid leaching of samples prior to dissolution is 
an effective tool in removing secondary material (Silva 
et al. 2009), a key procedure for yielding correct Pb 
isotopic compositions (Bouvier et al. 2005). The acid-
leaching procedure used for Pb isotopic analyses fol-
lowed that of A. Stracke (pers. comm.). For dissolution 
and separation, UpA quality Romil acids were used, all 
dilutions were made using milliQ water, and all labware 
was acid-washed prior to use. Approximately 0.1–0.6 g 
of sample chips (depending on Pb concentration) were 
acid-leached with 14 ml of 6M HCl in a Savillex beaker 
in an ultrasonic bath for 60 min. The supernatant (leach-

ate solution) was immediately decanted before the fines 
had time to settle. The samples were then flushed and 
decanted twice with milliQ water to remove any traces of 
acid and then acid digested. Subsamples of the digested 
leached material were measured to determine the amounts 
of Pb present after the acid-leaching procedure. 

In preparation for Pb chemistry, the samples were 
dried and redissolved in 2M HCl and loaded onto a 
pre-cleaned and conditioned 0.2 ml column packed with 
Sr.Spec resin (50–100 mesh; Triskem, France). The ma-
trix was washed out with 2M HCl and Pb was eluted in 
6M HCl; this procedure results in ~100% recovery of 
Pb. After chemical purification, the eluted Pb fraction 
was dried, a small quantity of concentrated HNO3 was 
added to remove any organic material eluted from the 
resin along with the Pb, and it was dried again. In prepa-
ration for isotopic analyses, the dried Pb fractions were 
redissolved in 1 ml of 2% HNO3 with Tl spike and left 
overnight to homogenize on a hot plate. 

The Pb isotopic analyses were performed on a Neptune 
MC-ICP-MS (Thermo Scientific) at the CGS. Instrumen-
tal mass fractionation was monitored and corrected online 
using a NIST SRM 997 Tl standard solution; potential 
204Hg isobaric interference on 204Pb was monitored at 
mass 202Hg and corrected by assuming natural Hg iso-
topic abundances (202Hg/204Hg = 4.35). Sample analysis 
followed a sample–standard bracketing protocol in which 
the SRM-981 Pb standard was run after every sample. 
The results were then normalized off-line to the SRM 981 
certified values and combined statistics for three repeated 
measurements were calculated. The values for inter-
national standard SRM-981 obtained during this study 
were 206Pb/204Pb = 16.9411 ± 0.0005 (2σ), 207Pb/204Pb = 
15.4992 ± 0.0004 (2σ) and 208Pb/204Pb = 36.7234 ± 0.0011 
(2σ). The Pb isotopic ratios were not age-corrected, as 
the measured concentrations of Pb were low, and the 
large error of concentration analysis would propagate 
into final results.

3. Regional setting

The Cenozoic volcanic rocks of the Strzelin Volcanic 
Field crop out in Lower Silesia, at the NE margin of 
the Bohemian Massif, c. 100 km east of the northern tip 
of the Eger (Ohře) Rift (Fig. 1). The studied area lies 
between the Sudetic Boundary and the Odra fault zones. 
These structures belong to a broad zone of prominent 
NW-trending dislocations including also the Elbe Fault 
Zone. These dislocations were already active in the Pa-
laeozoic, and some were also reactivated in Meso- and 
Cenozoic eras. In particular, the Sudetic Boundary Fault 
shows a strong present-day morphological expression as 
a scarp up to 300 m high – separating the uplifted Sude-
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tes Block in the SW from the downthrown Fore-Sudetic 
Block, that is bordered further NE by the Odra Fault 
Zone (e.g., Mazur et al. 2006). The Fore-Sudetic Block 
is cut by a system of W–E to NW–SE trending horsts 
and grabens. The Cenozoic volcanic rocks of the Strze-
lin area occur within the Strzelin (or Strzelin-Ziębice) 
horst. In Cenozoic, this basement elevation was part of 
so-called Meta-Carpathian Swell, which was a water 
divide between the North Sea and the Paratethys in the 
south (Oberc et al. 1975; Cwojdziński and Jodłowski 
1982; Dyjor 1995).

The pre-Cenozoic basement rocks of Lower Silesia 
are part of the European Variscan Orogenic Belt. In the 
study area, the crystalline basement comprises several 
tectonostratigraphic units elongated in the north–south 
direction and separated by shear zones (Fig. 2), some 
of which are considered as Variscan terrane boundaries 
(e.g., Mazur et al. 2006). The main basement lithologies 
are variable gneisses and crystalline schists intercalated 
with amphibolites, marbles and quartzites. The Late Pro-
terozoic–Early Palaeozoic protoliths of these crystalline 
rocks underwent deformation and metamorphism during 
the Variscan collision in Late Devonian to Carbonifer-
ous times (e.g., Oberc-Dziedzic et al. 2005; Schulmann 
et al. 2014, and references therein). The metamorphic 
rocks were intruded by granitic plutons of Carbonifer-
ous to Permian age (Kozłowski and Wiszniewska 2007; 
Oberc-Dziedzic et al. 2013a, b, 2015 and references 
therein). The crystalline basement only partly crops 
out at the surface, being largely covered by up to a 
few hundred metres thick sedimentary cover, includ-
ing Oligocene, Miocene and Pliocene sands and clays, 

overlain by Pleistocene tills, gravels, sands and loesses 
(e.g., Sawicki 1967).

The structure and lithology of the lithosphere adjacent 
to the study area are constrained by drill core data, seis-
mic profiles, heat flow modelling and data from mantle 
xenoliths (Awdankiewicz 2008; Geissler et al. 2012; 
Puziewicz et al. 2012, and references therein). Accord-
ing to these studies, the Earth’s crust near the study area 
predominantly consists of various gneisses with minor 
granites. Amphibolites, locally over 3 km thick, occur 
in the near-surface part, and melagabbros are inferred to 
form the lower crust. The MOHO is located at a depth 
of c. 31 km and the lithosphere–asthenosphere bound-
ary at c. 90 km (Puziewicz et al. 2012) or 100–105 km 
(Geissler et al. 2012). Recently, Puziewicz et al. (2015) 
suggested that the transition from spinel to garnet perido-
tite, corresponding to the base of the lithospheric mantle, 
occurred at a depth of 50–70 km at the time of Cenozoic 
volcanism.

4. Results

4.1. Structure, age and subdivision of the 
volcanic succession

The Cenozoic volcanic rocks of the Strzelin area occur at 
nearly twenty small outcrops in c. 30 km long, relatively 
wide, NW–SE trending belt (Fig. 2). However, some 
fifty subcrops of basaltic rocks, much more extensive 
than outcrops, have been recognized adjacent to this 
belt underneath the Upper Miocene–Quaternary cover 
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using magnetic survey data (Cwojdziński and Jodłowski 
1982, and references therein). The “Strzelin-Ziębice 
basaltic concentration” distinguished by Cwojdziński 
and Jodłowski (1982) occupies NW-elongated, elliptical 
area of roughly 50 × 28 km (c. 1100 km2). Though partly 
eroded and covered with younger sediments, this “con-
centration” bears many similarities with modern medium-
sized mafic monogenetic volcanic fields (Connor and 
Conway 2000) in terms of the size, volcanic structures 
and rock types. Thus, this volcanic region is referred to 
here as the Strzelin Volcanic Field (SVF).

The published K–Ar age determinations of the out-
cropping volcanic rocks of the SVF (Birkenmajer et 
al. 2004; Badura et al. 2005) indicate two stages of the 
Cenozoic volcanism, in Oligocene and Miocene. Volcanic 
plugs, lava flows and partly eroded volcanic cones have 
been recognized in the SVF (Birkenmajer et al. 2004; 
Badura et al. 2005; Awdankiewicz 2005, 2013). Based on 

the age, composition and spatial distribution, the volcanic 
succession of the SVF can be subdivided into two main 
groups and several smaller units (Fig. 2): older, Oligo-
cene (30–28 (25?) Ma) Kowalskie nephelinites, Pogroda 
nephelinites and Dębowiec trachybasalts, and younger, 
Early Miocene (c. 23–20 Ma) Targowica basalts, Bruka-
lice basalts and Gilów-Gola trachybasalts.

This classification is tentative and subject to modifica-
tion, if more occurrences of volcanic rocks in the SVF, 
especially the subcrops, are drilled and studied in more 
detail.

4.2. Volcanic structures, lithologies and  
samples for this study

Each of the volcanic rock units distinguished above is 
specific in terms of volcanic structures and lithologies. 
The Kowalskie nephelinites comprise six outcrops in 5 
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Fig. 3 Lavas, subvolcanic intrusions and volcaniclastic deposits in the Strzelin Volcanic Field. Kowalskie quarry: a – columnar-jointed nephelinite 
lava piled-up and cooled against a mound(?) of nephelinite breccia rich in yellow clay; b – close-up of a matrix-supported breccia with scoriace-
ous lapilli and bombs in a yellow clay-rich matrix. Targowica quarry: c – bedded pyroclastic deposits (scoria-rich lapilli deposits and bomb-rich 
tuff-agglomerates) overlain by basaltic lava with poorly-developed columnar joints; d – massive tuff-agglomerates cut by basaltic dyke (outlined). 
Dębowiec trachybasalts: e – trachybasaltic lava overlain by scoria and spatter deposits; f – agglomerate with volcanic bombs of various shapes 
(e.g., spindle-shaped near the lower edge of photo).
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km long, ENE-trending zone overlying and locally cutting 
the crystalline rocks of the Kamieniec Metamorphic Belt 
(Wójcik 1973). Exposures in abandoned quarries reveal 
columnar-jointed lavas (Fig. 3a), up to c. 20 m thick, 
locally in two to three horizons interstratified with brec-
cias and possibly associated with volcanic plug(s) in the 
western outcrops (Birkenmajer et al. 1970, 2004; August 
et al. 1995). Some monomictic, clast-supported breccias 
in the Kowalskie quarry (coordinates: N50.730238°, 
E016.935205°) may represent auto-brecciated crust of aa-
lava flows. The other type of breccia is matrix-supported 
with frequent cm- to dm-sized scoriaceous bombs and 
more massive, quenched basaltic clasts in a yellow clay-
rich matrix (Fig. 3b). This breccia type is tentatively inter-
preted as a result of rootless explosions with hydroclastic 
ejecta related to interaction of lava flows with surface wa-
ter upon emplacement. Explosive eruptions at the Kowal-
skie volcanic system are also documented by altered lapilli 
tuffs locally underlying the lavas at Żelowice. Samples 
366, 410, 412, 413 of the present study are nephelinite 
lavas collected from the central and eastern outcrops of the 
Kowalskie volcanic system, whereas sample 363, a meli-
lite nephelinite, comes from poorly exposed westernmost 
outcrop, presumably a small plug.

The Pogroda nephelinites form an isolated plug 
within crystalline rocks of the Strzelin Massif (Wójcik 
1965). In a quarry c. 30 m in diameter (N50.691358°, 
E017.091393°), largely overgrown, there are small ex-
posures of non-bedded volcanic breccias composed of 
variably altered, massive to vesicular blocks and finer 
fragments of nephelinite, with xenoliths of crystalline 
country rocks. Sample 625 was collected from a more 
massive and least altered nephelinite block in the talus.

The Targowica basalts comprise a group of three out-
crops surrounded by Quaternary deposits (Wójcik 1973), 
in a centre of more extensive magnetic anomaly inter-
preted as a subcrop of equivalent basalts (Cwojdziński 
and Jodłowski 1982 and references therein). The largest, 
south-westernmost outcrop is extensively quarried at Tar-
gowica (N50.689297°, E016.965605°). A partly eroded 
scoria cone has been recognized there (the Sośnica Hill 
volcano; Awdankiewicz 2005). The samples used for the 
present study represent various styles and stages of ac-
tivity of the Sośnica volcano, including: scoria from the 
cone-forming, bedded and non-bedded deposits (samples 
20 and 15a, respectively, see Fig. 3c and 3d), a lava 
filling the central crater (sample 17), and subvolcanic 
intrusions cutting the pyroclastic deposits north-west 
of the central crater (sample 14 – a dyke, see Fig. 3d, 
and sample 6 – a plug). In addition, sample 18 has been 
collected from a smaller basalt outcrop 1.7 km NE of 
the quarry. This sample may represent a lava flow either 
erupted from the Sośnica volcano, or from another vent 
in the vicinity.

The Brukalice basalts, few kilometres SE of the 
Sośnica Volcano, possibly represent a similar, but smaller 
and poorly exposed volcanic centre. In an abandoned 
quarry (N50.662620°, E017.015708°) a 10 m thick aa 
lava flow overlain by non-bedded to bedded basaltic 
breccias and agglomerates is exposed. Sample 614 was 
collected from the coherent, more massive interior facies 
of the lava flow.

The Dębowiec trachybasalts comprise a group of 
small outcrops of volcanic and volcaniclastic rocks in an 
area c. 1.5 × 1.5 km, partly covered by Pleistocene to Ho-
locene deposits (Wroński 1970a, b, 1974). Lava flows and 
abundant near-vent pyroclastic fall deposits (e.g. beds of 
scoria, spatter, or lapilli-tuffs – see Fig. 3e–f) as well as 
dykes and plugs can be identified in several old quarries 
(east of Dębowiec village; N50.59995°, E017.12290°). 
These rocks can be tentatively linked to explosive and 
effusive activity of Strombolian-type cone(s), or fissure 
vents, with related emplacement of dykes and plugs. 
Sample 621 was collected from a lava flow underlying 
pyroclastic deposits, and the other three come from in-
trusive bodies: a dyke (sample 617) and plugs (619, 623).

The Gilów-Gola trachybasalts occur as four small 
outcrops of volcanogenic rocks aligned in NE–SW 
trending, c. 4 km long belt, set within crystalline rocks 
of the Góry Sowie Block (Cwojdziński and Walczak-
Augustyniak 1985). The alignment of outcrops may 
suggest relationship to a NE-trending fault. Most of the 
trachybasalts are considered as lava flows, and a plug, or 
a vent fill is inferred in the westernmost outcrop (Birken-
majer 1967; Birkenmajer et al. 1970, 2004). Samples 473, 
477 and 479 were collected from lava flows in the eastern 
and central outcrops, and sample 481 from the lava in the 
western vent (N50.728579°, E016.753199°).

4.3. Petrography

The samples studied comprise three main rock types: 
nephelinites, basalts and trachybasalts. The main petro-
graphic characteristics are summarized in Tab. 1 and il-
lustrated in Fig. 4. All samples are porphyritic, with up to 
5–10 vol. % phenocrysts in the nephelinites and up to 3–5 
vol. % in the basalts and trachybasalts. The phenocrysts 
are less than 2 mm in size in the nephelinites and usually 
smaller than 1–0.5 mm in the other rock types. The phe-
nocrysts are formed by olivine and diopside, which occur 
in variable proportions. Typically, olivine is more abun-
dant (nephelinites and Dębowiec trachybasalts) or even 
strongly predominant (Targowica and Brukalice basalts); 
more rarely, diopside is the prevailing phenocryst phase 
(Gilów-Gola trachybasalts). The microcrystalline ground-
mass consists of mainly subhedral to anhedral crystals of 
diopside, opaque minerals and nepheline (in the neph-
elinites); diopside, plagioclase and opaque minerals (in 
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Fig. 4 Photomicrographs (plane-polarized light) of representative samples of volcanic rocks. Location of samples is given in Fig. 2. Kowalskie 
nephelinites: a – euhedral to subhedral olivine phenocrysts and anhedral xenocrysts, together with diopside microphenocrysts, set in microcrystal-
line groundmass of diopside, opaques and nepheline (sample 366, lava flow); b – close-up of the groundmass of the melilite nephelinite composed 
of nepheline, melilite (partly altered: brownish colour in transmitted light is due to replacement by clay minerals with Fe-hydroxides), opaques, 
diopside and minor olivine (sample 366, lava in plug). Targowica basalts: c – embayed phenocryst of olivine in microcrystalline groundmass 
of diopside, plagioclase and opaques (sample 20, lava flow); d – pyroclastic fragments in a lapilli tuff (location the same as sample 20). The 
fragments shown, of coarse ash and fine lapilli fraction, represent small clasts of scoria characterized by variable vesicularity and crystallinity. 
The clasts are cemented with brownish clay mineral (smectite). Gilów trachybasalt: e – Glomerocryst of diopside and rare microphenocrysts of 
olivine are set in a groundmass of plagioclase laths (with associated anhedral alkali feldspar), subhedral diopside and opaques. Variable shades of 
light-brown in diopsides are due to sector zonation (sample 473, lava flow). Dębowiec trachybasalt: f – petrographically heterogeneous sample 
that shows 1–5 mm wide, lighter and darker patches and bands which differ in the degree of crystallinity and microlith size. The darker domains 
contain less abundant and smaller plagioclase microliths, but more abundant opaque-rich interstitial glass. The domains may represent relics of 
clastogenic textures (sample 621, lava flow).
Di – diopside; Mll – melilite; Ne – nepheline; Ol – olivine; xOl – xenocryst of olivine; Opq – opaque minerals (mostly titanomagnetite and/or 
ilmenite).
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the basalts) and diopside, plagioclase, alkali feldspar and 
opaques (in the trachybasalts). Minor amounts of intersti-
tial glass occur in some specimens. Apatite is a common 
accessory phase and melilite, variably replaced by clay 
minerals and possibly forming also pseudomorphs after 
perovskite(?), appears in the groundmass of the melilite 
nephelinite. Groundmass textures are typically massive, 
although small vesicles were observed in some samples. 
Preferred orientation of elongated minerals and flattened 
vesicles are rare. Some specimens are partly heteroge-
neous and contain indistinct domains, up to several mil-
limetres across, which differ in phenocryst content and 
size, crystallinity (amount and size of microcrysts versus 
glass in groundmass) or vesicle content. These domains 
may represent remnants of clastogenic textures, e.g., rel-
ics of spatter from Hawaiian-type eruptions, incompletely 
homogenized within lava flows, or autoclastic breccia 
re-annealed by the lava.

The phenocryst assemblages of the rocks studied are 
partly heterogeneous in terms of zoning and other textural 
features. Olivine and diopside phenocrysts vary in habit 
from euhedral to subhedral/anhedral. Olivine frequently 
displays embayments and it is normally zoned. Diopside 
phenocrysts usually show sector-type zonation, and some 
feature also distinctive greenish cores and concentric, 
oscillatory zonation. Glomerocrysts of radially-arranged 
diopside phenocrysts are found in most samples.

Small (millimetre-size) enclaves/xenocrysts can be 
identified in most specimens. These are variable in 
modal composition and texture and can be grouped into:  
(1) ultramafic (peridotite) xenoliths and mafic xenocrysts, 
(2) felsic, quartz-rich xenoliths and quartz xenocrysts, 
(3) other types of enclaves. The peridotite xenoliths are 
dominated by olivine, with minor pyroxenes ± accessory 
spinel. Some larger olivine and clinopyroxene crystals 

in the volcanic rocks were presumably derived from 
disintegration of such peridotite xenoliths. These ultra-
mafic xenoliths and mafic xenocrysts can be identified 
in c. one third of the samples studied. Felsic, quartz-rich 
xenoliths (cataclasite, quartzite and tonalite), as well as 
quartz xenocrysts, were noted in c. one fifth of speci-
mens. These xenoliths and xenocrysts are surrounded by 
reaction coronas rich in clinopyroxene; more rarely they 
show also discontinuous glassy envelopes. In addition, 
some samples contain plagioclase macrocrysts, poikilitic 
clinopyroxene macrocrysts, or olivine–clinopyroxene ag-
gregates; all these may represent various types of xeno-
crystic to cognate materials. Individual volcanic centres 
of the study area tend to show specific assemblages of 
enclaves and xenocrysts (Tab. 1).

Sampling of altered or weathered specimens was gen-
erally avoided. However, most specimens collected do 
contain some amounts of post-magmatic phases. Partial 
to strong replacement of olivine by iddingsite is the most 
typical. In addition, there are clay minerals (smectite?), 
calcite or minor zeolites that replace interstitial glass 
and fill vesicles. The post-magmatic minerals are espe-
cially frequent in basaltic and trachybasaltic pyroclastic 
rocks at Targowica and Dębowiec, which usually show 
a pronounced to complete replacement of the primary 
igneous phases.

4.4. Major- and trace-element geochemistry

Chemical analyses of the volcanic rocks studied are 
shown in Tab. 2. The mafic volcanic rocks of the SVF 
represent the alkaline sodic series and are poor in silica. 
The samples from Kowalskie and Pogroda plot in the 
basanite/tephrite field of the TAS diagram (Le Maitre et 
al. 2002; Fig. 5a). However, the distinction between foi-

Tab. 1 The main petrographic characteristics of volcanic rocks of the Strzelin Volcanic Field

Volcanic centre (samples) Volcanic structures
Selected petrographic features of coherent facies rocks* Enclaves, xenocrysts***

phenocryst  
content (vol. %)

phenocryst 
size (mm)

phenocryst 
assemblage**

groundmass  
minerals**

ultra-
mafic felsic other

Kowalskie nephelinites 
(363, 366, 410 412, 413) lava flows, plugs(?) 5–10 <2 Ol, Di Di, Ne, Opq (+Mll 

in sample 363) y n y

Pogroda nephelinites 
(625) plug 5 <2 Ol, Di Di, Ne, Opq n y n

Targowica basalts  
(6, 14, 17, 18)****

partly eroded scoria cone 
with dykes and lava flows 3–5 <1 Ol > Di Di, Pl, Opq y y n

Brukalice basalts (614) partly eroded scoria cone 
with lava flows(?) 3–5 <1.5 Ol Di, Pl, Opq n n n

Gola-Gilów trachybasalts 
(473,477, 479, 481) plugs 3–5 <1 Di > Ol Pl, Di, Afs, Opq y y n

Dębowiec trachybasalts 
(617, 619, 621, 623)

relics of eroded scoria and 
spatter cones, lava flows, 

plugs
3–5 <1 Ol, Di Pl, Di, Afs, Opq n n y

* Features common to all samples: porphyritic, massive texture, microcrystalline groundmass; rarely directional, vesicular or relic clastogenic textures
** Minerals: Afs – alkali feldspar, Di – diopside, Mll – melilite, Ne – nepheline, Opq – opaques, Pl – plagioclase
*** Inclusions: y – present, n – not present
**** Samples 15 and 18, not included in these characteristics, are partly altered scoria clasts. Compared to the coherent rocks they are hypocrys-
talline, with abundant post-magmatic phases (mainly clay minerals and hematite)
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Tab. 2 Whole-rock chemical analyses of the volcanic rocks

Sample 363 366 410 412 413 625 14 15A 17 18 20 6
Rock unit KN KN KN KN KN PN TB TB TB TB TB TB
SiO2 39.99 40.92 40.00 40.81 40.64 43.35 43.79 44.20 45.31 45.85 43.45 45.06
TiO2 2.42 2.28 2.28 2.27 2.29 2.56 3.20 3.52 2.66 3.37 3.32 2.87
Al2O3 10.95 11.05 11.55 11.63 11.48 11.93 13.28 14.82 13.49 14.18 13.94 13.52
Fe2O3* 13.14 12.57 12.79 12.61 12.49 12.14 12.84 14.66 12.31 13.29 13.74 12.69
MnO 0.21 0.20 0.21 0.20 0.21 0.18 0.17 0.13 0.17 0.16 0.13 0.17
MgO 12.44 12.70 12.77 12.90 12.58 10.81 8.74 3.23 8.88 6.87 5.57 8.46
CaO 12.53 13.05 12.59 12.42 12.64 11.62 10.18 6.33 10.23 9.32 6.30 10.26
Na2O 3.79 2.68 3.39 3.47 2.74 3.15 3.59 2.31 3.15 3.97 1.99 3.82
K2O 1.30 0.76 1.01 0.76 0.61 1.36 1.23 1.27 1.09 1.23 1.25 0.85
P2O5 1.37 1.09 1.15 0.98 0.99 0.98 0.70 0.75 0.58 0.66 0.72 0.67
LOI 1.40 2.20 1.90 1.60 3.00 1.60 0.86 7.77 0.80 0.67 8.47 0.49
Total 99.54 99.50 99.64 99.65 99.67 99.68 98.57 98.99 98.67 99.57 98.89 98.86
Mg# 0.65 0.67 0.66 0.67 0.67 0.64 0.57 0.30 0.59 0.51 0.45 0.57
C 0.02 0.02 0.02 0.07 0.12 0.02 nd nd nd nd nd nd
S 0.06 0.03 0.01 0.03 0.03 0.02 0.01 0.01 0.01 0.01 0.01 0.01
Cr 301 417 376 424 431 298 213 277 252 179 252 203
Ni 206 248 225 224 229 167 141 150 142 124 139 157
V 246 245 250 250 258 218 238 246 226 228 175 254
Sc 19 22 23 24 24 21 18.6 20.6 20.8 16 20.5 19.3
Ba 506 634 815 704 705 794 527 549 490 531 577 491
Rb 36.0 21.1 41.0 38.3 24.5 37.4 31.9 21.0 28.9 27.6 31.3 23.6
Sr 1054 1206 1243 1087 1068 1324 731 785 658 699 693 643
Cs 0.5 0.5 1.3 0.4 0.7 1.5 0.5 bdl bdl 0.8 bdl bdl
Th 11 7.9 12.3 11.6 10 9.9 5.2 5.1 4.6 4.3 5.1 5.1
U 3.3 2.6 2.9 2.9 2.6 2.6 1.5 1.5 1.3 1.3 1.4 1.4
Zr 299 252 262 246 255 268 249 229 200 270 255 205
Hf 7.6 6.3 5.9 6.5 6.4 6.4 6.4 6.5 5.2 7.3 6.7 5.5
Nb 116.6 91.2 103.0 92.6 94.7 93.2 68.1 64.9 61.5 60.4 71.5 56.4
Ta 6.3 4.9 5.5 5.2 5.2 4.8 3.8 4.0 3.0 3.5 3.8 3.3
Y 36.4 32.5 35.0 32.9 33.4 31.5 28.8 28.9 27.3 28.9 34.5 27.3
La 91.0 73.0 85.0 78.9 79.4 71.8 38.1 38.1 32.9 33.1 38.8 36.9
Ce 188.6 148.0 167.4 151.3 156.3 162.7 72.0 70.8 61.2 66.5 68.3 68.9
Pr 20.0 16.2 18.0 16.3 17.1 16.7 8.6 8.7 7.2 8.4 9.1 8.0
Nd 78.6 64.2 73.6 67.7 69.1 68.3 38.5 38.5 31.5 39.3 41.3 35.0
Sm 13.8 11.8 12.9 12.0 12.5 11.6 9.4 9.6 7.6 10.2 10.2 8.4
Eu 4.46 3.84 3.89 3.53 3.76 3.53 3.08 3.27 2.65 3.46 3.53 2.83
Gd 10.44 9.28 9.51 8.91 9.25 8.89 9.00 9.27 7.77 10.05 10.31 8.40
Tb 1.50 1.34 1.49 1.39 1.46 1.37 1.40 1.43 1.25 1.54 1.62 1.29
Dy 7.39 6.37 7.30 6.50 6.79 6.66 6.72 6.92 6.16 7.09 7.74 6.39
Ho 1.25 1.14 1.20 1.11 1.14 1.06 1.08 1.14 1.05 1.12 1.29 1.06
Er 2.79 2.60 2.87 2.65 2.73 2.78 2.82 2.91 2.71 2.71 3.30 2.88
Tm 0.36 0.33 0.37 0.34 0.35 0.37 0.33 0.34 0.35 0.31 0.39 0.36
Yb 2.03 2.09 2.27 2.17 2.06 2.08 1.85 1.89 1.93 1.69 2.13 1.99
Lu 0.29 0.27 0.31 0.29 0.28 0.31 0.24 0.23 0.26 0.21 0.28 0.27
Co 99.8 85.1 96.2 87.4 89.1 121.7 3.3 5.7 2.5 2.2 bdl 2.7
Mo 3.5 3.3 2.6 4.0 3.1 2.8 81.0 46.0 78.0 65.0 47.0 82.0
Cu 58.9 61.9 59.1 57.7 58.6 51.2 42.5 43.2 33.1 30.3 40.4 35.7
Zn 108 98 100 97 103 76 125 149 114 137 135 116
Pb 4.8 4.0 5.0 3.5 3.3 2.7 bdl 5.1 bdl bdl bdl bdl
Ga 21.4 19.8 20.8 20.1 20.5 19.3 28.1 27.1 26.1 30.9 28.0 25.6
Rock units: KN – Kowalskie nephelinites, PN – Pogroda nephelinites, TB – Targowica basalts, BB – Brukalice basalts, DT – Dębowiec trachyba-
salts, GGT – Gilów-Gola trachybasalts
Major and minor elements (SiO 2 to S) in wt. %; trace elements (Cr to Ga) in ppm
Fe2O3* – total Fe as Fe2O3
Mg# = MgO/(MgO + FeOt) in molar proportions with total Fe as FeO (FeOt)
nd – not determined; bdl – below detection limit
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dites (e.g. nephelinites) and basanites/tephrites using the 
TAS plot is unsatisfactory and additional criteria, such as 
the CIPW norm or modal composition, must be applied 
(Le Maitre et al. 2002). Based on the contents of norma-

tive nepheline, albite and oliv-
ine (Electronic supplementary 
Table 1), two of the samples 
would be classified as mela-
nephelinites and four as basani-
tes (Le Bas 1989). However, 
none of these samples contains 
modal plagioclase, and with the 
exception of Pogroda nephelin-
ite, nepheline is the only felsic 
mineral identified in thin sec-
tions. Therefore, the ultrabasic 
samples discussed here are 
classified as nephelinites. In 
addition, the Pogroda sample 
contains minor alkali feldspar 
and shows higher silica con-
tents, which can be linked with 
abundant quartz xenocrysts or 
some alteration in the specimen 
analyzed.

The samples from Gilów 
and Dębowiec plot in a tighter 
cluster in the trachybasalt field, 
and those from Targowica and 
Brukalice in the basalt field 
(with one lava sample from 
Targowica in the trachybasalt 
field) (Fig. 5a). The TAS clas-
sification of these samples is 
consistent with their modal 
mineralogy: plagioclase is the 
strongly predominant felsic 
mineral in the Targowica and 
Brukalice samples, whereas the 
Gilów and Dębowiec samples 
contain plagioclase and sub-
ordinate alkali feldspar. In ad-
dition, the lava sample from 
Brukalice and scoria samples 
from Targowica are shifted 
towards lower alkali contents, 
mainly due to depletion in Na, 
which can be linked to weath-
ering or post-magmatic altera-
tion, documented also by high 
LOI (up to 9 wt. %). The Zr/
Ti vs. Nb/Y diagram (Fig. 5b), 
based on the ratios of relatively 
immobile trace-elements, con-

firms affinities of the altered samples from Brukalice and 
Targowica to the unaltered Targowica basalts, and of the 
sample from Pogroda to the Kowlaskie nephelinites. This 
diagram displays also well the subdivision of studied 

Tab. 2 Continued

Sample 614 617 619 621 623 473 477 479 481
Rock unit BB DT DT DT DT GGT GGT GGT GGT
SiO2 41.73 44.64 44.92 44.95 45.50 44.92 45.64 45.21 44.95
TiO2 3.08 3.38 3.55 3.53 3.24 2.99 3.12 3.02 2.87
Al2O3 13.28 13.93 14.42 14.26 14.04 14.28 13.99 14.00 13.77
Fe2O3* 13.22 13.40 13.58 13.55 12.93 11.96 12.55 12.57 12.21
MnO 0.21 0.17 0.17 0.17 0.16 0.16 0.17 0.17 0.17
MgO 6.76 6.15 5.67 5.42 5.66 8.85 8.80 8.97 8.81
CaO 11.30 9.66 9.53 9.37 9.76 9.47 9.12 9.23 9.64
Na2O 2.45 3.99 4.14 3.98 4.35 3.41 4.00 3.75 3.53
K2O 0.47 1.10 1.23 1.19 1.06 1.45 1.48 1.44 1.41
P2O5 0.72 0.84 0.85 0.83 0.84 0.67 0.69 0.70 0.69
LOI 6.40 2.50 1.70 2.50 2.20 2.00 0.60 1.10 2.10
Total 99.62 99.76 99.76 99.75 99.74 100.16 100.16 100.16 100.15
Mg# 0.50 0.48 0.45 0.44 0.46 0.59 0.58 0.59 0.59
C 0.26 0.02 0.01 0.02 0.02 0.03 0.02 0.02 0.03
S nd nd nd nd nd 0.01 0.01 0.01 0.01
Cr 240 194 156 136 201 185 192 198 185
Ni 102 92 92 89 106 106 122 118 112
V 277 216 225 226 200 205 201 206 197
Sc 21 20 19 19 19 18 18 18 18
Ba 2123 557 527 579 540 527 517 538 538
Rb 9.8 48.4 35.9 31.7 47.1 43.1 40.1 39.7 35.9
Sr 695 854 821 824 852 898 802 812 789
Cs 0.5 1.4 1.2 2.4 0.7 0.5 0.6 0.7 0.6
Th 4.0 6.4 5.0 6.2 6.1 5.3 5.0 5.4 5.7
U 1.4 1.9 1.7 1.6 1.9 1.9 1.9 2 1.8
Zr 236 455 467 463 435 335 340 340 324
Hf 5.9 11.5 11.4 11.6 11.1 8.8 8.4 9.9 8.3
Nb 57.7 85.2 83.6 84.0 82.9 63.7 60.0 60.1 63.0
Ta 3.0 5.7 5.7 5.9 5.4 4.0 3.9 4.0 4.0
Y 32.2 43.5 43.0 41.9 40.5 39.6 37.9 38.1 37.6
La 30.6 38.8 35.9 35.1 39.4 42.8 41.3 41.3 42.6
Ce 70.0 93.9 89.5 88.5 95.5 89.6 89.3 86.4 85.8
Pr 8.3 11.6 10.9 11.1 11.4 10.5 10.5 10.6 10.2
Nd 39.3 56.5 51.5 51.5 53.0 44.5 45.4 46.6 40.8
Sm 8.5 12.6 12.5 11.9 12.0 11.3 11.5 11.7 10.5
Eu 2.81 4.03 4.01 3.99 3.88 3.68 3.52 3.79 3.40
Gd 8.64 12.18 11.68 11.66 10.79 9.48 10.39 10.55 9.43
Tb 1.35 1.82 1.90 1.84 1.79 1.56 1.64 1.52 1.47
Dy 6.73 9.21 9.31 8.88 8.45 8.20 8.09 7.85 7.67
Ho 1.05 1.47 1.38 1.36 1.32 1.34 1.39 1.38 1.31
Er 2.85 3.72 3.63 3.46 3.46 3.00 2.87 3.11 3.15
Tm 0.32 0.49 0.43 0.43 0.43 0.41 0.37 0.36 0.41
Yb 1.99 2.60 2.39 2.30 2.32 2.28 2.30 2.26 2.23
Lu 0.26 0.36 0.32 0.32 0.32 0.30 0.30 0.29 0.31
Co 77.3 128.9 126.8 116.0 109.8 112.2 102.6 98.0 84.6
Mo 0.6 2.4 2.6 2.3 3.0 2.3 2.9 2.5 2.7
Cu 28.5 27.6 35.1 24.5 31.6 34.5 36.7 37.2 35.9
Zn 56 113 135 144 121 111 127 121 120
Pb 0.3 0.6 0.4 0.4 0.9 1.0 0.5 0.6 0.7
Ga 22.8 27.9 29.0 29.1 26.4 27.1 26.7 27.3 26.6
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rocks into four clusters, each representing a separate 
volcanic system.

The differences between nephelinites, basalts and trachy-
basalts are accentuated in the binary plot of Nb vs. Zr (Fig. 
5c). The Kowalskie and Pogroda nephelinites are character-
ized by low Zr/Nb ratios (below 3) and moderate Zr contents 
(c. 250–300 ppm); the Targowica and Brukalice basalts 
have Zr/Nb ~ 4 and the lowest contents of Zr (c. 200–270 
ppm). For the Dębowiec and Gilów-Gola trachybasalts, the 
Zr/Nb ratios vary between 5 and 6 and the Zr contents are 
the highest (c. 450 ppm and 320–340 ppm, respectively).

Selected major and trace elements are plotted against 
MgO in Fig. 6. Some major elements (e.g. Si, Ti, Al) 

and highly compatible trace elements (e.g. Ni) follow 
a simple common linear trend for all groups. However, 
most of trace elements (e.g. Zr, Nb) usually show a 
more complex variation, such as divergent trends or sep-
arate clusters for nephelinites, basalts and trachybasalts. 
Overall, the Kowalskie and Pogroda nephelinites are 
characterized by the highest contents of MgO and the 
highest Mg numbers (Mg# = MgO/(MgO + FeOt), mo-
lar proportions; Tab. 2). The basalts and trachybasalts 
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Fig. 5 Chemical classification of the studied rocks: a – zoomed up total alkalis–silica (TAS) diagram (after Le Maitre et al. 2002); b – part of the 
Zr/TiO2 vs. Nb/Y diagram (Pearce 1996); c – binary diagram Nb vs. Zr.


Fig. 6 Binary plots of selected major and trace elements against MgO 
for the volcanic rocks of the SVF. Symbols as in Fig. 5.
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have lower concentrations of MgO (and CaO), but they 
are enriched in SiO2, TiO2 and Al2O3 compared to the 
nephelinites; Fe2O3(tot.) contents are broadly similar in 
all rocks (Tab. 2). Compared to the nephelinites, all 
basalts and trachybasalts present lower abundances of 
compatible elements such as Ni, Cr and V, and also of 
several Large Ion Lithophile Elements (LILE; e.g., Sr) 
and Light Rare Earth Elements (LREE; e.g. Ce), as well 
as Ta and Nb. The basalts are also depleted in Zr and Y, 
whereas the trachybasalts are enriched in these elements 
relative to the nephelinites (Fig. 6, Tab. 2).

In the chondrite-normalized REE plots (Fig. 7a) all 
samples show similar Heavy Rare Earth Element (HREE) 
abundances, mostly 6–10× chondritic values. The nephe-
linites, however, are characterized by highest abundances 
of the LREE (La contents up to 300× chondrite), result-
ing in the steepest patterns. The trends of basalts and 
trachybasalts are less LREE-enriched, subparallel, with 
the lowest total REE abundances in the basalts and the 
highest in the Gilów-Gola trachybasalts. In the primitive 
mantle-normalized plots (Fig. 7b), all samples share some 
general features, such as: asymmetrically upward-curved, 

hill-shaped patterns culminat-
ing at Ta and Nb, pronounced 
negative anomalies at K, Ti 
and, in some specimens, weak-
er, variable anomalies at Th, 
Sr or Zr. The nephelinites are 
distinct from basalts and tra-
chybasalts in: (1) significantly 
higher abundances of several 
incompatible elements (Ba to 
Ta, La to Nd), and (2) deeper 
negative anomalies at K and 
Ti. The differences between 
basalts and trachybasalts are 
less pronounced, their trends 
are subparallel with lower 
abundances of elements typical 
of the basalts. Trace-element 
abundances in the Dębowiec 
trachybasalts tend to be higher 
than in the Gilów-Gola trachy-
basalts.

4.5. Sr–Nd–Pb isotope  
   geochemistry

The isotopic data for six repre-
sentative samples of the SVF 
lavas are shown in Tab. 3 and 
illustrated in Fig. 8. Data for 
other Cenozoic volcanic rocks 
from the Lower Silesia, the 
Eger Rift and other locations 
in the Bohemian Massif are 
plotted for comparison. 

The 87Sr/86Sri isotopic ratios 
of the SVF samples show a 
narrow range from c. 0.7031 in 
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trachybasalts to 0.7034 in basalts. The 143Nd/144Ndi ratios 
clearly distinguish the nephelinites, showing lower values 
around 0.51286, from the basalts and trachybasalts, with 
higher values of 0.51293 to 0.51298 (the highest ratios 
were measured in two trachybasalt samples). Overall, 
these Sr–Nd isotopic ratios are intermediate between 
those of the Depleted Mantle (DM) and Bulk Silicate 
Earth (BSE; Jacobsen and Wasserburg 1980), and simi-
lar to these of the HIMU (High-µ) reservoir. The Sr–Nd 
isotopic ratios of SVF volcanic rocks are similar to the 
previously published data from Lower Silesia (Blusztajn 
and Hart 1989). The values reported here for two trachy-
basalts and one basalt rank among the lowest 87Sr/86Sr and 
the highest 143Nd/144Nd ratios compared to the Eger Rift, 
or other locations within the Bohemian Massif (Rapprich 
and Holub 2008; Cajz et al. 2009; Holub et al. 2010; 
Ulrych et al. 2016), and also within the Central European 
Volcanic Province (Jung and Masberg 1998; Lustrino and 
Wilson 2007). The Sr–Nd isotopic compositions of the 
nephelinites are less extreme, and resemble the samples 
from the Eger Rift (Cajz et al. 2009; Holub et al. 2010).

The Pb isotopic ratios were determined in four 
samples; 206Pb/204Pb displays a rather limited range from 
c. 19.6 to 20.0, 207Pb/204Pb in three samples clusters 
around c. 15.65 and in one (Dębowiec trachybasalt) is 
lower, c. 15.52. Overall, the Nd, Sr and Pb isotopic ratios 
highlight the distinctive characteristics of the nephelin-
ites compared to the basalts and trachybasalts. In the 
143Nd/144Nd–206Pb/204Pb diagram (Fig. 8b), all analyzed 
samples reveal rather radiogenic compositions and plot 
within the DM–HIMU–EM1–EM2 polygon, close to 
the DM–HIMU side. The SVF basalt and trachybasalt, 
together with the other Lower Silesian samples, show 
more pronounced DM characteristics, whereas the SVF 

nephelinites, similar to samples from the Eger Rift, are 
more akin the HIMU end-member. Compared to many 
other samples from the Lower Silesia and elsewhere in 
the Bohemian Massif, the rocks from the SVF plot away 
the EM1 and EM2 end-members, indicating the weakest 
influence of the enriched mantle sources. Similar relation-
ships are seen in the 207Pb/204Pb–206Pb/204Pb diagram (Fig. 
8c). Three samples from the SVF fall very close to, and 
the trachybasalt significantly below, the Northern Hemi-
sphere Reference Line (NHRL), far from the EM1–EM2 
end members. 

5. Discussion

5.1. Differentiation processes

According to Wilson (1989, and references therein), 
primary basaltic (sensu lato) melts derived from mantle 
peridotites are characterized by Mg# > 70, Ni > 400–500 
ppm and Cr > 1000 ppm. The volcanic rocks of the SVF 
show Mg# and compatible-element contents (Tab. 2) sig-
nificantly lower, which may be linked to some fractional 
crystallization of mafic minerals. The felsic xenoliths and 
quartz xenocrysts, apparently derived from crustal rocks, 
may indicate some influence of crustal contamination 
processes. On the other hand, millimetre-sized fragments 
of peridotite xenoliths are relatively common in these 
volcanic rocks and point to rather fast transport of magma 
from mantle depths to the surface, without significant 
differentiation in shallow-level magma chambers. Also, 
the overall composition of SVF volcanic rocks and their 
Sr–Nd isotopic ratios, different from typical crustal val-
ues, argue against significant differentiation or contami-

Tab. 3 Sr, Nd and Pb isotopic data for representative samples of the volcanic rocks

Sample 14 17 363 366 479 623
Rock unit TB TB KN KN GGT DT
(87Rb/86Sr)m 0.126319 0.126991 0.098833 0.050625 0.141427 0.159971
(87Sr/86Sr)m 0.703289 0.703453 0.703290 0.703297 0.703123 0.703270
2 S(M) 0.000014 0.000015 0.000011 0.000009 0.000011 0.000001
(87Sr/86Sr)i 0.703236 0.703399 0.703248 0.703275 0.703063 0.703188
(147Sm/144Nd)m 0.147622 0.145876 0.106152 0.111127 0.151805 0.136896
(143Nd/144Nd)m 0.512996 0.512960 0.512885 0.512879 0.513009 0.512998
2 S(M) 0.000008 0.000011 0.000004 0.000005 0.000005 0.000005
(143Nd/144Nd)i 0.512968 0.512931 0.512864 0.512857 0.512980 0.512970
206Pb/204Pb 19.8842 – 19.9010 20.0430 – 19.6319
2 S(M) 0.0005 – 0.0008 0.0006 – 0.0008
207Pb/204Pb 15.6400 – 15.6624 15.6492 – 15.5226
2 S(M) 0.0005 – 0.0007 0.0005 – 0.0010
208Pb/204Pb 39.3716 – 39.5852 39.7000 – 38.8509
2 S(M) 0.0011 – 0.0017 0.0011 – 0.0027
Rock units: TB – Targowica basalts, KN – Kowalskie nephelinites, GGT – Gilów-Gola trachybasalts, DT – Dębowiec trachybasalts
(87Rb/86Sr)m , (

87Sr/86Sr)m , (
147Sm/144Nd)m , (143Nd/144Nd)m – measured ratios

(87Sr/86Sr)i and (143Nd/144Nd)i – initial isotopic ratios calculated for 30 Ma
2 S(M) – two standard errors of the mean
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nation of the parental melts. Overall, the above evidence 
is consistent with limited fractional crystallization and 
very limited contamination, if any.

Fractional crystallization of, predominantly, olivine 
and clinopyroxene, the main phenocryst phases of the 
volcanic rocks, seems the most likely process which 
could have affected the primary magma compositions. 
Possible effects of fractional crystallization were evalu-
ated using numerical modelling (Fig. 9). The calculated 
geochemical trends were derived from mass balance  

(the lever rule) for the major elements and the Rayleigh 
fractional crystallization equation for trace elements. 
The assimilation–fractional crystallization (AFC) 
equation was used for modelling fractional crystalliza-
tion coupled with replenishment, with the replenishing 
magma treated as “contaminant”. The approach and 
equations were given in Wilson (1989) and Rollinson 
(1993) and in papers cited therein. Modelling was car-
ried out for selected major and trace elements, repre-
sentative of compatible and incompatible components 
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of the magmas. All parameters used in calculation are 
given in the caption of Fig. 9.

Figure 9a shows the variation of Ni vs. Mg# in the 
SVF rocks together with differentiation trend of a 
possible primary magma due to fractional crystalliza-
tion of olivine. Addition of small amounts of other 
minerals (e.g. clinopyroxene) into the fractionating 
mineral assemblage has a rather minor effect on the 

calculated Ni–Mg# trends. Thus, the SVF magmas 
could have evolved by the olivine-dominated fractional 
crystallization. The nephelinites represent less evolved 
magmas, affected by c. 10 % of olivine-dominated 
fractional crystallization, whereas the basalts and 
trachybasalts correspond to more evolved magmas, af-
fected by up to c. 20% of olivine-dominated fractional 
crystallization.
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In the plot of CaO/Al2O3 vs. Mg# (Fig. 9b), the effects 
of fractional crystallization of olivine, clinopyroxene and 
plagioclase can be evaluated. As indicated by the vectors 
in the lower right corner of this plot, fractionation of 
olivine results in decrease of Mg# but no change in Ca/
Al ratio of the magma (horizontal vector Ol); fraction-
ation of calcic plagioclase leads to the increase in Ca/Al 
ratio but the Mg# of the magma is not changed (vertical 
vector Pl) and fractionation of clinopyroxene results in 
a strong decrease of Ca/Al ratio and small decrease of 
Mg# (steep vector Cpx). In this diagram the SVF volcanic 
rocks plot in two distinct groups: the nephelinites, and 
the basalts with trachybasalts. The subhorizontal trend 
for the latter group is suggestive of olivine-dominated 
fractionation, possibly with some clinopyroxene also 
involved. The influence of plagioclase fractionation 
can be excluded, as also reflected in the absence of Eu-
anomaly in chondrite-normalized REE patterns (Fig. 
7a). Two basalt samples that plot away from the rest, at 
the lowest Mg# values and CaO/Al2O3 ratios, are partly 
altered and thus probably affected by post-magmatic 
element mobility. The nephelinites form a tight cluster 
rather than a trend, with Pogroda nephelinite sample 
shifted to slightly lower Mg# and CaO/Al2O3, possibly 
due to some alteration. Potentially, the nephelinites and 
basalts–trachybasalts could be linked to different de-
grees of differentiation of a single parental magma with 
a high Mg# and CaO/Al2O3. However, such a model 
(not shown) would require clinopyroxene-dominated 
fractional crystallization, which would be inconsistent 
with the other geochemical constraints, such as the Ni vs. 
Mg# variation (implying olivine-dominated fractionation 
from Ni-rich parental magma). Therefore, the chemical 
trends defined by the SVF samples in the CaO/Al2O3 vs. 
Mg# plot can be best modelled as the effect of fractional 
crystallization of olivine with subordinate clinopyroxene 
(e.g., weight fractions 0.8 and 0.2, respectively; arbitrary 
values), from primary magmas with Mg# value close to 
0.7 and CaO/Al2O3 ratio similar to the observed rock 
compositions. It follows that at least two distinct types 
of primary magmas, one for nephelinites, the other for 
basalts–trachybasalts, are required.

The role of different primary magmas and distinctive 
fractionation paths for various groups of rocks are further 
evaluated in the Nb–Zr plot (Fig. 9c). In this diagram, the 
SVF nephelinites, basalts and trachybasalts plot along 
separate trends with different Zr/Nb ratios. Zirconium 
and Nb are incompatible in mineral assemblages that 
may crystallize from primitive, silica-poor magmas and 
therefore fractional crystallization does not significantly 
influence the ratio of these elements. These relationships 
imply that each group of the SVF rocks originated from 
primary magmas with a different Zr/Nb ratio. These paren-
tal compositions must lie along trends of constant Zr/Nb 

ratios, not far from the observed rock compositions (the 
degree of fractional crystallization is less that 10–20 %, 
see Fig. 9a), at lower Zr and Nb (e.g., Zr = 235 ppm, Nb 
= 85 ppm for nephelinites; Zr = 190 ppm, Nb = 53 ppm 
for basalts; Zr = 275 ppm, Nb = 51 ppm for trachybasalts). 
Possible fractional crystallization trends calculated using 
these constraints and olivine-dominated mineral assem-
blages fit well the observed variation for the nephelinites, 
the basalts, and the Gilów-Gola trachybasalts (Fig. 9c). 
However, in the nephelinites the relatively wide range of 
Zr and Nb contents may be an effect of not only fractional 
crystallization, but also variable degrees of partial melting. 
In the case of Dębowiec trachybasalts, their high Zr and 
Nb contents (compared to Gilów-Gola trachybasalts) can 
be either explained by derivation from Zr- and Nb-rich pa-
rental magma (i.e. 400 ppm of Zr, 70 ppm of Nb) or, more 
consistently with the relatively low magnesium numbers in 
these rocks (see Fig. 9a), by more advanced differentiation. 
It can be suggested that the Dębowiec magmas evolved 
due to fractional crystallization coupled with replenish-
ment of the magmatic system with the primitive magma. 
As shown by the calculated trend (20 % of fractional 
crystallization coupled with replenishment, with replenish-
ment to fractional crystallization ratio r = 0.5 suggested 
by trial and error fitting), in this type of differentiation the  
Zr/Nb ratio remains unmodified but, at similar degree of 
differentiation, the Zr and Nb contents rise to higher levels.

5.2. Mantle sources of magma, partial melting 
processes and regional constraints on 
magma origin

The models discussed above rise questions about the 
composition(s) and origin of the parental magmas in 
the SVF, including such problems as the role of source 
heterogeneity, the geochemical and mineralogical char-
acteristics of the mantle sources, the degrees of partial 
melting and the depths of magma segregation from the 
source (garnet- vs. spinel-peridotite stability fields). 
These questions were addressed using numerical model-
ling of selected trace elements (Zr, Nb, Y, Ce and Yb; Fig. 
10). The non-modal batch melting equation was applied 
(Wilson 1989; Rollinson 1993). The Nd–Sr–Pb isotopic 
data (Fig. 8) constrain the mantle sources: the magmas 
were derived from a heterogeneous source which may be 
approximated as a mixture of the DM and HIMU end-
members, with negligible role of the EM end-members. 
The trace-element composition of the depleted mantle 
end-member used here is the ”Enriched Depleted MORB 
Mantle” (EDMM) of Workman and Hart (2005): a mildly 
depleted mantle, enriched relative to the average depleted 
mantle composition. The trace-element composition of 
the HIMU end-member is not known exactly but it is 
generally considered to represent the oceanic lithosphere 
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recycled into the mantle (e.g. Willbold and Stracke 2006). 
Thus, the HIMU component was approximated here by 
the MORB composition of Pearce (1983). This simplis-
tic approach has some limitation, e.g. due to possible 
changes in MORB chemistry caused by alteration and 
metamorphism before it is recycled back into the mantle 
(e.g., Bebout 1995; Castro et al. 1996). However, the ele-
ments used in modelling (i.e. Zr, Nb, Y, Ce and Yb) may 
be considered immobile to weakly-mobile in these types 
of alteration. Using the above constraints, the source of 
the SVF magmas was modelled as a mixture of EDMM 
with a small amount of MORB; the latter corresponds to 
a larger proportion of the HIMU component, representing 
MORB ‘diluted’ in ambient mantle. The calculated trace-
element compositions of the source, together with other 
parameters used in the modelling, are given in Tab. 4.

In Fig. 10a–c, the trace-element data for the SVF 
volcanic rocks are plotted together with calculated melt-
ing curves of the mixed DM/HIMU source (modelled as 
94 % EDMM + 6 % MORB), assuming either a spinel 
lherzolite or a garnet lherzolite source (Tab. 4). In ad-
dition, representative differentiation trends are plotted 
in Fig. 10b and 10c to illustrate the effects of fractional 
crystallization and mafic replenishment on the element 
contents and ratios discussed. The Nb/Y, Zr/Nb, Ce/
Yb ratios are not modified by fractional crystallization 
of olivine with clinopyroxene. The contents of Zr, Nb 

and Yb, however, increase dur-
ing differentiation, resulting in 
certain shift from the primary 
position along the FC–FCR 
trends shown. From Fig. 10a–c 
it is clear that the SVF samples 
fit well the melting curves of the 
garnet lherzolite and plot away 
from spinel lherzolite melting 
curves. The shift of trachybasalt 
samples to the high Zr and Nb 
contents in Fig. 10b can be 
best linked to the differentiation 
processes and not to the melting 
in the spinel peridotite facies, 
consistently with the position 
of these trachybasalt samples in 
Nb/Y vs. Zr/Nb and Ce/Yb vs. 
Yb plots (Fig. 10a and c). From 
these models it is concluded that 
the parental magmas in the SVF 
originated from a heterogeneous 
DM/HIMU garnet peridotite by 
low degrees of partial melting, 
below 1–2 %. There are some 
differences in the calculated 
degrees of partial melting for 

various pairs of elements, but the relative positions of the 
samples along the melting curves are retained. The values 
obtained from the REE models may be closer to reality, 
as those for Nb, Zr and Y seem very low.

The roles of source heterogeneity and variable degrees 
of partial melting are further illustrated in Fig. 10d. This 
diagram is an enlarged section of Fig. 10c and shows a 
family of melting curves of a garnet lherzolite source 
calculated for variable proportions of the HIMU and 
DM end-members, 90 % EDMM + 10 % MORB to 96 % 
EDMM + 4 % MORB. The “melting field” between the 
extreme melting curves is contoured for various degrees 
of partial melting, from 0.1 % to 6 %. In addition, a trend 
of fractional crystallization coupled with replenishment 
illustrates the possible influence of shallow-level dif-
ferentiation: the Ce/Yb ratio is practically unaffected, 
but Yb content increases with differentiation (the effect 
of fractional crystallization alone, not plotted here for 
clarity, would be significantly weaker, cf. Fig. 10c). 
This shift is of relatively minor importance for the less 
evolved nephelinites, but it is more significant for the 
more evolved trachybasalts. From the relationships 
in Fig. 10d (and consistently with the isotope data in 
Fig. 8) it is concluded that both the source heterogeneity 
and different degrees of partial melting contributed to 
the diversity of the SVF magmas. The nephelinitic ones 
originated from a source with a stronger HIMU signature 

Tab. 4 Data used in numerical modelling of partial melting and differentiation processes

Partition coefficients (Kostopoulos and James 1992)

Ol Opx Cpx Spl Grt
Zr 0.01 0.03 0.16 0.05 0.32
Nb 0.0001 0.001 0.015 0.0001 0.04
Y 0.01 0.1 0.2 0.0078 2.2885
Ce 0.000008 0.00105 0.0389 0.000008 0.0014
Yb 0.0194 0.0631 0.19 0.00032 4.7

Mineral phases and melting modes of mantle sources; values are weight fractions (Harangi 2001)

Spl peridotite Ol Opx Cpx Spl Grt
proportions of phases 0.580 0.300 0.100 0.020 0
contribution to melt 0.012 0.081 0.764 0.143 0
Grt peridotite Ol Opx Cpx Spl Grt
proportions of phases 0.599 0.255 0.088 0 0.058
contribution to melt 0.012 0.081 0.364 0 0.543

Trace-element compositions of mantle sources (ppm)

Zr Nb Y Ce Yb
EDMM (Workman and Hart 2005) 6.087 0.246 3.548 0.726 0.382
MORB (Pearce 1983) 90.0 3.5 30.0 10.0 3.4
96 % EDMM + 4 % MORB 9.44 0.38 4.61 1.10 0.50
94 % EDMM + 6 % MORB 11.12 0.44 5.14 1.28 0.56
92 % EDMM + 8 % MORB 12.80 0.51 5.66 1.47 0.62
90 % EDMM + 10 % MORB 14.48 0.57 6.19 1.65 0.68
Abbreviations: Ol – olivine, Opx – orthopyroxene, Cpx – clinopyroxene, Spl – spinel, Grt – garnet
EDMM – Enriched Depleted MORB Mantle, MORB – Mid-Ocean Ridge Basalt
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(higher proportion of recycled MORB in the source) at 
low degrees of partial melting (c. 0.5 %). The variation 
of Ce/Yb in the nephelinites may partly reflect variable 
degrees of partial melting recorded by lava samples 
from different localities. In particular, the melilite neph-
elinite could have originated at the lowest degree of 
partial melting, below 0.5 %. The increased Yb contents 
in some specimens, on the other hand, may primarily 
reflect a more advanced shallow-level differentiation 
or, less likely, an increased contribution of the HIMU 
end-member. Compared to the nephelinites, the basalts 
represent more evolved melts and thus the subhorizontal 
trend defined by these samples is best explained by the 
influence of shallow-level differentiation. Considering 
the possible scale of this shift, the primary magmas of 
the basalts can be linked with c. 1 % of melting of more 
depleted source compared to the nephelinites (smaller 
proportion of recycled MORB component in the source). 
Parental magmas of the trachybasalts, which show even 
stronger effects of the shallow-level differentiation (more 
advanced fractional crystallization coupled with replen-
ishment) originated from a broadly similar source as 
basalts, and at similar degrees of partial melting (c. 1 %). 
However, it seems also likely that some differences in 
parental magma composition between basalts and tra-
chybasalts did exist, as indicated by the isotopic ratios, 
showing the strongest DM signature in the trachybasalts 
(Fig. 8), but the trace-element differences were partly 
overprinted by the shallow-level differentiation.

The relationships discussed above point to the associa-
tion of the stronger HIMU signature with lower degrees 
of partial melting (in the nephelinites), and of the more 
prominent DM signature with larger degrees of partial 
melting (in the basalts and trachybasalts). Nevertheless, 
the trace-element modelling indicates segregation of all 
magma types of the SVF within the garnet peridotite 
stability field. According to Wood et al. (2013), garnet 
is stable in fertile peridotites at solidus temperatures 
at depths greater than c. 85 km. The present-day litho-
sphere–asthenosphere boundary is located 90–100 km 
(Puziewicz et al. 2012) or c. 100–105 km (Geisler et al. 
2012) below the SVF, but could have been at c. 70 km at 
the time when volcanic activity occurred (Puziewicz et 
al. 2015). Considering the geochemical modelling and the 
geophysical constraints it is likely that the magmas under 
the SVF originated predominantly in the asthenospheric 
mantle, close to the base of lithosphere, or in the lower-
most lithospheric mantle. The asthenospheric mantle as 
the main magma source in the CEVP was suggested by 
several previous studies (Ladenberger et al. 2006; Wilson 
and Downes 2006; Lustrino and Wilson 2007).

It remains rather a matter of speculation what the 
spatial relationships of the DM and HIMU components 
might have been under the SVF. For instance, the close 

association in space and time of lavas with variable 
HIMU and DM signatures, in eruptive products of adja-
cent small monogenetic volcanoes, may suggest melting 
of a mantle source with small-scale heterogeneities, e.g., 
a rising diapir of ‘marble-cake’ mantle with HIMU do-
mains dispersed in a DM matrix (Allègre and Turcotte 
1986), or melting of depleted mantle hosting veins or 
pods of solidified melts with HIMU characteristics (Wil-
son 1989 and references therein). The geochemical varia-
tion in the SVF can be linked to a progressive melting 
in a rising mantle diapir. The nephelinites may represent 
melts segregated at a greater depth, at lower degree of 
melting, and thus bear a stronger signature of the more 
fusible and ‘fertile’ HIMU component, whereas the 
basalts and trachybasalts would correspond to magmas 
segregated at a shallower depth after a higher degree of 
melting, with stronger contribution of the less fertile DM 
component.

The models discussed above explain well the key iso-
topic and trace-element signatures of the SVF volcanic 
rocks. In particular, the enrichment in LREE and other 
incompatible elements (e.g. Nb, Ta), partly contrasting 
with the mildly depleted isotopic signatures in the SVF 
volcanic rocks, can be linked to the relatively fertile 
source composition (the HIMU component involved) 
as well as to low degrees of partial melting in the pres-
ence of garnet. There seems to be no need to postulate 
any additional metasomatic enrichment in the mantle 
sources of the SVF magmas. However, similar to other 
volcanic rocks in the Bohemian Massif and elsewhere in 
the CEVP, the SVF volcanic rocks show specific frac-
tionation patterns between the LIL and HFS elements, 
in particular the pronounced negative K anomaly in the 
mantle-normalized trace-element patterns (Fig. 7b). The 
relative depletion in K in the Cenozoic volcanic rocks 
of CEVP is often attributed to the derivation of magmas 
from a metasomatized mantle source, containing a residu-
al K-rich phase, such as amphibole, at the time of magma 
segregation (Lustrino and Wilson 2007, and references 
therein). On the other hand, the relative depletion in Pb, 
K and other LIL elements is also an inherent feature of 
the HIMU end-member, which is considered as a recycled 
oceanic crust, which suffered selective depletion in LIL 
elements due to dehydration during subduction (Willbold 
and Stracke 2006; Lustrino and Wilson 2007; Harangi et 
al. 2015). A detailed discussion of these issues is beyond 
the scope of the current paper. However, in the light 
of the isotopic data (Fig. 8) which indicate a very lim-
ited influence of enriched mantle end-members, and the 
trace-element models for magma generation calculated 
in this study (Fig. 10) it is considered that LILE/HFSE 
geochemistry of the SVF volcanic rocks may reflect the 
chemistry of the mantle source and the influence of the 
HIMU component, rather than the presence of residual 
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amphibole in the mantle during the formation of the SVF 
magmas.

Noteworthy, in the SVF there seems also to be an 
association between the degree of partial meting and 
the degree of subsequent differentiation of the magmas: 
more advanced and complex differentiation is inferred 
for the trachybasalts, related to higher degrees of mantle 
melting, than for the nephelinites, produced by lower 
degrees of melting. It follows that larger amounts of 
trachybasaltic melts had a greater potential to feed 
more sustained magmatic systems of the trachybasaltic 
volcanoes, where differentiation of the primary magmas 
was enhanced.

6. Conclusions – petrogenetic model of 
the SVF volcanism

The relationships discussed above can be integrated into 
a conceptual petrogenetic model for the SVF volcanoes 
explaining how the interrelated processes of magma 
formation and differentiation influenced the composition 
of eruptive products and the volcanic structures formed 
(Tab. 5). The magma source of the SVF was dominantly 
in a heterogeneous asthenosphere, with mixed DM/HIMU 
signatures. Partial melting and segregation of magmas 
in rising mantle diapirs, possibly induced by regional 
extension (Lustrino and Wilson 2007), occurred within 
the garnet stability field. The heterogeneity of the mantle 
source was the basic cause that controlled the composition 
of primary magmas, also indirectly influenced subsequent 
differentiation processes, and finally left also some imprint 
on the eruptive styles. More fertile mantle domains, richer 
in the HIMU component, released melts at lower degrees 
of partial melting at greater depth. These low volumes of 

nephelinitic magmas underwent only limited fractional 
crystallization en route to the surface and erupted ef-
fusively forming lava flows or fields. In contrast, less 
fertile mantle domains, dominated by the DM component, 
released melts at higher degrees of partial melting at a 
shallower depth. This resulted in a more sustained magma 
supply that further enhanced the development of shallow-
level magmatic systems, with more advanced and complex 
differentiation: larger degrees of fractional crystallization 
as well as replenishment by new batches of primitive mag-
ma. The resulting basaltic and, especially, trachybasaltic 
volcanoes, showed a greater diversity of eruptive styles, 
including effusive and variably explosive eruptions. The 
volcanic structures encompass scoria cones, spatter cones 
and associated lavas flows. For the monogenetic volca-
noes of the SVF, such evolutionary trends point to: (1) the 
strong coupling between the source characteristics, partial 
melting processes and subsequent evolution of magmas, 
and (2) the key role of mantle source characteristics in 
determining the composition of eruptive products and the 
style of volcanism. An additional factor must have been 
the interaction of rising magmas with water at near-surface 
levels, as evidenced by phreatomagmatic products locally 
found in the SVF. This phreatomagmatism, however, rep-
resented only a shallow-level modification of the deeply-
rooted, mantle-related variations.

Significant geochemical variation within single mono-
genetic volcanoes is rather rare (e.g., Needham et al. 
2011; McGee et al. 2012). However, adjacent basaltic 
monogenetic volcanoes in a volcanic field more com-
monly show distinctive geochemical characteristics 
(e.g., Mertes and Schmincke 1985). It is possible that the 
petrogenetic model for the SVF presented here, which 
highlights the dominant influence of deep-seated factors 
on the compositional diversity and eruptive behaviour 

Tab. 5 A conceptual model for the Strzelin Field volcanism, highlighting the links between the deep to shallow magmatic processes, eruptive styles 
and compositions of different volcanic systems. Additional variation in eruptive styles may be due to phreatomagmatic activity

NEPHELINITIC  
VOLCANOES

BASALTIC  
VOLCANOES

TRACHYBASALTIC  
VOLCANOES

VOLCANIC STRUCTURES lava flows and fields scoria cones and lava flows scoria and spatter cones, lava flows

DOMINANT
ERUPTIVE STYLE effusive effusive to mildly  

explosive explosive to effusive

DIFFERENTIATION PROCESSES limited (<10%) fractional 
crystallization of Ol>Cpx

moderate (10–15%) 
fractional crystallization of 

Ol>Cpx

advanced (up to c. 20%) fractional 
crystallization of Ol>Cpx coupled 
with replenishment by primitive 

magma

MELTING  
PROCESSES AND 

MANTLE SOURCES

partial melting:  
degree, melt  

segregation depth

c. 0.5%,
greater depth

c. 1%,
shallower depth

c. 1%,
shallower depth

source components stronger HIMU signature weaker HIMU signature weakest HIMU signature

source characteristics

■ Melt segregation within the garnet stability field
■ Heterogeneous source, strongly dominated by DM and HIMU components relative to much 

less important (negligible?) EM component
■ The main magma source in the asthenosphere
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of individual monogenetic volcanoes, may reflect more 
general trends, characteristic of monogenetic basaltic 
volcanoes and fields worldwide.

Our results show that the primary magmas of the SVF, 
on the eastern extremity of the CEVP, were derived from 
a heterogeneous, DM–HIMU-dominated mantle source, 
within the garnet peridotite stability field, mostly within the 
asthenosphere. These results are in line with those regional 
models of CEVP volcanism that link the origin of magmas 
with lithospheric extension and melting of diapirically rising 
asthenospheric mantle (Lustrino and Wilson 2007).
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