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1. Introduction

The mineral and chemical composition of the 
lithospheric mantle is the result of various processes, 
including metasomatism and melting events. A rapid 
ascent (~ 6 m/s; Demouchy et al., 2006) of peridotitic 
xenoliths in basaltic magmas to the Earth’s surface 
minimizes the extent of their alteration and allows 
the preservation of relatively clear records of mantle 
processes. Conversely, the host magma can chemically 
interact with the xenoliths, altering both their texture 
and chemical composition. These processes can obscure 
the primary signatures of mantle processes, making 
them challenging to interpret (Shaw & Dingwell, 2008; 
Shaw, 2009; Marchev et al., 2017).

Peridotitic xenoliths from Scania (S Sweden; Erlström, 
2009) were carried to the surface by Mesozoic mafic 
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Abstract

Peridotite xenoliths from Scania (S Sweden), brought to the surface by 
Mesozoic basanitic magmas, provide insights into the lithospheric mantle 
underlying the East European Craton. During their ascent, some of the 
entrained xenoliths were infiltrated by a Si-undersaturated melt. The 
infiltration triggered orthopyroxene dissolution and the formation of fine-
grained olivine, clinopyroxene and Si-rich glasses (trachytic/trachydacitic 
and dacitic). The latter interacted with clinopyroxene and/or spinel creating 
spongy rims of various thicknesses (from few to hundreds of μm). The 
reactions varied in intensity and effect depending on the distance from the 
xenolith margin and the duration of the reaction time. At the outer parts 
of xenoliths, intense reactions dissolved orthopyroxene entirely, forming 
spongy rims on spinel and clinopyroxene, while inner sections showed 
limited reactions, primarily between mafic melts and orthopyroxene. The 
local reheating and melting of fine-grained aggregates during the ascent of 
xenoliths resulted in the formation of a hydrous, high-Mg, glass-like phase.
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alkaline lavas and sampled the lithospheric mantle 
underneath the south-west margin of the East European 
Craton (Artemieva, 2003). The mineral chemical 
composition of the peridotites is strongly variable 
(Rehfeld et al., 2007), indicating a heterogeneous source 
region affected by carbonatitic and (possibly) alkaline-
silicate metasomatisms (Mikrut et al., 2019). In some 
xenoliths, the rock-forming minerals are accompanied 
by fine-grained aggregates, whereas clinopyroxene 
and spinel are locally surrounded by spongy rims. 
Various models have been proposed in the literature 
to explain the formation of these structures, such 
as interaction with host magma during entrainment 
(Shaw  & Klügel, 2002; Shaw et al., 2006), interaction 
with a metasomatic agent before ascent (Ionov et al., 
1994; Coltorti et al. 1999), or fluid-inducted incongruent 
decompression melting event occurring under mantle 
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conditions (Carpenter et al., 2002), decompression-
induced partial melting (Su et al. 2011; Pan et al. 2018) 
or sub-solidus reaction during decompression of a 
garnet peridotite (Falus et al., 2000). Such mechanisms 
involve mantle reactions and may represent a significant 
stage in mantle evolution. Consequently, it is essential 
to determine whether the fine-grained structures are 
intrinsic to mantle evolution or formed later, during the 
uplift of the xenoliths. This study aims to identify the 
relative timing of the formation of these structures in 
the mantle xenoliths from Scania.

2. Geological context

Scania region (S Sweden) is located at the south-
west margin of the East-European Craton (Fig. 1). The 
predominant lithologies are 1.71 - 1.66 Ga old granitoids 
and orthogneisses of Trans-Scandinavian Igneous Belt 
(Johansson et al., 2006). Some of these rocks, located 
west of the Sveconorvegian Front (Fig. 1), were later 
deformed during the Sveconorwegian orogeny (1.2 – 0.9 
Ga; Bingen et al., 2021). 

In the Mesozoic (Jurassic or Jurassic-Cretaceous) this 
area was affected by volcanic activity (Bergelin et al., 
2011; Tappe et al., 2016) associated with the rifting of 
the south-west periphery of the East-European Craton 
(Tappe, 2004). This volcanic episode produced mafic 
alkaline melts, mostly basanites and melanefelinites 
(Tappe, 2004). Xenoliths of felsic, mafic, and ultramafic 
rocks carried by the volcanics sample the upper mantle 
and various levels of the crust beneath Scania (Rehfeldt 
et al., 2007). 

Ultramafic xenoliths from Scania are usually 4 to 10 cm 
in diameter. The contact of host basanite with olivine 
from xenoliths is sharp, while that with clinopyroxene 
is underlined by stocked subhedral clinopyroxene 
crystals (100–300 µm long; Fig. 2A). The behavior of 
orthopyroxene at the contact with basanite remains 
unclear, due to its scare presence in this position. 
Textures of the peridotites vary from equigranular (SA28, 
Fig. 2B), protogranular to porphyroclastic with numerous 
subtypes. They are spinel lherzolites and harzburgites, 
scarcely dunites (Mikrut et al., 2019). The chemical 
composition of the rock-forming minerals of Scania 
peridotites is heterogeneous, both within the sample 
set and within specific samples. Peridotite-forming 
olivine has forsterite (Fo=Mg/(Mg+Fetot)x100) content 
between 89.5 and 91.7. The Mg# (Mg/(Mg+Fetot)) of 
orthopyroxene is 89.7 – 92.0 and that of clinopyroxene 
is 89.6 – 93.4, while Cr# (Cr/(Cr+Al)) of spinel is 0.21 
– 0.37 (Mikrut et al., unpublished data; Rehfeld et al., 
2007). Scania peridotites with high Fo-olivine (91.2-
91.7) were interpreted as mantle peridotites strongly 
affected by mafic melts, while those with Fo=89.5-91.1 
represent peridotites metasomatized by carbonatites 
(Mikrut et al., 2019).

In this study, we examine the origin of intergranular 
fine-grained aggregates in ultramafic xenoliths from 
two basanites localities: Säte (averaged age is 167 

Ma; Bergelin et al., 2011) and Skuddarp (Fig. 1). Spinel 
lherzolites from those localities were interpreted by 
Rehfeld et al. (2007) as mantle rocks depleted in 8-13 % 
and possibly affected by hydrous metasomatic melts.

3. Analytical methods

The results presented in this research are based on 
detailed petrographic studies of 18 xenoliths but the 
fine-grained structures being the topic of this study 
occur only in 8 xenoliths (S16E, S23, SA24, SA28, SK120, 
SK121, SK122, SK124). The back-scattered images were 
made using a scanning electron microscope JEOL JSM 
IT100 In-Touch-Scope™ equipped with an Oxford X-Act 
energy dispersive spectrometer (SEM-EDS), working at 
an accelerating voltage of 15 kV and probe current 60 
nA in the Institute of Geological Sciences, University of 
Wroclaw, Poland. 

The chemical compositions of minerals were determined 
using the Electron Probe Microanalyzer (EPMA) Cameca 
SXFive FE at the Department of Lithospheric Research, 
University of Vienna, Austria. The analytical conditions 
were: acceleration voltage 15 kV, beam current 
20 nA. Natural silicates and synthetic oxides served as 
standards. The composition of glass in sample SA28 was 
determined with Jeol Superprobe electron microprobe 
with acceleration voltage 15 kV, beam current 40 nA at 
the Faculty of Geology, Geophysics and Environment 
Protection, AGH University of Krakow, Poland.

4. Textural features of the intergranular structures

According to the classification by Matusiak-Małek et al. 
(2014), three textural types of minerals are recognized: 
type I – coarse-grained primary minerals (olivine, 
clinopyroxene, orthopyroxene, spinel); type II (not 
discussed in this article) - exsolution lamellae in type I; 
and type III – intergranular aggregates (including spongy 
rims) consisting of fine grains of olivine, clinopyroxene, 
glass, and spinel. 

We have defined two dominating intergranular structures 
in Scania xenoliths: fine-grained aggregates (1-5 mm 
in diameter) composed of clinopyroxene III, olivine  III, 
±glass (Fig. 2C-E) and spongy rims (few to several 
hundreds of μm thick) surrounding clinopyroxene I and 
spinel I (Fig. 2F,G). In the proximity of the aggregates, an 
altered, hydrous high-Mg glass-like phase (described as 
“OH-phase” by Rehfeld et al., 2007) is commonly found 
(Fig. 2C-E).

4.1. Textural features of fine-grained aggregates

The fine-grained aggregates usually develop at the 
margin of orthopyroxene I grains (Fig. 2C,D). The 
distribution of the minerals and melt in the aggregates 
are not homogeneous and the modal composition 
varies according to its thickness: the narrowest (20-
30 μm wide) are formed of single, vermicular crystals 
of clinopyroxene III, glass and minute olivine III, often 
with enclosed oval grains of orthopyroxene (Fig. 2C); in 



6	 A. Kukuła et al.

Figure 1. Localities of Mesozoic mafic alkaline volcanics in the Scania region, red squares mark vents from which the studied xenoliths were 
collected. Säte (SA), Skuddarp (SK). Inset shows schematic geotectonic position of Scania, STZ – Sorgenfrei-Tornquist Zone, SVO – Sveconorwe-
gian Orogen, SF – Sveconorwegian Front, TIB – Trans Scandinavian Igneous Belt, NDB – Norwegian-Danish basin. Compiled from Asch (2005), 
Babuška & Plomerová (2004), Bingen et al. (2021) and Geological Survey of Sweden Digital Database (2018). 



A. Kukuła et al.	 7

Figure 2. Microtextural features related to presence of aggregates in peridotitic xenoliths from Scania: (A) Contact between the host basanite 
and xenolith SA28 (“back-scattered electron image” – BSE image); (B) Equigranular texture in sample SA28 (plane polarized light); (C) Thin 
aggregates occurring between grains of orthopyroxene I and olivine I, inset shows enlargement of the area indicated by rectangle (sample 
SA28; BSE image); (D) Thick aggregates formed of parallel crystals of clinopyroxene III and olivine III and glass enveloping orthopyroxene I  and 
spongy clinopyroxene (lower left corner; sample SA28; BSE image); (E) Aggregates formed of clinopyroxene III, olivine III, and glass, note the 
absence of orthopyroxene I in the core (sample SA28; BSE image); (F) Spongy clinopyroxene enclosing grains of olivine III (BSE images); inset 
shows the spongy margin of clinopyroxene with minute pools of glass and surrounded by vein of altered, hydrous high Mg glass-like phase 
(sample SA28); (G) Spinel I grain surrounded by spongy rims (BSE images); inset show dual structure of spinel spongy rim (sample SK121); hyd 
gl-like phase stands for altered, hydrous, high Mg glass-like phase; spg stands for spongy.
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thicker aggregates (exceeding ~50 μm) clinopyroxene III 
becomes elongated, perpendicular to the contact with 
orthopyroxene I, grains of olivine III are oval and glass is 
present in interstices (Fig. 2D). In the biggest aggregates, 
orthopyroxene I is lacking (Fig. 2E) and the outermost 
part of the aggregate is formed of euhedral, olivine 
III grains (10-50 μm; Fig. 2E), whereas the innermost 
part is usually formed of radially-arranged grains of 
clinopyroxene III and olivine III (20–100 μm long); glass 
is present in interstices in both zones of the aggregates. 
Moreover, oval, fine (5-20 μm) grains of olivine locally 
form aggregates up to 100 μm in size embedded in glass 
(Fig. 2E). In areas closer to the margin of xenolith all the 
fine-grained structures were noticed, while in the inner 
parts, only the narrowest type is present. 

The altered, hydrous, high-Mg glass-like phase surrounds 
fine-grained aggregates. It forms pools or veins of varying 
widths, which are less abundant in areas associated 
with the narrow aggregates (Fig. 2C). Conversely, in the 
presence of thicker fine-grained aggregates or between 
two fine-grained zones, this phase becomes more 
abundant (Fig. 2D,E).

4.2. Textural features of spongy domains

The spongy textures are consistently in contact with 
glass or with the altered, hydrous, high-Mg glass-like 
phase. The thickness of spongy clinopyroxene III rims 
surrounding clinopyroxene I varies from few to hundreds 
of μm. Small glass droplets within these spongy rims 
are from 1 to 5 μm. Clinopyroxene grains exhibiting 
a fully spongy texture are also present (Fig. 2F). The 
spongy spinel III rims surrounding spinel I consist either 
of a 20-100 μm-wide zone of vermicular (2-5 μm thick) 
spinel III crystals or are formed of a loose network of 
acicular crystals perpendicular to the margin of spinel 
I (Fig. 2G). 

5. �Chemical composition of phases forming 
intergranular structures

5.1. �Chemical composition of phases forming  
fine-grained aggregates and altered, 
hydrous, high-Mg glass-like phase

The composition of type III phases forming fine-grained 
aggregates varies between samples and thus must be 
discussed in comparison with the composition of rock-
forming minerals from the same sample (Fig. 3).

Clinopyroxene III forming aggregates has Mg#=89.2-93.4 
(Fig. 3A; Table S1) and the Al and Na contents are 0.023-
0.216 and 0.029-0.059 apfu, respectively (Fig. 3A,B; 
Table S1). Within a single sample, the Mg# increases, 
while the Al and Na decrease with the development 
of the thickness of the aggregate. The Mg# and Al 
content in our samples are similar to those described by 
Rehfeldt et al. (2007), while Na content is significantly 
lower (Fig. 3B). Small grains of orthopyroxene enclosed 
in clinopyroxene III have Mg#= 90.8-91.9. Olivine III in 
the intergranular aggregates has Fo=88.6- 91.7, while 

NiO and Ca are 0.24-0.34 wt.% and 370-2240 ppm, 
respectively (Fig. 3C, Table S2). The Fo content in olivine 
I and III does not change significantly, while NiO and 
CaO contents are elevated in olivine III; exceptions are 
the olivine III grains occurring at the outer margins of 
the biggest aggregates which do not show elevated Ca 
contents. The glass has a composition of trachyte or 
trachydacite and dacite (Fig. 4; SiO2= 63.75-68.35 wt. %; 
Na2O+K2O=4.73-8.84 wt.%; Table S3). 

The chemical composition of the altered, hydrous, high 
Mg glass-like phase is very heterogeneous; Al2O3 content 
varies from 10.7 to 20.4 wt.% and MgO is between 14.7 
and 20.7 wt.% (Table S3).

5.2. �Chemical composition of phases forming 
spongy rims and grains

Spongy clinopyroxene III has Mg# from 90.4 to 93.6 
(Fig. 3A; Table S1). The Al and Na contents are 0.066-
0.271 and 0.024-0.083 apfu, respectively (Fig. 3A,B; 
Table S1). When compared to clinopyroxene I, spongy 
clinopyroxene is usually (but not in all cases) lower in Al 
and Fe (Fig. 3A). The spongy spinel formed of vermicular 
crystals has a homogenous composition of Cr# = 29.4-
32.7 and Mg#=64.2-77.0 (Fig. 3D; Table S4); those values 
are higher and lower, respectively, than in spinel I in the 
same sample. 

6. Discussion

6.1. �Origin of intergranular fine-grained 
aggregates

Intergranular aggregates in peridotites from Scania 
were discussed by Rehfeldt et al. (2007; their “resorbed 
patches”), who suggested that they were remnants of 
the breakdown of metasomatic amphibole. However, in 
the set of xenoliths examined in this study, no hydrous 
phase (e.g. amphibole) was detected and no textures 
or minerals characteristic for amphibole decomposition 
(Shaw, 2009) were stated. Therefore, we claim that the 
studied intergranular aggregates are not a product of 
amphibole decomposition.

Glass occurring within the aggregates has trachytic/
trachydacitic and dacitic (63.8-68.4 wt.% of SiO2) 
composition that differs significantly from the host 
basanite (42.0-44.5 wt.% of SiO2; Tappe et al., 2016; 
Fig. 4) composition precluding the possibility of 
being a product of its infiltration. Aggregates are 
typically associated with orthopyroxene I grains and 
formed along their margins. Only within the thickest 
aggregates, orthopyroxene I is not present suggesting 
that the formation of the aggregates may be related 
to its decomposition. Decomposition of orthopyroxene 
to olivine, clinopyroxene, and Si-rich glass requires 
the presence of a Si-undersaturated melt that would 
trigger the reaction (“solvent” in Shaw & Dingwell, 
2008; Shaw et al., 2006). Experimental studies by Shaw 
and Dingwell (2008) showed that during this reaction a 
Si-rich melt, similar in composition to the Scania glass, 
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is produced. Furthermore, Kelemen (1990) pointed 
that during the reaction of peridotite with tholeiitic 
basalt orthopyroxene dissolves while olivine crystallizes, 
under nearly isenthalpic conditions. Interaction of 
such melts with ultramafic wall rock often produces 
calc-alkaline, Si-rich derivative liquids. Compositions 
of both experimental and theoretical melts fit well 
to the composition of glasses in Scania peridotites 
suggesting that they are products of orthopyroxene 
dissolution. However, in Scania, remnants of the Si-
undersaturated melt were not recorded, suggesting 
that the ratio between orthopyroxene and infiltrating 
Si-undersaturated melt was <1 and the whole volume of 
the melt reacted.

The texture and modal composition of the phases 
participating in the studied intergranular aggregates 
vary with their thickness (see section 5.1 and Fig. 2C-E).  
The narrowest aggregates, which envelop the margins 
of orthopyroxene I consist of clinopyroxene III, olivine 
III and remnants of orthopyroxene I and represent a 
product of orthopyroxene decomposition. Textural 
position and similarities in chemical composition 
between orthopyroxene enclosed in the fine-grained 
aggregates and orthopyroxene I (Mg# = 89.4-91.9, Al = 
0.106-0.220 apfu; Mikrut et al., 2019) suggest that they 
constitute the remnants of unreacted orthopyroxene I 
grain at the initial stage of orthopyroxene I breakdown. 
Larger aggregates represent a more developed stage 

Figure 3. The chemical composition of minerals: (A) Mg# vs. Al content in clinopyroxene III and clinopyroxene I; (B) Ca vs. Na content in 
clinopyroxene III and I; (C) Fo vs. NiO content in olivine III compared to olivine I; (D) Mg# vs. Cr# in spinel III compared to spinel I. Fields for 
type I minerals are given for comparison with a chemical composition of spongy (type III – SR) and aggregate-forming type III (type III – Agg) 
minerals (unpublished data by Mikrut et al.). Data presented in the figure are representative for clarity reasons; the full data set is given in 
the Supplementary Materials.
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of the reaction between Si-undersaturated melt 
and orthopyroxene. The increase in size and the 
development of the intergranular structures suggest a 
prolonged reaction time which ultimately resulted in 
the complete decomposition of orthopyroxene (Fig. 2E). 
This interpretation is in agreement with the location 
of specific types of aggregates – orthopyroxene-free 
aggregates are predominantly located near the xenolith 
margins. More than 1 cm away from the contact with 
the basanite, the aggregates become narrower, but 
remnants of orthopyroxene I are present. In the central 
parts of the xenolith (>2.5 cm from contact), the 
aggregates, which envelop orthopyroxene I grains, are 
the narrowest and limited to single crystals of olivine 
III, clinopyroxene III, and remnants of orthopyroxene I 
grains.

In the thickest, most developed aggregates the outer 
parts of the aggregates are formed only of olivine III 
(Fig. 2E). As discussed, the modal composition of the 
inner part is a result of orthopyroxene I dissolution. 
Olivine occurring in the outer zones of the aggregates 
could have been formed in the same process, but it 
does not show enrichment in Ca, characteristic for 
olivine III in the aggregates. The formation of those 
olivine III may result from partial, dissolution of 
olivine I due to a reaction with Si-undersaturated melt 
(Shaw & Dingwell, 2008). The lack of Ca enrichment in 
olivine III suggests an isothermal process (Brey et al., 
1990).

6.2. Origin of the spongy domains

Spongy rims are common in xenolithic peridotites (Lu 
et al., 2015; Pan et al., 2018). Hirose and Kawamoto 
(1995) and Shaw et al. (2006) described sieve-textured 

clinopyroxene characterized by a decrease in Na, Al 
and an increase in Ca content and aligned with the 
compositional changes induced during the earliest 
stages of partial melting. Shaw et al. (2006) interpreted 
the development of the sieve texture as a result of 
selective removal of more fusible components, leaving 
a refractory residue. Sieve-textured clinopyroxene and 
spinel form in the presence of a Si-rich melt, which 
migrates along grain boundaries and interacts with 
spinel and clinopyroxene.

The spongy clinopyroxene III form Scania has lower Al2O3 
and Na2O but higher CaO and Mg# than the primary 
clinopyroxene I (Fig. 3A,B) and the spongy spinel III 
exhibit depletion in Mg and Al content compared 
to spinel I. Therefore, the spongy domains in Scania 
peridotites could have been formed due to a reaction 
with Si-rich melt as described by Shaw et al. (2006).

6.3. �Evolutional relationships between  
fine-grained aggregates and spongy domains

Fine-grained aggregates and spongy domains are found 
within the same Scania peridotite xenoliths. Similar 
structures have been documented worldwide (e.g. in 
xenoliths from Sal Island; Shaw et al., 2006). Based on 
petrological observations and geochemical composition, 
we suggest a mechanism for forming fine-grained 
aggregates and spongy domains in peridotites from 
Scania similar to that in xenoliths from Sal Island (Shaw 
et al., 2006). In this model, the formation of fine-grained 
aggregates involves the reaction of orthopyroxene with 
a Si-undersaturated melt, resulting in the production of 
aggregates composed of olivine, clinopyroxene, and a Si-
rich melt. The varying thickness of fine-grained zones, as 
well as completely reacted grains, indicate differences 
in the duration of the reaction. The Si-rich melt derived 
from the breakdown of orthopyroxene migrated along 
grain boundaries, where it interacted with spinel and 
clinopyroxene grains, leading to the formation of spongy 
rims.

The occurrence of a hydrous, high-Mg glass-like phase 
is associated with fine-grained aggregates. The quantity 
of this phase varies depending on the width of the fine-
grained aggregate zones. The highest concentrations of 
the hydrous, high-Mg glass-like phase are observed in 
areas where the fine-grained aggregate zones are the 
widest or between adjacent fine-grained aggregates. 
This glass-like phase is highly heterogeneous, with 
significant variations in Mg and Al content. It is not 
possible to introduce so high-Mg melt in mantle 
conditions, so we assume that the process of high Mg 
glass-like phase formation operated inside the xenolith. 
We suggest that the hydrous, high-Mg glass-like phase 
may represent products of in-situ melting of the fine-
grained aggregates. The aggregates are formed of 
unevenly distributed olivine and clinopyroxene grains 
therefore their melting could result in a Mg-rich 
melt/mixture with a highly heterogeneous chemical 
composition. We propose that the local reheating and 
melting of the fine-grained aggregates could take during 

Figure 4. The Total Alkali Silica diagram (after Le Maitre et al., 1989) 
showing the chemical composition of glass from Scania peridotitic 
xenoliths from this study in comparison to glass studied by Rehfeldt 
et al. (2007) and host basanite from Scania (Tappe et al., 2016).
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their ascent to the surface, under conditions close to the 
solidus. 

7. Conclusions

The xenoliths from Scania do not record typical host 
volcanic melt infiltration with the introduction of 
new phases (e.g. plagioclase, magmatic pyroxenes 
and olivine, sulfides, oxides), but were limited to Si-
undersaturated melt that triggered the decomposition 
of orthopyroxene, which in turn produced Si-rich melt. 
The effects of the reactions between the melts and 
minerals differed in specific parts of xenoliths, probably 
due to the duration of the reaction – in the outermost 
parts, the reactions were intensive and whole grains 
of orthopyroxene were dissolved, while spinel and 
clinopyroxene were enveloped by spongy rims.

As the stage of the development of the aggregates 
is related with its position within the xenoliths they 
must have been formed either during the xenoliths 
formation or immediately after xenoliths extraction 
from the mantle. In any case, it did not constitute a part 
of evolution of the lithospheric mantle in this area. This 
finding simplifies the reconstruction of the evolution 
of mantle beneath the south-west margin of the East 
European Craton.
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