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Abstract. The texture and mineral compositions of mantle xenoliths from the West Eifel volcanic field (WEVF)
reveal three distinct mantle events. The first, identified in LREE-depleted and isotopically depleted anhydrous
(type Ib) xenoliths, resulted from partial melting of fertile mantle around 2 Ga. The second event, marked by
the formation of Ti-poor, LREE-rich clinopyroxene, amphibole, and phlogopite in hydrous type Ia xenoliths, is
attributed to mantle metasomatism. The third event, evidenced by LREE-depleted and MREE-enriched clinopy-
roxene in olivine–clinopyroxenite veins and in more evolved hornblendite and phlogopite–clinopyroxenite veins
that occur in type Ia xenoliths, is associated with the passage of primitive alkaline mafic magma related to the
Quaternary host magmatism.

Previous studies of mantle xenoliths have proposed that metasomatic agents could include both silicate and
carbonatite melts. The trace element signatures in the studied xenoliths, particularly the Ti / Eu and LaN / YbN

ratios and the large negative Zr and Hf anomalies, support the involvement of carbonatite melts in the formation
of Ti-poor, LREE-enriched clinopyroxene and amphibole in type Ia xenoliths and clinopyroxene–amphibole–
phlogopite veins in the earlier metasomatic event. The subsequent silicate melt metasomatism overprinted this
carbonatite metasomatism, producing Ti-rich clinopyroxene and amphibole.

Trace element data and diffusion modelling suggest that the silicate metasomatism was not uniformly dis-
tributed, resulting in compositional heterogeneity in individual grains and xenoliths. Diffusion-controlled mixing
between the earlier carbonatite-associated clinopyroxene and the silicate melt equilibrium phase is proposed to
explain this heterogeneity. The complex interplay of metasomatic agents resulted in highly heterogeneous mantle
compositions on a grain-to-grain and xenolith-to-xenolith scale.

1 Introduction

Partial melting of primitive mantle lherzolite and the atten-
dant depletion of clinopyroxene result in partitioning of in-
compatible trace elements into the melt phase, leaving a re-
fractory harzburgite–dunite residue (Bernstein et al., 2007).
Many lithospheric mantle xenolith samples found worldwide
show trace element and isotopic evidence of such depletion
(Witt-Eickschen and Kramm, 1998; Neumann et al., 2002;
Rivalenti et al., 2004). However, in some cases these iso-
topically depleted mantle xenoliths also contain incompatible

element-enriched phases, such as clinopyroxene, amphibole,
and phlogopite, which must have been added to the man-
tle after the melting event. Addition of these phases occurs
via mantle metasomatism. A common mechanism involved
in metasomatic mineral growth, in particular of clinopyrox-
ene, is reaction of orthopyroxene with an orthopyroxene-
undersaturated melt/fluid, resulting in formation of sec-
ondary olivine and clinopyroxene. This causes transforma-
tion of lherzolite/harzburgite to wehrlite (e.g., Ionov et al.,
1993; Shaw, 1999; Ionov et al., 2005; Shaw et al., 2018;
Wang et al., 2018; Hauzenberger et al., 2024).
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Figure 1. Geology of the West Eifel volcanic field (modified after
Büchel, 1994) and location of the xenoliths used in this study.

Experimental studies and thermodynamic modelling indi-
cate that wehrlite can be formed by peridotite reaction with
either (1) silica-undersaturated silicate melt (Tursack and
Liang, 2012; Ma and Shaw, 2022) or (2) carbonatitic melt
(Klemme et al., 1995; Gervasoni et al., 2017). The trace ele-
ment characteristics of wehrlite and its constituent minerals,
particularly clinopyroxene, are strongly dependent on the na-
ture of the reacting melt (Rudnick et al., 1993; Coltorti et al.,
1999), as there is a strong depletion in Hf, Zr, Ti, Ta, and Al
and enrichment in LREE in carbonatite melts compared to
silica-undersaturated melts (Martin et al., 2013).

Wehrlitic mantle xenoliths are common in the lavas of the
Quaternary West Eifel volcanic field (Fig. 1). A large pro-
portion of these have been related to metasomatism of lher-
zolite and harzburgite by silicate melts related to the Qua-
ternary volcanism; however, there is a suite of wehrlites and
other peridotite lithologies for which the nature of the meta-
somatic agent has not yet been deciphered (Shaw et al., 2005,
2018; Ma and Shaw, 2022). In this study, we examine xeno-
liths from two previously unstudied locations, and we pro-
vide additional analyses of clinopyroxene from previously
documented locations, together with a compilation of liter-
ature data. Our goals are the following:

1. Examine the distribution and types of metasomatism in
mantle beneath the West Eifel.

2. Determine the nature of the agents of metasomatism re-
sponsible for the two metasomatic events.

2 Geology of the West Eifel volcanic field

Quaternary intraplate mafic alkaline volcanism in the WEVF
began around 940 ka, and the last eruption occurred at

9588 BP (Mertes and Schmincke, 1983; Zolitschka et al.,
1995). The northwest–southeast trending field comprises ap-
proximately 240 eruptive centres (Fig. 1) that erupted silica-
undersaturated lavas as flows, tuff rings, and scoria cones.
Mertes and Schmincke (1985) defined two compositional
groups: the dominant suite, termed F-suite lavas, comprises
leucitites, nephelinites, and melilite-bearing lavas. The sec-
ond suite, comprising olivine–nephelinite and basanite (ONB
suite), is younger and found mainly in the SE part of the field.
Shaw and Woodland (2011) and Mertz et al. (2015) showed
that the Eifel lavas were generated by melting of astheno-
spheric garnet peridotite and were modified by interaction
with lithospheric mantle during ascent.

The lithospheric mantle below the Eifel region lies be-
tween the Moho at 28 km and the lithosphere–asthenosphere
boundary at 41± 5 km (Mertz et al., 2015, and references
therein). Geophysical studies suggest that there is still
magma present in the sub-Eifel mantle (Dahm et al., 2020;
Eickhoff et al., 2024) so that the field cannot be considered
extinct.

Previous studies of mantle xenoliths have focused on
Meerfelder Maar (MFM) and Dreiser Weiher (DW) (Stosch
and Seck, 1980; Stosch and Lugmair, 1986; Witt-Eickschen
et al., 1993, 1998; Witt-Eickschen and Kramm, 1998; Witt-
Eickschen et al., 2003), with several other studies investigat-
ing xenoliths from Gees (Lloyd et al., 1991; Zinngrebe and
Foley, 1995; Rizzo et al., 2021) and Rockeskyllerkopf (Shaw
et al., 2018). These locations are shown in Fig. 1.

3 Samples

Previous studies of mantle xenoliths from the Eifel (Witt-
Eickschen et al., 1993, 1998; Witt-Eickschen and Kramm,
1998) have suggested that there is evidence of two meta-
somatic events in the West Eifel subcontinental lithospheric
mantle (SCLM). To examine the similarities and differences
between these events and their distribution across the re-
gion, we compiled literature data from the GeoRoc database
(https://georoc.eu/georoc/new-start.asp, last access: 18 De-
cember 2022) using only samples for which both major and
trace element data are available (Tables 1 and S1 in the Sup-
plement). Since the trace element data for the Gees and Baar-
ley localities are limited, we selected six additional sam-
ples with disseminated clinopyroxene and hydrous phases
for analysis. In addition, we analyzed clinopyroxene in sam-
ples from two previously unstudied xenolith localities: Ne-
unkirchen and Ruderbusch (Fig. 1, Table 1).

4 Analytical methods

The major element compositions of the minerals in sam-
ple MFM-V, a composite xenolith with a clinopyroxene–
amphibole–phlogopite (CAP) vein in a lherzolite host
(Fig. 2a), were determined using the Cameca SX50 elec-
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Table 1. Summary of petrography of the Eifel xenoliths (CAP, clinopyroxene–amphibole–phlogopite; PC, phlogopite–clinopyroxene).

Type Minerals Reference Event Evidence from Cpx∗

Anhydrous
type Ib

Ol, opx, cpx, sp Stosch and Lugmair
(1986)

Partial melting Strong LREE and isotopic
enrichment

Hydrous type Ia
CAP veins

Ol, opx, cpx,
sp, amph,
phlog, glass

Stosch and Lugmair
(1986), Shaw and
Klügel (2002)

Metasomatism 1
(carbonatite)

Strong LREE enrichment, low
Ti / Eu, high xMg and Sr.
Negative Zr, Hf, and Ti
anomalies

Olivine
clinopyroxenite

Ol, cpx Witt-Eickschen and
Kramm (1998)

Metasomatism 2
(silicate melt)

Slight LREE and isotopic
enrichment, high xMg and Ti
rich

Hornblendite Amph Witt-Eickschen et al.
(1998)

Metasomatism 2
(silicate melt)

LREE enriched, Ti rich,
isotopically enriched

PC veins Cpx, phlog Shaw et al. (2005,
2018)

Metasomatism 2
(silicate melt)

LREE enriched, Ti rich; Zr, Hf,
and Ti negative anomalies
small to absent

∗ In the hornblendite veins, the geochemical evidence of the event association is from amphibole rather than clinopyroxene.

tron microprobe at the Bayerisches Geoinstitut, University
of Bayreuth. The operating conditions were 15 kV acceler-
ating voltage and 10 nA beam current with 30 s count time
on peaks and 15 s on each background. The instrument was
standardized with a variety of natural minerals and pure ele-
ments. Data reduction was done via the PAP procedure (Pou-
chou and Pichoir, 1984). Precision is estimated to be approxi-
mately 3 % based on repeated analyses of standards. The new
samples from Gees, Baarley, Ruderbusch, and Neunkirchen
were analyzed using the JEOL 6400 SEM and the EDAX
genesis EDS system at the University of New Brunswick.
Operating conditions were 15 kV accelerating voltage with a
beam current of 5 nA. The instrument was calibrated using
repeated analyses of a diopside standard, which gives a pre-
cision of∼ 5 % for all analyzed elements. A full list of major
and trace element data for all new samples is presented in
Table 1.

Trace element data on all samples were collected using the
Australian Scientific Instruments M-50 193 nm excimer laser
system coupled to the Agilent 7700x ICP-MS at the Univer-
sity of New Brunswick. On-sample energy, laser-firing rate,
and beam size were set to 3 J cm−2, 3 Hz, and 24–33 µm re-
spectively. Each sample was ablated for 30 s followed by a
gas background of 30 s. Samples were bracketed by two stan-
dards – NIST610 and NIST620. The data were reduced us-
ing Iolite 4 software with the Trace Elements data reduction
scheme (Paton et al., 2011). Precision and accuracy are esti-
mated at 5 % based on repeated measurements of NIST610.

Literature data with trace elements were downloaded from
the GeoRoc database. The data and sources are listed in Ta-
ble S1.

5 Petrography

The peridotite xenoliths from the WEVF have been divided
into two groups based on mineralogy and mineral composi-
tions (Stosch and Seck, 1980). Amphibole- and phlogopite-
free xenoliths are termed type Ib, whereas xenoliths with dis-
seminated hydrous phases are termed type Ia. Both types may
contain cross-cutting veins with associated wehrlite reaction
zones, e.g., those described by Witt-Eickschen et al. (1998),
Shaw et al. (2005), and Shaw et al. (2018) and shown in
Fig. 2b. These types are described in more detail below.

5.1 Type 1a (hydrous) xenoliths

These are tabular, recrystallized peridotites with amphibole,
or its breakdown products (Shaw and Klügel, 2002), as well
as phlogopite (Table 1). They are found at all locations
across the West Eifel. They range from phlogopite wehrlite to
harzburgite. In harzburgite, orthopyroxene is porphyroclastic
and is partly replaced by aggregates of olivine and clinopy-
roxene (Fig. 2c). Clinopyroxene close to these reaction zones
commonly shows a sieve texture (Fig. 2d). The lherzolite
and wehrlite xenoliths are relatively poor in orthopyroxene
but contain numerous regions in which rounded olivine is in-
tergrown with greenish clinopyroxene, suggesting its former
presence. Phlogopite is present in all samples as an inter-
stitial phase often associated with the olivine–clinopyroxene
domains but also along grain boundaries of coarse-grained,
deformed olivine. Phlogopite commonly has spinel aggre-
gates in its core. Amphibole is absent in all the new samples
examined, but it is present in many of the samples described
in the literature, particularly those from Meerfelder Maar.
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Table 2. Representative compositions of clinopyroxene from this study (PC, phlogopite–clinopyroxenite veins and wehrlite; Ia, type Ia
xenoliths; CAP, clinopyroxene–amphibole–phlogopite veins).

Sample 96G3 96G5 96G6 98HW1 98HW3 98HW3 98MF01

Site Gees Gees Gees Gees Gees Gees Meerfeld

Type PC PC Ia PC PC Ia Ia

SiO2 50.93 51.19 54.88 52.97 54.49 54.71 52.44
TiO2 1.24 0.4 0.07 0 0.25 0 0.63
Al2O3 4.86 3.39 0.99 2.31 1.82 1.7 3.76
FeO 5.28 5.04 3.23 4.76 4.34 4.96 3.67
MnO 0.29 0.19 0.08 0.14 0.37 0.26 0.05
MgO 14.92 15.31 17.77 15.95 17.03 16.64 16.04
CaO 23.26 22.78 21.72 22.96 21.92 20.61 22.04
Na2O 0.57 0.73 0.81 0.44 1.16 1.36 1
Total 101.35 99.03 99.55 99.53 101.38 100.24 99.63
xMg 83.44 84.41 90.75 85.66 86.97 85.09 88.14
Ti / Eu 8962.34 4255.83 1392.63 1675.24 1564.57 632.76 796.80
Sc 100.2 68.2 43.5 99.6 56.7 33.8 72.2
Ti 9416 3564 553 1596 1832 1042 827
V 287 281 169 421 196 127 175
Cr 116 3249 4586 4300 5707 2395 5231
Co 29.56 28.39 31.48 36.58 26.41 71.42 25.30
Y 7.86 7.35 3.45 10.11 14.86 23.04 9.46
Zr 89.60 33.17 7.90 27.47 18.85 54.58 40.49
Nb 0.75 0.30 0.17 0.41 1.32 1.23 0.11
La 4.46 4.37 13.77 7.78 6.94 28.32 8.50
Ce 16.34 15.23 35.10 25.50 21.76 63.45 30.37
Pr 2.80 2.57 3.89 3.90 3.23 7.28 4.62
Nd 14.53 12.92 12.09 17.54 14.51 27.02 20.75
Sm 3.57 2.89 1.58 3.30 3.16 4.73 3.79
Eu 1.05 0.84 0.40 0.95 1.17 1.65 1.04
Gd 3.21 2.62 0.97 2.76 3.24 4.71 2.86
Tb 0.35 0.32 0.09 0.37 0.48 0.66 0.37
Dy 2.09 1.68 0.62 2.02 2.95 4.20 2.00
Ho 0.33 0.29 0.12 0.40 0.59 0.86 0.35
Er 0.81 0.70 0.33 0.99 1.57 2.29 0.97
Tm 0.08 0.10 0.04 0.16 0.19 0.34 0.12
Yb 0.44 0.50 0.30 0.81 1.26 2.18 0.81
Lu 0.07 0.09 0.04 0.13 0.19 0.30 0.12
Hf 4.64 1.16 0.15 0.70 0.65 1.21 0.83
Ta 0.19 0.07 0.01 0.05 0.01 0.06 0.08
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Table 2. Continued.

Sample Baar 21 Baar14A MFM-V Neun-013 Neun-017 Neun-022 Neun-022

Location Baarley Baarley Meerfeld Neunkirchen Neunkirchen Neunkirchen Neunkirchen

Type Ia PC CAP vein Ia PC PC PC

SiO2 53.65 51.21 54.12 53.62 51.35 54.99 54.52
TiO2 0.38 1.23 0.05 0.28 1.06 0.21 0.15
Al2O3 1.94 3.54 4.02 1.9 4.64 2.11 2.57
FeO 4.18 4.61 2.69 3.15 3.48 2.82 2.77
MnO 0.32 0.13 20.88 0.2 0.17 0.06
MgO 16.47 15.51 16.38 17.75 15.76 18.22 17.84
CaO 22.62 23.83 20.17 0.31 23.31 21.53 21.47
NiO 0.97
Na2O 1.12 0.6 1.5 0.31 0.73 0.97 0.99
Total 100.68 100.66 98.93 99.17 100.53 101.02 100.37
xMg 87.01 85.13 91.56 90.56 88.51 91.66 91.64
Ti / Eu 617.65 4635.08 365.13 1078.18 2582.59 7669.21 828.52
Sc 31.1 62.3 66.8 77.1 64.9 89.9 61.2
Ti 1495 5479 830 720 3865 7937 1465
V 238 190 210 295 275 232 227
Cr 5945 2765 7028 11 418 7939 1966 10 853
Co 18.48 24.03 21.00 24.42 21.07 28.14 21.29
Ni 305.43
Sr 282.98
Y 18.36 9.11 18.70 6.55 13.47 7.79 15.53
Zr 196.50 108.31 58.86 2.93 43.37 61.78 14.57
Nb 1.67 0.56 1.45 0.14 1.15 0.53 0.42
La 10.72 5.35 17.06 8.22 8.70 4.46 10.20
Ce 44.73 18.84 57.26 20.62 25.10 15.62 39.12
Pr 7.83 3.21 8.77 2.82 4.51 2.65 6.26
Nd 38.43 16.20 40.26 11.86 20.34 13.84 29.26
Sm 8.15 3.96 8.42 2.00 4.25 3.25 6.12
Eu 2.42 1.18 2.27 0.67 1.50 1.03 1.77
Gd 6.60 3.46 5.84 1.34 3.98 3.05 4.96
Tb 0.84 0.41 0.81 0.20 0.51 0.36 0.61
Dy 4.51 2.20 4.19 1.19 3.08 2.01 3.56
Ho 0.79 0.39 0.82 0.27 0.59 0.36 0.61
Er 2.07 0.95 1.56 0.72 1.38 0.88 1.61
Tm 0.27 0.11 0.25 0.10 0.18 0.08 0.21
Yb 1.29 0.59 1.70 0.77 1.00 0.53 1.25
Lu 0.20 0.09 0.21 0.10 0.15 0.07 0.18
Hf 4.68 4.39 1.28 0.14 1.69 3.00 0.34
Ta 0.33 0.17 0.16 0.13 0.09 0.05
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Table 2. Continued.

Sample Neun-023 Neun-023 Neun-033 Neun-033 Rud-3 Rud-3 Rud-7

Location Neunkirchen Neunkirchen Neunkirchen Neunkirchen Ruderbusch Ruderbusch Ruderbusch

Type PC Ia PC Ia PC PC PC

SiO2 53.01 53.5 53.48 54.19 49.05 49.05 51.29
TiO2 0.32 0.23 0.27 0.24 1.48 1.48 0.73
Al2O3 3.51 2.21 1.89 1.49 3.91 3.91 4.68
FeO 3.2 3.05 3 2.83 4.68 4.68 3.19
MnO 0.07 0.37 0.19 0.21 0.14 0.14 0.25
MgO 16.92 18.06 17.11 17.72 14.86 14.86 16.2
CaO 21.81 20.87 21.12 23.2 23.87 23.87 23.7
Na2O 0.92 0.92 1.08 0.95 0.4 0.4 0.61
Total 99.76 99.21 98.14 100.83 98.39 98.39 100.65
xMg 89.99 90.97 91.05 91.42 84.38 84.38 89.63
Ti / Eu 3373.97 1452.74 3789.64 866.65 7205.07 8235.16 2266.49
Sc 108.57 78.11 94.57 76.92 79.60 146.76 114.68
Ti 2205.32 631.26 4660.96 1360.29 8487.44 13 582.45 2222.35
V 306.76 308.32 264.22 278.43 283.25 176.42 317.08
Cr 9502.70 12 438.21 7469.95 10 712.69 146.78 2709.77 11 710.32
Co 25.84 26.38 23.19 23.18 33.56 24.38 19.55
Ni 112.24 5.38 1.67 2.28 6.04
Rb 15.88 12.69 24.65 17.86 6.94
Y 5.99 5.07 12.10 17.28 8.47 10.99 11.78
Zr 10.40 2.16 28.95 7.18 100.63 193.92 9.55
Nb 0.08 0.04 1.44 0.37 0.72 5.26 0.96
La 4.17 10.67 9.31 14.24 5.70 11.32 10.30
Ce 13.23 26.55 28.82 45.20 19.46 35.78 32.43
Pr 1.95 2.91 4.40 6.67 3.18 5.66 4.41
Nd 9.13 9.70 20.18 30.00 16.09 26.17 17.78
Sm 2.08 1.58 4.29 5.72 3.98 5.83 3.17
Eu 0.65 0.43 1.23 1.57 1.18 1.65 0.98
Gd 1.79 1.05 3.72 4.50 3.39 4.27 2.60
Tb 0.23 0.16 0.44 0.58 0.40 0.51 0.35
Dy 1.45 0.94 2.54 3.46 2.35 2.85 2.23
Ho 0.26 0.18 0.43 0.67 0.36 0.45 0.46
Er 0.64 0.55 1.21 1.72 0.82 1.11 1.31
Tm 0.09 0.07 0.13 0.22 0.10 0.11 0.18
Yb 0.57 0.68 0.84 1.39 0.55 0.90 1.05
Lu 0.07 0.09 0.12 0.19 0.08 0.11 0.17
Hf 0.49 0.04 1.23 0.27 4.40 8.67 0.39
Ta 0.01 0.10 0.02 0.18 0.78 0.04

5.1.1 Clinopyroxene–amphibole–phlogopite (CAP) veins
in type Ia xenoliths

Several unusual veins have been found in xenoliths from
Meerfelder Maar as represented by sample MFM-V (Fig. 2a).
These bright green veins, containing small patches of amphi-
bole, are up to 15 mm wide (Fig. 2b). The host to the vein de-
scribed here is an amphibole-bearing lherzolite composed of
olivine, orthopyroxene, clinopyroxene, and amphibole, with
very minor spinel. The grain size of olivine and orthopyrox-
ene is between 2 and 4 mm. Amphibole and clinopyroxene
are typically smaller, ranging from 1 to 2 mm. Olivine shows
well-developed deformation lamellae. Phlogopite is absent

from the host, though it is present in other xenoliths with
similar petrographic characteristics.

The CAP vein shows sharp but irregular contacts with
the host peridotite (Fig. 2a). It comprises clinopyroxene
and amphibole, with lesser amounts of orthopyroxene and
olivine and, in a localized domain, phlogopite. Amphibole
and clinopyroxene in the vein are typically 2–4 mm in size.
Olivine occurs in several small patches; orthopyroxene is
more abundant than olivine and forms rafts within the vein
that are ∼ 10 mm long. Within these rafts, amphibole occurs
as an interstitial phase. Clinopyroxene is the dominant vein
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Figure 2. (a) Clinopyroxene–amphibole–phlogopite (CAP) vein from Meerfelder Maar. (b) Veined wehrlite xenolith (SEL1) from Rock-
eskyllerkopf containing phlogopite–clinopyroxene (PC) veins. (c) Typical orthopyroxene (opx) porphyroclast in a type Ib xenolith from
Meerfelder Maar (96-MF-22a) showing partial replacement by olivine and clinopyroxene in a reaction zone (RZ) (plane-polarized light).
(d) Sieve-textured clinopyroxene in a type Ib xenolith from Ruderbusch (Rud-7, backscattered electron image).

mineral. It is intergrown with amphibole and forms domains
within the veins.

5.1.2 Hornblendite veins in type Ia xenoliths

Witt-Eickschen et al. (1998) described veins of amphibole
that range in size from 0.1–1.2 cm in amphibole-bearing lher-
zolite and harzburgite. These have been reported only from
Meerfelder Maar. There is commonly a 0.5–1 cm wide zone
of amphibole enrichment at the vein–peridotite host contact.

5.1.3 Phlogopite–clinopyroxene (PC) veins in type Ia
peridotite

Phlogopite–clinopyroxenite veins hosted in hydrous lherzo-
lite and harzburgite have been found at Rockekyllerkopf,

Baarley, Gees (Shaw et al., 2005, 2018), and Neunkirchen,
a previously unstudied locality. The PC veins range in thick-
ness from a few millimetres to more than 1 cm and occur
both as through-going veins and as selvedges on xenoliths.
The veins and selvedges commonly have marginal zones of
wehrlite at the contact with the host. The veins and their host
xenoliths have been described in detail by Shaw et al. (2005,
2018), who suggested that they are closely related to the
hornblendites that occur at Meerfelder Maar.

5.2 Type Ib (anhydrous) xenoliths

These are rare, except at Dreiser Weiher and Meerfelder
Maar (Fig. 1), and the samples discussed here are all from the
literature (Table 1). Stosch and Seck (1980) described dunite,
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372 B. E. Bromley et al.: Carbonatite metasomatism overprinted by silicate melt metasomatism

Figure 3. Major element composition of clinopyroxene in the West Eifel mantle xenoliths. Sources of literature data are given in Table S1.
(a) xMg vs. SiO2, (b) xMg vs. TiO2, (c) xMg vs. Al2O3, (d) xMg vs. CaO, (e) xMg vs. Na2O.

lherzolite, harzburgite, and wehrlite xenoliths as belonging
to this group. Stosch and Lugmair (1986) described these
rocks as coarse/protogranular, with some samples showing
partial recrystallization. Xenoliths of this type from Dreiser
Weiher host the olivine–clinopyroxenite veins described by
Witt-Eickschen and Kramm (1998).

Olivine–clinopyroxenite veins in type Ib xenoliths

Witt-Eickschen and Kramm (1998) described 1–5 cm veins
that cross-cut anhydrous peridotite xenoliths at Dreiser
Weiher. The veins range from olivine–clinopyroxenite
to monomineralic clinopyroxenite. They contain variable
amounts of titanium-rich phlogopite. The contact between
the veins and host is sharp and is often marked by a wehrlite
zone up to 2 cm thick.

6 Mineral chemistry

6.1 Clinopyroxene

Three distinct clinopyroxene types are identified on the basis
of xenolith type, mineralogical associations, and composi-
tion. Only new analyses made during this study are included
in Table 2, and a complete list of all clinopyroxene composi-
tions used is given in Table S1.

6.1.1 LREE-depleted clinopyroxene

LREE-depleted clinopyroxenes are found only in the anhy-
drous type Ib xenoliths. They are diopside, with xMg (molec-
ular MgO / (MgO+FeO)×100) ranging between 88 and
91, with most having < 0.2 wt % TiO2 up to a maximum
of 0.64 wt %. Al2O3 ranges from 4 wt % to 7.5 wt % and
increases slightly with decreasing xMg. Cr2O3 is between
1 wt % and 1.7 wt %, and CaO varies between 17 wt % and
19.4 wt %. Na2O has a positive correlation with Al2O3 with
a maximum of 1.8 wt % (Fig. 3).
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Figure 4. Primitive-mantle-normalized (Sun and McDonough, 1989) multi-element plots of the trace element content of clinopyroxene in
the mantle peridotite xenoliths. Sources of literature data are given in Table S1. (a) LREE-depleted clinopyroxene from anhydrous (type Ib)
xenoliths. (b) LREE-rich, Ti-poor clinopyroxene in olivine–clinopyroxenite veins in type Ib xenoliths. (c) LREE-rich, Ti-poor clinopyroxene
in type Ia xenoliths. (d) LREE-rich, Ti-poor clinopyroxene in a clinopyroxene–amphibole–phlogopite (CAP) vein in a type Ia xenolith. (e)
Ti-rich clinopyroxene in type Ia wehrlite xenoliths and in phlogopite–clinopyroxene (PC) veins in type Ia xenoliths with variable negative
Zr and Hf anomalies. (f) Ti-rich clinopyroxene in type Ia wehrlite xenoliths and in phlogopite–clinopyroxene (PC) veins in type Ia xenoliths
showing positive Zr and Hf anomalies.

The primitive-mantle-normalized REE patterns of
clinopyroxene in the anhydrous xenoliths are flat to LREE-
depleted with La(N ) in the range of 0.3–4, and several grains
have weak negative Ti, Zr, and Hf anomalies (Fig. 4a).
On a Sm / Yb vs. La / Nd plot (Fig. 5), they fall in the
LREE-depleted fields, with some showing MREE depletion,
but most have slight to moderate MREE enrichment.

6.1.2 LREE-rich, Ti-poor clinopyroxene

This type of clinopyroxene occurs in type Ia xenoliths, in the
CAP vein (MFM-V) and in the wall rocks to hornblendite
and PC veins. It is diopside, with xMg in the range of 88–93
and low TiO2 contents. It has a wider range of Al2O3 content
than the clinopyroxene in the anhydrous xenoliths (1 wt %
to 8 wt %). Cr2O3 is slightly lower, and CaO is significantly
higher than in the LREE-depleted group Ib clinopyroxene
(Fig. 3). The primitive-mantle-normalized trace element sig-
natures of this type of clinopyroxene are quite different to
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those of the clinopyroxene in the anhydrous peridotite xeno-
liths. There is strong LREE enrichment and variable but
strong negative Hf, Zr, and Ti anomalies (Fig. 4b).

The CAP vein, which is hosted in a type Ia xenolith, con-
tains diopside that shows no significant variation in major
oxide composition between the vein and the host rock, with
average xMg#= 91.0± 0.4, TiO2 = 0.144± 0.04 wt %, and
Al2O3 = 4.11± 0.38 wt % (Table 1, Fig. 3). Diopside in the
lherzolite host has negative Zr, Hf, and Ti anomalies on
a primitive-mantle-normalized multi-element plot and is an
LREE-enriched signature with a maximum at Ce and a steep
slope down to Lu (Fig. 4d). Diopside from the CAP vein has
the same La to Nd chondrite-normalized pattern and abun-
dances as in the host but is slightly enriched in Sm to Lu,
though the slope of the REE profiles is similar (Fig. 4c, d).
The magnitudes of the negative anomalies for Zr, Hf, and Ti
in the clinopyroxene vein are slightly smaller than those in
clinopyroxene from the type Ia xenolith host (Fig. 4c, d, Ta-
ble 1).

6.1.3 LREE-depleted, MREE-enriched clinopyroxene in
olivine–clinopyroxenite veins

Diopside in these veins is similar in major element compo-
sition to the LREE-depleted clinopyroxene in the anhydrous
(Ib) xenoliths but ranges to slightly lower xMg and Cr2O3
and higher TiO2 and CaO (Fig. 3). The clinopyroxene in
the host anhydrous xenoliths may show some MREE enrich-
ment. In the veins, this type of clinopyroxene shows a small
negative Zr anomaly but no Hf or Ti anomaly, whereas in the
host peridotite, this type of clinopyroxene has negative Zr,
Hf, and Ti anomalies (Fig. 4b).

6.1.4 Ti-rich clinopyroxene in phlogopite–clinopyroxene
veins and wehrlite

This type of clinopyroxene is found in PC veins, wehrlite re-
action zones around veins, discrete wehrlite xenoliths, and
some unveined hydrous xenoliths. PC veins are absent at
DW, whereas at MFM, hornblendite veins are dominated
by amphibole with minor clinopyroxene. At the other lo-
cations, the veins lack amphibole and comprise variable
amounts of clinopyroxene and phlogopite. This clinopyrox-
ene type ranges in xMg from 86.5 to 92. TiO2 ranges between
0.2 wt % and 1.4 wt %; i.e., it is significantly higher than that
in the xenoliths described above. CaO contents are higher for
a given xMg than in the hydrous peridotites, and Na2O con-
tents are generally lower (Fig. 3).

There are two slightly different patterns in the primitive-
mantle-normalized multi-element plot. Figure 4e shows the
typical pattern, with a maximum at Ce–Pr and LREE con-
tents between that of the anhydrous and hydrous xenolith
clinopyroxene. There are very small to no negative Zr, Hf,
and Ti anomalies. A small population of grains, at least
one analysis from each location, except DW, shows positive

Figure 5. Sm / Yb vs. La / Nd plot (following Downes, 2001),
showing the variety of REE patterns in clinopyroxene from the
WEVF xenoliths. Sources of literature data are given in Table S1.

rather than negative or no Zr and Hf anomalies. These grains
are also richer in CaO compared to the remainder of the
phlogopite–clinopyroxene vein/wehrlite–clinopyroxene pop-
ulation.

6.1.5 Within-sample variations

As shown in Tables 2 and S1, each petrographic type of
xenolith has a dominant clinopyroxene composition, and in
most samples the clinopyroxene is homogeneous (Fig. 6a).
There are several samples that show significant variation in
clinopyroxene composition. Neun-23 contains two popula-
tions of clinopyroxene. The dominant population has strong
negative Zr, Hf, and Ti anomalies, whereas the smaller pop-
ulation lacks these anomalies (Fig. 6b). There is no apparent
difference in texture between the two populations. Sample
98HW1 also shows the dominant population with strong neg-
ative Zr, Hf, and Ti anomalies, but the smaller population is
depleted in REE and shows only a small negative Hf and Ti
anomaly (Fig. 6c). Sample 98MF1 shows a similar pattern,
but in this case the differences in normalized Zr, Hf, and
Ti are much smaller (Fig. 6d). Similar heterogeneity in the
clinopyroxene populations is seen in xenoliths from Baarley
and Neunkirchen.
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Figure 6. Primitive-mantle-normalized (Sun and McDonough, 1989) plots showing clinopyroxene compositional variation within individual
samples. (a) Eight analyses from sample 96G3 showing the homogeneous character of clinopyroxene in a wehrlite xenolith. (b) Nine analyses
from sample Neun-23 showing variable LREE and differences in the size of the negative Zr and Hf anomalies in clinopyroxene from wehrlite
associated with phlogopite–clinopyroxene veins. (c) Seven analyses showing the variability in Ti-rich clinopyroxene in 98HW1, which has
phlogopite–clinopyroxene veins hosted in wehrlite. Note that as Ti content increases, the magnitude of the negative Zr and Hf anomalies
decreases. (d) Seven analyses of clinopyroxene in 98MF1 showing the variability in the clinopyroxene trace element signature in type Ia
xenoliths affected by some melt infiltration.

6.2 Amphibole

Amphibole in the hydrous (type 1a) xenoliths and in the CAP
vein (MFM-V) is pargasite, with xMg from 86 to 91 and
TiO2 less than 1 wt %. Al2O3 increases with decreasing xMg.
Na2O ranges between 2.5 wt % and 3.8 wt %, and K2O is be-
tween 0.2 wt % and 1.5 wt % (Table 3, Fig. 7). A primitive-
mantle-normalized multi-element plot shows that the parga-
site has large negative Zr, Hf, and Ti anomalies, similar to
those in the co-existing clinopyroxene (Figs. 4c, 8a).

The hornblendite veins and associated wehrlite from MFM
contain Ti-pargasite that has a wider range of xMg from 81
to 90. Al2O3 is lower than in amphibole from the hydrous
xenoliths, as is Na2O, and K2O is higher in the Ti-pargasite
from the hornblendite veins (Fig. 7f). The primitive-mantle-
normalized multi-element plots of these grains show that
they have a weak to absent negative Zr and Hf anomaly and
either no Ti anomaly or a slight positive anomaly (Fig. 8c).
There is a small population of grains in the hornblendite
veins that has small positive Zr and Hf anomalies (Fig. 8d).

6.3 Phlogopite

Disseminated phlogopite in the hydrous xenoliths has xMg of
90–93 and < 1 wt % TiO2. In the phlogopite–clinopyroxene
veins and associated wehrlites, the xMg shows a wider range
from 80–90, and TiO2 contents are between 3 wt % and
6 wt % (Fig. 9).

7 Geothermometry

A compilation of the published thermometric data (Fig. 10),
determined using the two-pyroxene geothermometer of Brey
and Köhler (1990), shows that the anhydrous (Ib) xenoliths
have high equilibration temperatures in the range 1100 to
1290 °C, with an approximately normal distribution about the
mean at 1160 °C.

The hydrous (Ia) unveined peridotites show a lower tem-
perature range with a bimodal distribution with peaks at
960 and 1020 °C. Finally, the hornblendite and olivine–
clinopyroxenite veins and associated wehrlites show a bi-
modal distribution with peaks at 1020 and 1170 °C, with the
higher temperature reflecting the crystallization conditions of
the olivine–clinopyroxenites.
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Figure 7. Major element composition of amphibole. Sources of literature data are given in Table S1. (a) xMg vs. SiO2, (b) xMg vs. TiO2,
(c) xMg vs. Al2O3, (d) xMg vs. Cr2O3, (e) xMg vs. Na2O, (f) xMg vs. K2O.

The equilibration pressure is more difficult to estimate;
however, Witt-Eickschen (2007) showed, on the basis of
the Ca-in-olivine–clinopyroxene thermobarometer (Brey and
Köhler, 1990), that the anhydrous xenoliths equilibrated at
depths from 50–80 km, whereas the hydrous xenoliths equi-
librated under slightly shallower conditions (30–50 km).

8 Discussion

The mineral chemical data and textural relations from this
and previous studies indicate at least three events in the
SCLM below the WEVF.

1. The type Ib LREE-depleted xenoliths with no MREE
enrichment also show isotopic depletion (Stosch and
Lugmair, 1986), both of which are indicative of par-
tial melting of more fertile mantle. Stosch and Lug-

mair (1986) suggested that the melting event may have
occurred at ∼ 2 Ga.

2. In the type Ia samples and CAP vein, the Ti-poor,
LREE-rich clinopyroxene, as well as the Ti-poor am-
phibole and phlogopite, overprint the ancient depletion.
They are interpreted to be related to a mantle metaso-
matic event, the nature and agent of which are discussed
below.

3. Clinopyroxene in olivine–clinopyroxenite veins, show-
ing LREE depletion and MREE enrichment and no Hf
and Ti anomalies, has been related by Witt-Eickschen
and Kramm (1998) to the passage of primitive alkaline
mafic magma that is genetically related to the Quater-
nary Eifel magmatism. Similarly, the Ti-rich clinopy-
roxene, amphibole, and phlogopite in the phlogopite–
clinopyroxene veins and associated wehrlites have been
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Figure 8. Primitive-mantle-normalized (Sun and McDonough, 1989) multi-element plots of the trace element content of amphibole in the
xenoliths. Sources of literature data are given in Table S1. (a) Ti-poor amphibole in hydrous (type Ia) xenoliths. (b) Ti-poor amphibole in the
clinopyroxene–amphibole–phlogopite (CAP) veins. (c) Ti-rich amphibole in hornblendite veins and associated wehrlites from Meerfelder
Maar. (d) Ti-, Zr-, and Hf-rich amphibole in hornblendite veins and associated wehrlites from Meerfelder Maar.

linked by Witt-Eickschen and Kramm (1998), Shaw et
al. (2005), Shaw et al. (2018), and Ma and Shaw (2022)
to the passage of, and reaction with, alkaline mafic
melts, like those erupted during Quaternary volcanism.

In summary, the melting event is only preserved in high-
temperature type Ib xenoliths from DW/MFM. The first
metasomatic event is represented by type Ib xenoliths at all
locations, though CAP veins have only been found at MFM.
The final magmatic metasomatic event is also recorded at all
the studied sites, but there are differences in the composi-
tion of the melts that produced the veins, with those from
Dreiser Weiher and Meerfelder Maar being related to a more
sodic magma than those from the other locations (Shaw et
al., 2005).

8.1 Identification of metasomatic agents

Blundy and Dalton (2000) recognized that mantle xenoliths
rarely preserve direct, unambiguous evidence of the agent of
metasomatism and that the nature of the agent must be in-
ferred from trace element signatures and mineral textures.
This is particularly problematic when two different agents

of metasomatism can result in formation of a similar end
product, in this case wehrlite. Lloyd and Bailey (1975) sug-
gested that H2O–CO2 supercritical fluids are potential meta-
somatizing agents in the mantle, and Zindler and Hart (1986)
proposed that given the higher solubility of water in mantle
melts, the agent was most likely dominated by CO2. A later
study by Schiano et al. (1994) identified both silicate- and
carbonate-rich melts as possible agents of mantle metasoma-
tism. Experimental studies on trace element partitioning be-
tween carbonatite/silicate melts and clinopyroxene showed
that Ti should be depleted in clinopyroxene associated with
carbonatite metasomatism relative to clinopyroxene associ-
ated with silicate melt metasomatism (Klemme et al., 1995).

Previous studies of peridotite xenoliths from a variety of
locations (Yaxley et al., 1991; Dautria et al., 1992; Rudnick et
al., 1993; Yaxley et al., 1998; Coltorti et al., 1999) have out-
lined criteria by which carbonatite metasomatism might be
recognized. The most commonly applied criterion for iden-
tification of carbonatite-associated metasomatism is the re-
lationship of Ti / Eu and LaN / YbN in clinopyroxene devel-
oped by Coltorti et al. (1999). Since carbonatites have low Ti
and high LREE contents, carbonatite-associated clinopyrox-
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Table 3. Representative amphibole compositions from the clinopyroxene–amphibole–phlogopite (CAP) veins.

Sample MFM-V MFM-V MFM-V MFM-V MFM-V MFM-V MFM-V

SiO2 46.37 45.27 44.03 43.90 42.44 43.95 44.59
TiO2 0.82 0.85 0.99 1.04 1.08 0.94 0.93
Al2O3 13.07 13.11 12.75 12.72 12.14 12.70 12.89
FeO 4.08 4.11 3.82 3.82 3.84 3.92 3.76
MgO 15.70 17.45 17.77 17.72 19.05 17.61 17.63
CaO 10.23 10.47 10.82 10.75 10.82 10.80 10.68
Na2O 2.72 3.06 3.19 3.15 3.56 3.31 3.27
K2O 1.17 1.22 1.24 1.29 1.24 1.25 1.27
Total 94.15 95.54 94.60 94.39 94.17 94.49 95.03
#Mg 87.28 88.33 89.24 89.21 89.85 88.89 89.32
Sc 51.8 51.4 51.8 50.6 51.6 50.2 45.7
Ti 4544 4659 4591 4660 4640 4610 4426
V 341 344 350 347 350 341 326
Cr 10 095 10 313 10 711 10 594 10 794 10 698 10 168
Co 33.66 34.38 33.22 34.66 34.05 33.39 32.20
Ni 705 724 732 709 726 735 670
Rb 8.61 9.59 8.48 8.56 11.44 8.36 8.05
Sr 476 494 482 472 485 472 437
Y 19.42 18.92 19.90 19.50 19.14 18.33 16.46
Zr 88.22 83.96 89.37 85.70 92.57 85.67 63.24
Nb 151.18 124.68 152.29 151.53 141.18 131.10 97.52
Cs
Ba 231.79 322.78 281.85 212.46 399.85 262.55 241.87
La 22.15 25.62 23.48 22.18 24.62 24.29 23.42
Ce 70.58 76.02 72.15 69.50 74.88 73.18 68.89
Pr 9.95 10.15 10.40 10.21 10.54 10.14 9.34
Nd 43.52 44.26 44.30 44.73 44.60 43.41 40.05
Sm 8.67 8.76 9.56 9.42 8.90 7.75 7.91
Eu 2.70 2.39 2.52 2.59 2.31 2.32 1.96
Gd 7.12 7.56 6.66 6.88 7.45 6.74 5.60
Tb 0.81 0.84 0.91 0.85 0.91 0.77 0.72
Dy 4.63 4.32 4.46 4.72 4.02 3.93 3.53
Ho 0.77 0.70 0.83 0.72 0.74 0.71 0.60
Er 1.94 2.03 2.02 1.74 1.92 1.75 1.62
Tm 0.28 0.23 0.23 0.23 0.17 0.21 0.17
Yb 1.36 1.25 1.35 1.36 1.36 1.21 1.04
Lu 0.22 0.15 0.18 0.17 0.18 0.19 0.15
Hf 2.14 1.93 2.18 2.20 1.99 1.98 1.51
Ta 4.91 3.49 4.92 5.71 3.92 3.69 2.75
Th 0.78 0.93 0.72 0.91 0.79 0.73 0.89
U 0.14 0.17 0.11 0.16 0.14 0.16 0.13

ene should have low Ti / Eu and high LaN / YbN , whereas
clinopyroxene formed from silicate melt should have higher
Ti but lower LREE, giving a high Ti / Eu and moderate to
low LaN / YbN signature. For the WEVF, the nature of the
agent of metasomatism that formed the disseminated Ti-poor
minerals and the clinopyroxene–amphibole–phlogopite vein
is poorly defined. Kempton et al. (1988) and Stosch and Lug-
mair (1986) suggested that these minerals formed during re-
action of depleted mantle with low-density fluids. Thibault
et al. (1992) argued that wehrlite xenoliths at Gees formed
by reaction between orthopyroxene-bearing peridotite and

carbonatite melt, but this was challenged by Zinngrebe and
Foley (1995), who showed that the observed major element
compositional trends could be produced by reaction with a
silicate melt. Witt-Eickschen et al. (2003) also suggested that
the Ti-poor minerals in a single sample associated with this
event could be related to carbonatite metasomatism but that
there is little support from petrography and major element
composition of the minerals to support such an origin.

As expected, based on previous studies (Shaw et al., 2005,
2018; Ma and Shaw, 2022), the phlogopite–clinopyroxene
veins and associated xenoliths show a typical silicate-melt-
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Figure 9. Major element composition of phlogopite. Sources of literature data are given in Table S1. (a) xMg vs. TiO2, (b) xMg vs. Al2O3,
(c) xMg vs. Cr2O3, (d) xMg vs. BaO, (e) xMg vs. K2O, (f) xMg vs. Na2O.

Figure 10. Kernel density plot of geothermometry data for
WEVF xenoliths from Kempton et al. (1988), Witt-Eickschen et
al. (1993), Witt-Eickschen and Kramm (1998), and Witt-Eickschen
et al. (2003).

related signature, with Ti / Eu >2000 and LaN / YbN <10
(Fig. 11a). In contrast, the LREE-enriched, Ti-poor clinopy-
roxene disseminated in the hydrous xenoliths and forming
the bulk of the CAP vein has Ti / Eu < 1700 with LaN / YbN

that ranges from 1 to 45. This group falls well within the field
interpreted to be due to carbonatite metasomatism.

Amphibole in the melt-metasomatized xenoliths also
shows high Ti / Eu and low LaN / YbN , whereas that in the
CAP veins and type Ia xenoliths has low Ti / Eu and high
LaN /YbN (Fig. 11b), suggesting that metasomatic amphi-
bole may also be used in the discrimination between silicate
and carbonatite metasomatism.

On the basis of the Ti / Eu and La / Yb ratios and the
large negative Zr, Hf, and Ti anomalies on the primitive-
mantle-normalized trace element plots, we propose that the
LREE-rich, Ti-poor clinopyroxene and amphibole in the
type Ia/clinopyroxene–amphibole–phlogopite (CAP) veined
xenoliths are the result of interaction of depleted mantle, as
represented by the type Ib xenoliths, with a carbonatite melt.
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Figure 11. Trace element ratios and interpretation of trace element distributions of clinopyroxene and amphibole. Primitive-mantle nor-
malization factors for La and Yb are from Sun and McDonough (1989). Sources of literature data are given in Table S1. (a) Ti / Eu vs.
LaN / YbN (normalizing values from Sun and McDonough, 1989) with fields for clinopyroxene associated with silicate melt and carbon-
atite metasomatism (fields from Coltorti et al., 1999). The solid curves show the diffusion pathways for exchange between the composition
of carbonatite-associated clinopyroxene and the composition of clinopyroxene in veins associated with silicate melt metasomatism. These
profiles were calculated using the finite-difference MATLAB code from Shaw (2024). We calculated diffusion profiles using the diffusion
coefficients of Ti, Eu, La, and Yb from Van Orman et al. (2001), Cherniak and Liang (2007), and Cherniak and Liang (2012). We used two
different starting compositions in the models: for the carbonatite-related clinopyroxene, the grain with the highest (LaN / YbN ) and a grain
with average (LaN / YbN ). For the silicate-melt-related clinopyroxene, we used the grain with the highest Ti / Eu. We calculated a diffusion
profile for each element and each mineral pair using a diffusion duration of 100 000 years at 1150 °C. The element ratios were then calculated
for each point in the profile and transferred to the plot. (b) Ti / Eu vs. LaN / YbN (normalizing values from Sun and McDonough, 1989) for
amphibole, showing that disseminated amphibole in type Ia xenoliths and clinopyroxene–amphibole–phlogopite veins, related to carbonatite
metasomatism, has low Ti / Eu and high La / Yb compared to those in hornblendite veins and associated wehrlites that are associated with
silicate melt metasomatism. The carbonatite-associated amphibole has much lower Ti / Eu and LaN / YbN compared to amphibole in the
magmatic hornblendite veins.

8.2 Relation of the carbonatite and silicate melt
metasomatism

Although Ti-rich clinopyroxene in hornblendite/phlogopite–
clinopyroxene veins and associated wehrlites can be related
to metasomatism by magmas similar to those erupted in the
West Eifel during the Quaternary, they also show some sim-

ilarity to the carbonatite-associated clinopyroxene, most no-
tably in the presence of distinct negative anomalies in Zr and
Hf (Fig. 4).

Petrographic data from this study and those of Witt-
Eickschen et al. (1993), Witt-Eickschen and Kramm (1998),
Witt-Eickschen et al. (2003), Shaw et al. (2005), and Shaw et
al. (2018) indicate that the silicate metasomatic event over-
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printed the carbonatite-associated metasomatism. Since Ma
and Shaw (2022) used the carbonatite-metasomatized peri-
dotite composition as their starting composition in their mod-
els, we can examine the effect of equilibration of previ-
ously metasomatized mantle with silica-undersaturated melt.
The modelling indicates that at equilibrium, the silicate-
metasomatized mantle should show a decrease of ∼ 10
in LaN / YbN and an increase of between 3500–6500 in
Ti / Eu depending on the peridotite / melt ratio. This ex-
plains the extremes of the compositional range in the Ti / Eu
vs. LaN / YbN plot but not in the region where Ti / Eu is
between 1700–3700, which would require extremely small
amounts of melt infiltration. An alternative, suggested by
Shaw et al. (2018), is that the clinopyroxene in the silicate-
metasomatized xenoliths is not fully equilibrated but rather
records variable degrees of diffusive mixing of the origi-
nal carbonatite-associated clinopyroxene and the equilibrium
clinopyroxene from the silicate melt. This interpretation is
also supported by the heterogeneity of trace element signa-
tures in some samples (Fig. 6). The diffusion coefficients of
Ti, Eu, La, and Yb (Van Orman et al., 2001; Cherniak and
Liang, 2007; Cherniak and Liang, 2012) vary by up to 2 or-
ders of magnitude such that diffusive mixing would not be
linear but rather would describe a curved trend (Fig. 11a);
the precise trend would depend on the initial and equilibrium
clinopyroxene.

Our results show that the composition and distribution of
metasomatic phases in the sub-Eifel mantle are extremely
heterogeneous, with individual grains of clinopyroxene pre-
serving evidence of overprinting of two metasomatic events
over distances of a few hundred micrometres, in addition to
grain-to-grain and xenolith-to-xenolith heterogeneity. Such
heterogeneity has also been noted in xenoliths from the Hes-
sian Depression and the French Massif Central (Uenver-
Thiele et al., 2017; Puziewicz et al., 2025).

8.3 Regional implications

Volcanism in western and central Europe during the Ceno-
zoic produced a range of mildly to highly alkaline lavas and,
in some cases, carbonatites (e.g., Riley et al., 1996; Lus-
trino and Wilson, 2007; Valentini et al., 2010). The man-
tle xenoliths brought to surface in these eruptions, from the
Massif Central to SW Poland, preserve evidence of mul-
tiple metasomatic events (Demény et al., 2004; Galán et
al., 2008; Guzmics et al., 2008; Uenver-Thiele et al., 2017;
Puziewicz et al., 2025). Similar to the xenoliths from the
Eifel, the xenoliths from these sites show variable overprint-
ing of carbonatite-associated metasomatism by silicate melt
metasomatism. Although in many cases the silicate-melt-
associated metasomatism is interpreted to be related to the
volcanism that brought the xenoliths to surface, the origin
and timing of the carbonatite metasomatism are enigmatic.

Carbonatite may be generated by near-solidus melting of
carbonated peridotite (Pintér et al., 2021) or by formation of

an immiscible carbonatite from silica-undersaturated mantle-
derived magma (Weidendorfer et al., 2016). We speculate
that there may be a link between the carbonatite- and silicate-
melt-related metasomatism of the lithospheric mantle and
the volcanism that brought the xenoliths to surface. We sug-
gest two possible scenarios. First, early formed carbonatite
from near-solidus melting, which would be highly mobile
(Hammouda and Laporte, 2000), could ascend and react with
SCLM. Further melting in the source could generate a some-
what less mobile silicate melt, which would follow the car-
bonatite into the SCLM, where further reaction could occur.
A second possibility is that the fractionation of carbonated
silica-undersaturated magma generated immiscible carbon-
atite melts in the mantle. In either case, the low-volume, mo-
bile carbonatitic melts would migrate along grain boundaries,
creating a mainly pervasive metasomatism, though the vein
described here indicates some channelling of melt. The larger
volume of silicate melt could have been confined mainly to
fractures and their immediate surroundings, creating the ob-
served veining and associated wehrlite reaction margins that
are common in the Eifel mantle samples.

9 Conclusions

1. Previous studies have identified LREE-depleted
clinopyroxene in anhydrous xenoliths that resulted
from partial melting of a more primitive precursor.
The depleted peridotite left after melting was the
composition on which later metasomatic events were
superimposed.

2. Low Ti / Eu, high LaN / YbN , and the distinct negative
Zr and Hf anomalies of disseminated clinopyroxene in
lherzolite, harzburgite, and wehrlite xenoliths provide
strong evidence that the sub-Eifel mantle experienced
metasomatism by carbonatite melts. Although the meta-
somatic phases are mainly disseminated, the CAP vein
from Meerfelder Maar indicates that there was also fo-
cused flow.

3. Silicate melt metasomatism overprinted the carbon-
atite metasomatism. There is evidence of an early
phase of silicate metasomatism that produced olivine–
clinopyroxenite veins that contain LREE-depleted,
MREE-enriched clinopyroxene. Infiltration of later
batches of magma produced Zr- and Hf-rich clinopy-
roxene that is depleted in LREE compared to the
carbonatite-associated clinopyroxene. The variability
in clinopyroxene compositions, particularly in the
wehrlites produced by melt infiltration, indicates that
equilibrium between the carbonatite-metasomatized
peridotite host and infiltrating melt was not completely
attained.

4. The melting event is only preserved at Dreiser Wei-
her and Meerfelder Maar, whereas the two metasomatic
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events are regionally distributed, though there are dif-
ferences in the composition of the silicate melt related
to the second metasomatic event, as noted by Shaw et
al. (2005). The mantle below the Eifel is heterogeneous
on a hand sample scale but also on a grain-to-grain
scale. Analyses of clinopyroxenes in samples from nu-
merous locations show that they preserved complex re-
lations of trace element signatures.
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