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Abstract. Granulite xenoliths from the Quaternary West Eifel Volcanic Field in Germany record evidence of
magmatism in the lower crust at the end of the Permian. The xenoliths sampled two distinct bodies: an older
intrusion (ca. 264 Myr old) that contains clinopyroxene with flat, chondrite-normalised rare earth element (REE)
profiles and a younger (ca. 253 Myr old) intrusion that crystallised middle-REE-rich clinopyroxene. The younger
body is also distinguished based on the negative Sr, Zr and Ti anomalies in primitive mantle-normalised multi-
element plots. REE-in-plagioclase—clinopyroxene thermometry records the magmatic temperature of the xeno-
liths (1100-1300 °C), whereas Mg-in-plagioclase and Zr-in-titanite thermometry preserve an equilibration tem-
perature of ca. 800 °C. These temperatures, together with a model of the mineral assemblages predicted from the
composition of one of the xenoliths, define the pressure of crystallisation as ~ 1 GPa. The xenoliths also preserve
a long history of reheating events whose age ranges from 220 to 6 Myr. The last of these events presumably led
to breakdown of garnet; formation of symplectites of orthopyroxene, plagioclase and hercynite; and redistribu-
tion of heavy rare earth elements into clinopyroxene. The data from the West Eifel granulite xenoliths, when
combined with the existing data from granulites sampled in the East Eifel, indicate that the lower crust has a
long a complex history stretching from at least 1.6 Ga with intrusive events at ca. 410 and 260 Ma and reheating

from the Triassic to late Miocene.

1 Introduction

Crustal xenoliths in volcanic rocks carry valuable informa-
tion about deep subsurface geology and petrology that cannot
be accessed in any other way. The textures, mineral assem-
blages and compositions of the xenoliths provide information
on the age of the sampled crust, the pressure and temperature
conditions of formation/equilibration. Knowledge of these
permits correlation with regional- and continent-scale tec-
tonic events. In particular, xenoliths of granulite facies meta-
morphic rocks carry information on the petrology and tex-
tural evolution of the lower crust (Rudnick and Goldstein,
1990) and may be important in understanding interactions
between mantle-derived magmas and the deep lithosphere
(Ernst and Liou, 2008).

The nature of the crust and mantle in the Eifel volcanic
fields of Germany has been of interest for more than 4
decades because of the young age of volcanism (Schnepp

and Hradetzky, 1994; Nowell et al., 2006; Shaw et al., 2010;
Mertz et al., 2015) and the occurrence of P- and S-wave
anomalies in the sub-Eifel mantle (Ritter et al., 2001; Keyser
et al., 2002). Mantle xenoliths from the West Eifel field have
attracted attention because they record multiple metasomatic
events that have advanced our understanding of the evolution
of the lithospheric mantle and the asthenospheric magmas
that have interacted with it (Lloyd and Bailey, 1975; Witt-
Eickschen et al., 1998, 2003; Shaw et al., 2005; Mertz et
al., 2015; Shaw et al., 2018). Although the lower crust is
an important part of the deep lithosphere, its age and evo-
lution in the Eifel region are poorly understood. Up to now,
lower-crustal xenoliths have been described from only one
location in the East Eifel (Illies et al., 1979; Okrusch et al.,
1979; Stosch et al., 1986; Stosch, 1987; Loock et al., 1990;
Mengel et al., 1991; Stosch et al., 1992). The East Eifel
samples are garnet-bearing mafic granulites and amphibo-
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Figure 1. Distribution of Tertiary and Quaternary volcanic rocks
in the West Eifel Volcanic Field. Towns are indicated by dia-
monds. The distribution of the three volcanic centres in the Rock-
eskyllerkopf Volcanic Complex (RVC) is shown in the inset. These
are, from oldest to youngest, the SEL (South East Lammersdorf),
M (Miuseberg) and RKK (Rockeskyllerkopf) centres. Coordinates
in the inset map refer to Rheinland Pfalz Topographische Karte
Nr 5705 (GauB—Kriiger coordinate system). Regional geology mod-
ified from Biichel (1991); geology of the RVC modified from Shaw
et al. (2010).

lites that comprise plagioclase, clinopyroxene, garnet, horn-
blende, orthopyroxene, scapolite, biotite, quartz and titanite.

Seismic studies in the Rhine graben region, of which the
Eifel volcanic fields are a part, indicate a minimum depth to
the Moho of ca. 25 km (Prodehl, 1981; Prodehl et al., 1992),
which suggests a minimum pressure of ca. 0.75 GPa at the
Moho. Worner et al. (1982) used data from seismic surveys,
xenoliths and surface geology studies to develop a model of
the crust in the East Eifel: this model has 2—5 km of Devonian
sedimentary rocks overlying 15-18 km of low-grade meta-
morphic rocks and a 5 km thick high-grade granulitic lower
crust. Seiberlich et al. (2013) showed that the lithosphere—
asthenosphere boundary is at 41 & 5 km below the Eifel and
that the Moho is at 27-30 km depth.

This study examines the petrology and age of a new
suite of quartz- and garnet-bearing mafic granulites that oc-
cur within the well-studied Rockeskyllerkopf Volcanic Com-
plex in the West Eifel Volcanic Field (Shaw and Eyzaguirre,
2000; Shaw, 2009a; Shaw et al., 2010; Shaw and Woodland,
2012; Shaw et al., 2018). The occurrence of accessory titan-
ite in these xenoliths affords the opportunity to obtain robust
geochronological information that will help to refine our un-
derstanding of the evolution of the crust below the Eifel vol-
canic fields.
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2 Regional and sample site geology

The West Eifel Volcanic Field (Fig. 1) was erupted onto
Devonian and Triassic basement. Volcanism began ~
940 kyr BP, and the last known eruption was ~ 11kyr BP
(Hajdas et al., 1995; Zolitschka et al., 1995; Nowell et al.,
2006). The field trends NW-SE and comprises around 240
volcanic centres, including maars, tuff rings, scoria cones and
lava flows, with a total erupted volume of ca. 1.7 km?3 (Biichel
and Mertes, 1982; Mertes, 1983; Mertes and Schmincke,
1985). The granulite xenoliths for this study were collected
from the Rockeskyllerkopf volcanic centre (Fig. 1, inset).
This complex comprises three distinct eruptive centres that
range in age from 474 &+ 39 to 360 &= 60 kyr with evidence for
at least one long break in activity in the form of a 1 m thick
palaeosol (Mertes and Schmincke, 1983; Shaw et al., 2010).
The granulite xenoliths were collected from the same hori-
zons in the South East Lammersdorf (SEL) centre that host
the peridotite and clinopyroxenite xenoliths and clinopyrox-
ene and phlogopite megacrysts described by Shaw and Eyza-
guirre (2000) and Shaw et al. (2005, 2018). Granulite xeno-
liths are extremely rare in these deposits. There are only 5
samples from a high-pressure xenolith suite of more than 700
samples.

3 Analytical methods

Major element compositions of clinopyroxene and plagio-
clase were determined by JEOL 733 electron probe using an
accelerating voltage of 15kV and a beam current of 20 nA.
Natural and synthetic clinopyroxene, hornblende, pyrope, al-
bite and anorthite were used for standardisation. Counting
times of 40 s were used on peak positions, and background
positions were counted for 20s each on either side of the
peak. The resulting data were reduced using a ZAF correc-
tion.

Trace element compositions and U-Pb in titanite were
measured using a Resonetics S-155-LR excimer laser and
an Agilent 7700x quadrupole inductively coupled plasma
mass spectrometer, both located at the University of New
Brunswick. Ablations were done with a carrier gas of He
(300mL min~!) and Ar (930 mL min~!); for U-Pb analy-
ses sensitivity was increased using a downstream injection
of 2mLmin~! N». Titanite was analysed with a laser en-
ergy of 4Jcm™2, a repetition rate of 5Hz and a 33 um crater
diameter. BLR-1 (1047.1 £ 0.4 Ma) and MKED (1521.02 +
0.055Ma) were used as primary and secondary standards
respectively (Aleinikoff et al., 2007; Spandler et al., 2016).
Zr concentrations were measured using NIST 610 as a stan-
dard and the measured Ca content as an internal standard.
Common lead corrections were applied using the net 2%*Pb
signal, and the age estimated based on measurements of
206pp /238U and the common lead ratio evolution curves pre-
sented by Kramers and Tolstikhin (1997). Common lead cor-
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rections were applied for 2%*Pb > 50 cps and 1o internal er-
ror of < 25 %. Data were processed with Iolite 3.7 (Paton
et al., 2011) and the VizualAge data reduction, UcomPbine
(Chew et al., 2014). A complete listing of analytical and cor-
rection data are given in Supplement S1.

Trace elements in clinopyroxene and plagioclase were
analysed using a 60 um spot and 0.15mJ laser energy at
10 Hz with a fluence of 2.1Jcm™2. For elements with mul-
tiple naturally occurring isotopes the following were mea-
sured: 47Ti, 21V, 2Cr, ONi, °Ga, 88Sr, 20Zr, 139La, 140Ce,
146Nd, 147SII1, ISIEU, 161Dy, 167EI', 172Yb, 175Lu and 178Hf.
A gas blank was run before each measurement. Raw data
were processed using Iolite 3.5 (Paton et al., 2011) with stan-
dard reference values for NIST 612 (Pearce et al., 1997) and
the concentrations of 2°Si and **Ca determined by electron
probe as internal standards. NIST 610 was measured inter-
mittently to monitor precision and accuracy, which is esti-
mated as ~ 5 %. A complete listing of major and trace ele-
ment analyses of clinopyroxene and plagioclase is provided
in the Supplement (S2 and S3). Examination and analysis of
symplectites and oxides were done with a JEOL 6400 scan-
ning electron microscope with an EDAX energy dispersive
X-ray analysis system. Analyses were made at an accelerat-
ing voltage of 15kV, beam current of 1nA and count times
of 60s.

4 Petrography and classification

The five granulite xenoliths (Table 1) found in the SEL de-
posits are rounded to oblate spheroids with a maximum di-
ameter of 5cm. One sample is massive; four are layered.
Three of the xenoliths have fine-grained, symplectic inter-
growths of orthopyroxene, hercynite and calcic plagioclase
(Fig. 2a, b). Analyses of 100 by 100 um areas of these sym-
plectites and recombination of the phases based on their
modal abundance and composition (Table 2) indicate that
they have the approximate composition of garnet (alman-
dine: 41-48 mole %; andradite/grossular: 16-22 mole %; and
pyrope: 23-26 mole %). The interpretation of the symplec-
tites as the product of garnet is supported by their shape and
the similarity in texture with experimentally produced gar-
net breakdown (Obata et al., 2014). Hereafter, references to
garnet in the observed phase assemblage refer to the interpre-
tation of the original nature of the symplectites.

The layers in the xenoliths are 0.5 to 1 cm thick and are
defined by variations in the proportion of plagioclase and
clinopyroxene in three samples and by the presence of the
breakdown products of garnet in the fourth. The grain size of
the main phases in the xenoliths is 1-2 mm.

All five samples are mafic granulites. Three (10E, 13E
and 13H) consist of garnet, plagioclase and clinopyroxene
with lesser quartz and scapolite. Garnet breakdown prod-
ucts occur in fine-grained black layers, and accessory titan-
ite is common. The two garnet-free samples are dominated
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Figure 2. (a) Backscattered electron image of sample 13H show-
ing a pseudomorph after garnet surrounded by calcic plagioclase.
Right side of the image shows a coarse clinopyroxene decorated
with neoblasts of clinopyroxene. The region in the pseudomorph
outlined by the square is shown in more detail in panel (b). (b) In-
tergrowth of hercynite (H), orthopyroxene (O) and plagioclase (P)
in garnet pseudomorph. (¢) Photomicrograph of sample 10E show-
ing titanite (Tit) intergrown with plagioclase (Plag), ilmenite (Ilm)
and clinopyroxene (Cpx). Garnet breakdown products are visible in
the top right of the image.
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Table 1. Sample description and summary of age data.
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Sample Texture and mineralogy Clinopyroxene composition Age (Myr)
Type 1 clinopyroxene
11L 1-2cm thick layers. Plagioclase, clinopyrox- Chondrite-normalised REE abundances be- 259.4+£4.7

ene, oxides, titanite, trace quartz and trace al- tween 1 and 10 times chondrite. Patterns are

tered biotite. flat. Primitive mantle-normalised multi-element

plots show a positive Hf anomaly.

13E 1 cm layers, garnet breakdown products present 266.2+1.4

in one layer near the edge of the xenolith.

Plagioclase, clinopyroxene, scapolite, oxides,

quartz and titanite.
Type 2 clinopyroxene
10E 1-2cm thick layers defined by garnet break- Chondrite-normalised REE patterns show en-  253.7£2.5

down products. Clinopyroxene, plagioclase, richment in Pr to Dy. HREE abundances are

quartz, titanite and scapolite. variable, ranging from sub-chondritic to ~ 20

times chondrite.

13H Massive. Clinopyroxene, plagioclase, oxides, Primitive mantle-normalised multi-element

quartz and garnet breakdown products. plots show negative Sr, Zr and Ti anomalies.
10L Diffuse layering ~ 0.5 mm thick. Plagioclase,

clinopyroxene, oxides, quartz and trace titanite.

Table 2. Phases in symplectite in sample 13H — energy dispersion spectroscopy (EDS) analyses.

wt % Hercy Hercy Opx Opx Opx Opx An An An Areascan Areascan Mode
SiOy 0.36 1.54 45.66 4893 5038 50.56  45.10 4439 47.70 38.50 4132  38.23
TiOy 0.12 0.85 0.00 0.06 032 0.24 0.06  0.00 0.00 0.34 0.45 0.16
AlLbO3 47.88  39.05 7.16 3.77 452 487 35.61 3499 3291 24.69 26.29 26.43
FeO 4297 4933 33.15 28.60 20.83 19.79 1.51 1.99 1.22 21.54 15.74 18.16
MnO 0.79 0.58 1.37 132 0.84  0.68 0.09  0.17 0.14 0.85 0.40 0.55
MgO 7.44 8.00 9.80 15.28 20.81 21.09 029 036 0.30 6.89 5.13 7.23
CaO 0.09 2.48 2.56 1.70 1.88 2.48 1644 16.88 15.30 6.37 9.30 8.45
Na,O 0.22 024 0.00 0.11 0.13 0.07 0.81 0.89 2.35 0.58 0.89 0.71
K70 0.04 0.09 0.07 0.03 0.09 0.07 0.06  0.15 0.08 0.26 0.21 0.08
Total 99.92 9992 99.76 99.80 99.81 99.83 100.01 99.81 99.99 100.01 99.74  99.99

Hercy: hercynite. Opx: orthopyroxene. An: plagioclase. Area scan: scan of a 100 x 100 um region at the centre of two different symplectite regions. Mode:
composition based on recombination of the average composition of each mineral phase in the proportions 19.2 % hercynite, 33.4 % orthopyroxene and 47.5 %

anorthite (determined from image analysis of Fig. 2c).

by clinopyroxene and plagioclase with lesser quartz and ti-
tanite. One sample has traces of altered biotite. Plagioclase
in all the samples shows evidence of deformation: lenticu-
lar, kinked and offset twin lamellae (Vernon, 2004). Where
present, quartz shows well-developed undulose extinction.
Both plagioclase and quartz contain numerous fluid inclu-
sions. Scapolite partly to completely replaces plagioclase in
samples 10E and 13H. Clinopyroxene is green, anhedral,
strongly pleochroic and unzoned, though the cores of most
grains are rich in fluid and opaque inclusions. The Fe-Ti ox-
ides are two phase, with a hercynite and ulvispinel phase.
Titanite forms 0.2—-0.8 mm anhedral grains interstitial to pla-
gioclase, clinopyroxene and Fe—Ti oxides (Fig. 2c).

Eur. J. Mineral., 33, 233-247, 2021

5 Mineral compositions
5.1 Clinopyroxene

Clinopyroxene in the xenoliths is aluminian diopside (Ta-
ble 3), though each sample defines a distinct cluster of
compositions in terms of xMg [molar Mg/(Mg + Fe'!) -
100]. Clinopyroxene in garnet-free granulites shows rim—
core zonation; rims are typically slightly more magnesian
and less sodic than cores. Overall, clinopyroxene shows in-
creasing TiOy, AlbO3 and to a lesser extent NapO with
decreasing xMg (Fig. 3a—c). Clinopyroxene in the garnet-
bearing samples overlaps in composition with that in the
garnet-free samples but extends to higher xMg (Fig. 3).
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Figure 3. Major element composition of clinopyroxene. (a) xMg vs. weight percent TiO3. (b) xMg vs. weight percent Al O3. (¢) xMg vs.

weight percent NayO. (d) xMg vs. weight percent MnO.

The same trends of increasing TiO;, Al,O3 and NayO with
decreasing xMg are seen in these samples; however, the
clinopyroxene in garnet-bearing samples is depleted in MnO
(Fig. 3a—d).

On the basis of the trace element composition of clinopy-
roxene the samples can be subdivided into two groups (Ta-
ble 3, Fig. 4). Type 1 has one garnet-free and one garnet-
bearing sample (11L and 13E respectively). Clinopyrox-
ene in these samples shows nearly flat chondrite-normalised
REE profiles and a distinct positive Hf anomaly on a
primitive mantle-normalised multi-element plot. The garnet-
free sample has low Co (< 20ppm) and high Sc (40-
80ppm) and Cr (100-200 ppm) compared to the garnet-
bearing sample. Type 2 clinopyroxene also occurs in garnet-
free (10L) and garnet-bearing samples (10E and 13H). In
these samples, clinopyroxene has convex upward chondrite-
normalised REE patterns with moderate light-REE (LREE)
depletion compared to middle REE (MREE). Clinopyroxene
in the garnet-free samples has 20-30 times chondrite heavy
REE (HREE). The two garnet-bearing samples have clinopy-
roxene with a much wider range of HREE content, from
strongly depleted with convex upward to flat REE patterns
similar to those of the garnet-free sample. Type 2 clinopyrox-
ene is also distinct from type 1 clinopyroxene in the negative
St, Zr and Ti anomalies on the primitive mantle-normalised
multi-element plot.

Several samples show small variations in trace element
composition across the clinopyroxene crystals (Fig. 5). There
is minor zonation in Ti and Zr, with cores slightly enriched
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relative to rims. In the garnet-bearing samples, Yb and the
other heavy rare earth elements are enriched at the edge of
the crystals, where they are in contact with the garnet break-
down products (Fig. 5a, c). In contrast, clinopyroxene rims
in the garnet-free sample are HREE depleted.

5.2 Plagioclase

Garnet-free granulites 10L and 11L have average plagioclase
compositions of Angs and Anyj respectively, and the garnet-
bearing sample (10E) has plagioclase of Ange (Fig. 6a). In
contrast, the other two garnet-bearing samples have much
more calcic plagioclase (13E: Ange; 13H: Angg; Table 4).
The anorthite content of plagioclase has a positive correla-
tion with the xMg of clinopyroxene.

In the symplectites, the plagioclase is Angg. Unlike the
coarser plagioclase in the layers, the plagioclase in the sym-
plectites contains up to 2 wt % FeO (Table 2).

The three samples for which trace elements were deter-
mined show a variable positive Eu anomaly, small in 11L and
large in 13H with 10L intermediate (Fig. 6b). Sample 11L is
distinct in its Sr enrichment (Table 4), which correlates with
the Sr-rich composition of coexisting clinopyroxene.

5.3 Oxides

The abundant oxide grains in sample 13H have cores of il-
menite mantled by ulvospinel (Table 5). In the symplectites,
the oxide is hercynite (Table 2).

Eur. J. Mineral., 33, 233-247, 2021
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Table 3. Major and trace element of clinopyroxene.
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Sample 11L 11L 13E 13E 10E 10E 13H 13H 10L 10L
type 1 1 1 1 2 2 2 2 2 2
wt %

SiO, 49.27 49.64 50.16 49.78 4991 49.71 49.71 49.90 51.14 50.83
TiOy 0.44 0.36 0.43 0.37 0.22 0.21 0.33 0.52 0.23 0.32
Al,O3 3.84 3.66 4.24 3.68 2.92 2.30 3.75 4.81 2.86 3.50
Crp03 0.03 0.03 0.01 0.03 0.03 0.04 0.01 0.02 0.02 0.01
FeO 13.94 13.80 13.56 1531 11.13 11.15 10.73 11.46 11.43 12.46
MnO 0.58 0.50 0.30 0.32 0.42 0.40 0.20 0.22 0.48 0.53
MgO 9.13 9.38 9.48 9.14 11.65 1129 1261 11.90 11.55 10.27
CaO 21.78 22.28 22.27 2132 21.62 22.88 21.38 20.65 21.90 22.24
Na,O 0.79 0.74 0.82 0.82 0.74 0.70 0.47 0.57 0.65 0.77
Total 99.80 1004 101.26 100.76 98.64 98.68 99.19 98.06 100.27 100.92
ppm

Sc 51.4 52.8 27.3 65.3 37.9 45.6 90.7 79.7 77.2 49.6
Ti 1642 1641 2033 2117 1103 1091 1638 2229 1878 1251
\" 213 214 321 303 235 210 284 416 373 285
Cr 145 125 21 78 48 18 181 197 51 26
Co 14.4 12.8 57.8 71.5 358 31.9 77.8 78.2 63.4 44 .4
Ni 9.7 6.3 79.9 70.7 46.8 44,1 1472 1433 84.7 57.3
Rb 0.03 bdl 0.24 bdl 0.19 bdl 0.45 0.10 0.02 0.01
Sr 42.6 35.1 46.9 52.1 9.8 11.3 11.2 15.0 24.2 13.2
Y 2.3 2.8 4.3 4.0 14.0 5.1 18.8 12.5 57.7 34.5
Zr 35.2 394 56.3 45.8 25.2 16.0 20.1 40.0 47.7 25.6
Nb 0.01 bdl 0.19 bdl 0.27 0.01 0.35 0.17 0.10 0.03
La 1.28 0.54 0.56 0.66 0.62 0.99 2.26 1.74 0.74 0.69
Ce 2.95 1.83 2.40 1.86 1.39 3.32 8.98 6.15 8.26 2.51
Pr 0.39 0.32 0.43 0.32 0.34 0.50 1.66 1.30 2.73 0.76
Nd 1.91 2.13 2.29 1.43 3.40 2.56 9.58 10.82 21.17 7.59
Sm 0.46 0.56 0.56 0.61 1.83 0.72 3.77 4.72 8.83 4.69
Eu 0.10 0.12 0.16 0.14 0.48 0.27 1.41 1.56 2.25 1.30
Gd 0.38 0.66 0.72 0.72 2.84 1.08 4.54 5.68 11.54 6.50
Tb 0.08 0.09 0.12 0.11 0.49 0.24 0.76 0.70 1.94 1.18
Dy 0.41 0.61 0.76 0.53 3.11 1.13 4.32 345 12.14 7.40
Ho 0.08 0.10 0.18 0.13 0.61 0.20 0.71 0.53 2.50 1.49
Er 0.22 0.33 0.43 0.43 1.27 0.41 1.76 0.86 6.04 3.72
Tm 0.03 0.03 0.06 0.06 0.17 0.05 0.24 0.13 0.74 0.50
Yb 0.38 0.28 0.50 0.47 1.12 0.41 1.42 0.59 5.49 3.22
Lu 0.07 0.07 0.12 0.12 0.18 0.07 0.22 0.06 0.78 0.53
Hf 1.65 1.78 2.17 245 1.83 1.47 1.72 2.84 3.16 1.75

bdl: below detection limits.

6 Geothermometry

The temperature of equilibration of the xenoliths has been
calculated using three independent methods: the Mg-in-
plagioclase thermometer of Faak et al. (2013), for sam-
ples with plagioclase more calcic than Ansg; the REE-in-
plagioclase—clinopyroxene thermometer of Sun and Liang
(2017); and the Zr-in-titanite thermometer (Hayden et al.,
2008). The results are summarised in Table 6. The temper-
ature calculated using the Mg-in-plagioclase thermometer is
significantly lower than that calculated using the REE-in-

Eur. J. Mineral., 33, 233-247, 2021

plagioclase—clinopyroxene thermometer. The faster diffusion
of Mg compared to REE in plagioclase (Faak et al., 2013;
Sun and Liang, 2017) gives a higher closure temperature
for the REE-in-plagioclase—clinopyroxene geothermometer,
which may record the original crystallisation temperature.
Conversely, because of its lower closure temperature, Mg in
plagioclase is more likely to record a metamorphic equili-
bration temperature. The temperature determined from REE
in plagioclase ranges from 1090 to 1330 °C, i.e. a magmatic
temperature range, whereas Mg in plagioclase gives tempera-
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ture in the range 680 to 930 °C, which is closer to the temper-
ature expected for equilibration of lower-crustal granulites in
this region (Loock et al., 1990).

Zirconium contents in the titanites are extremely variable.
In sample 13E, Zr contents range between 163 and 1483 ppm
with an average of 968 ppm. Samples 11L and 10E have
smaller ranges and average Zr contents of 641 and 517 ppm
respectively. Application of the Zr-in-titanite thermometer
gives temperatures ranging from 783 to 818 °C. These tem-
peratures were calculated for titanite in quartz-bearing sam-
ples assuming both aSiO; and aTiO; set to unity. Slightly
lower activities will give temperatures that are lower by 10—
20°C. Samples 11L and 13H have a unimodal temperature
distribution with maxima at 800-810 and 820-830°C re-
spectively. Sample 10E gives a bimodal temperature distri-
bution with maxima at 780 and 810°C. The Zr-in-titanite
temperature range overlaps with those of Mg in plagioclase,
indicating that both record lower-crustal equilibration tem-
perature for the xenoliths.

7 Geochronology

U-Pb data for titanite in three samples (Fig. 7, Supple-
ment S1) define a broad array in Tera—Wasserburg plots. The
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upper intercept ages of the three samples do not overlap, but
all are upper Permian (253-266 Myr). The lower intercept
ages range from Triassic to late Miocene (Fig. 7).

The lack of overlap (within the error bounds of the age
determinations) suggests that the xenoliths represent sam-
ples from at least two distinct sources: one with an age of
~ 264 Myr (11L and 13E) and a second of ~ 253 Myr (10E),
in agreement with different REE signatures of clinopyrox-
ene. Frost et al. (2001) and Hartnady et al. (2019) proposed
that the closure temperature of titanite is above 660 and pos-
sibly above 800 °C. The temperatures determined from the
Zr-in-titanite and Mg-in-plagioclase thermometers suggest
that the titanites may have been close to or above their clo-
sure temperature. This is in accord with the wide spread of
the data on Tera—Wasserburg plots, suggesting that there has
been significant resetting of the U-Pb systematics due to lead
loss during reheating events. The probability density plot
(Fig. 7d) suggests a major disturbance at 230-200 Ma with
almost continuous disturbance occurring to ~ 6 Ma with a
gap between 20 and 30 Ma. Even though there is some pos-
sible reheating, Hartnady et al. (2019) suggested that the ex-
tremely low diffusivity of Pb implies that titanite can be used
to reliably date its crystallisation. This is discussed in more
detail below.
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Table 4. Major and trace element composition of plagioclase.

C. S. J. Shaw: Mafic granulite xenoliths, Eifel, Germany

Sample 11L 11L 13E 10E 10E 13H 13H 10L 10L
wt %
SiOy 57.49 57.05 53.13 55.97 56.10 46.35 4790 57.22 55.87
Al,O3 2591 26.55 28.25 28.08 27.26 3455 3293 2698 26.22
FeO 0.10 0.37 0.59 0.09 0.18 0.39 0.32 0.12 0.38
MnO 0.00 0.01 bdl 0.01 0.04 0.01 bdl bdl bdl
CaO 8.53 9.15 1192 9.69 9.88 17.49 15.59 8.95 9.63
Na,O 6.76 6.35 4.58 6.14 5.73 1.67 2.66 6.29 5.97
K»>O 0.42 0.59 0.48 0.41 0.55 0.04 0.03 0.36 0.34
total 99.22  100.07 9896 100.39 99.75 100.50 99.42 99.92 98.40
ppm
Ti 197 285 na na na 14 18 29 11
Sr 1854 1977 na na na 357 548 800 747
Y 0.53 0.76 na na na 0.84 0.39 0.07 0.18
La 2.15 2.96 na na na 2.82 2.42 2.47 1.98
Ce 1.75 2.14 na na na 5.81 3.81 3.64 3.17
Pr 0.20 0.22 na na na 0.48 0.31 0.32 0.24
Nd 0.84 1.08 na na na 1.73 1.09 1.15 0.80
Sm 0.04 0.14 na na na 0.22 0.15 bdl bdl
Eu 0.04 0.12 na na na 0.56 0.54 0.14 0.28
Gd 0.11 bdl na na na 0.11 bdl bdl bdl
Tb bdl 0.01 na na na 0.03 bdl bdl bdl
Dy 0.07 0.14 na na na bdl bdl bdl bdl
Ho 0.02 0.02 na na na 0.02 bdl bdl 0.01
Er 0.03 0.08 na na na 0.04 bdl bdl bdl
Tm bdl bdl na na na bdl bdl bdl bdl
Yb 0.08 bdl na na na bdl bdl bdl bdl
Lu bdl 0.03 na na na bdl bdl bdl bdl
bdl: below detection limits; na: not analysed.
Table 5. Ilmenite and Ulvospinel analysis (EDS) from sample 1-13H.

wt % IIm Ulvsp IIm Ulvsp IIm Ulvsp IIm Ulvsp

SiOy 0.19 0.23 0.22 0.11 0.19 0.18 0.18 0.25

TiOp 4239 22.00 43.66 2251 4121 12.83 41.81 19.11

AlL,O3 0.96 3.04 0.82 3.06 0.91 6.42 0.98 4.85

FeO 5297 7098 5145 6991 5427 76.74 53.58 71.29

MnO 0.67 0.81 0.50 0.77 0.50 0.66 0.56 0.60

MgO 2.54 2.69 3.01 3.31 2.57 2.81 2.63 341

CaO 0.09 0.04 0.21 0.18 0.17 0.13 0.09 0.24

Na,O 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 99.88 99.78 99.86 99.85 99.82 99.78 99.83 99.75

Ilm: ilmenite; Ulvsp: ulvospinel.

8 Discussion
8.1 Nature of the protolith

The high temperature recorded by REE-in-plagioclase—
clinopyroxene thermometry suggests that these xenoliths
preserve at least part of an original igneous mineralogy,

Eur. J. Mineral., 33, 233-247, 2021

whereas the lower temperature from Mg-in-plagioclase and
Zr-in-titanite thermometry may record the equilibration tem-
perature at the base of the crust. The orthopyroxene—
plagioclase—hercynite symplectites attest to the breakdown
of pre-existing garnet. This leads to the question of whether
these xenoliths should be considered truly metamorphic or
whether they are lower-crustal cumulates that crystallised ig-
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Table 6. Summary of mineral thermometry results (in °C).
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Method
Sample REE in plagioclase Mg exchange Zr in titanite
aSi0p =1 aSiOp =0.64
Sun and Liang (2017) Faak et al. (2013) Hayden et al. (2008)
11L 1268 =47 856+ 39 927+ 44 799+9
10E n.d. n.d. n.d. 783 £25
13H 1331 +£71 725 +28 788 +31 818 24
10L 1089+71 632+114 679 £ 126 n.d.

n.d.: not determined.
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Figure 5. Core-to-rim trace element variation in clinopyroxene.
(a) Type 1 clinopyroxene (sample 13E) from rim to rim; core is
at ~ 300 um. Ti and Zr are depleted in the rims. Yb is enriched in
the right rim, where the clinopyroxene is in contact with plagioclase
and garnet-breakdown products. (b) Garnet-free type 2 clinopyrox-
ene (sample 10L) from rim to rim; core is at ~ 1000 um. Ti and Zr
are depleted in the rims. Yb is depleted in both rims. (¢) Garnet-
bearing type 2 clinopyroxene (Sample 13H) from rim to rim; core
is at ~ 600 um. Ti and Zr are depleted in the rims. Yb is enriched in
the right rim, where the clinopyroxene is in contact with breakdown
products of garnet.
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neous garnet (cf. Faryad et al., 2018). The variable chondrite-
normalised REE patterns and primitive mantle-normalised
Sr, Hf and Ti anomalies in clinopyroxene suggest that the
samples were derived from at least two different parent mag-
mas.

8.2 Crystallisation conditions and the significance of
the titanite ages

Experimental studies of mafic magmas show that assem-
blages of clinopyroxene, garnet and plagioclase can be pro-
duced by high-pressure crystallisation (e.g. Green and Ring-
wood, 1967). Titanite in mafic rocks can form by a vari-
ety of subsolidus reactions (Xirouchakis et al., 2001a, b).
In the samples described here, titanite coexists with plagio-
clase, quartz, clinopyroxene and ilmenite (and ulvospinel in
13H). The titanite likely formed by a reaction similar to
(Xirouchakis et al., 2001a)

ey

clinopyroxene + ilmenite <> titanite + quartz + spinel

as part of subsolidus equilibration. This subsolidus event is
likely simply the continuation of cooling after the formation
of cumulates. Hirschmann et al. (1997) have shown that sub-
solidus reactions in the Skaergaard intrusion resulted in for-
mation of titanite by reaction at 690-720 °C, ~ 0.2 Myr after
initial intrusion.

In the present case, the reaction conditions needed for
titanite formation by subsolidus reaction can be estimated
using the Theriak-Domino thermodynamic calculation pro-
gram (de Capitani and Brown, 1987; de Capitani and Pe-
trakakis, 2010) and the composition of a xenolith, determined
from the mode and mineral compositions. A pseudo-section
produced using the thermodynamic database of Berman et
al. (1985) indicates that titanite forms at ~ 1 GPa under the
temperature conditions indicated from thermometry (Fig. 8)
and that the main mineral assemblage matches that ob-
served. Using this estimated pressure, the magma that formed
the parent body of the xenoliths was intruded at a depth
of ~30km. At this depth, a 1km thick sill emplaced at
1250 °C with the lower contact at 30km and a 25°Ckm™!
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geothermal gradient, mantle density of 3300kgm™3, crust
density of 2900kgm™3, thermal conductivity of 4.2 and
3.0W m~! K~! for mantle and crust respectively, and a heat
capacity of 1200Jkg~! K~! (Petford and Gallagher, 2001)
would equilibrate with the geotherm after 1 to 1.2 Myr, based
on the HEAT3D model of Wohletz et al. (1999). Thus, al-
though the U-Pb ages determined for the titanites do not cor-
respond to the primary igneous event, they do closely cor-
respond to the age of the intrusive event(s) that formed the
granulites.

8.3 Formation of symplectites

Mineral breakdown reactions may be due to heating prior
to xenolith entrainment or to post-entrainment reactions be-
tween the xenolith minerals and host (Shaw and Edgar, 1997;
Canil and Fedortchouk, 1999; Shaw, 1999; Shaw and Kliigel,
2002; Shaw et al., 2006; Shaw, 2009b). Orthopyroxene—
plagioclase symplectites are common around garnets in gran-
ulite terranes (Harley, 1989) and are interpreted as being re-
lated to decompression during exhumation. However, a sim-
ilar reaction should occur in the case of isobaric heating
since in both cases the garnet stability curve is overstepped.
In many granulite terranes and where garnet is preserved
as megacrysts in kimberlite (Canil and Fedortchouk, 1999;
O’Brien and Rotzler, 2003; Tam et al., 2012) it is partly pre-
served with coronas of variable width of intergrown orthopy-
roxene and plagioclase, indicating that the reaction period
was short enough to leave behind relict garnet. In the sam-
ples described here, there is no garnet remaining in any of
the samples.

Obata et al. (2014) produced a very similar symplec-
tic orthopyroxene—plagioclase—spinel assemblage during ex-
perimental breakdown of garnet at 0.85 GPa and 1100 °C.
The minimum temperature for breakdown in the Rock-
eskyllerkopf samples is estimated as 925 °C at 1.1 GPa from
the phase relations shown in Fig. 8. The rate of symplectite
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formation calculated by Dégi et al. (2010) suggests that gar-
nets with a radius of 1 mm could be completely replaced in
as little as 40 000 years at high temperature (~ 1050 °C) and
as long as 3 million years near the garnet stability curve.

In sample 13H, clinopyroxene shows a wide range in
HREE. Low HREEs are expected for clinopyroxene crys-
tallising in equilibrium with garnet, which would sequester
more HREEs than clinopyroxene. High REE or unfraction-
ated REE would result from crystallisation in the absence
of garnet. The zonation in the outer part of the clinopyrox-
ene crystals (Fig. 5) can be interpreted as being due to dif-
fusive addition of HREE released by the garnet breakdown.
The width of these zones is around 50 um. Based on extrap-
olation of Van Orman et al. (2001) tracer diffusion data for
Yb to 925°C, which is the minimum temperature for gar-
net breakdown based on phase relations (Fig. 8), these would
take ~ 1.5Myr to form. With heating to 1050 °C, the ob-
served profiles could form in as little as 60000 years. The
estimate of the duration of the breakdown event from the ki-
netics of symplectite formation and diffusion rates are in gen-
eral agreement. It is not possible to determine the conditions
or age of breakdown from the available data. A thermal dis-
turbance large enough to drive breakdown would decay over
time, and it is likely that garnet would reform from the sym-
plectite assemblage. For this reason, it seems most likely that
the disturbance is young, possibly associated with Tertiary
or even Quaternary magmatism. There is evidence of magma
accumulations in the lithospheric mantle on this timescale
(Shaw et al., 2018). Hence, it is not unreasonable to suggest
that magma flux and the increase in temperature that would
be associated with it might lead to heating that would affect
the granulitic base of the crust and cause garnet breakdown.
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Figure 7. Titanite geochronology. (a—c) Tera—Wasserburg plots for
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intercept), and the minimum disturbed age is given by the lower
intercept. (d) Probability density plot for samples 13E, 11L and 10E
showing the range of interpreted crystallisation ages and the timing
of the interpreted reheating events.
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Figure 8. Pseudosection for sample 11L calculated with Theriak-
Domino (de Capitani and Brown 1987; de Capitani and Petrakakis,
2010) using the database of Berman et al. (1985). The grey boxes
show the estimated temperature for samples 10L, 10E and 13H.
Pressure is bracketed by the titanite in- and ilmenite out-curves
since both phases are present. This indicates a pressure of 1 to
1.15 GPa for the titanite-forming reaction. Gt: garnet. Plag: pla-
gioclase. Opx: orthopyroxene. Cpx: clinopyroxene. Ilm: ilmenite.
Qz: quartz. Tit: titanite. The bulk composition input into the file
THERIN is Si (50.491), Ti (1.0306), Al (14.681), Fe (6.409), Mn
(0.232), Mg (6.052), Ca (14.497), Na (6.114), K (0.217) and O (?).
This composition also gives trace tephroite as a phase at all pres-
sures — this has been omitted from the phase assemblage for sim-
plicity.

9 Geodynamic implications

The only other samples of lower-crustal material from the
Eifel region are the granulite xenoliths from Engeln in the
East Eifel (Okrusch et al., 1979; Stosch et al., 1986, 1992;
Schmincke, 2007). The Engeln samples comprise two suites
— one with a depleted mantle model age of ca. 1.6 Gyr with
metasomatism at 172 + 5 Myr and a second suite with an ig-
neous age of 412 £ 81 Myr and reheating events at 170 and
100 Myr.

The late Permian age and interpreted igneous protolith of
the granulites from West Eifel suggest growth of the lower
crust by addition of mafic magma following the collapse of
the Permo-Carboniferous Hercynian Orogen. There is evi-
dence of late Hercynian magmatism across much of north-
west Europe from Scotland and the Massif Central (Upton et
al., 2004; Berger et al., 2007) to the Southern Permian Basin
(Benek et al., 1996; Timmerman et al., 2009) and the Saar—
Nahe region of Germany (Schmidberger and Hegner, 1999).
In the Eifel region, Meyer (1994) reports porphyry breccia
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and tuff in the Permian Wittlich Basin, which lies just south
of the West Eifel Volcanic Field. Further west in the Mas-
sif Central (France), Féménias et al. (2003) and Berger et
al. (2007) reported lower-crustal granulites of similar age
(257 £ 6 Myr), which they interpret as fragments of a deep
crustal layered intrusion.

The range of lower intercept ages for titanite indicates
multiple post-crystallisation reheating events (Fig. 7). The
oldest of these events was bracketed between 200-230 Ma
and can be speculatively correlated with magmatism as-
sociated with the breakup of Pangea (Dezes et al., 2004;
Ziegler and Dezes, 2005). Marzoli et al. (2014) and Pozs-
gai et al. (2017) reported Upper Triassic igneous rocks in
NW France and in the Pannonian Basin, which they relate to
the development of the Central Atlantic Magmatic Province.
Large-scale transport of magma into and through the crust
at this time could explain the first event of post-equilibration
reheating.

Following the peak of reheating recorded at ~ 220 Ma,
there was almost continuous disturbance of the U-Pb sys-
tematics in titanite until ~ 50 Ma. This is in accord with
the conclusions of Ziegler and Dezes (2005), who suggested
that there was thermal re-equilibration of the lithospheric—
asthenospheric mantle associated with subsidence of sag
basins throughout the Mesozoic. The youngest discordant,
Pb-corrected ages of the titanite range from ~ 20 to 6 Myr,
which may correlate with formation of a thermal anomaly
above what was to become the Eifel plume (Dezes et al.,
2004). The widespread Tertiary volcanic rocks in the neigh-
bouring Hocheifel region range in age from 44 to 35 Myr
(Fekiacova et al., 2007), which could also explain some of
the reheating.

Together the two suites of granulites from Eifel point to
a long history of crustal growth beginning at 1.6 Ga with
clearly defined intrusive events at ~ 400 and ~ 260 Ma with
numerous periods of metasomatism and reheating.
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