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Abstract

Like the Moldanubian parts of the Bohemian Massif and the French Massif Central, the Vosges Mts (NE France) comprise
an uppermost tectonic unit that consists of retrograded (UYHP/UHT granulites, eclogites and garnet peridotites, originally
metamorphosed at pressures of >4 GPa and temperatures of > 950 °C. Two amphibole—garnet—spinel-bearing peridotite
bodies located near to Col des Bagenelles (CB) and Crébimont (CR) show a pronounced retrograde evolution. Primary gar-
net was completely transformed to a symplectite of orthopyroxene + clinopyroxene + Cr-poor spinel +amphibole, partially
surrounded by a discontinuous outer zone of coarser grains of pyroxenes & amphibole. Such symplectites are typical for the
sliding reaction garnet + olivine + Na,O + K,O + H,O = orthopyroxene + clinopyroxene + spinel + amphibole. Both peridotites
contain ‘primary’ Cr—Al-spinel. In the sample from CB, such grains occur only within the symplectites after garnet, but never
in the matrix, while in the sample from CR, Cr—Al-spinel is present as inclusions within the symplectites and as isolated
grains within the surrounding matrix. In the peridotite from CR, that is more depleted than that from CB, these Cr—Al—spinel
grains show intense chemical zoning with Cr and Fe>* decreasing, but Al and Mg increasing from core to rim. This pattern
is interpreted as retrograde zoning during decompression. Primary P-T conditions deduced from compositions of matrix
pyroxenes under the assumption of equilibration with earlier garnet are > 1.6-1.7 GPa/>900 °C for sample CB, but>2.3
GPa/ > 860 °C for sample CR. Temperature conditions during the breakdown of garnet are indicated by pyroxenes from the
symplectites and are 833+ 18 (CB) and 812 + 11 °C (CR) using the Ca-in-Opx thermometer at a chosen pressure of 1.3 GPa.

Keywords Retrograded garnet peridotite - Geothermobarometry - Metamorphic evolution - Variscan orogeny - Vosges Mts

Introduction

Like many other parts of the fragmentarily exposed Vari-
scan orogenic chain in Europe, the Vosges Mts (NE France)
contains several tectonic units of polymetamorphic rocks
(e.g. Rey et al. 1992; Gardien et al. 1997). In the Moldanu-
bian zone of the Bohemian Massif, the Vosges Mts and the
French Massif Central, the uppermost tectonic unit consists
of relics of garnet peridotites and eclogites enclosed by felsic
gneisses that contain granulite relics. It is now clear that this
rock package originated from an ultrahigh-pressure (UHP)
and ultrahigh-temperature (UHT) metamorphic event at
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conditions of >4 GPa/>950 °C, but suffered variable ret-
rogression during exhumation to mid-crustal levels (e.g.
Altherr and Kalt 1996; Berger et al. 2010; Faryad et al. 2011;
Massonne 2011; Naemura et al. 2011; Thiéry 2012; Perraki
and Faryad 2014; Jedlicka et al. 2015; Haifler and Kotkova
2016; Altherr and Soder 2018; Sorger et al. 2018; De Hoym
de Marien et al. 2020; Vanderhaeghe et al. 2020). Retrogres-
sion is the largest in the felsic rocks that often show a UHP
granulitic stage overprinted by mid-crustal amphibolite-
facies metamorphism (Perraki and Faryad 2014; Altherr
and Soder 2018). The UHP eclogites are often partially or
completely transformed to retrogressed mafic granulites or
even amphibolites (Hanel et al. 1993). In many cases, garnet
peridotite bodies are retrogressed marginally or along shear
zones.

In the central part of the Vosges Mts, a number of oro-
genic garnet peridotite bodies surrounded by felsic gneisses
that contain relic granulitic volumes are known (Hameurt
1968; Altherr and Kalt 1996; Gayk and Kleinschrodt 2000;
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«Fig. 1 a Geological sketch map of the Vosges Mts. b Geological map
of the area with felsic gneisses (retrogressive granulites) contain-
ing a small body of former garnet—spinel peridotite (8, Crébimont)
and small bodies of former garnet peridotite (1, Laveline-du-Houx;
2, Belle Vue; 3, Champ de Laxet; 4, Col de Perthuis near Liezey;
5, ’Etang d’Oran; 6, Roche des Bruyeres; 7, Au Trout Vauthier; 9,
La Charme; 10 Flaconnieres). ¢ Geological map of a part of the Ste-
Marie-aux-Mines fault system (SMMF) around the Col des Bagenel-
les (CB) with tens of small bodies of former garnet peridotite and the
location of sample CB

Altherr and Soder 2018). This paper contains a study of two
bodies of retrogressed peridotites from Col des Bagenel-
les (CB) and Crébimont (CR) that are enclosed by felsic
gneisses containing granulitic relics. The rock from CB
originally was a garnet-peridotite that contains relic pri-
mary spinel only as inclusions in former garnet. The CR
peridotite, however, has primary spinel occurring not only in
former garnet, but also in the surrounding matrix, suggesting
an origin as garnet—spinel peridotite. In both rocks, garnet is
transformed to a symplectite of orthopyroxene, clinopyrox-
ene and secondary spinel. After a petrographic description
of these ultramafic rocks, the results of geothermobarometric
calculations are given. These data will be discussed against
the background of available P-T pseudosections and experi-
mental results. Furthermore, the geodynamic significance of
these new data will be discussed within the context of the
Variscan collision.

Geological setting

In the central parts of the Vosges Mts, the occurrence of
garnet-bearing peridotites is strictly connected with the dis-
tribution of amphibolite-facies felsic gneisses that contain
granulite relics (Hameurt 1962a, b, 1968; Altherr and Kalt
1996; Gayk and Kleinschrodt 2000; Skrzypek et al. 2012;
Lardeaux et al. 2014; Altherr and Soder 2018). This rock
association forms a larger mass located between the towns of
Remiremont in the SW, Bruyéres and Corcieux in the North,
Gérbepal and Xonrupt-Longemer in the East and Gérardmer
in the SE (Fig. 1a, b). This area is located to the NW of the
large dextral strike slip fault system of Ste-Marie-aux-Mines
(SMMF) and contains at least nine larger bodies of garnet
peridotite (Hameurt 1968; Altherr and Kalt 1996; Altherr
and Soder 2018). In addition, there is one body of retro-
grade garnet—spinel peridotite, located at Crébimont (CR),
about 5 km to the NNE of Remiremont. Towards NNE of Le
Bonhomme, the main SMMF passes the Col des Bagenelles
and the town of Ste-Marie-aux-Mines further to the NNE
(Fig. 1a, c). The former garnet peridotite of Col des Bagenel-
les (CB) is located a few hundred meters to the ESE of the
main SMMF and was most probably displaced towards the
NNE by this fault system. For further information see Fluck

et al. (1978), Vincent et al. (1985), Altherr and Kalt (1996)
and Altherr and Soder (2018).

Sampling and analytical techniques

The sample of the former amphibole—garnet peridotite from
Col de Bagenelles was taken about 400 m to the East of
the pass (Fig. 1c). Coordinates are 48° 11" 35” N/07° 07’
16” E (Carte géologique de la France a 1:50000, sheet 341,
Gérardmer). The sample of the former garnet—spinel peri-
dotite from Crébimont was taken about 2.7 km SE of Eloyes
and 5 km NNE of Remiremont (Fig. 1b). The coordinates are
48° 04’ 39’ N/06° 38' 30” E (Carte géologique de la France
a 1:50000, sheet 340, Bruyeres).

For bulk-rock analysis, about 1 kg of sample was pro-
cessed in a steel jaw crusher. After splitting, an aliquot
of ~80 g was ground in an agate ring-disc mill. The rock
powder was then dried at 105 °C for 24 h. Major element
concentrations were determined by wavelength dispersive
X-ray fluorescence (WDXRF) using lithium borate fusion
disks. Abundances of Cr and Ni were also measured by
WDXREF using pressed powder tablets. Calibration was done
with international reference samples. H,O was determined
by the Karl-Fischer titration method.

Back-scattered electron (BSE) imaging was performed
with a LEO 440 scanning electron microscope (SEM)
equipped with an Oxford Inca EDX system. Operating con-
ditions were 20 kV and variable sample current.

Mineral analyses were carried out at the Institute of Earth
Sciences at Heidelberg University with a Cameca SX51
electron microprobe equipped with five wavelength-disper-
sive spectrometers. Operating parameters were 15 kV accel-
erating voltage, 20 nA beam current and a beam diameter
of ~1 um. Counting time was 10 s for Fe, Mn, Na and K, 20 s
for Si, Al, Mg and Ca and 30 s for Ti and Cr. Natural and
synthetic oxide and silicate reference materials were used for
calibration. Matrix corrections were performed online with
the PAP algorithm (Pouchou and Pichoir 1984, 1985). For
detection limits, see Altherr et al. (2013).

Results
Bulk-rock chemistry

Major element bulk-rock chemical compositions of samples
CB-118, CR-1 and CR-2 are given in Table 1. Because H,O
contents are high, due to intensive serpentinization and the
presence of small amounts of amphibole and chlorite, the
recalculated compositions of these peridotites (H,O free
and normalized to 100%) have also been included for com-
parison with fertile mantle compositions from the literature.
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Table 1 Major element
bulk-rock analyses of garnet-

Investigated peridotites from the Vosges Mts

Fertile peridotites from literature

bearing peridotites from Col Sample CB-1 CB-1* CR-1 CR-1¥* CR-2 CR-2¥* PM MPY KLB-1 KR4003 PY I

de Bagenelles (CB) and from

Crébimont (CR) in comparison SiO,  39.80 4478 39.94 4502 39.86 4504 4540 4474 4448 4490 4520

to fertile peridotites from TiO, 011 012 005 006 006 007 021 017 016 0.16 0.71

literature ALO; 298 335 223 251 206 234 449 437 359 426 3.54
Cr,0; 031 035 045 051 046 052 037 045 031 041 0.43
FeO, 763 858 735 829 730 825 810 755 810 8.02 8.48
MnO 014 016 015 017 012 013 014 011 012 0.13 0.14
MgO 3523 39.63 3673 4141 3659 4134 3677 3857 3922 373 37.48
NiO 024 027 027 030 028 030 024 026 025 024 0.20
Ca0 228 256 138 156 160 181 365 338 344 345 3.08
Na,0 016 018 013 015 016 018 035 040 030 022 0.57
K,0 001 001 002 002 002 002 003 000 002 0.09 0.13
P,0; 001 00l 000 000 000 000 002 000 003 - -
H,0 1039 - 1075 - 1093 - - 0.60 - - -
Total 9929 100.00 99.45 100.00 99.44 100.00 99.77 100.60 100.02 99.18  99.96
Mg#  89.17 89.17 89.90 89.90 89.93 89.93 89.00 90.11 89.62 89.20  88.74
Cr# 6.5 65 126 126 130 13.0 52 6.5 55 6.1 75
Ca# 4.0 40 24 24 29 29 60 5.4 53 56 5.0

*Analyses recalculated to 100.00% (H,O free)

PM =primitive mantle after Palme and O’Neill (2014), MPY =MORB pyrolite (Niida and Green 1999),
KLB-1 (Hirose and Kushiro 1993), KR4003 (Walter 1998), Py III=Pyrolite III (Green and Ring-
wood 1967). Mg#=100emolar [MgO/(MgO +FeO,)], Cr#=100emolar [Cr,0;/(Cr,05+Al,05)] and
Ca#=100e molar [CaO/(CaO +MgO+FeO,,)]

Relative to these compositions, all our samples recalculated
H,O0 free are characterized by significantly lower contents
of incompatible elements, such as Na, Ca, Al and Ti, but
higher contents of more compatible elements, such as Mg,
Fe, Cr and Ni. This indicates a significant depletion of these
rocks, although their values of Mg# [=100emolar MgO/
(MgO +FeO,,)] are still between 89.17 and 89.93, i.e. only
moderately higher than that of the primitive mantle (89.00).

Petrography and mineral chemistry

In the description of peridotite samples, mineral abbre-
viations as given in Whitney & Evans (2010) and Roman
numerals are used to describe different mineral generations.
Small letters after the Roman numerals indicate different
textural positions. Mineral analyses of the two peridotites
(CB and CR) are given in Tables 2 and 3, respectively. More-
over, for the different textural types of Cpx and Opx, the
concentration ranges and mean values (+ 1o) of TiO, Al,O;,
CaO and Na,O are given in Table 4.

Former garnet peridotite at Col des Bagenelles
The peridotite from CB is non-foliated and heavily serpen-

tinized. The rock has a former porphyroblastic texture with
larger pseudomorphs after Grt I (up to 2 mm in diameter; no

@ Springer

relics of Grt I) enclosed within a fine-grained matrix of Ol
I, Opx I and Cpx I, sometimes accompanied by Amp I and
later Chl IIIm (Fig. 2a). Although the matrix is completely
free of spinel, there are some grains of spinel I occurring as
inclusions in symplectite after Grt I.

Abundant pseudomorphs after Grt I consist of a thin,
discontinuous outer corona (Opx IIb+ Cpx IIb+ Amp IIb)
and an inner symplectite formed by elongated grains of Opx
IIc + Cpx Ilc + Spl IIc + Amp Ilc. These symplectites have a
‘domain structure’, whereby each of several domains is rec-
ognized by constant, but different extinction angles of Opx
IIc, Cpx Ilc and, if present, Amp IIc under cross-polarized
light, indicating that each domain consists of one large crys-
tal of Opx Ilc (Fig. 2b—f) with smaller, longitudinal crystals
of Cpx Ilc that also show one common orientation. In some
areas, Amp Ilc replaces Cpx Ilc. Longitudinal Spl Ilc grains
occur quite often along the interface between Opx Ilc and
Cpx IIc or Amp Ilc, but these nearly one-dimensional Spl Ilc
crystals may also continue within one of the two pyroxenes
and they may have curved orientations (Fig. 2d—f). Except
for their larger grain sizes, these symplectites are mineralog-
ically and texturally similar to the ‘type I kelyphite’ of Obata
and Ozawa (2011) and Obata et al. (2013). Looking at dif-
ferent domains within one former Grt I grain shows that the
elongated Cpx Ilc and Spl Ilc grains tend to be nearly radi-
ally oriented around the central parts of the pseudomorphs.
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Table 4 Concentration ranges of TiO,, Al,0;, CaO and Na,O (wt%), mean values and standard deviations (1) in brackets of pyroxene genera-
tions in the two peridotites from Col des Bagenelles and Crébimont (Vosges Mts)

CaO Na,O

Mineral n TiO, AlLO4
Col des Bagenel-
les (CB-118 and
CB-119)
Cpx 1 52 0.25-0.48 (0.35+0.05)
Cpx IIb 6 0.34-0.49 (0.41 +0.06)
Cpx Ilc 34 0.13-0.47 (0.29+0.10)
Opx 1 38 0.01-0.10 (0.06 +0.02)
Opx IIb 20 0.03-0.11 (0.06 +0.02)
Opx Ilc 38 0.00-0.06 (0.03+0.02)
Crébimont (CR-155)
Cpx I 13 0.11-0.29 (0.20+0.05)
Cpx IIb 3 0.26-0.40 (0.33+0.10)
Cpx Ilc 14 0.20-0.32 (0.26 +0.04)
Opx I 20 0.03-0.14 (0.08 +0.03)
Opx IIb 0.02-0.09 (0.07 £0.03)
Opx Ilc 7 0.03-0.08 (0.05+0.02)

3.38-5.75 (4.77+0.59)
4.22-6.01 (5.23+0.64)
3.62-5.73 (4.55+0.59)
3.03-4.00 (3.45+0.25)
2.96-4.55 (3.56+0.36)
2.51-3.13 (2.83+0.15)

1.40-2.57 (2.06 +0.34)
3.38-3.89 (3.47+0.12)
2.29-3.91 (2.93+0.43)
1.66-2.38 (1.92+0.22)
2.35-3.21 (2.64+0.39)
1.78-3.27 (2.45+0.47)

20.52-22.75 (21.73+0.44)

21.86-22.48 (22.06+0.21)

21.67-23.00 (22.51+0.36)
0.39-0.58 (0.50+0.05)
0.29-0.60 (0.45 +0.07)
0.31-0.48 (0.38 +0.04)

23.09-24.06 (23.52+0.29)

23.42-23.87 (23.56 +0.20)

23.47-24.13 (23.84+0.23)
0.31-0.43 (0.36+0.03)
0.34-0.38 (0.35+0.02)
0.32-0.38 (0.34+0.02)

1.02-1.50 (1.24+0.10)
1.02-1.22 (1.11 +0.08)
0.78-1.20 (0.95+0.12)
0.00-0.06 (0.03+0.01)
0.00-0.05 (0.02+0.01)
0.00-0.04 (0.02+0.01)

0.28-0.50 (0.37+0.07)
0.22-0.27 (0.26 +0.02)
0.18-0.28 (0.23+0.03)
0.00-0.04 (0.02+0.01)
0.00-0.02 (0.01 +0.01)
0.00-0.03 (0.01 +0.01)

n = number of analyses

Some of these pseudomorphs after Grt I still contain inclu-
sions of relict Spl I, while Amp IIc and Chl IIlc are rare.

Representative chemical compositions of the minerals
occurring in the CB peridotite are given in Table 2. Clinopy-
roxene I shows variable compositions indicating poor equi-
libration within the spatial scale of a thin section (Tables 2
and 4). Because the clinopyroxene grains are very small, it
was not possible to measure a chemical profile across these
grains, but Al,O5 seems to increase from core to rim. Xy,
values [=Mg/(Mg+ Fe,,)] range from 0.911 to 0.935. In
contrast, Cpx IIb compositions are more homogeneous and
show generally high concentrations of TiO, and of Al,O;,
but intermediate contents of CaO and Na,O (Table 2). The
values of X, are nearly constant (0.925-0.928). Finally,
Cpx Ilc is rather heterogeneous and has relatively high Xy,
values (0.925-0.937).

Orthopyroxene I shows a much smaller range of chemical
compositions (Tables 2 and 4). Again, rim compositions are
somewhat richer in Al,O; than the core compositions. The
values of Xy, range from 0.894 to 0.904. Orthopyroxene IIb
in the coronae of pseudomorphs after Grt I has similar con-
centrations of TiO, and Na,O, but somewhat lower contents
of Al,O5 and CaO. The values of Xy, range from 0.895 to
0.907 and are normal for the Mg# of the bulk rock (Table 1).
Orthopyroxene Ilc has the lowest Al,O; concentrations of
all pyroxenes (Tables 2 and 4).

Olivine I has values of Xy, between 0.893 and 0.901 that
are consistent with Mg# values of the bulk rock (Table 1).

Spinel I relics included in the symplectites after Grt I show
nearly similar compositions within the range of "(Mgg 7679
Fe™ 0512024) MAPY 261 5300 16.023F€ ™ 0,00.0.02)204 and

have values of X, [= Cr/(Cr+ Al +Fe**)] that range from
0.082 to 0.116. In contrast, Spl Ilc has lower X, values of
0.059-0.085 and tends to be richer in Mg and Al, but lower in
Fe and Cr, although the differences are small with "(Mg, 75 051
Fe ) 16.020) AP 51018700 0 120.17F™0.00-0.03)204-

Amphibole I (matrix) and Amp IIb and Ilc (pseudo-
morphs after Grt I) have similar compositions and are
characterized by high Al,05 (14.3-15.6 wt%) and Na,O
contents (3.18-3.62 wt%), moderate TiO, (1.2-1.7
wt%) and variable Cr,0O5 contents (0.56-1.10 wt%). As
typical for peridotitic pargasite, K,O contents (<0.25
wt%) are low. The values of #(Na+ K +2Ca) and of
C(Al+4Fe* + Cr’* 4 2Ti) (both in atoms per formula unit,
apfu) define these amphiboles to be pargasite according to
the nomenclature of the International Mineralogical Asso-
ciation (Hawthorne et al. 2012). It is remarkable that Na
contents per 23 oxygens are very high (0.88—1.00 apfu) for
all textural groups of amphibole.

Chlorite III is clinochlore and shows a significant
compositional variation depending on its textural posi-
tion. In the matrix, Chl IIIm is characterized by very
low Al, but relative high Fe contents: Y{(Mgs ,,Fe®* s,
Mg g2Fe™) 27Cro.02Alg o) 1 (Si3 69Alg31)O01o(OH)g. On
the other hand, Chl IlIs in the symplectites after garnet
is richer in Al and poorer in Fe: Y{(Mg, o, s 15Fe** 51 0.65
Mng 650.03CT0.01-0.02AL0.32-0.49) ' (Si3.43-3.63A10.57-0.37)
0,0,(OH);5. Hence, the difference between Chl III com-
positions is clearly controlled by the effective bulk
compositions.
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Fig.2 Petrographic details of
the former garnet peridotite
from Col des Bagenelles (CB).
a Part of a thin section with
pseudomorphs after garnet and
heavily serpentinized fine-
grained matrix of Ol I, Opx
I'and Cpx I. b Pseudomorph
after Garnet I consisting of a
symplectite of Opx Ilc, Cpx Ilc
and Spl Ilc, surrounded by a rim
of Opx IIb, Cpx IIb and Amp
IIb. ¢ Pseudomorph after Grt

I with rim of Cpx IIb. d and e
Parts of symplectites of Opx Ilc,
Cpx Ilc and Spl Ilc after Grt L.
f Detail of symplectite after Grt
I. Note the structure of Sp Ilc
within Opx Ilc and Cpx Ilc and
along the boundaries between
pyroxenes

Former garnet-spinel peridotite from Crébimont

The former garnet—spinel peridotite from CR is heavily ser-
pentinized and contains roundish symplectites of Cpx IIb/c,
Opx IIb/c, Spl IIc and Amp IIb/c after Grt I (<1 mm in
diameter) that are texturally similar to those of the peridotite
from CB (Fig. 3a, e—f). In marked contrast to the rock from
Col des Bagenelles, however, this peridotite also contains
Spl I grains that occur not only as inclusions in former Grt
I (Spl Ib; Fig. 3b, c), but also as larger matrix grains sur-
rounded by primary Ol I, Opx I, Cpx I and rare Amp I (Spl
Ia; Fig. 3d). Moreover, Ol I was rarely found as an inclusion
in symplectite after Grt I.

Orthopyroxene I is characterized by low Al,O; con-
tents (1.66-2.74 wt%) that increase from core to rim of
the grains (Tables 3 and 4; Fig. 4a), while SiO, decreases
slightly (Fig. 4b). Mg# values decrease almost impercepti-
bly from core to rim (Fig. 4c). The concentration of Cr,0;
(0.09-0.43 wt%) shows relatively large variation that seems

@ Springer

to be controlled by the neighboring phases. In Fig. 4d, the
left-hand side of the Opx I profile borders serpentine (former
olivine), while the right-hand side borders relatively Cr-rich
Spl I. Opx IIb and Ilc grains inside the pseudomorphs after
Grt I have higher Al,O5 concentrations (2.32-3.27 wt%), but
similar CaO and Na,O contents than Opx I (Tables 3 and 4).

Clinopyroxene I is characterized by very low contents in
Al, 05 (1.40-2.57 wt%; increasing from core to rim of the
grains), while Cpx IIb has high Al,O; contents (3.38-3.89
wt%) and Cpx Ilc is in between with 2.29-3.91 wt%
(Tables 3 and 4). Furthermore, Na,O is the highest in Cpx I
and similarly low in Cpx IIb and Ilc. Since Cpx I grains are
generally rather small (<30 um) we could only measure one
very short chemical profile with 13 analyses. In this profile,
Si and Na decrease but Al and Ti increase from core to rim
(Fig. 5).

Spinel I grains are solid solutions of the endmember com-
ponents Chromite, Magnesiochromite, Hercynite and Spi-
nel (Bosi et al. 2019), whereby their cores are richer in Cr
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Fig. 3 Petrographic details

of the former garnet—spinel
peridotite from Crébimont
(CR). a Part of a thin section
with pseudomorphs after garnet
and heavily serpentinized fine-
grained matrix of Ol I, Opx I
and Cpx L. b Relict Spl Ib grains
within a symplectite after Grt I.
¢ Detail of (b) with zoned crys-
tals of Spl Ib within symplectite
after Grt I. d Spl Ia and Opx I
relics within the matrix (dark).
e Pseudomorph after Grt I with
symplectites of Opx Ilc, Cpx Ilc
and Spl Ilc as well as Opx IIb at
the outer rim. In the core region,
relict Spl Ib is visible. f Detail
of symplectite after Grt I with
Opx Ilc, Cpx Ilc and Spl Ilc
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Left-hand contact is to former A0'076 i 1.960 - °o o0 0% ° C;O ° 7
Ol I (converted into serpentine), 20.074 00 g oo;’o 0 oo ° 020%°% °6° °
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and Fe?*, while their rims show a strong increase in Al and
Mg (Fig. 6; Table 3). Calculated Fe**/(Fe?* + Fe**) ratios
range from 0.074 to 0.140 and the values of X, are high and
decrease from core to rim of larger grains (0.478 to 0.112).
The compositional range is "(Mg s5_0.76F€* 0.24.0.44) V (A’
*100-1.75C1 0 22-0.05F€*0.020.05) 04, In marked contrast, Spl
IIc grains from the pseudomorphs after Grt I show generally
low X, values of 0.057 to 0.086 and are characterized by the
compositional range "(Mg 70.0.83Fe0.17-0.22) V(AP 501 87
Cr’* o 11-0.17F€* 0. 00-005)O4, i-€. they are richer in Al and Mg,
but poorer in Cr and Fe** than Spl I grains.

Distance (um)

Amphibole I, IIb and Ilc grains have pargasitic com-
positions (Table 3). Relative to amphibole from sample
CB, they are characterized by somewhat lower contents of
TiO, (0.86-1.40 wt%), Al,05 (12.8-14.7 wt%) and Na,O
(2.31-2.80 wt%). These amphiboles have generally lower
contents of Na contents per 23 oxygens (Amp I: 0.63-0.72
apfu; Amp IIb and Ilc: 0.72-0.77 apfu) than those of peri-
dotite CB.

In this sample, only Chl IIIs was found. It is clinochlore
with the compositional range of Yi(Mg, 7, s 10Fe** 0 50.0.71M

n0.02—0.04CIAO‘01—0.04A10.25—0.47)IV(Si3‘61—3.84A10.39—0. 16)0 IO(OH)S'
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Discussion
Occurrence of pargasiticamphibole

Given the relatively large size of Amp I grains in the
matrix of the two investigated peridotite bodies and the
fact that there are no relevant reaction textures, it can be
speculated that Amp I was formed relatively early, before
the breakdown of Grt I. Maximum P-T conditions of
amphibole in peridotite are strongly dependent on bulk-
rock composition. For a MORB pyrolite composition
(MPY, Table 1), a maximum equilibration pressure of 3.2
GPa (at 925 °C) and temperature of 1080 °C (at~2.3 GPa)
have been found experimentally (Niida and Green 1999).

The existence of Amp I in the matrix of both perido-
tites (CB and CR) indicates the early presence of H,O in
these rock systems. At elevated pressures (> 1.5 GPa) a
H,O-rich fluid phase will, however, dissolve significant
amounts of Na, K, Si and Al, and this may hinder the
crystallization of amphibole in peridotitic systems with
high H,O contents. In fact, it was shown by Green et al.
(2014) that at 2.5 GPa, amphibole is only stable at bulk
H,O contents between about 0.02 and 2.90 wt%. At low
H,O0 contents of about 0.02-0.4 wt%, this water is present
in nominally anhydrous minerals (NAMs) and pargasitic
amphibole, but at higher H,O contents in the system, there
is vapour present. Therefore, the solidus temperature of
pargasite-bearing lherzolite at~2.5 GPa depends on the
amount of H,O and decreases from the ‘dry’ solidus
(~ 1100 °C) via water-deficient to vapour-saturated condi-
tions at~ 1020 °C. In a P-T field, the wet solidus (> 0.4
wt% H,0) starts at 10° Pa and ~ 1070 °C with a negative
slope, turns to a positive slope at about 1 GPa/970 °C and
meets the nominally dry solidus (~0.02-0.4 wt% H,O
stored in NAMs and pargasite) at~3.2 GPa (Green et al.
2014: Fig. 6).

The occurrence of Amp IIb and IIc demonstrates that
free H,O was available during decompression and replace-
ment of Grt I. This fluid phase was again responsible for
the transport of Na, K and perhaps also Si and Al into the
growing symplectites.

With increasing pressure and temperature, pargasitic
amphibole in peridotite shows increasing contents of
Na (Niida and Green 1999: Fig. 8B). In both peridotites
investigated in this study, there is no difference in com-
position among the different generations of amphibole (I,
IIb, Ilc). Na contents (apfu) calculated by assuming Fe**/
(Fe’* + Fe’*) =1 are clearly different with 0.88—1.00 apfu
for peridotite CB, but 0.63-0.77 apfu for CR. It was shown
that the isolines of Na contents (apfu) in Amp have a nega-
tive slope in the P-T field and show increasing Na con-
tents with increasing P and T (Niida and Green 1999). The

difference in Na contents between the amphiboles of both
peridotites, however, may also be strongly controlled by
the amount of a water-rich fluid phase during amphibole
crystallization.

Different roles of spinel | in both peridotites

The most important difference between the two investigated
peridotites is the textural position of primary spinel I. In the
peridotite from CB, this phase occurs only as a rare inclu-
sion in former Grt I (not shown) but is never in contact with
Opx I and Cpx I. Values of X, are between 0.082 and 0.116.
These facts argue for a relict nature of Spl I and therefore
these grains are remnants of the prograde formation of gar-
net+ olivine from orthopyroxene + clinopyroxene + spinel.
This situation is comparable to the Nonsberg region in the
Alps, where the garnets of the ‘coarse-type peridotites’ also
show relict spinel inclusions caused by a transformation
of spinel lherzolite to garnet lherzolite (Obata and Morten
1987).

In marked contrast to the CB peridotite, Spl I in the peri-
dotite CR occurs not only included in Grt I (called Spl Ib;
Fig. 3c), but also as an additional phase in the matrix far
away from former Grt I, but in contact with Opx I and Cpx I
(called Spl Ia; Fig. 3d). Moreover, both Spl Ia and Ib grains
show the same type of core-to-rim zoning (decreasing X,
from~0.48 to 0.11). Such a situation is a strong argument in
favour of a spinel—garnet peridotitic origin of this rock. The
strong chemical zoning of both, Spl Ia and Ib grains (Fig. 6)
is retrograde and mainly due to a decompression rather than
a decrease in temperature.

P-T conditions of the spinel-garnet peridotite field
in fertile compositions

In the subsolidus part of the lherzolite system, the sliding
reaction

Grt + Ol + H,0 + Na,O + K,0 = Opx + Cpx + Spl + Amp
(1a)

separates the garnet peridotite field at higher pressures
from the spinel peridotite field at lower pressures for a given
temperature (Fig. 7). The shape and P-T size of the interme-
diate spinel to garnet peridotite transition interval, however,
is poorly known due to the lack of sufficient thermodynamic
data on Cr-bearing mineral endmembers (Klemme 2004;
Klemme et al. 2000, 2009; Ziberna et al. 2013; Holland
et al. 2018; Tomlinson and Holland 2021). Experiments in
the system SMACCTr showed that the influence of Cr on the
garnet-in boundary is not linear, since small amounts of Cr
shift this boundary strongly towards higher pressures. For
example, at 1000 °C, the garnet-in boundary is at~ 1.6 GPa

@ Springer
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Fig.7 a P-T Pseudosection for peridotite KR4003 (Walter 1998)
modified after Tomlinson and Holland (2021). b P-T pseudosection
for peridotite R123 after Ziberna et al. (2013). For a petrographic
and chemical description of this peridotite see Frey et al. (1985). ¢
Results of experiments on fertile peridotites by O’Hara et al. (1971).
Paragenesis of garnet peridotite, spinel-garnet peridotite and spinel

for a Cr-free system, but at 1.9 GPa for a system with Cr#=5
[Cr# = 100emolar (Cr,0,/(Cr,05+ Al,05))]. However, at
higher values of Cr# this curve flattens considerably and for
Cr#=10 it is at about 2.1 GPa (Nickel 1986).

Fertility of peridotites can be expressed by two values
of their bulk-rock compositions. Fertile peridotites are
characterized by high contents of Al,0; and CaO. Thus,
their Cr# value should be rather low (< 7) and their Ca#
value [=100emolar (CaO/(CaO +MgO + FeO,,,))] should
be relatively high (> 4). For fertile compositions such as
KLB-1 (Takahashi 1986; Zhang and Herzberg 1994) with

@ Springer

Pressure (GPa)
w
T

5 M T T T T T T
Ziberna et al. (2013)
R123 ‘dry’

Grt Cpx Opx Ol

Pressure (GPa)
w

2 |- Grt Spl Cpx Opx Ol

Patial melt
Spl Cpx Opx Ol
1 1 1 1 1 1 1
800 900 1000 1100 1200 1300 1400 1500
Temperature (°C)
5 T T T T T T
d

Niida and Green (1999)

MPY + H,0
4

® Grt Cpx Opx Ol
© Grt Spl Cpx Opx Ol
o Spl Cpx Opx Ol

1

Grt Cpx Opx Ol

Patial melt

Spl Cpx Opx Ol

1L—lo—4 00d !
800 900 1000 1100 1200
Temperature (°C)

] |
1300 1400

1500

peridotite are marked by different symbols. Intermediate spinel-gar-
net peridotite is only stable within a narrow pressure band. d Results
of experiments on the fertile, water-bearing peridotite MPY by Niida
and Green (1999). See Table 1 for composition and text for further
explanation. In ¢ and d, the phase boundaries of lherzolite R123 as
calculated by Ziberna et al. (2013) are given for orientation

Cr#=15.5 and Ca#=15.3 or KR4003 (Walter 1998) with
Cr#=6.1 and Ca#=>5.6, revised P-T pseudosections
were published by Holland et al. (2018) and Tomlinson
and Holland (2021), respectively. In the diagram of Tom-
linson and Holland (2021) (Fig. 7a), the relatively thin
intermediate P-T field of the spinel-garnet transition starts
as a thin band at the solidus at~2.4 GPa/1425 °C and
widens towards lower P-T values, whereby the spinel-out
boundary becomes concave upward, while the garnet-in
boundary has always a positive slope. The widening of the
garnet—spinel peridotite field towards lower temperature is
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thought to be strongly sensitive to the contents of ferric
iron and chromium in the bulk system (Holland et al. 2018;
Tomlinson and Holland 2021).

Using different thermodynamic data, Ziberna et al.
(2013) published a P-T pseudosection for their system
R123 (Cr#=4.1, Ca#=6.7) that is slightly more fertile than
KLB-1 and KR4003 (Fig. 7b). This pseudosection has a
larger wedge-shaped spinel-garnet lherzolite field than the
pseudosection of KR4003 (Tomlinson and Holland (2021).

Given the actual situation with the uncertainty of thermo-
dynamic data for Cr-bearing spinel and other relevant phases
(e.g. Klemme and O’Neill 2000; Klemme et al. 2000, 2009;
Klemme 2004), it seems reasonable to look at experimental
work with suitable peridotitic bulk compositions in order to
solve the inconsistency concerning the stability of spinel-gar-
net peridotite (Fig. 7a, b). MacGregor (1970) was the first
who experimentally demonstrated the importance of the Cr#
value of the bulk composition and he also proposed that an
increasing value of Cr# resulted in a higher pressure of the
relatively small transition field of spinel-garnet peridotite.
Green and Ringwood (1967) carried out experiments on ‘dry’,
relatively fertile Cr-bearing peridotite compositions (“Pyrolite
III’; Table 1) at pressures of 1.8—4.0 GPa and temperatures
of 1100-1600 °C. They found that “garnet and spinel coexist
together over a very small pressure interval” at P-T condi-
tions just on or above a line from 2.0 GPa/1050 °C to 2.5
GPa/1440 °C.

O’Hara et al. (1971) used ‘dry’ synthetic peridotites and
mixtures from natural (i.e. Cr bearing) peridotites (plagioclase,
spinel or garnet bearing) and got a narrow boundary field (AP
~ 0.1 GPa) between spinel and garnet peridotite, running
from about 1.65 GPa/850 °C via 1.8-1.9 GPa/1100 °C to 2.1
GPa/1200 °C (Fig. 7c; O’Hara et al. 1971: Fig. 4). Interest-
ingly enough, five runs of their experiments at 850, 950, 1100
and 1200 °C yielded ‘newly formed’ garnet+ spinel assem-
blages, so there is the possibility to interpret these data as a
proof for a narrow stability field (small AP) of garnet—spinel
peridotite even at low T values (<1000 °C). These experi-
ments also show that garnet peridotite (without Spl) may be
stable at very low pressures suggested by Fig. 7a (Tomlinson
and Holland 2021). Fan et al. (1997) used mineral separates
from a natural spinel peridotite and their experiments (‘dry’)
showed that garnet+ spinel are stable at 1.8—-2.0 GPa/1100 °C
and 2.5 GPa/1150 °C. These results are nearly similar to those
of O’Hara et al. (1971).

The experiments of Niida and Green (1999) were carried
out with a MORB pyrolite composition that contained vari-
able amounts of H,O (Cr# value of 6.5; MPY in Table 1).
It was found that garnet was present in all experiments at
P-T conditions >2.0 GPa and 925-1100 °C (Fig. 7d). Fur-
thermore, they found coexisting garnet+ spinel only at
2.0 GPa and 1050-1100 °C. There is only one experiment
(at 2.5 GPa/925 °C) that yielded garnet peridotite without

spinel. These P-T conditions are located in the spinel-gar-
net peridotite field of Ziberna et al. (2013) (Fig. 7d). There
is, however, another experiment at 2.0 GPa/925 °C, that
yielded spinel (without garnet?), which is somehow in con-
flict with the results of the other three experiments at 2.0
GPa/1050-1100 °C that yielded garnet+ spinel.

Despite the unfortunate situation, that ‘dry’ experiments
at temperatures below about 1100 °C in lherzolite systems
may show misleading results due to sluggish equilibration,
it is thought that a relatively small AP value (~1 GPa) of the
spinel-garnet peridotite field at 800 °C (Fig. 7a) is more likely
correct than a value of more than 2 GPa (Fig. 7b). In any case,
the reason for this large difference between both models should
be further investigated.

P-T evolution of the investigated peridotites

The primary phase assemblages of the investigated perido-
tites were changed by decompression to the assemblage of an
amphibole—spinel peridotite:

GrtI + OIT + H,0 + Na,O + K,O
= OpxIIb/c + Cpx IIb/c + SplIlb/c + Amp IIb/c  (1b)

For relatively fertile peridotite compositions this means
that the final P-T conditions of the garnet-free peridotites
were below pressures of ~1.3—-1.4 GPa at 800-1000 °C
(Tomlinson and Holland 2021). During decompression of
garnet-bearing peridotites, continued chemical diffusion
between Grt and Ol in the field of garnet—spinel peridotite
may be stopped after the symplectitic shell of Opx, Cpx and
Spl around relic Grt has gained a certain width. In such a
case, the further garnet consuming reaction

Grt + Na, O = Opx + Cpx + Plg (An — rich) + Spl 2)

may occur at lower pressures than reaction (1a) (Kushiro
and Yoder 1966; Obata 2011). However, despite a careful
search, no plagioclase was found in symplectites after Grt I
in both investigated samples, so it is assumed that garnet was
completely consumed by reaction (1a). Thus, the rare relics
of Ol I occurring as inclusions in the symplectites have to be
interpreted as relics after reaction (1a). Most probably, the
efficiency of reaction (1a) was increased by the early pres-
ence of H,O in the reacting volumes, as indicated by rare
Amp Ilc and Chl Ilc within the symplectites.

After their original equilibration as garnet (CB) and gar-
net—spinel (CR) peridotite, the two investigated rocks were
subject to retrogression leading to the complete consumption
of garnet by the sliding reaction (1a). This reaction was due
to decompression (Fig. 7a). The garnet peridotite CB (Spl I
is only present as rare inclusions in Grt I) was transformed
to a rock with two chemical subsystems, corresponding to
(i) former pyrope-rich garnet transformed by reaction with
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olivine and a H,O-rich fluid (containing Na and K) into a
corona of Opx IIb+ Cpx IIb and an inner symplectite of
Opx IIc 4+ Cpx IIc + Spl Ilc + Amp IlIc, whereby Spl Ilc is
relatively rich in Al and Mg, but poor in Cr and Fe and
(ii) the Mg-rich, but Al-poorer matrix consisting originally
of Ol I +Opx I+ Cpx I. Both the relatively large chemical
heterogeneity of Cpx I and Opx I (Table 4) and the presence
of presumably younger Amp Ila indicate, that the minerals
of the first generation (I) may have changed their original
chemical compositions to a certain degree. Moreover, there
was some chemical exchange between the matrix and the
symplectitic ‘pseudomorphs’ after Grt I.

The former garnet—spinel peridotite from Crébimont
(CR) preserved its Spl Ia and Ib in both the matrix and the
former Grt I domains, but also gained additional Spl Ilc
due to the sliding reaction (1b). Furthermore, former Spl Ia
and Ib grains characterized by relatively high X, changed
their composition to less Cr-rich rims at the lower bound-
ary of the garnet—spinel peridotite field, compatible with a
decompression. The influence of the bulk rock Cr# value
on X, of spinel and garnet in peridotite is given by a partly
schematic P-X, section in Fig. 8 (Webb and Wood 1986;
Brey et al. 1991; Klemme 2004; Griitter et al. 2006; Fuma-
galli et al. 2014; Lakey 2019). The pressure width AP of the
garnet—spinel peridotite stability field is strongly dependent
on the value of Cr# of the system. In relatively fertile bulk-
rock compositions, such as that of sample CB (Cr#=6.5;
Table 1), the sub-assemblage garnet+ spinel is only stable
within a small AP range (~1 GPa), while this assemblage
in sample CR (Cr#=12.6-13.0; Table 1) would be stable
up to very high pressure (6—7 GPa; Fig. 8). As can be seen
schematically, a relatively small decrease in P (i.e. from~2.6
to 1.8 GPa) will be able to explain the observed pronounced
zoning of Spl Ia/Ib in CR, while the Cr# value of Grt I
decreased only slightly.

Geothermobarometry

Geothermobarometry on unequilibrated peridotites that
contain clear petrographic evidence for changing P-T con-
ditions, such as those investigated in this paper is problem-
atic. Moreover, even for equilibrated peridotites there may
be problems resulting from the use of simplified chemical
compositions for experimental calibration of thermobarom-
eters. For example, the often-used two-pyroxene thermom-
etry (e.g. Brey and Kohler 1990) may be biased by high Na
contents in the pyroxenes (Brey and Kohler 1990; Nimis
and Griitter 2010). In the case of the CR peridotite with Na-
in-Cpx < 0.04 apfu, this problem is practically non-existent,
but for the CB peridotite with Na-in-Cpx =0.06-0.11 apfu,
this would probably cause significant differences. Another
problem concerns thermometers that are based on Mg—Fe?*
partitioning between garnet and pyroxenes, since it has
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Fig.8 Semiquantitative P-Cr# pseudosection (at about 900 °C)
for garnet—spinel peridotite CR and garnet peridotite CB, con-
structed after experimental data of Webb and Wood (1986), Brey
et al. (1991), Klemme (2004), Griitter et al. (2006), Fumagalli et al.
(2014) and Lakey (2019). Green and blue dashed vertical lines stand
for bulk-rock compositions of peridotites CR and CB, respectively.
Phase boundaries of garnet+olivine, garnet+ spinel+ orthopyrox-
ene + clinopyroxene +olivine and spinel +orthopyroxene + clinopy-
roxene +olivine are given (heavy black lines). The range of Spl Ia and
Ib compositions in sample CR is given with core-to-rim zoning (red
line and black arrow). This chemical zonation of spinel grains is con-
sistent with a decompression. For further explanation see sub-chapter
‘P-T evolution of the investigated peridotites’

been shown that the presence of Fe** in these phases may
influence the calculated temperatures significantly (e.g.
Matjuschkin et al. 2014; Nimis et al. 2015).

Given the chemical heterogeneities of Opx I and Cpx I
in both samples, any attempts to use geothermobarometry
for deducing their primary P-T states are problematic. In
particular, it is not clear in which way and to which degree
these pyroxenes changed their compositions during the ret-
rograde evolution by which Grt I was completely consumed
during decompression and an eventual concomitant decrease
in temperature. The only way to proceed is to use the Ca-in-
Opx geothermometer of Brey and Kohler (1990) in combi-
nation with the Al-in-Opx barometers of Brey and Kohler
(1990) and Nickel and Green (1985). Although garnet is no
longer present in the investigated peridotites, a model garnet
composition for pressure calculations is used. This compo-
sition corresponds to the composition of ‘grt 07° from the
garnet peridotite of Laveline-du-Houx (Vosges Mts) given
by Altherr and Soder (2018: Table 1). This procedure is
justified because (i) variations in garnet compositions within
fertile peridotite systems are rather limited in the P—T range
of 2-6 GPa and 700-1100 °C and (ii) Al-in-Opx barometers
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are not very sensitive to garnet composition (e.g. Altherr
and Kalt 1996). It is, however, clear that Opx I and Cpx I
grains show a significant zoning, in particular in sample CR
(Fig. 4), with Al,O; contents increasing from core to rim,
suggesting either significant heating and/or a decompression
during growth of these pyroxenes.

First, the thermobarometric results on sample CB (former
garnet peridotite) will be discussed. Applying the Al-in-Opx
barometer in combination with the Ca-in-Opx thermometer
of Brey and Kohler (1990) on Opx I core analyses yielded
mean P-T values of 1.61 +0.18 GPa and 891 +28 °C (lo;
n=26). If the Al-in-Opx barometer of Nickel and Green
(1985) is used, similar P-T values of 1.70+0.19 GPa and
895 +28 °C (lo) are obtained. The pressure dependence of
the Ca-in-Opx thermometer is about 40 °C/GPa. Further-
more, temperature values calculated with the two-pyroxene
thermometer of Brey and Kohler (1990) are also similar with
868 +£59 °C (lo; n="178) for an assumed pressure value of
1.65 GPa. For this thermometer, the pressure dependence is
only 14 °C/GPa. All the P-T conditions obtained for Opx I
are thus clearly located in the garnet—spinel peridotite field
(Fig. 7a), suggesting that the Al concentration in Opx I was
increased during pressure release, even in the cores of the
grains.

In order to get some more information on the tempera-
ture at which the final breakdown of garnet in peridotite CB
happened, the compositions of coexisting Cpx Ilc and Opx
IIc in the symplectites after Grt I can be used. Application
of the Ca-in-Opx thermometer of Brey and Kohler (1990)
for 1.3 GPa yields an average T value of 833 +18 °C (1o,
n=27), while the two-pyroxene thermometer (Brey and
Kohler 1990) yields 814 +55 °C (1o, n=31). Both temper-
ature values are similar and indicate some cooling during
decompression and garnet breakdown.

The former garnet—spinel peridotite CR is more depleted,
since it has lower contents of Al,O; and CaO, but higher
contents of Cr,05 (Table 1). Although pervasive second-
ary serpentinization prevents a determination of the primary
mode, the low contents of CaO suggest that the rock was
probably a harzburgite with less than 5% modal clinopyrox-
ene. This means that we cannot really use the P-T pseudo-
section for the KR4003 composition that is lherzolitic, since
in more depleted compositions the field for garnet—spinel
peridotite may be broader than that of the fertile lherzolite
KR4003. Both, Opx I and Cpx I of CR have lower Al con-
tents than the pyroxenes of peridotite CB and both pyroxenes
even show a more pronounced core-to-rim increase in Al
(Figs. 4a and 5a) consistent with a decompression. Using
core compositions for both pyroxenes, the combination of
the Al-in-Opx barometer with the Ca-in-Opx thermometer
yields P-T values of 2.3+0.3 GPa and 857 +22 °C (Brey
and Kohler 1990). The two-pyroxene thermometer of Brey

and Kohler (1990) yields a lower temperature value of
804 +39 °C.

For a pressure of 1.3 GPa consistent with the final break-
down of Grt I, the symplectitic pyroxenes Ilc of sample CR
yield a Ca-in-Opx temperature of 812+ 11 °C (16, n=7) and
a two-pyroxene temperature of 763 +32 °C (1o, n=14). It
has to be noted, that the boundary between the spinel perido-
tite and the garnet—spinel peridotite fields always has a mod-
erate positive slope in the P-T field, whereby this boundary
may move to higher pressures with increasing peridotite
depletion and Cr# value (Ziberna et al. 2013).

Secondary nature of chlorite llI

In both samples, chlorite III occurs as a retrograde phase,
but formed relatively early after formation of the assemblage
Grt I+ Opx [ +Cpx I+ Amp [+ Spl I. The high-temperature
stability limit of chlorite (clinochlore) in garnet peridotite
systems is given by the reaction.

Chlorite + Orthopyroxene = Garnet + Olivine + H,O.
3
At high pressure, this reaction has a steep negative slope
(Pawley 2003; Fumagalli and Poli 2005; Fumagalli et al.
2014; Lakey 2019) and terminates at an invariant point
at~2.3 GPa/850 °C (Lakey 2019). From this invariant point,
the chlorite breakdown reaction

Chorite = Orthopyroxene + Olivine + Spinel + H,0
C)
starts with a positive slope and terminates at the transi-
tion from plagioclase to spinel peridotite at 0.8 GPa/800 °C
(Lakey 2019). In the former garnet peridotite CB, Chl IIIm
occurs in the matrix and has relatively low Al,O; contents
reflecting the bulk composition of the matrix outside Grt L.

Geodynamic consequences and speculations

It has been shown that most of the peridotites in the upper-
most tectonic unit of the Moldanubian zone in the French
Massif Central, the Vosges Mts and the Bohemian Massif
are UHP garnet peridotites that were generated at P—T con-
ditions of >4 GPa and 1000-1100 °C (e.g. Gardien et al.
1988, 1990; Altherr and Kalt 1996; Medaris et al. 2003,
2005, 2006, 2009; Lardeaux 2014; Altherr and Soder 2018;
Muriuki et al. 2020). These rocks form relatively small bod-
ies and are often closely associated with UHP eclogite. Both
UHP metamorphic rock types are enclosed within felsic
gneisses that were retrogressively formed from HP granu-
lites. Since the latter may contain relict coesite and micro-
diamond inclusions in zircon and garnet (Lardeaux et al.
2001; Perraki and Faryad 2014), they also had a UHP past.
Furthermore, Naemura et al. (2011) described a diamond
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inclusion in Cr-spinel of the spinel-garnet peridotite from
PlesSovice (Blansky Les Massif in the SW Czech Repub-
lic). This observation shows that even ‘equilibrated’ spi-
nel-garnet peridotites may have a UHP past. During rapid
transport towards the Earth’s surface at high temperatures,
the reactivity of a certain rock volume will depend on a
number of characteristics, such as, for example, grain size,
ductility, degree of deformation, chemical composition and
water content. It is clear, that acid to intermediate (U)HP
metamorphic rocks are more ductile than ‘dry’ peridotite
and eclogite and this easily explains the fact, that the latter
rock types are more resistant to retrogression than the felsic
rocks. Moreover, exhumation of high-density peridotite and
eclogite is always difficult and; therefore, such rock volumes
need a relatively light transport medium such as the felsic
granulites or their UHP precursor rocks in which they can
be carried to shallower depths.

So far, we did not find any signs of a possible UHP past of
the two ‘garnet-bearing’ peridotites (CB and CR) described
in this study. This could either mean that these rocks never
were at depths of more than~70 km or that their mineral-
ogical past was already completely erased during transport
towards the Earth’s surface. In any case, the ‘negative den-
sity jump’ at the Moho (ultramafic rocks below vs mafic
rocks above) reduced the buoyancy of the exhuming rock
package of light felsic rocks enclosing minor volumes of
peridotite and UHP eclogite. Additionally, minor amounts
of water entered these rocks and enhanced partial trans-
formation of the garnet peridotites to amphibole—spinel
peridotites. Another possibility is, that the two investigated
peridotites formed partial volumes in the outer zones of an
ascending mass of rocks and were therefore more heav-
ily deformed and also more extensively overprinted by an
ingress of water which produced not only the chemical ret-
rogression of pyroxenes I, but also caused crystallization of
amphibole L.

Conclusions

The two investigated peridotite bodies CB and CR bear clear
evidence for their exhumation within a larger mass of felsic
gneisses (relict granulites). Both peridotites contain zoned
symplectites that attest the former presence of garnet. This
phase was completely eliminated by the sliding reaction gar-
net+ olivine + H,O +Na,O + K,0 = orthopyroxene + clino-
pyroxene + spinel + amphibole. While the more fertile peri-
dotite CB contains only some grains of relict spinel that
once formed inclusions within garnet, the more depleted
peridotite CR has abundant older Cr—Al-spinel grains that
are zoned and occur in both the symplectites after garnet and
the matrix. The more depleted CR peridotite therefore was
a spinel-garnet peridotite. According to its bulk rock Cr#,
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Cr—Al spinel in this peridotite would be stable to ultrahigh
pressures of 6—7 GPa.

Water was always present in the rocks during their
exhumation, since amphibole occurs in the matrix and in
the symplectites after garnet. Therefore, it is well possible
that ‘primary’ P-T conditions were significantly higher
than 1.6-1.7+0.2 GPa/890 + 30 °C for CB and 2.3+0.3
GPa/869 +20 °C for CR. These conditions are significantly
lower than those determined for the other garnet peridotites
of the central Vosges Mts (>4.0 GPa/> 1000 °C; Altherr
and Kalt 1996; Altherr and Soder 2018). For the (final)
breakdown of garnet, a pressure of 1.3 GPa was assumed in
accord with experimental evidence. Temperatures obtained
from pyroxenes of the symplectites are 830 +20 °C (CB)
and 810+ 10 °C (CR).

A rapid decompression as suggested by the textures and
mineral compositions of the two investigated peridotites
seems only possible by their enclosure within low-density
rocks such as the present felsic granulite relics and gneisses.
Nevertheless, the rapid ascent of this rock package was tem-
porarily slowed down by the negative density jump at the
Moho. Moreover, ductility of the rocks could have changed
due to cooling.
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