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Kersantite is the international designation for hypabyssal lamprophyres essentially made up of dark
micas and plagioclase. Kersantites from the type locality (Kersanton hamlet) and the W-Armorican
surrounding area are Serpukhovian/Bashkirian in age. They are systematically associated in the field with
hypabyssal microgranodiorites, both types being intruded synchronously as syn-compressional mag-
matic bodies that postdated pre-tectonic Tournaisian/Visean dolerites. The kersantitic amphibole compo-
sitions can be used to constrain the crystallization pressures and oxygen fugacities (redox conditions
much more oxidizing than the Ni-NiO buffer). The oscillatory zoning observed in clinopyroxene pheno-
cysts is consistent with a magma chamber repeatedly refilled by mafic liquid. The melting source of the
W-Armorican kersantites corresponded to a lithospheric mantle located in the spinel-garnet transition
zone (75–85 km depth), highly metasomatized by fluids probably released by a subducted sediment-
bearing slab. Microgranodiorites could result from intimate mixing between mantle- and crust-derived
magmas, with cordierite as possibly melting phase. The emplacement of dolerites with anorogenic geo-
chemical signature prior to kersantites/microgranodiorites implies upwelling of the asthenospheric man-
tle up to a relatively high level, probably as the result of an extension induced by either roll back of the
subducted lithospheric slab or delamination of the overriding plate. The heat input associated to the long-
lasted asthenosphere rise could have favored (1) the formation of early dolerites between 347 and
330 Ma; and then, (2) the genesis of syn-compressional kersantites and microgranodiorites between
330 and 310 Ma, once the overlying lithospheric mantle was metasomatized by crust-derived fluids.
This magmatic sequence marked the beginning of the Avalonia-Armorica collision, just prior to the main
Variscan compressional event in this zone at c. 315 Ma.
� 2021 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

Lamprophyres are hypabyssal glistening high-K igneous mafic
rocks reputed to derive from highly metasomatized upper mantle
sources in continental environment (Owen, 2008; Dijkstra and
Hatch, 2018; Soder and Romer, 2018; Krmíček et al., 2020). They
are generally emplaced at a late- or post-collision stage
(Awdankiewicz, 2007; Owen, 2008; Caroff et al., 2015; Tappe
et al., 2016; Dijkstra and Hatch, 2018; Errandonea-Martin et al.,
2018; Soder and Romer, 2018; Krmíček et al., 2020; Orejana
et al., 2020). Krmíček et al. (2020) have also evidenced Variscan
syn-orogenic lamprophyres in the Bohemian Massif. Alternatively,
lamprophyres can derive from Andean-type subduction-modified
subcontinental lithospheric mantle in an extensional regime (e.g.,
Orozco-Garza et al., 2013; Ma et al., 2014).

Kersantite is a petrographic term stemmed from the name of
the hamlet Kersanton (Loperhet, France), and conventionally used
as the international designation for intrusive lamprophyres essen-
tially made up of dark micas and plagioclase (Le Bas, 2007). The
kersantites from the type locality and its surrounding area were
emplaced in the western part of the Armorican Variscan belt
between the late Mississippian and the early Pennsylvanian.
Though forming, with their associated intrusives, one of the dens-
est hypabyssal swarm in the Armorican Variscides, they have not
benefited from recent studies since the pioneer works of Velde
(1968, 1971), Thonon (1973, 1975), and Turpin et al. (1988).

The W-Armorican kersantites investigated in this study are sys-
tematically associated in the field with hypabyssal microgranodi-
orites. Both were emplaced after intra-basinal (anorogenic)
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dolerites during the onset of compression (Rolet and Thonon,
1979; this study). These intrusions deserve to be fully investigated
in terms of petrology and geochemistry, with the aim to assess,
among other issues, the source composition and melting depth of
the corresponding syn-orogenic magmas. All together, these data
provide new insight into the early period of the Variscan orogeny
in Western Europe.
2. The lamprophyre classification debate

The term ‘‘lamprophyre” has been first proposed by Gümbel
(1874) for ‘‘dark-coloured dyke and sill rocks distinguished by an
abundance of glistening mica flakes” embedded in a feldspar
groundmass. In analogy to these, Rosenbusch (1896) added the
amphibole-bearing types. At that time, the lamprophyre group
comprised four types: kersantite, spessartite, minette and vogesite,
depending on the type of feldspar (mainly plagioclase for the first
two types; mainly alkali feldspar for the other two) accompanying
chiefly dark micas (kersantite and minette) or amphibole (spessar-
tite and vogesite); plus a fifth variety, more alkaline and titanifer-
ous: camptonite (Le Bas, 2007). Much later, Rock (1991) identified
22 additional types to constitute a large supergroup, including
notably ultramafic and foid-/melitite-bearing rocks. This author
classified them into five branches: 1, calc-alkaline lamprophyres
(the Rosenbusch’s lamprophyric types, less camptonite); 2, alkaline
lamprophyres (including camptonite); 3, ultramafic lamprophyres;
4, kimberlites; and 5, lamproites. Mitchell (1994) argued that the
term ‘‘lamprophyre” in the Rock’s (1991) sense has no genetic sig-
nificance. In his view, this term merely refers to a large polygenetic
group of magmatic rocks, which have formed by crystallization
under volatile-rich conditions. In 2002, the IUGS Subcommission
on the Systematics of Igneous Rocks proposed to return to Rosen-
busch’s original five types (Le Maitre et al., 2002), even though
Tappe et al. (2005) pleaded for the reintroduction of the ultramafic
varieties into the IUGS lamprophyre classification.

Nowadays, many authors prefer to use the Rock’s (1991) poly-
genetic classification rather than follow the IUGS recommenda-
tions (e.g., Dijkstra and Hatch, 2018; Errandonea-Martin et al.,
2018; Soder and Romer, 2018). In the present work, however, ker-
santites will simply be considered as ‘‘lamprophyres”, following Le
Maitre et al. (2002), instead of ‘‘calc-alkaline lamprophyres” (Rock,
1991).
3. Geology

3.1. Regional context

The study area is located in the Brest Bay, in the Central-
Armorican Domain (CAD) at the western extremity of the Armori-
can peninsula, which is part of the pre-Variscan Armorica micro-
plate (Fig. 1). The kersantites and the microgranodiorites under
study are locally associated in the field with dolerites, the geo-
chemical characteristics of which (Supplementary Data, Table S1)
are closely similar to those of the Tournaisian/Visean Armorican
mafic rocks shown in Fig. 2a, i.e.: (i) the 347 ± 4 Ma-old (U/Pb zir-
con) Saint-Jean-du-Doigt gabbro, located at the limit between the
Léon and the North-Armorican Domains (Caroff et al., 2011;
Barboni and Bussi, 2013); (ii) the anorogenic transitional basalts
associated with Tournaisian/Visean fault-bounded volcano-
sedimentary basins in the CAD (Caroff et al., 1996) and Léon
Domain (Ouessant: 336 ± 2 Ma, U/Pb zircon; Caroff et al., 2016,
2020); and (iii) the 340–330 Ma-old dyke network in the North-
Armorican Domain (NAD) (Lahaye et al., 1995).

Kersantites and microgranodiorites are hosted by Paleozoic
metasedimentary formations, generally Devonian
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(post-Lochkovian) in age (Fig. 2b, c), in the form of sills or dykes.
They all belong to a common and multi-stage magmatic event.
The largest magmatic body is the 1.5 km-long Île Longue laccolith
(Fig. 2b, c). The most recent metasedimentary formation crosscut
by this hypabyssal network is the Pont-de-Buis Formation in the
Châteaulin basin (Fig. 2b), assigned by Doubinger and Pelhate
(1976) to the late Visean/early Serpukhovian (c. 332–328 Ma)
through miospore identifications. The spatially related dolerite
intrusions (Fig. 2c), because of their pre-tectonic origin, are beyond
the scope of the present study. Only a few new analyses will be
included in some diagrams, for comparative purposes.
3.2. Structural attributes, timing relationships and other field
observations

The strained Paleozoic host-rocks of the W-Armorican hypabys-
sal network recorded three types of ductile deformation during the
Variscan compression at 320–305 Ma (Marcoux et al., 2009;
Schulz, 2013). These are: (i) early syn-cleavage folds, responsible
to the regional syncline structure, which are overprinted by (ii) a
second generation of folds, all being disrupted by (iii) a dense net-
work of shallowly-dipping shear zones.

The syntectonic origin of the W-Armorican kersantites/micro
granodiorites, and thus their emplacement before c. 310 Ma (see
Discussion below), is argued from the following evidence. A small
number of early intrusions are involved into either folds (Kerdréo-
let section in Fig. 3a) or shear zones (Kerascoët section in Fig. 3e).
On the Larmor section in Fig. 3b, a kersantite intrusion is injected
along a minor thrust that cuts a 1st-phase fold limb. The existence
of shear surfaces cutting through a kersantite apophyse on the
upper edge of the intrusion (not drawn) excludes a post-thrust
emplacement. The Caro section in Fig. 3c shows a microgranodi-
oritic sill, a few decimeters in thickness, rooting into a vertical
dyke, which follows part of a flat-lying shear structure. Small-
scale folding of the magmatic layering in the sill (not drawn) is
indicative of its injection at a late stage of shearing, prior to the
complete crystallization of magma. In Fig. 3d, the deflected trace
of the schistosity planes in the metasedimentary wall-rocks host-
ing a shallowly-dipping kersantite sill results from shearing that
postdated the magmatic intrusion.

A kersantitic sill intruded in Upper Devonian schist host-rocks
in the Kerascoët site, L’Hôpital Camfrout (Fig. 2c), displays both
magmatic and tectonic syn-emplacement features. The former
ones correspond to vertical columnar joints and vesicle clusters
(Fig. 3e-g). These latter are 5–20 cm-long aggregate of
bubbles < 0.3 cm in diameter (Fig. 3g, h). They correspond to degas-
sing structures, perhaps in relation with water filling the wall-rock
pores (e.g., Caroff et al., 2000). Tectonic structures are represented
by a platy joint pattern expressed by closely spaced fractures, typ-
ically 2–5 cm apart and parallel to the shallowly-dipping sill base
(Fig. 3e, f). They result from syn-emplacement shearing, also
expressed by a folded schist band underlying the sill (Fig. 3g).

The Le Roz quarry in Logonna-Daoulas (Fig. 2c) exposes a
remarkable facies of intrusive Q-phyric microgranodiorite. The
rock exhibits concentric iron hydroxide shadows, which result
from meteoric water circulation through the joint network
(Fig. 3i inset). This stone, called ‘‘Le Roz Stone”, has been tradition-
ally used, together with kersantite, for the construction of several
historical and religious monuments in Brittany (Fig. 3j).
4. Petrology and mineralogy

Among the 64 samples collected for this study, 61 representa-
tive samples were petrographically studied by using thin sections,
nine samples were analyzed by electron microprobe, 50 for major



Fig. 1. Structural map and main tectonostratigraphic units of the European Variscan belt. Adapted from Ballèvre et al. (2009), Franke et al. (2017), Dijkstra and Hatch (2018),
Soder and Romer (2018), and Authemayou et al. (2019).
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and trace elements, 31 for 87Sr/86Sr and 35 samples for 143Nd/144Nd
(Supplementary Data, Table S1). The Q-micromonzonite and
microgranodiorites have been classified by using the
Streckeisen’s (1976) QAP diagram with normative compositions
(not shown). The Île Longue intrusion has the texture and compo-
sition of a Q-phyric micromonzogranite, but, as the corresponding
samples plot very close to the granodioritic field, it will not be dis-
tinguished from the microgranodiorites. The analytical methods
are presented as Supplementary Data.
4.1. Textural notes

Some sills/dykes are particularly rich in quartzite and/or diorite
xenoliths (e.g., RB-29 area, Fig. 2b; Rostiviec harbor, Loperhet,
Fig. 2c), sometimes surrounded by an amphibole/chlorite reaction
rim (Velde, 1971).

Fresh kersantites appear as dark-gray rocks and the altered
samples are ocher-yellow colored. Their textures range from fine
grained (groundmass average length < 0.3 mm) to moderately
coarse grained (groundmass average length from 0.7 mm to
1.3 mm). Some samples are porphyritic (Supplementary Data,
Table S1 and Fig. S1a, b). Kersantites are predominantly made up
of plagioclase (between 30 and 45 vol%), from labradorite to oligo-
clase in composition, and of dark micas (between 25 and 40 vol%).
All rocks contain carbonates and secondary quartz (<10 vol% in
both cases). Groundmass can also comprise green amphibole
(RB-43, L’Hôpital Camfrout, Table 1), K-feldspar, Fe-Ti oxides, apa-
tite, and allanite (Velde, 1971). Monazite has been identified in one
sample (RB-11).
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The most prevalent phenocrysts are dark micas (>2 mm in
length). Some fresh crystals of amphibole or clinopyroxene (never
both together) can be observed as sparse phenocrysts (RB-41, Sup-
plementary Data, Table S1 and Fig. S1a, b, and RB-33, Table 1,
respectively). Altered euhedral spinel-bearing olivine phenocrysts
are not exceptional. Olivine is systematically altered into chlorite
(in the central part), quartz, montmorillonite, talc, calcite, spinelle,
and/or prehnite (at the periphery, if any). According to Velde
(1968), these olivine transformations would occur in the T-range
400–500 �C.

Dark micas can be entirely transformed into chlorite, making
the rocks much lighter (light-gray kersantites, Supplementary
Data, Table S1). Such a hydrothermal alteration affects all the out-
crops in some particular areas (especially in L’Hôpital Camfrout
and Logonna-Daoulas, Fig. 2c). The other common secondary
phases are quartz, carbonates, clay minerals, sericite, and zoisite.

The Q-micromonzonite RB-12b is a moderately coarse-
grained, c. 20 cm-thick, mesocratic segregation pod sampled in
the kersantite RB-12a (Rhun Vras, L’Hôpital Camfrout, Supple-
mentary Data, Table S1). In the central part of the segregation
structure, the texture tends to become pegmatoidic (elongate
micas, up to a few centimeters in length). Its contains plagio-
clase (andesine-oligoclase), largely predominant (>60 vol%), K-
feldspar, chloritized dark micas, quartz, Fe-Ti oxides, apatite
and secondary calcite.

Microgranodiorites (light-gray when fresh, ocher or white with
alteration) are aphanitic or quartz-phyric fine-grained leucocratic
rocks. They are made up of oligoclase, generally albitized or
damouritized, quartz (sometimes secondary), K-feldspar, chlori-
tized biotite and muscovite (Supplementary Data, Fig. S1c, d).



Fig. 2. Geological features of the studied area. (a) Sketch geological map of the Armorican Massif, showing Tournaisian/Visean mafic bodies (from Lahaye et al., 1995; Caroff
et al., 1996, 2011, 2016, 2020; Barboni and Bussi, 2013; see text for explanations). NAD: North-Armorican Domain; CAD: Central-Armorican Domain; SAD: South-Armorican
Domain; NASZ: North-Armorican shear zone; SASZ: South-Armorican shear zone. (b) Sketch geological map of the western part of the Central-Armorican Domain. Purple
circles: sample location. Dike/sill network not drawn in inset Fig. 2c. (c) More detailed geological map of the Brest Bay. (b) and (c) from Thonon (1973, 1975), Chauris and
Plusquellec (1975, 1980), Babin and Darboux (1982), Villey (1982), Castaing (1987), and Plusquellec et al. (1999). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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4.2. Amphibole and clinopyroxene

Amphibole occurs in the W-Armorican kersantites as either
brown euhedral phenocrysts (RB-41, Supplementary Data,
49
Fig. S1a, b) or green microcrysts (RB-43), not in sufficient quanti-
ties for the rocks to be considered as spessartites. Composition of
the RB-41 phenocrysts ranges from magnesiohastingsite to tscher-
makite, and the RB-43 microcrysts have a composition of



Fig. 3. Kersantites and microgranodiorites in the field (locations in Fig. 2c). (a) (b) (c) Schematic geological cross-sections. (a) Kersantite sheet involved in a 2nd generation
fold structure postdating the main schistosity (Kerdréolet, L’Hôpital Camfrout). (b) Moderately-dipping kersantite sheet injected along a minor SSE-verging thrust structure
(Larmor, Plougastel-Daoulas). (c) Thin microgranodiorite sill intrusion emplaced along a northwesterly-directed shear structure (Le Caro, Plougastel-Daoulas). (d) Margins of
a shallowly-dipping sill-like kersantite intrusion subsequently reactivated by top-to-the-E shearing (Illien ar Gwen, Plougastel-Daoulas). Hammer for scale. (e) (f) (g) (h)
Magmatic and tectonic structures in the basal part of a sheared kersantite sill (Kerascoët, L’Hôpital Camfrout). Hammer for scale (encircled). (i) Quarry face in a
microgranodiorite sill (Le Roz, Logonna-Daoulas). Sledgehammer for scale (encircled). (j) An example of the famous Breton Calvaries with a base in microgranodiorite (Le Roz
Stone), and shafts and statues in kersantite (Coatnant, Irvillac).
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hastingsite, magnesiohornblende or tschermakite (Supplementary
Data, Table S2; Fig. 4a).

Clinopyroxene phenocrysts can be either partially (RB 7a, Han-
vec, Fig. 2c) or completely (RB 5b, Le Faou, Fig. 2c) altered by car-
bonates, chlorite and quartz. No clinopyroxene microcryst has
been identified in the groundmasses. The clinopyroxene phe-
nocrysts are euhedral and have a relatively homogeneous augite/-
diopside composition (Supplementary Data, Table S3; Fig. 4b), like
for lamprophyres from other regions (Rock, 1984; Awdankiewicz,
2007). Their chemical complexity is revealed via the
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micro-chemical imaging performed on a 2.8 mm-long monominer-
alic glomerocryst in the sample RB-33 (Fig. 5). The imaged aggre-
gate is made up of six clinopyroxene phenocrysts, in inclusions
or interpenetrations. Compositional zoning patterns vary accord-
ing to elements. Some major elements such as Ca and Mg appear
relatively homogeneous, whereas other ones (Al, Ti, and, to a lesser
extent, Fe) reveal a fine but net oscillatory zoning (between 10 and
60 mm in width, Fig. 5). The compositional variations between the
oscillatory bands in the zoned mantles are shown in Supplemen-
tary Data (Table S3).



Table 1
Chemical data (wt% oxides, ppm elements) on selected whole rock samples.

Type K. K. K. K. K. K. K. K. K. K. Q-lmz lgd lgd
Sample RB-1a RB-2 RB-3 RB-10b RB-12a RB-24b RB-29 RB-30 RB-33 RB-43 RB-12b RB-11 RB-14b
Location L. H.C. H.C. L.-D. H.C. P.-D. P. L.-D. Hanvec H.C. H.C. L.-D. L.-D.
Minerals Chl. Chl. Chl. Cpx Amp.

SiO2 46.10 45.60 51.10 53.30 51.30 50.80 47.20 50.60 51.10 46.20 61.76 77.90 73.90
TiO2 0.84 1.16 1.02 0.99 0.90 1.26 1.40 1.01 1.19 0.85 0.41 0.11 0.24
Al2O3 10.62 11.67 14.04 14.56 14.17 15.45 14.60 13.52 14.81 11.25 14.56 12.86 13.43
Fe2O3

tot 7.73 8.26 7.15 6.92 7.19 8.04 8.27 7.33 8.45 8.97 3.75 1.42 2.11
MnO 0.13 0.10 0.10 0.10 0.11 0.10 0.13 0.11 0.12 0.12 0.03 0.03 0.03
MgO 12.62 12.00 7.89 7.07 7.24 7.36 8.48 8.88 9.06 15.06 1.18 0.23 0.39
CaO 7.17 6.83 6.02 4.74 5.30 6.84 6.55 5.97 5.83 6.49 4.25 0.03 0.07
Na2O 1.80 1.42 2.59 2.84 2.58 3.09 2.96 2.85 2.75 0.94 4.04 3.02 3.59
K2O 2.08 1.13 1.79 3.10 2.64 1.01 2.20 1.91 0.86 1.84 4.88 2.33 2.32
P2O5 0.54 0.76 0.50 0.56 0.50 0.49 0.58 0.60 0.43 0.53 0.20 0.04 0.06
L.O.I. 10.00 10.71 6.68 6.50 6.91 6.21 7.64 7.04 5.57 7.95 4.12 1.83 2.60
Total 99.63 99.64 98.88 100.68 98.84 100.65 100.01 99.82 100.17 100.20 99.18 99.80 98.74
Be 3.73 5.80 5.27 4.95 5.43 3.94 4.10 6.60 5.24 3.65 3.85 21.25 14.37
Sc 21.50 24.01 19.75 19.03 18.98 20.34 21.34 20.79 25.26 24.37 11.67 1.57 2.86
V 148 166 140 136 125 144 143 143 164 158 27.9 11.0 24.7
Cr 872 614 489 362 397 278 369 570 392 879 6.4 28.2 20.5
Co 43.90 43.20 31.90 25.55 25.01 34.28 36.12 33.40 32.90 49.44 9.32 8.94 2.17
Ni 371 321 164 94.0 102 132 179 212 69.7 341 2.9 29.0 16.3
Ga 12.78 15.09 17.95 17.17 18.14 17.04 15.33 17.39 16.36 13.31 15.50 66.05 35.63
Rb 115.1 51.23 72.67 112.1 88.49 32.58 96.83 81.73 37.89 69.60 147.9 265.9 140.7
Sr 699 518 989 585 606 951 992 914 439 652 517 74.7 140.7
Y 17.51 24.83 18.34 23.45 22.64 24.61 23.14 21.27 26.01 21.99 30.24 16.71 12.33
Zr 165 322 241 253 222 237 276 278 232 205 277 244 171
Nb 10.69 20.65 13.40 13.72 14.65 16.23 19.82 15.41 11.30 12.87 22.96 32.30 14.89
Cs 6.13 5.82 3.97 5.20 3.58 2.80 4.09 4.11 1.88 6.96 2.32 7.56 6.94
Ba 1427 1589 1322 1476 1245 850 1932 1727 1227 1613 2237 473 339
La 42.93 63.21 44.82 67.23 64.29 99.72 57.64 48.22 36.42 52.03 72.26 54.61 37.61
Ce 86.00 136.8 93.03 133.8 129.1 183.1 121.5 99.25 78.13 101.3 142.85 73.79 51.42
Pr 9.90 16.83 11.01 15.42 14.80 18.92 14.95 12.21 10.32 11.89 17.01 11.02 8.21
Nd 37.90 66.97 42.78 58.38 55.75 65.06 59.30 47.99 43.21 45.03 64.31 38.52 29.38
Sm 6.44 11.41 7.58 9.50 9.14 8.86 9.56 8.63 7.76 7.72 11.32 6.73 5.14
Eu 1.50 2.29 1.64 1.97 1.80 2.18 2.04 1.81 1.75 1.65 2.19 1.08 0.857
Gd 4.92 7.67 5.47 6.59 6.32 6.63 6.64 6.17 5.79 5.87 7.84 4.84 3.57
Tb 0.632 0.923 0.690 0.823 0.792 0.822 0.807 0.753 0.792 0.747 1.06 0.628 0.461
Dy 3.40 4.71 3.63 4.30 4.09 4.37 4.27 3.93 4.49 4.04 5.61 3.17 2.39
Ho 0.653 0.863 0.679 0.818 0.773 0.846 0.801 0.726 0.882 0.765 0.735 0.570 0.447
Er 1.78 2.24 1.82 2.18 2.04 2.30 2.13 1.94 2.45 2.05 2.00 1.49 1.22
Yb 1.586 1.970 1.607 1.917 1.819 2.05 1.852 1.720 2.252 1.861 2.38 1.385 1.170
Lu 0.226 0.275 0.227 0.275 0.256 0.293 0.263 0.242 0.321 0.265 0.326 0.189 0.160
Hf 5.04 10.05 7.32 6.90 6.48 5.58 7.03 7.67 6.15 5.78 8.68 8.02 5.32
Ta 0.606 1.12 0.824 0.787 0.809 0.958 1.11 0.896 0.684 0.750 1.26 3.42 1.47
Pb 45.36 11.11 18.23 10.22 14.95 13.08 15.60 13.62 13.59 19.79 8.24 83.44 23.95
Th 22.83 36.02 21.47 26.68 24.84 16.83 25.34 23.94 21.43 17.87 31.97 24.38 16.57
U 5.85 7.61 5.07 5.71 5.04 3.16 4.08 6.11 3.90 4.46 6.75 14.39 6.92

K.: kersantite; Q-lmz: quartz-micromonzonite; lgd: microgranodiorite; L.: Loperhet (RB-1a: Kersanton); H.C.: Hôpital Camfrout (RB-2: Kerdréolet; RB-3: Kerascoët); L.-D.:
Logonna-Daoulas (RB-11: Le Roz); P.-D.: Plougastel-Daoulas (RB-24b: Illien ar Gwen); P.: Poullaouenn, Châteaulin Basin (RB-29 is located in Fig. 2b); Chl.: systematic
chloritization of the dark micas (biotite/phlogopite), making the rocks much lighter; Cpx: presence of fresh euhedral clinopyroxene phenocrysts, sometimes as glomerocrysts
in RB-33; Amp: presence of fresh amphibole, as microcrysts in RB-43; L.O.I.: Loss on ignition. Complete data set in Supplementary Table S1.
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4.3. Biotite and phlogopite

Dark micas in the W-Armorican kersantites consist of biotite
and phlogopite, almost in equal proportion (Supplementary Data,
Table S4; Fig. 4c), as similarly observed for lamprophyres else-
where (e.g., Rock, 1984; Awdankiewicz, 2007). They occur both
as phenocrysts and in the groundmasses, and they are often com-
pletely or partly (at edges) altered by rutile-bearing pale chlorite
(Velde, 1971). Although dark micas are in general normally zoned
(rims enriched in FeO and depleted in K2O with respect to cores:
Supplementary Data, Table S4), biotite and phlogopite composi-
tions are relatively equally distributed between cores and rims in
phenocrysts as well as in groundmasses (Fig. 4c).
51
4.4. Carbonates and chlorite

Kersantite carbonates have a composition of calcite and, more
rarely, of ankerite, like the Variscan lamprophyres from the West
Sudetes Domain of the Saxo-Thuringian Zone in the Bohemian
Massif (Awdankiewicz, 2007). The distinction of primary from sec-
ondary carbonates is not easy without C–O isotope analyses. The
carbonate pseudomorphs and the calcite filling the fractures / vugs
represent clearly alteration products. However, semi-quantitative
electron microprobe analyses (detection limits and errors in Sup-
plementary Data, Analytical methods) reveal significant Sr and Ce
high concentrations in calcites present in the groundmass of sam-
ples RB-9b, �41 and �47: 554 < Sr < 1473 ppm; Ce = 2353 ppm
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(only one significant analysis in RB-47). Although not conclusive,
these high Sr and Ce concentrations are rather consistent with a
primary (magmatic or late-magmatic) origin for these crystals, as
already proposed by Seifert (2008) for kersantites and by Huang
et al. (2002) for ocelli-bearing minettes.

Chlorites are chemically homogeneous. They plot in the diaban-
tite field in the Hey’s (1954) diagram (Fig. 4d). In the Sudetes, such
a diabantite composition is characteristic of kersantites and mine-
ttes, whereas vogesites and spessartites contain mainly pycnochlo-
rite (Awdankiewicz, 2007).
5. Geochemistry

5.1. Alteration

The studied kersantite samples are reasonably fresh, in spite of
their high LOI values (from 4.12 to 10.71 wt%, Supplementary Data,
Table S1), a common feature of kersantites (e.g., Awdankiewicz,
2007; Krmíček et al., 2020), and the occurrence of the abovemen-
tioned secondary minerals. More numerous alteration phases are
present in the microgranodiorites (see text above), except in the
Île Longue fresher samples LC-IL-1 and -2 (Supplementary Data,
Table S1). Comparing the major and trace element composition
of the two latter samples with those of the other microgranodior-
ites reveals that a moderate alteration has no significant geochem-
ical impact in this group.

5.2. Major elements

The W-Armorican kersantites plot in the middle of the total
alkali vs. silica (TAS) diagram of Le Bas and Streckeisen (1991), con-
sistently with the Rock’s (1987) lamprophyre data (Fig. 6a). High-
Mg (MgO > 9 wt%) kersantites are distinguished in this and follow-
ing diagrams. The Q-micromonzonite RB-12b has a trachydacitic
composition and the microgranodiorites plot in the rhyolitic field
(Fig. 6a). Among the European Variscan kersantites plotted for
comparison, only those from the Black Forest display more evolved
compositions (Soder and Romer, 2018). In the CaO–SiO2/10–4TiO2

diagram of Fig. 6b, all the European Variscan kersantites plot in the
lamprophyre field of Rock (1987). The shoshonitic affinity of the
W-Armorican kersantites is evidenced by the K2O vs. Na2O classi-
fication diagram of Fig. 6c, after Foley et al. (1987). In the classic
A/CNK vs. A/NK Shand’s diagram of Fig. 6d (Maniar and Piccoli,
1989), the European Variscan kersantites plot in the metaluminous
field contrary to the W-Armorican microgranodiorites, which are
peraluminous. Note that the Q-micromonzonite RB-12b plots in
the metaluminous field close to the peralkaline limit.

The variation diagrams of Fig. 7 show that MgO and Fe2O3* are
negatively correlated with SiO2 (Fig. 7a, b), whereas Na2O shows a
positive correlation with SiO2 (Fig. 7c). The clinopyroxene- and
amphibole-bearing kersantites do not plot away from the main
trend. The Q-micromonzonite RB-12b has a composition in major
elements intermediate between that of the kersantites and micro-
granodiorites (Fig. 7).

5.3. Trace elements and isotopes

In the spider diagrams normalized to primitive mantle of Fig. 8,
the W-Armorican kersantites and Q-micromonzonite (Fig. 8a) dis-
play patterns comparable to those of the other European Variscan
kersantites (Fig. 8b): negative slope, negative anomalies in Rb, Ba,
Nb, Ta and Ti, and, for a few samples, a slight positive anomaly in
Pb. Note that the Black Forest kersantites show a more pronounced
Pb peak (Fig. 8b; Soder and Romer, 2018). The GLOSS (GLObal Sub-
ducted Sediment: Plank and Langmuir, 1998) composition, also



Fig. 4. Mineral discrimination diagrams for W-Armorican kersantites, compared with data from other kersantites (Rock, 1984; Sudetes: Awdankiewicz, 2007; Sierra Bermeja:
Errandonea-Martin et al., 2018); a.p.f.u.: atoms per formula unit; K. for kersantites. (a) Chemical variations of amphiboles (brown euhedral phenocrysts in sample RB-41 and
green microcrysts in RB-43) in the Mg/(Mg + Fe2+) vs. Si diagram. All values in cations per formula unit calculated to 23 O and 13 CNK (total cations except Ca, Na and K = 13).
Nomenclature from Leake et al. (1997). The pressure ranges indicated in MPa have been calculated from the amphibole compositions in both samples by using the empirical
method of Ridolfi and Renzulli (2012) (see text). (b) Chemical variations of clinopyroxenes in the Ca-Mg-Fe diagram. All values in cations per formula unit calculated to
6 O and 4 cations. Nomenclature from Morimoto et al. (1988). (c) Chemical variation of dark micas in the Al-Mg-Fe diagram. All values in cations per formula unit calculated
to 22 O. Nomenclature from Speer (1984). (d) Chemical variation of chlorites in the Hey (1954) diagram. All values in cations per formula unit calculated to 28 O. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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reported for comparison (Fig. 8a), traces out a pattern which is not
very different from the kersantite curves, except for lower Th, U
and LREE (light rare earth element) and slightly higher HREE
(heavy REE). The older W-Armorican dolerites differ radically, with
trace element compositions very close to those of Armorican Tour-
naisian/Visean anorogenic mafic rocks (Lahaye et al., 1995; Caroff
et al., 1996, 2011, 2016). Although displaying more scattered pat-
terns, the microgranodiorite do not part away from kersantites
(Fig. 8c). The main differences are: negative anomalies in Ba, higher
values in Nb and Ta, more marked positive Pb peak and lower val-
ues in HREE.

Strontium and neodymium isotopic compositions (Table 2) are
plotted in Fig. 9 for the W-Armorican kersantites and associated
intrusives together with kersantites from the Bohemian Massif,
the N-Odenwald, the Vosges mountains, the Black Forest, and the
SW-England region (Fig. 9). The trend defined by the W-
Armorican kersantites extends on the right side of the mantle
array, as similarly displayed by kersantites from the N-Odenwald
and the Vosges mountains. The Black Forest field locates at the
extremity of this trend toward lower initial eNd values and higher
initial 87Sr/86Sr values. Finally, the highest initial eNd values corre-
spond to those of the Bohemian kersantites, on both sides of the
CHUR line. Microgranodiorites have isotope compositions compa-
53
rable to the kersantite ones. Note that the Bohemian orogenic lam-
prophyres have negative initial eNd values like the W-Armorican
kersantites, whereas the Bohemian post-orogenic lamprophyres
have initial eNd > 0 (Fig. 9 inset), such as the Armorican Tour-
naisian/Visean anorogenic mafic rocks (Fig. 9).
6. Discussion

6.1. Physicochemical properties of the kersantitic melt

As the classical empirical methods to estimate pressure of crys-
tallization of calcic amphiboles from their AlT content are only use-
ful for near-solidus granitoid plutons (e.g., Hollister et al., 1987;
Pál-Molnár et al., 2015), we apply here the empirical method of
Ridolfi and Renzulli (2012), based on the whole major element
composition of the Ca-amphiboles and valid for calc-alkaline and
alkaline magmas up to 1,130 �C / 2.2 GPa. This geobarometer is
used here to estimate the crystallization pressure of the brown
phenocrysts present in samples RB-41 and the green microcrysts
of RB-43. In our calculations (presented in Supplementary Data,
Table S2), we have only considered the core compositions. Two
ranges of pressures have been estimated by this method (with an



Fig. 5. X-ray compositional maps collected with the Cameca SX-100 electron microprobe (Microsonde Ouest, Brest, France), illustrating the clinopyroxene zonings in the
kersantite RB-33 (Hanvec).
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uncertainty of 11.5%), whatever the amphibole composition is:
701–807 MPa for RB-41 and 205–308 MPa for RB-43 (Fig. 4a).
The first range of pressures could be indicative of the reservoir
depth (between 25.9 and 29.9 km, for a crustal density of
2.8x103 kg/m3), whereas the second range of values, correspond-
ing to the RB-43 amphibole microcrysts, would provide informa-
tion on the depth of dyke/sill emplacement (between 7.6 and
11.4 km).

Since the validity of the pressure estimates of Ridolfi and
Renzulli (2012) was questioned by Erdmann et al. (2014), we have
calculated crystallization temperatures of RB-33 clinopyroxene
phenocrysts by introducing in the T-dependent geobarometer of
Nimis (1999) (for H2O-rich melts) the pressures estimated from
the RB-41 amphibole phenocrysts. Note that RB-33 and RB-41 have
equivalent mg# (Supplementary Data, Table S1). The results (mean
values) range from 1030 �C for P = 807 MPa to 1051 �C for
P = 701 MPa (Supplementary Data, Table S3). These T values, real-
istic for lamprophyric rocks (e.g., Ubide et al., 2014), can be viewed
as an indirect validation of the geobarometer of Ridolfi and
Renzulli (2012) for the studied kersantites.

Once pressure was calculated, the empirical method of Ridolfi
and Renzulli (2012) has been used to obtain relative oxygen fugac-
ity (fO2) values, i.e. DNNO = logfO2 – logfO2 at the Ni-NiO buffer,
expressed as log units (±0.37 log units). The results indicate that
the kersantitic amphiboles crystallized at very high oxygen fugac-
ities, that is, at redox conditions much more oxidizing than the
NNO buffer: DNNO > 3.75 log units for RB-41 and 0.89 <DNNO < 3.
25 log units for RB-43.
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6.2. Differentiation and reservoir mechanisms

The major element variations in kersantites and microgranodi-
orites shown in Fig. 7 could be explained in terms of fractionation
of biotite/phlogopite, amphibole, clinopyroxene ± Fe-Ti oxides in a
closed-system magma chamber if (i) the isotopic ratios were con-
stant and (ii) the variation of the incompatible trace element ratios
was consistent with mineral separation. But this is not the case,
especially between the two main petrographic types (Figs. 8 and
9, and following). Thus, fractional crystallization (±crustal contam-
ination) must be considered as a subordinate mechanism to
explain the rock composition. However, the passage from the ker-
santitic sample RB-12a to its leucocratic segregation pod RB-12b,
Q-monzonitic in composition, could be explained through in situ
differentiation (Fig. 7). Such pegmatitic-textured segregation
structures, common in mafic flows and intrusions (see Caroff
et al., 2000, for a review), can result from various mechanisms coe-
val with the emplacement, such as compaction (Philpotts et al.,
1996) or vapor-differentiation (Caroff et al., 2000). The formation
of the RB-12 segregation pod is consistent with main fractionation
of biotite/phlogopite (Fig. 7b, c).

Major element variations in oscillatory zoned clinopyroxenes
are generally explained by either intrinsic mechanisms linking
crystal growth to local phenomena, involving coupling between
growth rate and solute diffusion through the crystal-melt interface,
or extrinsic mechanisms involving chemical changes in the bulk
magmatic system (e.g., crystal settling, convection, or reservoir
replenishment) (Shore and Fowler, 1996). The intrinsic mecha-



Fig. 6. Whole rock major element discrimination diagrams for W-Armorican kersantites and microgranodiorites, compared with kersantites (K.) from other Variscan
kersantites (Bohemian Massif: Krmíček et al., 2020; Odenwald/Spessart and Black Forest: Soder and Romer, 2018; Sierra Bermeja: Errandonea-Martin et al., 2018; SW-
England: Dijkstra and Hatch, 2018); n: number of samples. (a) Total alkali vs. silica discrimination diagram of Le Bas and Streckeisen (1991). (b) Triangular CaO–SiO2/10–
4TiO2 plot after Rock (1987). (c) K2O vs. Na2O classification diagram after Foley et al. (1987). (d) Shand’s Index diagram (Maniar and Piccoli, 1989); A/NK: molar ratio of Al2O3/
(Na2O + K2O); A/CNK: molar ratio of Al2O3/(CaO + Na2O + K2O).
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nisms are thought to produce fine banding (<15 lm in plagioclase)
with low compositional amplitude (Ginibre et al., 2002). The char-
acteristics of the mantle zoning in the RB-33 clinopyroxene glom-
erocryst (band width ranging from 10 to 60 lm and high Al and Ti
variations) seem rather consistent with an extrinsic mechanism. To
explain the formation of oscillatory zoning in the Stromboli
clinopyroxene megacrysts, which display features comparable,
for the same major elements, to those evidenced in the RB-33
glomerocryst, Ubide et al. (2019) proposed a refilling-type mecha-
nism during which each replenishment event would be followed
by minor magma fractionation. In their model, the clinopyroxenes
would have crystallized at the margin of a reservoir remaining
stable during the core growth and repeatedly replenished during
the mantle crystallization. We believe that such an open-system
model can suitably account for the oscillatory zoning observed in
the RB-33 clinopyroxenes.
6.3. Source discussion

6.3.1. Kersantites
The W-Armorican kersantites are characterized by low SiO2

(45–56 wt%, Fig. 6a), high MgO (5.5–15 wt%, Fig. 7a) and high Ni
(53–371 ppm, Supplementary Data, Table S1) values, which sug-
gests that they are derived from a peridotitic mantle source. Their
isotopic compositions, plotting on the right side of the mantle
array in the initial eNd vs. initial 87Sr/86Sr diagram (Fig. 9), are con-
sistent with the involvement of recycled sediment with relatively
55
uniform isotopic signal in the melting source (e.g., Krmíček et al.,
2016; Dijkstra and Hatch, 2018; Krmíček et al., 2020).

The Dy/Yb vs. log(K2O/Na2O) diagram of Fig. 10a suggests that
kersantitic primary liquids result from partial melting of a mantle
source at a relatively constant depth, but with variable degrees.
The Rb/Sr vs. Ba/Rb diagram of Fig. 10b can be used to discriminate
between a phlogopite- vs. an amphibole-bearing source. Contrary
to the kersantites from Sierra Bermeja and the Black Forest, clearly
derived from a phlogopite-bearing source, the W-Armorican ker-
santites distribute between both trends (Fig. 10b), suggesting the
probable presence of both minerals in the melting source region.
The Dy/Yb vs. K/(1000Yb) plot (Fig. 10c) can be used to constrain
the mineralogical composition of the melting source, in particular
to discriminate between the spinel and the garnet stability fields.
Melts produced in the garnet stability field generally have Dy/Yb
ratios > 2.5, whereas melting in the spinel stability field gives lower
Dy/Yb ratios (<1.5) (Duggen et al., 2005; Ma et al., 2014). The W-
Armorican kersantites have Dy/Yb ratios ranging from 1.9 to 2.9,
with a majority of samples between 2 and 2.5 (Fig. 10c). This
implies that the partial melting took place in the spinel-garnet
transition zone, assumed to be located between 75 and 85 km
depth (Robinson and Wood, 1998; Ma et al., 2014), with
phlogopite ± amphibole as accessory hydroxyl minerals.

The crust/sediment participation to the kersantite formation is
especially well documented through the diagrams in Fig. 11. In
the log(Ce/Pb) vs. log(Ce) in Fig. 11a, the kersantites form a well-
defined trend from the OIB field toward the average continental



Fig. 8. Spider diagrams normalized to primitive mantle (Hofmann, 1988). (a) W-
Armorican kersantites (plus the Q-micromonzonite RB-12b) and dolerites; GLOSS
(GLObal Subducted Sediment composition) from Plank and Langmuir (1998). (b)
Kersantites (K.) from other European Variscan localities (references in Fig. 6). (c)
Armorican microgranodiorites. The range of kersantite compositions is shown as a
field.

Fig. 7. Whole rock major element variation diagrams for W-Armorican kersantites
and microgranodiorites. (a) (b) (c) MgO, Fe2O3* and Na2O vs. SiO2 variation
diagrams, respectively. The dashed arrows show the differentiation path from the
kersantite RB-12a to its Q-micromonzonitic segregation pod RB-12b.
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crust and pelagic sediment fields. This linear evolution is compara-
ble to that of the other European Variscan kersantites. The fact that
the Ce/Pb ratio is not correlated with any differentiation parame-
ter, such as MgO, SiO2 contents or mg# index, precludes any signif-
icant assimilation coupled with fractional crystallization (AFC) (De
Paolo, 1981). In the log(Hf/Sm)N vs. log(Ta/La)N diagram of Fig. 11b,
another trend is obvious, extending along the fluid-related subduc-
tion metasomatism field. The other European Variscan kersantites
show comparable features. Note that in the Fig. 11 diagrams, the
Brest Bay dolerites plot between the MORB and the OIB fields, mak-
ing them transitional mafic products.

The melting source of the W-Armorican kersantites corre-
sponded to a 75–85 km-deep mantle region, located in the
spinel-garnet transition zone. The Sr-Nd isotope and trace ele-
ment diagrams are rather consistent with a lithospheric mantle
reservoir (Krmíček et al., 2016; 2020), modified by contribu-
tions from the subducting plate and its cover through
metasomatism.
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6.3.2. Microgranodiorites
The W-Armorican microgranodioritic hypabyssal network is

inextricably interwoven with the kersantitic one (Fig. 2b, c), hence
suggesting that they are both synchronous and genetically related.
Despite a certain resemblance between their respective trace ele-
ment patterns (Fig. 8c), and their similar range of initial eNd
(Fig. 9), their trace element ratios are too contrasted to be
explained through a simple fractionation mechanism (Figs. 8, 12,
and 13).

Lamprophyres worldwide are commonly accompanied by felsic
intrusives, generally interpreted as the result of hybridization of
mantle-related (lamprophyric) melt by crust-related felsic melts
(e.g., Krmíček et al., 2020). In the same vein, post-orogenic leu-
cominettes have been interpreted by Prelević et al. (2004) as the
result of hybridization between crustal-derived dacitic magmas
and mantle-derived lamproitic melts. In the present case, there
are also several arguments in favor of a crustal component in the
genesis of the microgranodiorites.

The Nb/Ta vs. Nb diagram of Fig. 12 is classically used to support
fractionation of Nb and Ta by mica during continental partial melt-
ing (Stepanov and Hermann, 2013). Indeed, leucosomes resulting



Fig. 9. Initial eNd vs. initial 87Sr/86Sr isotope diagram showing W-Armorican
kersantites, Q-micromonzonite and microgranodiorites (87Sr/86Sr data available
only for the Île Longue samples), compared with kersantites from the Bohemian
Massif (M: Moldanubian Zone; ST: Saxo-Thuringian Zone; Krmíček et al., 2020), the
N-Odenwald, the Vosges and Black Forest (Soder and Romer, 2018), and the SW-
England region (Dijkstra and Hatch, 2018). Mantle array; UR (Uniform Reservoir, Sr)
and CHUR (CHondritic Uniform Reservoir, Nd) from Dijkstra and Hatch (2018). The
Armorican Tournaisian/Visean mafic rocks (Saint-Jean-du-Doigt gabbro: Caroff
et al., 2011; Barboni and Bussy, 2013; Châteaulin and Ouessant basalts: Caroff et al.,
2016) have initial eNd ranging from 2 and 6. Inset: initial eNd vs. age (Ma) for
lamprophyres and associated lampyrites/lamproites from the Bohemian Massif
(Krmíček et al., 2020).

Fig. 10. Trace and major element ratios for W-Armorican kersantites, compared
with data from other Variscan kersantites (symbols, colors, and references as in
Fig. 6). (a) N-MORB-normalized Dy/Yb vs. K2O/Na2O (logarithmic scale) diagram,
from Dijkstra and Hatch (2018). (b) Rb/Sr vs. Ba/Rb diagram, from Ma et al. (2014).
(c) Dy/Yb vs. K/(1000Yb) diagram. Melting curves from Duggen et al. (2005). Non-
modal, point-average fractional partial melting curves are presented for garnet
lherzolite (Ga), garnet-facies phlogopite lherzolite (brown dashed lines), garnet-
facies amphibole lherzolite (red dashed lines), spinel–garnet transition zone
lherzolite (Ga + Sp), spinel lherzolite (Sp), and spinel-facies amphibole lherzolite
(red dotted lines). Percentages indicate degrees of partial melting. Partial melting
was modelled by Duggen et al. (2005) with various K contents in the amphibole-
and phlogopite-bearing lherzolites (indicated in ppm in the brown and red curves).
For distribution coefficients, source composition, lherzolite modal fractions and
normative weight fractions of minerals in the partial melts, see Duggen et al.
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from incipient partial melting of crustal rocks are reputed to have
subchondritic Nb/Ta ratios, contrary to biotite-rich restites, charac-
terized by high Nb/Ta values (Fig. 12). Microgranodiorites have Nb/
Ta ratios comparable to those of leucosomes, while differentiation
is supposed to increase the Nb concentrations at constant Nb/Ta
(Fig. 12).

The Fig. 13 diagrams show the behavior of Cs, Be and Ga with
respect to Yb. Yb/Cs, Yb/Be, and Yb/Ga vs. denominators display
decreasing hyperbolic curves for kersantites and microgranodior-
ites. Both types fall into the same hyperbole, but the microgranodi-
orites are more detached for Be and Ga (Fig. 13b, c) than for Cs
(Fig. 13a). Cordierite is one of the rare phases with which these
three elements are highly compatible (references in Fig. 13). It
results that the cordierite/melt distribution coefficients follow this
sequence: Yb� Cs� Be < Ga. A pressure–temperature diagram for
fluid-present conditions during experimental melting of a
cordierite-bearing gneiss is shown in Fig. 13b inset (from Koester
et al., 2002). For a pressure > 700 MPa and a temperature of c.
900 �C, cordierite entirely dissolves into the melt, while biotite
remains in the residuum (in agreement with Bea et al., 1994).
These data highly suggest that cordierite was a crustal melting
phase that has enriched the granodioritic melt in Be, Ga, and, in
a lesser extent, in Cs.

The W-Armorican microgranodiorites are probably of crust/-
mantle mixed origin: they likely derive from intimate mixing
between cordierite-bearing crustal felsic melts and kersantite-
type mantle-related melts.
(2005). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
6.4. Geodynamic significance

The Armorican Massif is viewed by most authors as a double-
suture subduction/collision chain (Matte et al., 2001; Ballèvre
et al., 2009). To the south, the collision was eo-Variscan and
occurred in the Upper Devonian (Ballèvre et al., 2009). To the
North, south of the Lizard Devonian ophiolite complex (Le Gall,
1990) (Fig. 1), Variscan tectonics resulted in the development of
a nappe stack in the Léon Domain (Authemayou et al., 2019).
Deformation in the adjoining Central-Armorican Domain (CAD,
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Fig. 2a) to the south occurred at the same time, in the Pennsylva-
nian (and not in the Upper Devonian/Early Tournaisian, as sug-
gested by the proponents of the ‘‘Breton phase”: e.g., Rolet et al.,
1994), after the development of Visean fault-bounded volcano-
sedimentary basins (present in both the CAD and Léon Domain:
Caroff et al., 2020). We do not agree with the hypothesis of an
allochtonous origin of the ‘‘Léon block”, as being thrusted over
the CAD and viewed as the eastern prolongation of the Saxo-



Fig. 11. Trace element discrimination diagrams with a logarithmic scale for W-
Armorican kersantites (plus the Q-micromonzonite RB-12b) and older dolerites,
compared with data from other Variscan kersantites (symbols, colors, and refer-
ences as in Fig. 6; for the Bohemian kersantites: M: Moldanubian Zone; MS:
Moravo-Silesian Zone; ST: Saxo-Thuringian Zone; Krmíček et al., 2020) and various
compositional fields or average values; GLOSS (GLObal Subducted Sediment
composition: Plank and Langmuir, 1998). (a) Ce/Pb vs. Ce plotted on a log scale.
Mantle Ce/Pb ratio of 25 ± 5 (in gray lines), MORB and OIB data from Hofmann et al.
(1986); references for continental lithospheric mantle, lower and average conti-
nental crust, and pelagic sediments: Sims and De Paolo (1997) and Owen (2008). (b)
Primitive mantle normalized Hf/Sm vs. Ta/La plotted on a log scale (normalization
values: Hofmann, 1988). References for melt-related subduction metasomatism,
fluid-related subduction metasomatism, and carbonatite metasomatism in La
Flèche et al. (1988).

Fig. 12. Nb/Ta vs. Nb diagram, from Stepanov and Hermann (2013), for W-
Armorican kersantites, Q-micromonzonite and microgranodiorites (symbols as in
Fig. 6). References for GLOSS as in Fig. 11; BCC: Bulk Continental Crust (Rudnick and
Fountain, 1995); UCC: Upper Continental Crust (Taylor and McLennan, 1985). For
the compositional field references, see Stepanov and Hermann (2013). F: fractional
crystallization.

Fig. 13. Cs, Be and Ga variation diagrams for W-Armorican kersantites, Q-
micromonzonite and microgranodiorites (symbols as in Fig. 6). The font size of
‘‘cordierite” and the thickness of the corresponding dashed arrows is proportional
to the expected relative content of Cs, Be, and Ga in the melting cordierite: Yb � Cs
� Be < Ga (Yb, Cs and Be in cordierite: Bea et al., 1994; Ramesh Kumar et al., 1995;
Evensen and London, 2003; Ga in cordierite: Langer, 1971; Ramesh Kumar et al.,
1995). (a) Yb/Cs vs. Cs diagram. References for the other Variscan kersantites (K.) in
Fig. 6. (b) Yb/Be vs. Be diagram. Inset: Pressure–temperature diagram for fluid-
present conditions, showing the ‘‘in” and ‘‘out” curves for the main minerals during
experimental melting of a cordierite-bearing gneiss (Koester et al., 2002). (c) Yb/Ga
vs. Ga diagram.
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Thuringian zone (Ballèvre et al., 2009). Instead, many field argu-
ments are in favor of a strict lateral continuity between the Léon
Domain (infra-crustal) and CAD (supra-crustal) during the Variscan
orogeny (Le Gall et al., 2014; Caroff et al., 2020). After the closure of
the Rheic ocean, in Carboniferous times, the Armorica microplate
was thrusted over the southern margin of the Avalonia microplate
(Matte, 2001; Ballèvre et al., 2009; Schulz, 2013; Franke et al.,
2017).

The Th-Hf-Nb/2 discrimination diagram of Krmíček et al. (2011)
can be used to compare Variscan anorogenic/orogenic mafic rocks
from both the Armorican and the Bohemian Massifs (Fig. 14). Geo-
chemical data about the W-Armorican kersantites are not consis-



Fig. 14. Th-Hf-Nb/2 discrimination diagram (Krmíček et al., 2011) for Armorican
pre-collisional dolerites and syn-collisional kersantites/ Q-micromonzonite/micro-
granodiorites (347–310 Ma), compared with syn-/post-collisional lamprophyres/
lampyrites/lamproites from the Bohemian Massif (340–275 Ma; data from Krmíček
et al., 2020). K-M: kersantites from the Bohemian Moldanubian Zone; K-MS:
kersantite from the Bohemian Moravo-Silesian Zone; K-ST: kersantites from the
Bohemian Saxo-Thuringian Zone.
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tent with a melting depth higher than 85 km (spinel-garnet transi-
tion zone, Fig. 10c). The corresponding P/T pattern favors a model
with an asthenospheric mantle lying at a higher level than
expected in a ‘‘normal” continental setting. Such a situation is
possible in a convergence context and might result from an exten-
sion attributable to the roll back of the subducted lithospheric slab
(Model A of Fig. 15a: Duretz et al., 2011; Guillot and Replumaz,
Fig. 15. Sketches illustrating two different Variscan geodynamic models for the Armor
between Armorica and Gondwana is from Ballèvre et al. (2009). (a) Model A (slab roll bac
(delamination), adapted fromMa et al. (2014) and Li et al. (2016). These twomechanisms
2011; Barboni and Bussi, 2013), together with anorogenic basalts and dolerites (including
et al., 1995; Caroff et al., 1996, 2016, 2020) (347–330 Ma), and (ii) the later W-Armoric
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2013). In a comparable situation, Ma et al. (2014) have alterna-
tively proposed the detachment of the deep part of the overriding
lithospheric mantle (Model B of Fig. 15b). Such a delamination pro-
cess could be caused by the negative buoyancy of the mantle litho-
sphere (Li et al., 2016). In both models, the adiabatic rise of the
asthenosphere leads to decompression melting. The resulting heat
increase may also induce the melting of the overlying lithospheric
mantle (Ma et al., 2014). In such views, fragments of buried conti-
nental crust are supposed to form suitable reservoirs for fluid
release and mantle metasomatism (Fig. 15).

With regards to the Armorica plate setting, such an extensional
regime could have first resulted, prior to the kersantite emplace-
ment, in the formation of strike-slip fault-bounded Visean
volcano-sedimentary basins in the CAD and Léon Domain (Caroff
et al., 1996; 2020). The asthenosphere upwelling and melting could
have favored the formation of the Armorican Tournaisian-Visean
mafic rocks (347–300 Ma) at that basinal stage. Later on, kersan-
tites originated from partial melting of the overlying lithospheric
mantle (75–85 km) once it had been highly metasomatized by con-
tinental crust-released fluids (Fig. 15). This event took place
between 330 and 310 Ma. The lower limit corresponds to the age
of the most recent metasedimentary formation crosscut by the
W-Armorican kersantite/microgranodiorite hypabyssal network
(330 ± 2 Ma: Doubinger and Pelhate, 1976), whereas the upper
limit (310 ± 5 Ma) is bracketed by (1) the metamorphism peak that
was reached at c. 315 Ma in the Léon Domain (Schulz, 2013) and
(2) the emplacement of late-/post-orogenic Léon granites (304–
296 Ma: Marcoux, 2009; Caroff et al., 2015) (for the CAD, the gran-
ite geochronology is outdated and highly questionable). Such a
pre-collisional (347–330Ma) / syn-collisional (330–310Ma) evolu-
tion in the Armorican Variscan segment is a mirror image of that
observed in the Bohemian Massif from the syn-collisional lampro-
phyres and associated rocks (340–300 Ma) to the post-collisional
ones (300–275Ma) (Krmíček et al., 2020), in terms of both isotopes
(Fig. 9 inset) and trace elements (Fig. 14). This sequence of events
marked the beginning of the Avalonia-Armorica collision, well
ica and Avalonia collided microplates near 340–330 Ma. The south suture model
k), adapted from Duretz et al. (2011) and Guillot and Replumaz (2013). (b) Model B
may account for (i) the Saint-Jean-du-Doigt gabbro and A-type granites (Caroff et al.,
the Brest Bay ones) emplaced in the northern part of the Armorican Massif (Lahaye

an kersantites and microgranodiorite (330–310 Ma).



M. Caroff, J.-A. Barrat and B. Le Gall Gondwana Research 98 (2021) 46–62
after the eo-Variscan convergence (Middle/Upper Mississippian)
between Gondwana and Armorica to the south (Ballèvre et al.,
2009).
7. Concluding remarks

(1) The kersantite network from the western part of the Armor-
ican Variscides was emplaced between 330 and 310 Ma in a
syn-compressional tectonic setting, contrary to most lam-
prophyres worldwide that commonly postdate
deformations.

(2) Geochemical data have been used to constrain a kersantite
melting depth of approximately 75–85 km.

(3) Kersantites are spatially and temporarily associated with
another lithological type: hypabyssal microgranodiorites.
Kersantites resulted from melting of lithospheric mantle
metasomatized by fluids issued from a subducted crust/
sediment-bearing slab, whereas microgranodiorites are the
product of mixing between cordierite-bearing crustal felsic
melts and mantle-related melts.

(4) In our model, the asthenospheric mantle was located at a
higher level than expected in a normal continental setting.
Such a situation should result from an asthenospheric-
scale extension due to either the roll back of the subducted
Avalonia lithospheric slab or, alternatively, delamination of
the overriding Armorica lithosphere.

(5) The early period of the Variscan orogeny in Armorica is here
revised by stating a new sequence of magmatic events. The
intrusion of the W-Armorican lithosphere-derived kersan-
tite/microgranodiorite hypabyssal network (330–310 Ma)
postdated the emplacement of the widespread
asthenosphere-derived pre-compressional mafic products
(347–330 Ma) and took place during the onset of deforma-
tion in both the Léon and Central-Armorican Domains
(320–305 Ma).
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