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Abstract. The lower continental crust section of the Ivrea–Verbano Zone (Italian Alps) was intruded by a∼ 8 km
thick gabbroic–dioritic body (Ivrea Mafic Complex) in the Upper Carboniferous–Lower Permian, in conjunc-
tion with the post-collisional transtensional regime related to the Variscan orogeny. In the deepest levels of the
Ivrea Mafic Complex, several peridotite–pyroxenite sequences considered of magmatic origin are exposed. We
present here a petrological–geochemical investigation of the peridotites from the largest magmatic ultramafic
sequence of the Ivrea Mafic Complex, locally called Rocca d’Argimonia. In spite of the widespread subsolidus
re-equilibration under granulite facies conditions, most likely reflecting a slow cooling evolution in the lower
continental crust, the Rocca d’Argimonia peridotites (dunites to harzburgites and minor clinopyroxene-poor
lherzolites) typically retain structures and microstructures of magmatic origin. In particular, the harzburgites and
the lherzolites typically show poikilitic orthopyroxenes enclosing partially dissolved olivine and minor spinel.
Olivine has forsterite proportion diminishing from the dunites to the harzburgites and the lherzolites (90 mol %
to 85 mol %) and negatively correlating with δ18O (+5.8 ‰ to+6.6 ‰). Gabbronorite dykes locally crosscut the
peridotites and show millimetre-scale thick, orthopyroxenite to websterite reaction zones along the contact with
host rocks. We propose that the Rocca d’Argimonia peridotites record a process of reactive melt flow through
a melt-poor olivine-rich crystal mush or a pre-existing dunite. This process was most likely responsible for the
olivine dissolution shown by the poikilitic orthopyroxenes in the harzburgites–lherzolites. We infer that the re-
actively migrating melts possessed a substantial crustal component and operated at least at the scale of ∼ 100 m.

1 Introduction

The processes driving the chemical differentiation of primi-
tive magmas emplaced in the deep sectors of the continen-
tal crust are largely unknown. Several recent studies have
proposed that the melt evolution in large magma reservoirs
predominantly occurs by reactive flow in melt-poor crystal
mushes (e.g. Lissenberg and MacLeod, 2016; Jackson et al.,
2018). In the lower continental crust, in particular, the intru-
sion of primitive mantle magmas is expected to generate a re-
gion of crystal mush, in which the melt phase may also orig-

inate, to a minor extent, from partial melting of the crust (see
also Solano et al., 2012). Within mushy magma chambers,
buoyant melts are inferred to percolate upwards along crystal
boundaries, transporting chemical components and modify-
ing the structure and the chemistry of pre-existing crystals.
Other studies conversely support the idea that magma evo-
lution in large magmatic systems is controlled by fractional
crystallization in long-lived, liquid-dominated magma cham-
bers (e.g. Kruger and Latypov, 2020).

The Ivrea Mafic Complex of the Ivrea–Verbano Zone (Ital-
ian Alps) is an excellent natural laboratory to assess the lower
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Figure 1. Geological map of the central Ivrea–Verbano Zone and Serie dei Laghi, simplified after Sinigoi et al. (2016). Location of the
ultramafic pipes after Guergouz et al. (2018). The north orientation aims at elucidating the inferred Permian stratigraphy. The red frame
refers to the location of the Rocca d’Argimonia sequence (see Fig. 2).

crust processes associated with the development of crustal-
scale magmatic systems (Quick et al., 1992; Sinigoi et al.,
2011, 2016; Solano et al., 2014; Jackson et al., 2018). The
Ivrea Mafic Complex consists of a ∼ 8 km thick gabbroic–
dioritic intrusion, developed in conjunction with the post-
collisional transtensional regime of the Variscan orogeny
(e.g. Handy et al., 1999; Wilson et al., 2004). In its deepest
levels, the Ivrea Mafic Complex includes several peridotite–
pyroxenite sequences considered of magmatic origin (e.g.
Quick et al., 2003), whose petrological characteristics are
poorly known.

The present study wishes to provide new insights into
the processes governing the evolution of primitive mantle
magmas emplaced in the lower continental crust. For this
purpose, we carried out a petrological–geochemical inves-
tigation of the peridotites from the largest magmatic ultra-
mafic sequence exposed within the Ivrea Mafic Complex,
which is locally referred to as Rocca d’Argimonia (Lensch,
1968; Bertolani and Loschi Ghittoni, 1979). This sequence
comprises peridotites characterized by the widespread occur-
rence of poikilitic orthopyroxenes. Similar microstructures
in other ultramafic magmatic sequences from the upper con-
tinental crust have been recently related to an open-system
magmatic evolution driven by reactive melt flow (Barnes et
al., 2016; Kaufmann et al., 2018) or by wall-rock crustal con-
tamination (Mao et al., 2019). We also acquired relevant in-
formation about the Rocca d’Argimonia peridotite-forming
processes by investigating orthopyroxene-rich reaction zones
that developed along the contacts between the peridotites and
crosscutting gabbronorite dykes.

Based on petrographic observations and mineral/whole-
rock major element chemistry, we propose that the develop-

ment of orthopyroxene in the Rocca d’Argimonia peridotites
was related to reactive melt flow through a melt-poor olivine-
rich crystal mush or a pre-existing dunite. Because the peri-
dotite olivines show significant variations in oxygen isotopic
signature, we also infer that the reactively migrating melts
possessed a substantial crustal component.

2 Geological framework

The Ivrea–Verbano Zone (Fig. 1) from the inner arc of
western Italian Alps exposes a nearly complete section of
the pre-Alpine, lower continental crust (e.g. Sinigoi et al.,
2016; Pistone et al., 2017). To the west and northwest,
the Ivrea–Verbano Zone is in tectonic contact with the
Austroalpine domain, which typically exhibits widespread
tectono-metamorphic transformations related to the Alpine
orogenic evolution (e.g. Schmid, 2017), through the Insubric
tectonic lineament. To the south and southeast, two tectonic
lineaments, namely the Cossato–Mergozzo–Brissago and the
Pogallo Lines, separate the Ivrea–Verbano Zone from the Se-
rie dei Laghi, which represents the upper section of the pre-
Alpine continental crust (e.g. Boriani and Giobbi, 2004).

The southwestern sector of the Ivrea–Verbano Zone
(Fig. 1) consists of a∼ 8 km thick gabbroic–dioritic sequence
(Ivrea Mafic Complex) intruding a granulite to amphibolite
facies basement (e.g. Quick et al., 1992; Sinigoi et al., 2011),
in conjunction with the post-collisional transtensional regime
related to the Variscan orogeny (e.g. Handy et al., 1999; Wil-
son et al., 2004). The basement, locally known as Kinzig-
ite Formation, is made up of metasediments (metapelites
with subordinate metagreywackes and impure marbles), mi-
nor metabasites and, locally, mantle peridotite blocks (e.g.
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Quick et al., 1995; Redler et al., 2013). In the Val Strona
di Omegna section, adjacent to the northern termination of
the Ivrea Mafic Complex, the basement rocks show pres-
sure and temperature conditions gradually diminishing from
∼ 0.9 GPa and ∼ 940 ◦C near the Insubric Line to ∼ 0.5 GPa
and∼ 650 ◦C near the Cossato–Mergozzo–Brissago line (see
also Kunz and White, 2019). The onset of this metamorphic
gradient and the main phase of Ivrea Mafic Complex forma-
tion were inferred to occur at 316±3 Ma (Ewing et al., 2013)
and 283.5± 2.3 Ma (Karakas et al., 2019).

The Ivrea Mafic Complex (Fig. 1) was subdivided into
two stratigraphically overlying units (Quick et al., 2003).
The lower Ivrea Mafic Complex is mostly composed of am-
phibole gabbros that make up the southwestern sector of
the intrusion. It includes the peridotite–pyroxenite sequence
of Rocca d’Argimonia (Lensch, 1968; Bertolani and Loschi
Ghittoni, 1979), which was considered of magmatic ori-
gin (see also Sinigoi et al., 1991). The upper Ivrea Mafic
Complex mainly consists of gabbronorites and, towards the
roof, diorites. The lowest level of the upper Ivrea Mafic
Complex, also referred to as “paragneiss-bearing belt”, com-
prises metasedimentary septa and peridotite–pyroxenite sill-
like bodies (Rivalenti et al., 1975; Voshage et al., 1990;
Sinigoi et al., 1995; 1996). The metasedimentary septa are in-
terpreted as remnants of the Kinzigite Formation that under-
went substantial extraction of SiO2-rich melts in response to
the interaction with melts forming the Ivrea Mafic Complex.
The paragneiss-bearing belt also encloses a huge mantle se-
quence defining a 4.5 km long and 0.8 km wide lens, which
is known as Balmuccia peridotite massif (Quick et al., 1995).
This mantle sequence is mostly made up of clinopyroxene-
poor lherzolites (e.g. Shervais and Mukasa, 1991) contain-
ing replacive dunite bodies (Mazzucchelli et al., 2009) and
two major sets of pyroxenite veins dominated by either Cr-
diopside or Al-augite (e.g. Voshage et al., 1988; Rivalenti et
al., 1995; Mukasa and Shervais, 1999).

Towards the top of the Ivrea Mafic Complex and within the
Kinzigite Formation, discordant peridotite–pyroxenite bod-
ies (up to 300 m wide), typically amphibole- and phlogopite-
bearing, are exposed (Garuti et al., 2001). They are col-
lectively known as the ultramafic pipes and most likely
formed by primitive alkaline magmas at 288–249 Ma (see
also Locmelis et al., 2016; Fiorentini et al., 2018). Along the
northern edge of the Ivrea Mafic Complex, near the Insubric
Line, several sill-like peridotite–pyroxenite sequences (up to
kilometre scale in length) crop out (Ferrario et al., 1983; Za-
ccarini et al., 2014). These peridotite–pyroxenite sequences,
also collectively known as Monte Capio sill, are relatively
rich in amphibole and phlogopite-free and formed by H2O-
rich basaltic melts that intruded the lowermost continental
crust of the Ivrea–Verbano Zone (Berno et al., 2020). The age
of these peridotite–pyroxenite sequences is debated. Klötzli
et al. (2014) proposed an age of 314± 5 Ma based on U–
Pb analyses of zircons separated from an amphibole–garnet
gabbro, which could be however genetically unrelated to the

peridotite–pyroxenite sequence. Denyszyn et al. (2018) re-
ported a U–Pb zircon age of ∼ 200 Ma, which could also be
referred to as a zircon recrystallization event, as observed for
zircons from other deep levels of the Ivrea–Verbano Zone
(e.g. Vavra et al., 1999; Zanetti et al., 2016; Langone et al.,
2017).

3 The Rocca d’Argimonia sequence: field relationships

The Rocca d’Argimonia ultramafic rocks are enclosed within
gabbronorites, which are in turn embedded in the amphi-
bole gabbros of the lower Ivrea Mafic Complex (Quick et
al., 2003). In particular, two major ultramafic rock bodies,
characterized by up to 100 m thick peridotite–pyroxenite al-
ternations, are exposed near Bielmonte village (Fig. 2).

The peridotites are locally characterized by the widespread
occurrence of poikilitic orthopyroxenes, typically 0.5–2.0 cm
in size (Fig. 3a). The poikilitic orthopyroxenes are in places
aligned to define a foliation that is subparallel to the in-
ferred orientation of the peridotite–pyroxenite surface con-
tacts (Fig. 2). Olivine-depleted bands, characteristically a
few tens of centimetres thick, are locally associated with
the peridotites rich in poikilitic orthopyroxene. The pyroxen-
ites are plagioclase-bearing, medium-grained rocks that are
modally dominated by orthopyroxene (see also Bertolani and
Loschi Ghittoni, 1979).

The peridotites are crosscut by up to 0.3 m thick gab-
bronorite dykes with sharp planar boundaries (Fig. 3b). The
dykes are oriented at a high angle with respect to the or-
thopyroxene foliation of host peridotites. The gabbronorite–
peridotite contact is characterized by a 3–5 mm thick
pyroxene-rich zone. Sinuous gabbronorite dykelets (≤ 2 cm
thick) also occur in places, in both the peridotites and adja-
cent pyroxenites. Subparallel to the contact surface with host
peridotites, the gabbronorite dykes exhibit a layering defined
by grain size and/or plagioclase/pyroxene modal variations
and, locally, a foliation defined by weak alignment of pla-
gioclase and pyroxene. Some of the dykes show pyroxenes
elongated nearly perpendicularly to the wall peridotite sur-
face.

4 Analytical methods

Whole-rock major element analyses of selected peridotites
and gabbronorite dykes (Table 1) were carried out at Ac-
tivation Laboratories (Ancaster, Ontario), following com-
mercial package 4Lithores. Sample preparation implies a
lithium metaborate–tetraborate fusion and digestion in 5 %
nitric acid. Analyses of SiO2, Al2O3, Fe2O3, MnO, MgO,
CaO, Na2O, K2O, TiO2 and P2O5 were performed by induc-
tively coupled plasma optical emission spectroscopy. Cr2O3
and NiO contents were measured by inductively coupled
plasma mass spectroscopy. Detection limits are 0.01 wt %
for SiO2, Al2O3, Fe2O3, MgO, CaO, Na2O, K2O and P2O5,
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Figure 2. (a) Geological map of the Rocca d’Argimonia area, compiled after Lensch (1968) and Quick et al. (2003), and new field investi-
gations. The empty dots represent the sampling sites. A: peridotites BI10/1 and BI10/3, and gabbronorite BI10/3; B: peridotites BI4/1 and
BI4/3; C: peridotite BI5/1; D: peridotites BI2/1, BI2/5, BI2/7, BI6/2 and BI30/5, and gabbronorites BI2/5 and BI8/1; E: gabbronorite BI50/3.
Location of Bielmonte village is also reported. (b) Synthetic block diagram illustrating the relationships between the different rock types of
the Rocca d’Argimonia sequence; the dotted lines within the peridotites represent domains rich in poikilitic orthopyroxene.

Table 1. Whole-rock chemical compositions of selected samples.

Sample BI4/3 BI4/1 BI10/3 BI10/1 BI5/1 BI2/1 BI2/7 BI6/2 BI30/5 BI2/5 BI10/3 BI8/1 BI50/3

Rock type Dunites Harzburgites Lherzolites Gabbronorite dykes

SiO2 38.2 38.4 39.3 39.2 37.1 39.5 40.1 43.5 44.7 45.9 47.8 49.1 47.0
Al2O3 1.48 1.51 1.39 1.40 3.00 2.66 1.75 3.30 4.86 21.3 12.5 18.4 19.3
Fe2O3 (tot) 10.4 10.5 12.1 12.7 12.4 13.0 13.3 12.5 13.0 4.04 6.69 6.50 7.27
MnO 0.14 0.14 0.16 0.16 0.15 0.17 0.17 0.17 0.18 0.07 0.13 0.12 0.13
MgO 47.5 47.5 45.3 45.8 43.2 42.6 42.2 35.6 34.0 11.0 15.4 10.0 10.3
CaO 0.92 0.96 0.75 0.82 1.38 1.17 0.63 3.42 1.67 14.1 16.0 12.7 12.6
Na2O 0.05 0.05 0.04 0.04 0.06 0.06 0.04 0.13 0.10 1.27 0.68 1.57 1.61
K2O < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.06 0.05 0.13 0.12
TiO2 0.05 0.05 0.04 0.05 0.09 0.10 0.05 0.17 0.19 0.33 0.43 0.40 0.39
Cr2O3 0.64 0.65 0.59 0.52 1.27 0.88 0.92 0.41 0.70 0.02 0.10 0.02 0.01
NiO 0.31 0.31 0.27 0.28 0.34 0.24 0.23 0.16 0.18 0.08 0.08 0.03 0.02
P2O5 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.01 0.01 < 0.01 0.02 < 0.01 < 0.01 < 0.01 < 0.01
LOI < 0.01 0.20 0.11 < 0.01 1.12 0.05 0.46 0.83 0.52 1.80 0.92 0.95 2.03

Total 99.7 100.2 100.0 100.9 100.0 100.4 99.8 100.1 100.1 100.0 100.7 99.8 100.8
Mg# 90.1 90.0 88.1 87.8 87.4 86.7 86.3 84.9 83.8 84.4 82.0 75.2 73.7

0.001 wt % for MnO and TiO2, and 0.003 wt % for Cr2O3 and
NiO.

The main mineral phases (olivine, orthopyroxene, clinopy-
roxene, amphibole spinel and plagioclase) of the selected
rock samples were analysed for Si, Ti, Al, Cr, Fe, Mn, Ni,
Mg, Ca, Na and K with an electron microprobe (JEOL 8200
Super Probe) at Dipartimento di Scienze della Terra, Uni-
versità degli Studi di Milano, in wavelength-dispersive spec-
trometry mode. Electron microprobe operating conditions
were 15 kV accelerating voltage and 5 nA beam current, with
counting times of 30 s on the peaks and 10 s on the back-
grounds. We used a∼ 1 µm focused beam and natural miner-
als as standards, namely grossular for Si, Ca and Al; fayalite
for Fe; forsterite-rich olivine for Mg; rhodonite for Mn; il-

menite for Ti; omphacite for Na; K-feldspar for K; niccolite
for Ni; and pure chromium metal for Cr.

Oxygen isotopic compositions of olivine from selected
peridotites (Table 8) were analysed in situ using CAMECA
IMS-1280 ion microprobe at the Institute of Geology
and Geophysics – Chinese Academy of Sciences, Beijing.
Olivine grains were separated and embedded in epoxy, ad-
jacent to grains of a San Carlos olivine standard. The Cs+
primary beam was accelerated at 10 kV with an intensity of
∼ 1.5 nA. The spot size was 10–15 µm in diameter. An elec-
tron gun was used to compensate for sample charging dur-
ing analysis. Secondary ions were extracted with a ∼ 10 kV
potential. Oxygen isotopes were measured in multi-collector
mode with two off-axis Faraday cups with each analysis con-
sisting of 16 cycles × 4 s counting time. The instrumen-
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Figure 3. (a) Poikilitic orthopyroxene (∼ 1 cm in diameter) in a
peridotite, evidenced by the preferential erosion of host olivine-rich
matrix. (b) Gabbronorite dyke (Gbn) displaying sharp planar con-
tacts against host peridotite (Prd), in turn displaying poikilitic or-
thopyroxenes.

tal mass fractionation factor is corrected using San Carlos
olivine standard with δ18OVSMOW = 5.25‰± 0.05 (Eiler et
al., 1995). Point-to-point uncertainty for δ18O was typically
< 0.4 ‰ (2 SE). For each peridotite, oxygen isotopic analy-
ses were conducted at the core of 18–20 olivine grains. The
measured δ18OVSMOW of the San Carlos olivine standard
during this study is 5.27‰± 0.12 (95 % confidence level,
n= 20).

5 Results

The main petrographic characteristics and GPS coordinates
of rock samples selected for the present study are reported
in Table 9. Location of samples is also shown in Fig. 2a.
Mineral proportions were evaluated based on mass balance
calculations, combining whole-rock and mineral chemical
compositions. In particular, we used a least squares mix-
ing programme to reproduce the whole-rock chemistry based
on compositions of the minerals constituting the rock (see
Table 9 caption for details about calculations). Computed
whole-rock compositions based on observed mineral com-
positions and estimated mineral proportions are listed in Ta-
ble A1.

5.1 Peridotites

5.1.1 Petrographic characteristics

The peridotites free of poikilitic orthopyroxene are dunites
(Fig. 4a). They mostly consist of olivine polygonal grains
(average size 2–3 mm) defining a nearly granoblastic struc-
ture and include accessory clinopyroxene, spinel, amphibole
and orthopyroxene. Clinopyroxene, spinel and amphibole

grains are smaller than olivine grains (Table 9) and typically
display nearly equant morphology. Spinel also occurs within
olivine, with subhedral to euhedral morphology. Orthopyrox-
ene (1 vol %–5 vol %) has variable grain size and, character-
istically, anhedral morphology. It may form small grains in-
terstitial among olivines to large grains with anhedral mor-
phology (up to 7 mm in thin section).

The peridotites rich in poikilitic orthopyroxenes (7 vol %–
15 vol %) are harzburgites (Fig. 4a). The poikilitic orthopy-
roxenes enclose a substantial amount of olivine and mi-
nor spinel (Fig. 5a). In particular, modal point counting ap-
plied to poikilitic orthopyroxenes showed that olivine and
spinel correspond to 35 vol %–40 vol % and 6 vol %–9 vol %,
respectively, of the orthopyroxene volume. Olivine within
poikilitic orthopyroxene shows variable grain size, rounded
to elliptical shape, and frequent embayed boundaries. Con-
versely, olivine external to poikilitic orthopyroxenes is nearly
equigranular and with polygonal morphology. Within a sin-
gle poikilitic orthopyroxene, the elliptical olivine inclusions
are locally subparallel. A single orthopyroxene may also host
olivine clusters showing the same optical orientation, thereby
indicating that they were part of a pre-existing larger olivine
grain. Spinel within and external to poikilitic orthopyroxenes
typically has similar grain size and nearly equant morphol-
ogy. Spinel occurring along the contact between olivine and
enclosing orthopyroxene is distinct in the elongated shape.
Similar to the dunites, the harzburgites contain accessory
amounts of clinopyroxene and amphibole with nearly equant
morphology.

Samples collected as olivine-depleted bands during field
investigations have 37 vol %–54 vol % olivine, 28 vol %–
51 vol % orthopyroxene and 5 vol %–14 vol % clinopyrox-
ene. They are therefore classified as lherzolites and olivine
websterites (Fig. 4a). For the sake of simplicity, they
are hereafter referred to as lherzolites. Orthopyroxene
and clinopyroxene mostly occur as nearly equant to sub-
prismatic grains associated with polygonal olivine, thereby
defining a nearly granoblastic structure with an average grain
size of 1–2 mm. Orthopyroxene also occurs as rare poikilitic
grains (up 8 mm) enclosing olivine and minor spinel, sim-
ilar to the harzburgites. The lherzolite showing the highest
clinopyroxene amounts locally comprises poikilitic clinopy-
roxene grains (5–7 mm) including sub-prismatic to rounded
olivine, nearly equant minor spinel and, sporadically, sub-
prismatic orthopyroxene (Fig. 5b). The lherzolites also con-
tain accessory amounts of spinel and amphibole, which dis-
play nearly equant morphology.

In all peridotite samples, pyroxenes are exsolved (Fig. 5b).
In particular, clinopyroxene exhibits a few micrometres
thick exsolution lamellae of orthopyroxene and spinel. The
outer regions of the clinopyroxene grains also locally in-
clude domains free of exsolution lamellae that contain mi-
nor amounts of globular amphibole (tens to hundreds of mi-
crometres in size) and vermicular spinel (typically a few
micrometres in thickness). Orthopyroxene has a few mi-
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Figure 4. (a) Peridotite modal compositions (vol %) reported in the olivine–orthopyroxene–clinopyroxene classification diagram of ultra-
mafic rocks. The compositions of orthopyroxenite and websterite micro-layers formed along the contacts between the peridotites and cross-
cutting gabbronorite dykes are also reported. (b) Modal compositions of hornblende gabbronorite dykes (vol %) reported in the plagioclase-
total pyroxene–amphibole classification diagram of gabbroic rocks. The compositions of orthopyroxenite and websterite micro-layers formed
along the contacts between gabbronorite dykes and peridotites are also reported. The dotted tie lines refer to the gabbronites and physically
adjacent websterite micro-layers (blue: sample BI2/5; red: sample BI10/3).

crometres thick lamellae of clinopyroxene and spinel. All se-
lected samples include accessory amounts of Fe–Ni–Cu sul-
fides (pyrrhotite, pentlandite and minor chalcopyrite), which
mostly occur along mineral grain boundaries, frequently in
association with spinel. According to Bertolani and Loschi
Ghittoni (1979), these sulfides are in places accompanied by
cubanite and sphalerite.

5.1.2 Whole-rock chemical compositions

The peridotites show low loss on ignition values
(≤ 1.1 wt %), in agreement with the negligible low
temperature alteration of selected samples. The Mg#
[molarMg/(Mg+Fe2+

tot )× 100] decreases from the dunites
(87–90) to the harzburgites (86–87) and the lherzolites (84–
85). Al2O3 shows a rough negative correlation with Mg#
(Fig. 6). CaO is 0.6 wt %–1.2 wt % in the dunites and the
harzburgites and 1.7 wt %–3.4 wt % in the lherzolites. Dunite
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Figure 5. (a) Micro-photo showing a poikilitic orthopyroxene from harzburgite BI2/7 (crossed nicols). Olivine inclusions show embayed
boundaries or rounded to elliptical shape. The largest olivine inclusion encloses several spinel grains with euhedral–subhedral morphology.
Spinel with anhedral elongated morphology is present along the contact between olivine and enclosing orthopyroxene. Mineral abbreviations
after Whitney and Evans (2010). (b) Back-scattered electron image showing a poikilitic clinopyroxene from lherzolite BI6/2. The clinopy-
roxene encloses olivine and orthopyroxene. In addition, spinel with elongated to nearly equant morphology is present along the contact
between olivine–orthopyroxene and host clinopyroxene. The poikilitic clinopyroxene exhibits a few micrometres thick exsolution lamellae
of orthopyroxene and spinel. The enclosed orthopyroxene is also exsolved, with a few micrometres thick lamellae of clinopyroxene and
spinel. Mineral abbreviations after Whitney and Evans (2010). (c) Scanned thin section image showing the contact zone between harzburgite
BI2/5 (Hzb) and crosscutting gabbronorite dyke (Gbn). The contact zone is bounded by red dashed lines and consists of spinel-bearing or-
thopyroxenite towards the harzburgite and of spinel-bearing hornblende websterite towards the gabbronorite. The gabbronorite dyke shows
granoblastic structure.

Figure 6. Diagrams showing the whole-rock chemical composi-
tions of the selected samples from the Rocca d’Argimonia se-
quence. Al2O3 and CaO, calculated on anhydrous basis, versus
Mg# [molarMg/(Mg+Fe2+

tot )× 100]. The compositions of mantle
replacive dunites of the Balmuccia peridotite massif (Mazzucchelli
et al., 2009) are reported for comparative purposes.

BI5/1 exhibits lower SiO2 and higher Cr2O3 (Table 1) than
the other peridotites, in agreement with the relatively high
spinel proportion observed for this sample (cf. Table 9).

Figure 7. Plot of NiO (wt %) versus forsterite proportion (mol %)
of olivine from the Rocca d’Argimonia peridotites. Data are aver-
aged per sample; error bars represent the standard deviation of the
mean value (2σ ). The compositions of olivine from mantle replacive
dunites of the Balmuccia and Finero mantle sequences (Mazzuc-
chelli et al., 2009; Bussolesi et al., 2019; Corvò et al., 2020) are
reported for comparative purposes. Olivine fractionation trend after
Su et al. (2016).

5.1.3 Mineral chemical compositions

The peridotite minerals typically show minor intra-grain and
within-sample chemical variability. The forsterite proportion
of olivine (Fig. 7) decreases from the dunites (90 mol %–
88 mol %) to the harzburgites (87 mol %) and the lherzolites
(85 mol %). In contrast, olivine NiO (0.24 wt %–0.36 wt %)
shows no systematic variations among the different peridotite

https://doi.org/10.5194/ejm-32-587-2020 Eur. J. Mineral., 32, 587–612, 2020
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Figure 8. Plot of Cr# [100×Cr/(Cr+Al), mol %] versus Mg#
[100×Mg/(Mg+Fe2+

tot ), mol %] of orthopyroxene and clinopyrox-
ene from the selected samples of the Rocca d’Argimonia sequence.
Data are averaged per sample; error bars represent the standard de-
viation of the mean value (2σ ). The compositions of clinopyroxene
from mantle replacive dunites of the Balmuccia peridotite massif
(Mazzucchelli et al., 2009) are reported for comparative purposes.

types. In the harzburgites and the lherzolites, olivines within
and external to poikilitic pyroxenes have similar composi-
tions (Table 2).

The poikilitic orthopyroxene in the harzburgites–
lherzolites show no significant chemical zoning (Ta-
ble 3). Both orthopyroxene and clinopyroxene have Mg#
[100×Mg/(Mg+Fe2+

tot ), mol %] decreasing from the dunites
to the harzburgites and the lherzolites and linearly correlat-
ing (Fig. 8) with Cr# [100×Cr/(Cr+Al), mol %]. Within
a single lherzolite sample, pyroxenes showing different mi-
crostructures are chemically nearly homogeneous (see also
Table 4). Overall, orthopyroxene contains 0.3 wt %–0.4 wt %
CaO, and clinopyroxene has 0.3 wt %–0.6 wt % Na2O and
0.5 wt %–0.7 wt % TiO2.

According to the amphibole nomenclature of Leake et
al. (1997), amphibole is pargasite to titanian pargasite in
dunites and titanian pargasite in harzburgites and lherzolites
(Table 5). Amphibole Mg# and Cr# roughly decrease from
the dunites to the harzburgites and the lherzolites.

Spinels from the harzburgites and the dunites show over-
lapping Cr# (16–31 and 20–28, respectively; Fig. 9). In the
harzburgites, spinels within and external to poikilitic or-
thopyroxenes have similar compositions (Table 6). Spinel

Figure 9. Plot of Cr# [100×Cr/(Cr+Al), mol %] of spinel ver-
sus forsterite proportion of coexisting olivine (mol %) for the Rocca
d’Argimonia peridotites. Data are averaged per sample; error bars
represent the standard deviation of the mean value (2σ ). The com-
positions of spinel–olivine pairs from mantle replacive dunites of
the Balmuccia and Finero mantle sequences (Mazzucchelli et al.,
2009; Bussolesi et al., 2019; Corvò et al., 2020) are reported for
comparative purposes.

from the lherzolites is distinct in the low Cr# of ∼ 11–
13. In all the peridotites, TiO2 in spinel is low (0.03 wt %–
0.16 wt %). The spinel Cr# yields a rough linear correlation
when plotted against the forsterite proportion of coexisting
olivine.

5.1.4 Oxygen isotopic composition of olivine

The ion microprobe analyses of olivine revealed limited δ18O
variations within a single peridotite (Table 8). Olivine δ18O
gradually increases with decreasing forsterite proportion
(Fig. 10). In particular, the most primitive dunite and the most
evolved lherzolite show δ18OOl of+5.77±0.10 ‰ (weighted
average ±2σ , n= 18) and +6.57± 0.06 ‰ (weighted aver-
age ±2σ , n= 20), respectively. Taken as a whole, the Rocca
d’Argimonia olivines have slightly higher δ18O than typical
mantle olivines (5.2± 0.3 ‰, Mattey et al., 1994).

5.2 Gabbronorite dykes and peridotite contact zones

5.2.1 Petrographic characteristics

The gabbronorites mostly consist of plagioclase, clinopy-
roxene and orthopyroxene (Table 9) and display medium-
grained, granoblastic to nearly granoblastic structure
(Fig. 5c). These rocks locally also include sub-prismatic
grains of orthopyroxene and clinopyroxene, which in places
enclose euhedral to subhedral plagioclase grains. The gab-
bronorites also show 6 vol %–14 vol % amphibole with
nearly equant morphology and are classified as hornblende
gabbronorites (Fig. 4b). Al spinel (Table 6) and Fe–Cu sul-
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Figure 10. δ18O (weighted average ± 2σ ) versus forsterite pro-
portion (mean ± 2σ ) of olivine from the Rocca d’Argimonia peri-
dotites; the error bars are in most cases within the symbol area. The
compositions of olivine from lherzolites and olivine websterites of
the Huangshanxi mafic-ultramafic intrusion in northwestern China
(Mao et al., 2019) are reported for comparative purposes. The grey
field represents the δ18O of typical mantle olivines (Mattey et al.,
1994). The diagram also reports the δ18O variations modelled by
Bucholz et al. (2017) in response to closed system fractional crys-
tallization for (i) an anhydrous tholeiite crystallizing at 1.0 GPa
(FC trend 1) and (ii) a high-K basalt with 2.5 H2O crystallizing
at ∼ 0.4 GPa (FC trend 2). The anhydrous tholeiite model is based
on the experimental results of Villiger et al. (2004); a typical man-
tle δ18O value of +5.7 ‰ is assumed for the parental melt. Both
models show that the δ18OOl variations observed for the Rocca
d’Argimonia peridotites are wider than those dictated by fractional
crystallization alone.

fides (pyrrhotite and minor chalcopyrite) are common acces-
sories.

The contact zone between gabbronorites and host peri-
dotites was investigated for the thinnest selected dykes (sam-
ples BI2/5 and BI10/3, Table 10). In both cases, the con-
tact zone consists of two different orthopyroxene-rich micro-
layers, each ∼ 2 mm thick (Fig. 5c). Towards the peridotite
side, there is a spinel-bearing orthopyroxenite with a nearly
granoblastic structure defined by equant, polygonal morphol-
ogy of orthopyroxene. This orthopyroxenite micro-layer in-
cludes 6 vol %–9 vol % spinel, which is typically anhedral
and interstitial with respect to orthopyroxene. The micro-
layer adjacent to the gabbronorite is made up of orthopyrox-
ene, amphibole, clinopyroxene and spinel, and it is therefore
classified as hornblende websterite (Fig. 4). Pyroxenes and
amphibole in the websterite micro-layer define a nearly gra-
noblastic structure, whereas associated spinel has vermicu-
lar morphology. Accessory pyrrhotite occurs in both the or-
thopyroxenite and the hornblende websterite micro-layers.

https://doi.org/10.5194/ejm-32-587-2020 Eur. J. Mineral., 32, 587–612, 2020
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Table 7. Chemical compositions of plagioclase from selected samples. An=molar proportion of anorthite component [100×Ca/(Ca+K+
Na), in atoms per formula unit].

Sample BI2/5 BI10/3 BI8/1 BI50/3 BI50/3
(included in Px) (granoblastic)

Rock type Gabbronorite Gabbronorite Gabbronorite Gabbronorite Gabbronorite
dyke dyke dyke dyke dyke

No. 9 SD 6 SD 8 SD 5 SD 5 SD

SiO2 47.47 0.31 46.00 0.31 49.36 0.27 48.85 0.60 49.52 0.12
Al2O3 33.55 0.48 34.46 0.11 32.32 0.27 33.62 0.30 33.04 0.31
FeO (tot) 0.04 0.03 0.09 0.03 0.07 0.06 0.24 0.08 0.11 0.02
MnO 0.01 0.01 0.01 0.02 0.01 0.02 0.00 0.00 0.01 0.02
MgO 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.00
CaO 16.58 0.33 17.82 0.28 15.52 0.14 16.17 0.53 15.54 0.12
Na2O 2.08 0.20 1.35 0.13 2.90 0.13 2.59 0.30 2.88 0.13
K2O 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.02 0.00
TiO2 0.00 0.00 0.02 0.04 0.01 0.02 0.02 0.03 0.00 0.01
Cr2O3 0.02 0.02 0.02 0.03 0.01 0.01 0.03 0.03 0.03 0.03
NiO 0.01 0.02 0.00 0.00 0.02 0.02 0.02 0.03 0.03 0.05

Total 99.8 99.8 100.2 101.6 101.2
An (mol %) 81.5 1.75 87.9 1.19 74.7 0.97 77.5 2.54 74.8 0.96

5.2.2 Whole-rock chemical compositions

The thin dykes BI2/5 and BI10/3 have higher Mg# than the
thick dykes BI8/1 and BI50/3 (82–84 and 74–75, respec-
tively). Taken as a whole, the gabbronorites have high Al2O3
and CaO contents (Fig. 6), which are mostly controlled by
the high modal proportions of plagioclase and clinopyrox-
ene, respectively. In particular, the gabbronorite BI10/3 has
the lowest Al2O3 and the highest CaO reflecting its low pla-
gioclase / clinopyroxene modal ratio (cf. Tables 1 and 9).

5.2.3 Mineral chemical compositions

The minerals constituting the gabbronorite dykes are com-
positionally homogeneous within a single sample. Taken as
a whole, however, clinopyroxene, orthopyroxene and amphi-
bole (pargasite to titanian pargasite) from the gabbronorites
show wide Mg# variations (Fig. 8, Tables 3, 4 and 5) parallel-
ing the whole-rock variations. Cr2O3 in mafic silicates from
the gabbronorites is invariably negligible (≤ 0.1 wt %). Or-
thopyroxene contains 0.3 wt %–0.5 wt % CaO, and clinopy-
roxene displays 0.6 wt %–0.8 wt % Na2O and 0.6 wt %–
0.8 wt % TiO2. Plagioclase from the gabbronorites has anor-
thite proportion ranging from 88 mol % to 75 mol % (Ta-
ble 7).

In the gabbronorite–peridotite contact zone, orthopyrox-
ene has 87–86 Mg#, with no significant variability between
the websterite and the orthopyroxenite micro-layer (Fig. 8).
Conversely, orthopyroxene shows a Cr2O3 decrease and a
concomitant Al2O3 increase (i.e. a Cr# decrease) from the
orthopyroxenite to the websterite micro-layer, which is par-

Figure 11. Plot of Cr# [100×Cr/(Cr+Al), mol %] of orthopy-
roxene versus Cr# of coexisting spinel (mol %) for the Rocca
d’Argimonia peridotites. Data are averaged per sample; error bars
represent the standard deviation of the mean value (2σ ). The dia-
gram also reports the compositions of orthopyroxene–spinel pairs
from the contact zone at the boundaries between the thin gab-
bronorite BI2/5 and BI10/3 dykes and host peridotites. The dotted
tie lines refer to these contact zones and physically adjacent peri-
dotites (blue: sample BI2/5; red: sample BI10/3).

alleled by associated spinel (Fig. 11). Clinopyroxene and am-
phibole (pargasite) present in the websterite micro-layer ex-
hibit high Mg# of 90 and 85, respectively.

Eur. J. Mineral., 32, 587–612, 2020 https://doi.org/10.5194/ejm-32-587-2020
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Table 9. Location and main petrographic characteristics of selected samples. Mineral proportion calculations (wt %) were carried out on
anhydrous basis, assuming all Fe as Fe2+. We used a least squares mixing programme to reproduce the observed whole-rock compositions
(Table 1) based on mineral compositions (Tables 2–7). For the peridotites, the best fit between observed and calculated whole-rock com-
positions was obtained by refinements based on the following: (i) TiO2, CaO and Na2O for clinopyroxene and amphibole proportions and
(ii) SiO2, Al2O3, NiO and Cr2O3 for olivine, orthopyroxene and spinel proportions. Obtained weight proportions were converted to volume
proportions based on mineral densities (olivine= 3.3–3.4 g cm−3, orthopyroxene= 3.3–3.4 g cm−3, clinopyroxene= 3.2–3.3 g cm−3, am-
phibole= 3.2 g cm−3, spinel = 4.0–4.4 g cm−3 and plagioclase= 2.7 g cm−3). Mineral abbreviations are after Whitney and Evans (2010),
and rock nomenclature follows the classification of the International Union of Geological Sciences.

Mineral modes (wt %) Mineral modes (vol %) Average grain size (mm) Notes Rock Coordinates

Sample Ol Opx Cpx Amp Pl Spl Ol Opx Cpx Amp Pl Spl Ol Opx Cpx Amp Pl Spl Dyke Host Other notes nomenclature x y
initials width (cm) rock

Dunite BI4/3 92.1 0.6 3.3 1.2 – 2.8 92 1 3 1 – 2 3.0 0.3 0.7 0.5 – 0.6 Hornblende-
bearing dunite

430064.0 5057698.8

DuniteBI4/1 92.1 0.6 3.4 1.1 – 2.8 92 1 4 1 – 2 2.5 1.0 1.0 0.6 – 0.7 Hornblende-
bearing dunite

430059.0 5057692.9

Dunite BI10/3 88.5 5.3 2.5 1.2 – 2.5 89 5 3 1 – 2 3.0 1.0 1.0 up to 0.6 – 0.7 Hornblende-
bearing dunite

429924.6 5057549.3

Dunite BI10/1 90.8 2.8 2.8 1.1 – 2.5 91 3 3 1 – 2 2.0 2.0 1.5 0.6 – 0.7 Hornblende-
bearing dunite

429912.2 5057561.7

Dunite BI5/1 84.8 2.8 4.8 1.9 – 5.7 85 3 5 2 – 5 3.0 3.0 1.5 0.5 – 0.8 Large non-
poikilitic Opx

Hornblende-
bearing dunite

430205.7 5057811.1

Harzburgite
BI2/1

83 7.2 4.2 1.5 – 4.1 83 7 4 2 – 3 1.5 9.0 1.0 0.6 – 0.6 Poikilitic Opx
(up to 1 cm)

Hornblende-
bearing
harzburgite

429923.3 5057732.4

Harzburgite
BI2/7

79.5 14.1 2.2 0.9 – 3.3 79 15 2 1 – 3 1.7 8.0 0.7 0.5 – 0.5 Poikilitic Opx
(up to 1 cm)

Hornblende-
bearing
harzburgite

429861.8 5057726.5

Lherzolite
BI6/2

54.3 27.2 13.8 1.7 – 3 54 28 14 2 – 3 1.0 1.5 2.0∗ up to 0.6 – 0.6 Poikilitic Cpx
(0.6 cm)

Hornblende-
bearing lherzo-
lite

429925.1 5057663.0

Lherzolite
BI30/5

37.6 50.3 5.3 2.3 – 4.5 37 51 5 2 – 4 1.0 2.0∗ 1.5 0.6 – 0.7 Poikilitic Opx
(up to 0.8 cm)

Hornblende-
bearing olivine
websterite

429768.9 5057796.4

Gabbronorite
dyke BI2/5

– 17.8 14.8 15.1 51.3 1.0 – 16 13 14 56 1 – 1.0 1.0 1.0 2.0 0.3 2.5 Harzburg-
ite

Hornblende
gabbronorite

429902.3 5057750.2

Gabbronorite
dyke BI10/3

– 22.8 47.8 9.3 19.3 0.8 – 22 46 9 22 1 – 5.0 5.0 1.0 2.0 0.5 3.0 Dunite Hornblende
gabbronorite

429924.6 5057549.3

Gabbronorite
dyke BI8/1

– 23.9 21.6 7.0 47.5 – 21 20 7 53 – – 1.0 1.0 1.0 1.5 – 10.0 Harzburg-
ite

Sparse sub-prismatic
Px, up to 3.5 mm long

Hornblende
gabbronorite

429849.7 5057694.9

Gabbronorite
dyke BI50/3

– 23.0 24.3 6.0 44.9 1.8 – 20 22 6 50 1 – 3.0 3.0 1.0 1.7 1.0 25.0 Harzburg-
ite

Frequent sub-prismatic
Px, up to 7 mm long

Hornblende
gabbronorite

429431.9 5056741.6

∗ Poikilitic grains are not considered in the average grain size.

Table 10. Main petrographic characteristics of micro-layers occurring along the contacts between gabbronorite dykes and host peridotites.
Mineral proportions were evaluated by point counting. Mineral abbreviations are after Whitney and Evans (2010), and rock nomenclature
follows the classification of the International Union of Geological Sciences.

Sample initials
Average Mineral modes (vol %) Average grain size (mm)

Rock nomenclature
thickness Opx Cpx Amp Spl Opx Spl Amp Cpx

(mm)

BI2/5 towards peridotite 2.0 93.7 – – 6.3
0.6 0.4 – –

Orthopyroxenite

BI10/3 towards peridotite 1.9 91.4 – – 8.6 Orthopyroxenite

BI2/5 towards gabbronorite 2.5 57.7 12.2 22 8.1
0.4 0.3 0.4 0.4

Hornblende websterite

BI10/3 towards gabbronorite 2.6 53.9 16.4 17.9 11.8 Hornblende websterite

6 Discussion

6.1 The Rocca d’Argimonia rock sequence: effects of
subsolidus re-equilibration

The Rocca d’Argimonia ultramafic sequence shows alternat-
ing peridotite and pyroxenite layers that are tens of metres in
thickness (Fig. 2; see also Lensch, 1968) and is locally cross-
cut by gabbronorite dykes. The Rocca d’Argimonia rocks,
including the gabbronorite dykes, typically display both
nearly granoblastic structure documenting re-equilibration

by solid-state diffusion and/or recrystallization and relics of
microstructures that may be reconciled with magmatic pro-
cesses. The latter include the poikilitic morphology of or-
thopyroxene (Figs. 3a and 5a) in the harzburgites and the
lherzolites and of clinopyroxene in the lherzolites (Fig. 5b).
Evidence for a magmatic growth in the dunites is furnished
by the orthopyroxene typically exhibiting anhedral habit, lo-
cally interstitial with respect to olivine, and by the euhe-
dral to subhedral morphology of spinel grains enclosed by
olivine. The gabbronorites retain magmatic structures at the
macroscopic scale, as shown by the modal–grain size layer-

Eur. J. Mineral., 32, 587–612, 2020 https://doi.org/10.5194/ejm-32-587-2020
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Table 11. Temperature estimates (◦C) obtained for the selected rocks of the Rocca d’Argimonia sequence. A confining pressure of 0.8 GPa
was assumed in the calculations, in agreement with pressure estimates reported by Demarchi et al. (1998) for the base of the Ivrea Mafic
Complex. The method of Putirka (2016) was applied using Eq. (6).

Sample BI4/1 BI10/3 BI10/1 BI5/1 BI2/5 BI2/1 BI2/7 BI6/2 BI30/5 BI2/5 BI10/3 BI2/5 BI10/3 BI8/1 BI50/3

Rock type Dunites Harzburgites Lherzolites Websterites Gabbronorite dykes

Brey and Kohler
(1990)
Ca-in-Opx

751 811 751 743 749 758 752 753 753 – – – – – –

Brey and Kohler
(1990)
Cpx-Opx

810 736 719 788 780 771 708 765 747 – – – – – –

Wells (1977)
858 833 816 838 847 817 804 818 804 778 793 810 838 810 830

Cpx-Opx

Holland and
Blundy (1994)
Amp-Pl

– – – – – – – – – – – 971 1035 979 996

Putirka (2016)
– – – – – – – – – – – 1030 1008 1008 999

Amp

ing and the pyroxenes oriented orthogonally with respect to
dyke walls, and at microscopic scale, with the local occur-
rence of sub-prismatic pyroxene grains hosting euhedral to
subhedral plagioclase.

Application of the Ca-in-orthopyroxene and the
orthopyroxene–clinopyroxene geothermometers of Brey and
Kohler (1990) to the peridotites gave subsolidus estimates of
708–810 ◦C (Table 11). We also employed the two-pyroxene
geothermometer of Wells (1977), which does not require
the presence of olivine and spinel in the confining mineral
assemblage, obtaining 804–858 ◦C for the peridotites and
810–838 ◦C for the gabbronorites. The Wells’ (1977) method
yielded similar temperature values of 778–793 ◦C for the
websterite micro-layer occurring along the gabbronorite–
peridotite contact. Overall, these temperature evaluations
correspond to granulite facies metamorphic conditions and
most likely reflect slow cooling of the Rocca d’Argimonia
sequence in the lower continental crust. On the other hand,
application of the amphibole–plagioclase geothermometer
of Holland and Blundy (1994) to the gabbronorite dykes
gave relatively high temperature values of 971–1035 ◦C.
For the gabbronorites, we obtained similar estimates of
999–1030 ◦C based on the single amphibole geothermome-
ter of Putirka (2016). Most likely, the amphibole-based
geothermometers have a higher closure temperature than the
pyroxene-based methods. The amphibole-based temperature
evaluations could refer to late magmatic conditions, in
agreement with the temperature range observed in fractional
crystallization experiments from hydrous melts carried out
at 0.7–0.9 GPa (e.g. Nekvasil et al., 2004).

The re-equilibration shown by the two-pyroxene geother-
mometry may have affected the original oxygen isotope min-
eral distribution through diffusive exchange (Giletti, 1986;
Eiler et al., 1992, 1993; Valley, 2001). In particular, the
slow cooling potentially produces a slight δ18O olivine de-

crease and a concomitant δ18O increase of coexisting pyrox-
ene (Chiba et al., 1989; Rosenbaum et al., 1994). If an olivine
crystallized from a melt at 1300 ◦C and subsequently com-
pletely re-equilibrated with pyroxene at 700 ◦C, the δ18OOl
is expected to lower by 0.4 ‰. The primary δ18OOl of the
Rocca d’Argimonia peridotites could therefore be slightly
higher than the observed value. It should be noted, however,
that olivine is characterized by a low oxygen self-diffusivity
(Dohmen et al., 2002). Actually, in mafic–ultramafic intru-
sions from middle and upper crustal levels, olivine is typi-
cally considered to retain the magmatic oxygen isotopic sig-
nature (e.g. Bucholz et al., 2017; Günther et al., 2018; Mao
et al., 2019). Preservation of magmatic δ18OOl in the Rocca
d’Argimonia peridotites could be favoured by the relatively
large crystal size of olivine (1–3 mm in diameter, Table 9).

In the following discussion sections, we will com-
bine the information inferred from microstructures with
mineral/whole-rock major element chemistry and O isotopic
signature of olivine. Although the Rocca d’Argimonia se-
quence experienced extensive subsolidus re-equilibration, we
will show that our methodological approach successfully
brings information about the magmatic processes that gave
rise to these deep-seated peridotites.

6.2 Evidence for melt–peridotite reaction: the
orthopyroxenite–websterite contact zone

The Rocca d’Argimonia peridotites are locally crosscut by
hornblende gabbronorite dykes typically showing a thick-
ness variable from few centimetres to few tens of cen-
timetres (Fig. 3b). These dykes display a millimetre-scale
thick orthopyroxene-rich zone (54 vol %–94 vol %, Table 10)
along the contact with host peridotites, which consists of or-
thopyroxenite towards the peridotite and hornblende web-
sterite towards the gabbronorite (Fig. 5c). In this section,
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we relate the development of this orthopyroxenite–websterite
contact zone to a reaction driven by the chemical contrast be-
tween migrating melts and host peridotites.

The whole-rock chemical compositions of the gab-
bronorite dykes do not represent melt compositions. In par-
ticular, the thin dykes BI2/5 and BI10/3 have anomalously
high Mg# of 82–84 (Fig. 6), which most likely reflects a
role of host dunites–harzburgites, in response to local dis-
solution and assimilation of peridotite material by the mi-
grating melt and/or diffusive Fe–Mg exchange between peri-
dotite minerals and melt. The thick dykes BI8/1 and BI50/3
have 74–75 Mg# and relatively low SiO2 /Al2O3 values of
2.4–2.7, which indicate a role of plagioclase accumulation
(Kempton and Harmon, 1992). However, information about
chemical compositions of the melts feeding the gabbronorite
dykes may be acquired by mineral chemistry, based on ex-
perimentally determined mineral–melt coefficients. This ap-
proach assumes that original mineral compositions were not
modified in response to the high temperature subsolidus re-
equilibration in the lower continental crust. Two-pyroxene
geothermometry documented granulite facies metamorphic
conditions, whereas the amphibole based methods yielded
values of ∼ 1000 ◦C (Table 11) that may be related to late
magmatic conditions (cf. Nekvasil et al., 2004; Nandedkar
et al., 2014). Hence, we used the chemical compositions of
amphibole from thick gabbronorite dykes BI8/1 and BI50/3,
for which the peridotite contribution was most likely negli-
gible, to compute some compositional characteristics of the
feeding melts.

The compilation of magmatic amphibole compositions by
Putirka (2016) enables calculating the SiO2 content of the
amphibole equilibrium melts, which corresponds to 50 wt %–
51 wt % for the BI8/1 and BI50/3 amphiboles. In addition,
Mg# and TiO2 of amphibole equilibrium melts may be com-
puted assuming amphibole/basalt Fe–Mg and Ti partition co-
efficients of 0.37 and 2.47, respectively, as resulting from
experiments carried out at 1010 ◦C and 0.7 GPa by Nand-
edkar et al. (2014, 2016). Calculations show that BI8/1 and
BI50/3 amphiboles were in equilibrium with melts having
44–47 Mg# and 1.1 wt %–1.2 wt % TiO2. Amphibole compo-
sitions therefore document that the thick gabbronorite dykes
crystallized from chemically evolved basaltic melts showing
a marked chemical contrast with respect to host peridotites.
For instance, the dunites and the harzburgites show 38 wt %–
40 wt % SiO2, 86–90 Mg# and 0.05 wt %–0.10 wt % TiO2.

We computed the bulk chemical compositions of the
micro-layers developing at the gabbronorite–peridotite con-
tact (Table A2), based on their mineral and modal composi-
tions. The mean calculated compositions of the two micro-
layers are compared with the mean compositions of host
dunites–harzburgites in Fig. 14. The diagram shows that
MgO and FeOtot steadily decrease from the peridotite across
the contact zone. Contrary to MgO and FeOtot, Al2O3 de-
creases from the websterite to the orthopyroxenite micro-
layer and the peridotite. Cr2O3 concentrations are similar

in the peridotite and the adjacent orthopyroxenite micro-
layer and markedly decrease in the websterite micro-layer.
The inferred Al2O3 and Cr2O3 variations from the peridotite
across the contact zone are consistent with the Cr# of or-
thopyroxene and spinel decreasing from the peridotite to the
orthopyroxenite and the websterite micro-layers (Fig. 11).
Mass balance calculations also show that the whole con-
tact zone exhibits higher SiO2 than the dunites–harzburgites.
In particular, because of the 18 vol %–22 vol % amphibole
amount, the websterite micro-layer has slightly lower cal-
culated SiO2 (44 wt %–46 wt %) than the orthopyroxenite
micro-layer (49 wt %–50 wt %). Finally, CaO, Na2O and
TiO2 are low in the peridotite and the adjacent orthopyrox-
enite micro-layer, and they increase in the websterite micro-
layer, in response to the relatively high proportions of am-
phibole and clinopyroxene. For instance, calculated TiO2 is
0.1 wt % and 0.4 wt % for the orthopyroxenite and the web-
sterite micro-layer, respectively.

We propose that the double-layered contact zone formed in
response to a two-step reaction progress. The melt–peridotite
reaction initiated with the development of the orthopyrox-
enite micro-layer (step 1). Most likely, the migrating melt
had relatively high contents of SiO2 and Al2O3, which trig-
gered the crystallization of orthopyroxene and minor spinel
(∼ 7 vol %). The similar Cr2O3 contents of the orthopyrox-
enite micro-layer and dunites–harzburgites (Fig. 14) suggest
formation of the orthopyroxenite micro-layer by peridotite
replacement, in response to peridotite dissolution by the mi-
grating melt. Following the orthopyroxenite formation, ex-
cess CaO, Na2O and TiO2 from the reacting melt could pro-
mote crystallization of amphibole and clinopyroxene, in as-
sociation with orthopyroxene and spinel, thereby giving rise
to the websterite micro-layer (step 2). Presumably, the rela-
tively low Cr2O3 content of the websterite micro-layer (es-
timated as ∼ 0.2 wt %) reflects the minor Cr2O3 content of
the migrating melt with respect to host peridotite, the limited
Cr diffusion from the peridotite to the melt and the earlier
crystallization of spinel in the orthopyroxenite micro-layer.
The original melt–peridotite boundary could therefore be the
present contact between the orthopyroxenite and the web-
sterite micro-layer. The melt–peridotite reaction also implies
that the chemical elements that are incompatible with respect
to the websterite mineral assemblage were concentrated in a
residual melt, which could ultimately mix with the migrating
melt that was not in physical contact with host peridotite. In
particular, a significant proportion of original melt TiO2 was
probably focused into the unreacted migrating melt.

To conclude, upward melt migration into the consolidated
peridotites of the Rocca d’Argimonia sequence triggered a
reaction that most likely involved dissolution of a millimetre-
scale thick peridotite layer, followed by orthopyroxenite
and websterite crystallization and mixing of the residual
melt with unreacted migrating melt. Such a dissolution–
crystallization process is similar to the series of reactions
inferred for formation of Cabo Ortegal (Spain) mantle py-
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roxenites at the metre scale, by reaction between a boninite-
type melt and a dunite (Tilhac et al., 2016). We propose that
the melts interacting with the Rocca d’Argimonia peridotites
were chemically evolved basalts, based on chemical compo-
sitions of amphibole from the thick gabbronorite dykes.

6.3 Origin of the harzburgites and the lherzolites by
reactive melt migration

Whole-rock and mineral chemistry of the Rocca
d’Argimonia peridotites show Mg# decreasing from
the dunites to the harzburgites and the lherzolites (Figs. 6, 7
and 8). Hence, the peridotite sequence could hypothetically
be related to a fractional crystallization process involving
early separation of olivine and accessory spinel, thereby
giving rise to the dunites, followed by a stage forming the
harzburgites and the lherzolites, ruled by segregation of
olivine and accessory spinel together with orthopyroxene
and minor clinopyroxene. This process could explain not
only the olivine forsterite variations, but also the Mg#–Cr#
correlation observed for orthopyroxene and clinopyroxene
(Fig. 8), which may be reconciled with a plagioclase-free
fractional crystallization process involving accessory spinel
segregation. The rough positive correlation provided by
the olivine–spinel pairs, with the forsterite proportion and
the spinel Cr# decreasing from 90 mol % to 85 mol % and
from 29 mol % to 11 mol %, respectively (Fig. 9), could
also be consistent with a magmatic evolution controlled by
fractionation of olivine and accessory spinel.

Fractional crystallization experiments from anhydrous and
hydrous tholeiitic basalts at 0.7 GPa (Villiger et al., 2007;
Nandedkar et al., 2014) show that the early olivine-only
fractionation stage, forming dunites, is followed by a phase
in which olivine crystallizes together with clinopyroxene
to give rise to wehrlites. These experimental results there-
fore argue against formation of the Rocca d’Argimonia peri-
dotites through closed system fractional crystallization, be-
cause the chemically evolved Rocca d’Argimonia peridotites
(i.e. the harzburgites and the lherzolites) exhibit minor
clinopyroxene and a wide range of olivine / orthopyroxene
modal ratio (Fig. 4a, Table 9). A process of closed system
fractional crystallization controlled by olivine separation is
also inconsistent with the forsterite–NiO variations of the
Rocca d’Argimonia olivines (Fig. 7), which do not follow the
expected olivine fractionation trend (e.g. Su et al., 2016). For
instance, olivine from lherzolite BI30/5 displays the lowest
forsterite proportion (85 mol %), suggesting formation from
a relatively evolved melt, but is characterized by the highest
NiO content (0.36 wt %).

In the Rocca d’Argimonia harzburgites, orthopyroxene oc-
curs as poikilitic grains enclosing olivine and spinel (Figs. 3a
and 5a). Poikilitic orthopyroxene grains are locally also
present in associated lherzolites. Olivine within orthopy-
roxene typically displays anhedral morphology with lobate
boundaries, thereby indicating that olivine was partly dis-

solved by an orthopyroxene-saturated melt. The poikilitic
orthopyroxene therefore might grow from a melt relatively
rich in SiO2 that reacted with olivine and partially digested
it. Similar olivine–orthopyroxene replacement relationships
were described for other ultramafic magmatic sequences in-
truding the upper continental crust (Barnes et al., 2016; Kauf-
mann et al., 2018; Mao et al., 2019). These studies agreed
that poikilitic orthopyroxene did not form by closed-system
peritectic reaction between olivine and residual melt. Barnes
et al. (2016) and Kaufmann et al. (2018) argued for a reaction
between olivine and an upward-migrating orthopyroxene-
saturated melt, which formed by olivine fractionation in the
crystal mush below. Mao et al. (2019) proposed that or-
thopyroxene saturation in the melt was due to SiO2 addi-
tion by wall-rock contamination, mainly based on oxygen
isotopic compositions of olivine (δ18O= 6.1 ‰–7.2 ‰; see
also Fig. 10).

The δ18O variability of the Rocca d’Argimonia olivines
also argues for formation of the Rocca d’Argimonia peri-
dotites by an open-system magmatic process. The δ18OOl
gradually increases from +5.8 ‰ to +6.6 ‰ with lowering
forsterite proportion from 90 mol % to 85 mol % (Fig. 10).
Fractional crystallization is expected to produce a negligible
or minor δ18OOl increase (< 0.2 ‰) for the limited forsterite
range of the Rocca d’Argimonia olivines (e.g. Eiler, 2001;
Bindeman et al., 2004; Bucholz et al., 2017; Yao et al.,
2019). Hence, the negative δ18O–forsterite correlation of the
Rocca d’Argimonia olivines requires an external contaminat-
ing source with high δ18O. We will discuss about the nature
of this external source in the next discussion section.

The development of an orthopyroxene-dominated reaction
zone between the gabbronorite dykes and host peridotites
(Fig. 5c) is consistent with the idea (Barnes et al., 2016;
Kaufmann et al., 2018; Mao et al., 2019) that poikilitic or-
thopyroxene in the harzburgites and the lherzolites formed by
an open-system reactive melt flux. In the Rocca d’Argimonia
peridotites, the occurrence of gabbronorite dykelets showing
sinuous boundaries and of gabbronorite dykes with sharp pla-
nar boundaries suggests repeated melt injections during peri-
dotite cooling. Hence, buoyant melts could also have perva-
sively migrated through a high-temperature olivine-rich ma-
trix, thereby causing partial replacement of olivine by or-
thopyroxene.

Origin of the Rocca d’Argimonia harzburgites–lherzolites
by reactive melt migration may explain the lack of correla-
tion between forsterite and NiO contents of olivine (Fig. 7).
The lower oceanic crustal rocks frequently show forsterite–
NiO olivine variations deviating from expected olivine frac-
tional crystallization trends, and these divergences are typ-
ically interpreted to reflect post-cumulus magmatic reac-
tions (Yang et al., 2019 and references therein). In particu-
lar, olivine with higher NiO at a given forsterite content than
predicted by olivine fractionation models may be produced
by the following (i) decreasing olivine mass, in response to
melt-driven partial dissolution, and (ii) a reacting melt having
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relatively low Mg#, which is associated with a high olivine–
melt partition coefficient for Ni (Hart and Davis, 1978).

We envision the following reaction (mineral abbreviations
after Whitney and Evans, 2010) for the partial replacement of
olivine by poikilitic orthopyroxene in the Rocca d’Argimonia
harzburgites–lherzolites :

Ol+SiO2-rich melt 1=

Opx+melt 2, (R1)

where melt 1 is the buoyantly rising evolved melt, and melt
2 is the fraction of the melt residual after the reaction with
olivine. Because olivine is obviously preserved and spinel
is also present within the olivine–orthopyroxene association,
the reaction envisaged should be properly expressed as

Ol 1+Spl 1+SiO2-rich melt 1=

Opx+Ol 2+Spl 2+melt 2. (R2)

This formulation implies that olivine was originally asso-
ciated with accessory spinel, and that both phases were
not completely dissolved in response to the reaction with
the infiltrating melt. The occurrence of olivine and spinel
among reaction products denotes a conceivable composi-
tional change of these phases ruled by the interaction with
the melt. Notably, the relatively high proportion of spinel
(6 vol %–9 vol %) hosted by the poikilitic orthopyroxene sug-
gests that spinel might also have precipitated in conjunction
with the olivine–melt reaction.

Crystallization of new spinel by melt–peridotite reac-
tion is shown by the orthopyroxenite–websterite reaction
zone along the contact between peridotites and crosscut-
ting gabbronorite dykes. Remarkably, the orthopyroxene–
spinel pairs from the orthopyroxenite micro-layer, adjacent
to the peridotite in the reaction contact zone (Fig. 5c), follow
the Cr# spinel–orthopyroxene covariation depicted by the
harzburgites–lherzolites (Fig. 11). Assuming that the origi-
nal spinel (Spl 1 in Reaction R2) was chemically homoge-
neous, the spinel–orthopyroxene Cr# variations observed for
the harzburgites–lherzolites may be mostly related to differ-
ent melt / crystal matrix ratios, with Cr# diminishing with in-
creasing melt proportion. The low Cr# of orthopyroxene and
spinel from the orthopyroxenite micro-layer was presumably
due to a relatively high melt / peridotite ratio, which led to
total consumption of olivine.

The gabbronorite–peridotite contact zone also includes a
significant proportion of clinopyroxene and amphibole, in
the websterite micro-layer adjacent to the gabbronorite. The
crystallization of clinopyroxene (2 wt %–14 wt %) and am-
phibole (1 wt %–2 wt %) in the harzburgites and the lherzo-
lites could therefore be promoted by the process of reactive
melt migration. Evidence for late clinopyroxene crystalliza-
tion is shown by lherzolite BI6/2, in which poikilitic clinopy-
roxene enclosing olivine and minor spinel occurs (Fig. 5b).
The complete reaction for the melt flow process leading to

formation of the Rocca d’Argimonia harzburgites–lherzolites
may therefore be schematized as follows:

Ol 1+Spl 1+SiO2-rich melt 1=

Opx+Ol 2+Spl 2+Cpx+Amp+melt 2. (R3)

In summary, we attribute the development of poikilitic
orthopyroxene in the Rocca d’Argimonia harzburgites–
lherzolites to diffuse, reactive migration of melts relatively
rich in SiO2 into a crystal matrix consisting of olivine and
accessory spinel. Because one of the Rocca d’Argimonia
peridotite layers (Fig. 2) entirely consists of harzburgites
and minor lherzolites, the process of reactive melt flow
must have operated at least at the scale of ∼ 100 m. The
peridotites subsequently underwent a similar melt–peridotite
reaction, ruled by injection of chemically evolved basalts
into solidified peridotites, which produced a millimetre-
scale orthopyroxenite–websterite layer along the contact
with crosscutting gabbronorite dykes (see previous section).

6.4 Origin of the dunites and the process of
contaminating melt flow

The Ivrea–Verbano Zone comprises several mantle se-
quences, mostly at its stratigraphic base (e.g. Balmuccia and
Finero massifs), which include dunite bodies formed by fo-
cused reactive flow of olivine-saturated melts into lherzolites
(Mazzucchelli et al., 2009) or harzburgites (Bussolesi et al.,
2019; Corvò et al., 2020). These mantle replacive dunites
are compositionally distinct with respect to the most prim-
itive dunites of the Rocca d’Argimonia sequence (Figs. 6–9).
For instance, the Balmuccia and the Finero replacive dunites
have forsterite-richer olivine and Cr-richer spinel than the
Rocca d’Argimonia dunites. A hypothetical mantle origin for
the Rocca d’Argimonia dunites is also difficult to reconcile
with the peridotite–pyroxenite alternations (Fig. 2) recalling
a large-scale magmatic layering.

The microstructural characteristics and the compositional
variations observed for the Rocca d’Argimonia dunites in-
dicate that these rocks underwent reactive melt flow, ac-
cording to Reaction (R3), as envisaged for associated
harzburgites–lherzolites. Orthopyroxene from the dunites
(1 vol %–5 vol %) is typically interstitial with respect to
olivine, or it forms relatively large grains with anhedral mor-
phology, thereby indicating a late growth with respect to
olivine. In the forsterite vs. δ18OOl diagram (Fig. 10), the
dunites, the harzburgites and the lherzolites follow the same
trend, with the dunite olivines showing the highest forsterite
and the lowest δ18OOl values. The whole peridotite sequence
of Rocca d’Argimonia may therefore be related to a process
of reactive melt flow through a melt-poor olivine-rich crystal
mush or a pre-existing dunite of likely magmatic origin. Fol-
lowing this idea, the studied dunites formed in response to a
decrease of melt / crystalline matrix ratio with ongoing melt
migration.
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Figure 12. Plot of δ18O of olivine (weighted average ± 2σ ) versus
modal orthopyroxene for the Rocca d’Argimonia peridotites.

The δ18OOl of the Rocca d’Argimonia peridotites in-
creases not only with decreasing olivine forsterite propor-
tion (Fig. 10) but also with increasing modal orthopyroxene
(Fig. 12). In particular, the δ18OOl increases from+5.8 ‰ for
dunite BI4/1 to +6.6 ‰ for lherzolite BI30/5, while modal
orthopyroxene raises from 1 vol % to 51 vol %. The wide
range of modal orthopyroxene in the studied peridotites is
therefore attributed to a melt evolution comprising assimila-
tion of crustal material, which promoted the crystallization of
orthopyroxene. The δ18OOl variability (+6.1 ‰ to +7.2 ‰,
Fig. 10) observed for the lherzolites and the olivine web-
sterites from Huangshanxi mafic–ultramafic intrusion (north-
western China) was similarly related to crustal contamination
(Mao et al., 2019). In particular, the growth of poikilitic or-
thopyroxene in these rocks was attributed to downward con-
vection of cool, Si-rich magma from the roof into an olivine-
rich crystal mush.

The Rocca d’Argimonia olivines could crystallize from
crustally contaminated magmas. For instance, cooling of a
mantle magma emplaced into the lower continental crust
could lead to fractional crystallization and concomitant as-
similation of basement material (i.e. the AFC process of
DePaolo, 1981). Following this hypothesis, the oxygen iso-
topic signature of olivine was acquired before the reac-
tive melt migration denoted by Reaction (R3). However,
we speculate that an AFC-type process would result in di-
rect orthopyroxene crystallization, rather than in the olivine–
orthopyroxene replacing relationships (Fig. 5a) typical of the
Rocca d’Argimonia harzburgites–lherzolites. The hypothet-
ical AFC-type process is also expected to produce a pro-
gressive decrease of forsterite and NiO contents in olivine,
which is not observed for the Rocca d’Argimonia peri-
dotites (Fig. 7). Hence, we favour an alternative petroge-
netic scenario, which implies that the melt reactively mi-
grating through the olivine-rich matrix possessed a substan-
tial crustal component. Following this model, the reactive
melt flow promoted the crystallization of orthopyroxene and

modified the mantle-derived δ18O signature of pre-existing
olivine. The envisaged petrogenetic process could be there-
fore coined as contaminating melt flow.

Two main hypotheses may be formulated for the source
of the crustal component. The melt migrating through the
olivine-rich matrix could have experienced assimilation of
crustal material by mixing with a melt derived from pre-
existing material of the Ivrea Mafic Complex, either a solid
gabbroic rock or a gabbroic crystal mush. This hypothesis
is consistent with the Ivrea Mafic Complex made up of gab-
broic rocks formed by mantle melts variably contaminated by
crustal material (Voshage et al., 1990). Accordingly, the Ivrea
Mafic Complex gabbroic rocks have relatively high δ18O
(Fig. 13), which ranges from+6.3 ‰ to+10.1 ‰ (Sinigoi et
al., 1991, 1994). In the second hypothesis, the reactively mi-
grating melts mixed with crustal melts released by metased-
imentary rocks present at depth, for instance in a septum of
country rock embedded within the deepest Ivrea Mafic Com-
plex. The metasediments of the Kinzigite Formation actu-
ally have high whole-rock δ18O ranging from +10.0 ‰ to
+14.1 ‰ (Schnetger, 1994) and include quartz grains with
δ18O ranging from +9.1 ‰ to +17.2 ‰ (Baker, 1990).

In spite of the wide range of oxygen isotopic compositions
observed for both the rocks of the Kinzigite Formation and
the Ivrea Mafic Complex, it is feasible that a lower amount of
crustal component is required if the Kinzigite Formation was
the contaminant rather than the Ivrea Mafic Complex. The
extent of crustal component in the Rocca d’Argimonia peri-
dotites may be roughly evaluated assuming that the δ18OOl
variations were only related to the process of crustal con-
tamination. The 1δ18OOl between the most primitive dunite
BI4/1 and the most evolved lherzolite BI30/5 (0.8 ‰) im-
plies that the lherzolite had 12 % higher crustal contribution
than the dunite, if the contaminant material had the average
δ18O of the Kinzigite Formation metasediments (+12.5 ‰,
Fig. 13). Assuming the average δ18O of the mafic rocks from
the Ivrea Mafic Complex (+8.1 ‰) as the contaminant ma-
terial, the lherzolite had 34 % higher mafic crust component
than the dunite.

To conclude, we propose that the crustal contamination
recorded by the Rocca d’Argimonia peridotites was accom-
plished by reactive flow of crustally contaminated melts
through an olivine-rich spinel-bearing matrix. A possible
conceptual model for the contaminating melt flow implies
that an evolved melt of mantle origin mixed with a melt de-
rived from either metasedimentary or gabbroic material and
subsequently migrates upwards, thereby reacting with the
olivine+ spinel matrix and ultimately giving rise to the stud-
ied peridotites.

6.5 Implications for mantle sources

The most primitive dunites BI4/1 and BI4/3 of the Rocca
d’Argimonia sequence have extremely low orthopyroxene
amounts (1 vol %, Table 9). Olivine from these rocks has
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Figure 13. δ18O of olivine from the Rocca d’Argimonia peridotites compared with δ18O of other minerals/rocks from the Ivrea–Verbano
Zone. Olivines from dunites, harzburgites and lherzolites of Rocca d’Argimonia are reported with the same symbol. Olivine from spinel
lherzolites of the Balmuccia mantle sequence after Selverstone and Sharp (2011). Olivine from harzburgites and pyroxenites of the Finero
mantle sequence after Selverstone and Sharp (2011). Orthopyroxene and clinopyroxene from chromitites of the Finero mantle sequence after
Zanetti et al. (2016). Gabbroic rocks from the Ivrea Mafic Complex after Sinigoi et al. (1991, 1994); the dot represents the mean value of
+8.1 ‰. Metasediments of the Kinzigite Formation after Schnetger (1994); the dot represents the mean value of +12.5 ‰. Quartz from
metasediments of the Kinzigite Formation after Baker et al. (1990); the dot represents the mean value of +13.2 ‰. The grey field represents
the δ18O of typical mantle olivines (Mattey et al., 1994). Mineral abbreviations after Whitney and Evans (2010).

89.9 mol % forsterite and 0.34 wt %–0.35 wt % NiO (Fig. 7),
and it could therefore be in equilibrium with a primary man-
tle melt (e.g. Korenaga and Kelemen, 2000). Hence, the most
primitive dunites could represent peridotite domains that es-
caped the process of contaminating melt flow envisaged in
the previous section.

The δ18OOl of dunite BI4/1 (+5.8± 0.1 ‰) slightly ex-
ceeds (Fig. 10) the δ18O range defined by typical mantle
olivines (+5.2 ± 0.3 ‰, Mattey et al., 1994). Hence, the
melts giving rise to the olivine-rich matrix precursor of the
Rocca d’Argimonia peridotites could primarily have anoma-
lously high δ18O, inherited from the mantle source. Locmelis
et al. (2016) and Berno et al. (2020) reported similar ideas
for other magmatic peridotites from the Ivrea–Verbano Zone,
the ultramafic pipes and the Monte Capio–Alpe Cevia se-
quence, respectively. In particular, they proposed that the
primitive melts forming these peridotites were generated
from a subcontinental lithospheric mantle variably metasom-
atized during the Variscan subduction. Notably, olivine and
pyroxene from the phlogopite-bearing mantle sequence of
Finero (Selverstone and Sharp, 2011; Zanetti et al., 2016),
in the northernmost sector of the Ivrea–Verbano Zone, lo-
cally show δ18O exceeding the typical δ18O mantle range
(Fig. 13). These relatively high δ18O values were attributed to

contamination of the Finero mantle sequence through melts
sourced in a subducted continental crust, most likely in pre-
Permian times (see also Hartmann and Wedepohl, 1993).
Hence, the isotopic record in the Finero mantle sequence sup-
ports the potential occurrence of mantle sources producing
δ18O-enriched primitive melts during the late-post collisional
Variscan evolution.

In an alternative petrogenetic scenario, the dunite BI4/1
was affected, to a minor extent, by the process of contami-
nating melt flow. Following this hypothesis, the low amount
of orthopyroxene in this rock, even with respect to clinopy-
roxene and amphibole, could reflect the evolved nature of
the melt reacting with the original olivine-rich matrix. Sim-
ilar to what is inferred for step 2 of the melt–peridotite re-
action forming the contact websterite micro-layer (Fig. 5c),
the process of reactive melt flow through the olivine-rich ma-
trix might increase the concentrations of Ca, Na and Ti in the
migrating melt. Hence, the highly evolved migrating melts
could ultimately lead to a predominance of clinopyroxene
and amphibole with respect to orthopyroxene in the min-
eral reaction products, as observed for the dunites BI4/1 and
BI4/3. Assuming that the dunite olivine BI4/1 recorded the
process of contaminating melt flow, the olivine-rich matrix
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Figure 14. Mean compositions of the Rocca d’Argimonia dunites–
harzburgites compared with the mean calculated bulk compositions
of orthopyroxenite and websterite micro-layers (Table A2). To show
the relative chemical variability from the peridotites across the con-
tact zone, oxide concentrations are normalized to the highest con-
tent among peridotite, orthopyroxenite and websterite.

precursor of the Rocca d’Argimonia peridotites could for in-
stance originally have +5.5 ‰ δ18O and 91 mol % forsterite.

We conclude that the process of contaminating melt mi-
gration could have erased the original chemical signature of
the olivine-rich matrix precursor of the Rocca d’Argimonia
peridotites. Further geochemical investigations are therefore
needed to elucidate whether the mantle melts giving rise to
the Rocca d’Argimonia ultramafic sequence were derived
from mantle sources metasomatized by the Variscan subduc-
tion.

7 Summary and concluding remarks

The Ivrea Mafic Complex of the Ivrea Verbano Zone is
∼ 8 km thick gabbroic–dioritic intrusion in the lower con-
tinental crust (e.g. Quick et al., 1992; Sinigoi et al., 2011),
developed in conjunction with the post-collisional transten-
sional regime of the Variscan orogeny (e.g. Handy et al.,
1999; Wilson et al., 2004). The lower Ivrea Mafic Com-
plex includes the peridotite–pyroxenite sequence of Rocca
d’Argimonia, which is here considered of magmatic ori-
gin, in accordance with Sinigoi et al. (1991) and Quick et
al. (2003).

The Rocca d’Argimonia peridotites compositionally range
from dunites to harzburgites and minor clinopyroxene-poor
lherzolites. Despite the extensive subsolidus re-equilibration
under granulite facies conditions, the peridotites and the
crosscutting gabbronorite dykes typically retain structures
and microstructures of magmatic origin. In particular, the
harzburgites and the lherzolites are characterized by the pres-
ence of poikilitic orthopyroxenes enclosing partially dis-
solved olivine and minor spinel. The gabbronorite dykes
most likely formed by chemically evolved basalts and show
millimetre-scale thick, orthopyroxenite to websterite reac-
tion zones along the contact with host peridotites. The de-
velopment of these reaction zones is attributed to a melt–
peridotite reaction comprising the following: (i) dissolution
of a millimetre-scale thick peridotite layer, (ii) orthopyroxen-
ite and websterite crystallization, and (iii) mixing of the melt
residual after orthopyroxenite–websterite crystallization with
unreacted migrating melt.

The compositional variations of the Rocca d’Argimonia
peridotites cannot be related to a magmatic evolution pro-
cess driven by closed system fractional crystallization. This
notion is for instance shown the δ18OOl significantly increas-
ing with decreasing olivine forsterite proportion and with in-
creasing modal orthopyroxene. Most likely, the peridotites
record a process of reactive melt flow through a melt-poor
olivine-rich crystal mush or a pre-existing dunite of likely
magmatic origin. We propose that the reactively migrating
melts possessed a substantial crustal component and were
compositionally similar to those forming the gabbronorite
dykes. The process of contaminating melt flow is consid-
ered to be responsible for the olivine dissolution shown by
the poikilitic orthopyroxenes in the harzburgites–lherzolites
and is inferred to have operated at least at the scale of
∼ 100 m. The nature of the primitive melt forming the pre-
cursor olivine-rich matrix remains unknown.

Similar reactive melt flow relationships, with an early
olivine-rich matrix percolated by basic melts, were proposed
for other peridotite–pyroxenite sequences associated with the
Ivrea Mafic Complex of the Ivrea Verbano Zone, namely the
so-called ultramafic pipes (Locmelis et al., 2016) and the
Monte Capio–Alpe Cevia sequence (Berno et al., 2020). The
mineral reaction products in those cases differ in the rela-
tively high proportion of amphibole and, locally, in the pres-
ence of phlogopite, most likely in response to involvement of
primitive mantle melts with different compositions. Reactive
melt flow through an olivine-dominated matrix in the lower
crust, possibly associated with crustal contamination, may
therefore represent a common process of large-scale mag-
matic systems growing in extensional continental settings.
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Appendix A

Table A1. Computed whole-rock chemical compositions of selected samples resulting from mass balance calculations, based on observed
mineral compositions (Tables 2–7) and estimated mineral proportions (Table 9).

Sample BI4/3 BI4/1 BI10/3 BI10/1 BI5/1 BI2/1 BI2/7 BI6/2 BI30/5 BI2/5 BI10/3 BI8/1 BI50/3

Rock type Dunites Harzburgites Lherzolites Gabbronorite dykes

SiO2 39.6 40.0 40.3 39.9 38.9 40.0 41.4 44.3 45.8 48.2 48.9 49.6 48.1
TiO2 0.06 0.06 0.06 0.05 0.09 0.11 0.06 0.17 0.17 0.36 0.48 0.40 0.38
Al2O3 1.45 1.48 1.58 1.37 2.90 2.34 1.82 3.35 4.47 22.2 13.1 18.7 19.6
Cr2O3 0.70 0.68 0.49 0.55 1.31 0.89 0.87 0.49 0.67 0.00 0.11 0.02 0.03
FeO (tot) 9.80 9.79 11.2 11.7 11.5 12.1 11.9 11.4 12.0 3.22 5.98 6.26 6.90
MnO 0.15 0.14 0.18 0.15 0.16 0.17 0.18 0.19 0.19 0.08 0.13 0.14 0.14
NiO 0.32 0.33 0.27 0.25 0.32 0.26 0.22 0.14 0.18 0.00 0.03 0.02 0.03
MgO 46.9 46.5 45.1 45.1 43.4 42.9 42.9 36.3 34.7 10.4 14.8 9.91 10.0
CaO 0.95 0.94 0.78 0.83 1.38 1.17 0.68 3.48 1.69 13.9 15.6 13.1 13.2
Na2O 0.06 0.06 0.05 0.05 0.09 0.08 0.05 0.14 0.12 1.65 0.82 1.75 1.61
K2O 0.04 0.02 0.05 0.04

Total 100 100 100 100 100 100 100 100 100 100 100 100 100

Table A2. Computed whole-rock compositions of orthopyroxenite and websterite micro-layers occurring along the contact between peri-
dotites and crosscutting gabbronorite dykes BI2/5 and BI10/3. Calculations were carried out based on mineral (Tables 3–6) and modal com-
positions (Table 10). Volume mineral proportions were converted to weight mineral proportions based on the following densities: orthopy-
roxene= 3.3 g cm−3, clinopyroxene= 3.3 g cm−3, amphibole= 3.2 g cm−3 and spinel= 4.4 g cm−3. Obtained weight mineral proportions
are as follows: (i) 91.8 orthopyroxene and 8.2 spinel for orthopyroxenite BI2/5, (ii) 88.9 orthopyroxene and 11.1 spinel for orthopyroxenite
BI10/3, (iii) 56.8 orthopyroxene, 11.8 clinopyroxene, 20.9 amphibole and 10.6 spinel for websterite BI2/5, and (iv) 52.4 orthopyroxene, 15.6
clinopyroxene, 16.8 amphibole and 15.2 spinel for websterite BI10/3.

Sample BI2/5 BI10/3

Rock type Orthopyroxenite Websterite Orthopyroxenite Websterite

SiO2 50.0 46.0 48.7 43.8
TiO2 0.1 0.4 0.1 0.4
Al2O3 8.4 13.3 9.9 15.8
Cr2O3 0.6 0.2 1.0 0.3
FeO (tot) 9.5 8.0 9.0 8.0
MnO 0.2 0.1 0.2 0.1
NiO 0.1 0.1 0.1 0.1
MgO 30.7 25.6 30.6 24.9
CaO 0.4 5.6 0.4 6.0
Na2O 0.0 0.7 0.0 0.5
K2O 0.0 0.1 0.0 0.0

Total 100 100 100 100
Mg# 85.2 85.0 85.8 84.8
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