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A B S T R A C T   

We investigated complex tectonic structures within a km-scale shear zone (Cima Lunga unit), which is tradi-
tionally interpreted as generated by multiple, distinct deformation phases, despite showing unique schistosity 
and lineation. Based on structural analyses we discovered sheath folds developed in relatively weak gneissic/ 
schistose rocks, enveloping inclusions of stronger ultramafics. The internal layering of inclusions experienced 
superimposed folding, boudinage and folding, attesting to layer-parallel shortening followed by stretching and 
further again shortening. Using 3D numerical modelling, we explored the structure evolution within and around 
deformable viscous inclusions under far-field simple shear. The numerical results showed that the internal 
deformation of ellipsoidal inclusions and the fold development around the inclusions are both dependent on the 
viscosity ratio, shear strain and the inclusion aspect ratio. The Cima Lunga structural patterns were reproduced 
for finite strains exceeding 7.5 and viscosity ratio between 2.8 and 9. Inclusions are characterized by persistent 
rotation of the internal layering, resulting in super-simple shear regime, with kinematic vorticity number >1. An 
important corollary is that ultramafics and host rocks experienced coupled deformation since the prograde 
metamorphic evolution. Finally, we emphasise that progressive deformation in shear zones may offer sufficient 
explanation for complex structural patterns, without invoking unjustified polyphase deformation.   

1. Introduction 

It is common for geologists to study complex deformation patterns 
involving compositionally heterogeneous rocks. Intricate overprinting 
and structural relations, variations of style and orientation of folds and 
sense of shear are traditionally interpreted as due to polyphase defor-
mation, i.e distinct deformation phases separated by periods of tectonic 
quiescence. Polyphase deformation model implies that each phase re-
flects variable stress and kinematic conditions attained during different 
tectono-metamorphic stages. However, evidences of changing far-field 
stress orientation (e.g. overlapping lineations) are often lacking, ques-
tioning the validity of the polyphase deformation model. 

The superposition of tectono-metamorphic events is, in fact, only one 
of the mechanisms generating composite deformation features that may 
result also from other mechanisms, such as strain partitioning during 
transpression or non-cylindrical folding. Deformation within heteroge-
neous and anisotropic rock media generates complex flow patterns, 

including strain localization, which may result in intricate structures 
with different styles and orientations without invoking significant 
changes in the far-field stress or regional metamorphic conditions that 
would justify discretization in deformational phases (Fossen et al., 
2019). However, the role of three-dimensional geometry and rheological 
properties of rocks is often underestimated because of the difficulty to 
recognize and quantify their contribution at the different scales. 

Sheath folds are typical example of progressive deformation struc-
tures that may produce complex patterns very similar to those arising 
due to interfering deformation stages (Holdsworth, 1990; Alsop et al., 
2010). They commonly develop in simple shear-dominated high-strain 
zones and originate from initial geometric perturbations or around 
rheological inhomogeneities, such as basement corrugations, slip sur-
faces or weaker/stronger inclusions (Cobbold and Quinquis, 1980; 
Marques and Cobbold, 1995; Alsop and Holdsworth, 2004; Marques 
et al., 2008; Reber et al., 2012, 2013a, 2013b; Adamuszek and Dab-
rowski, 2017a, 2017b). 
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In the field, a few diagnostic features facilitate the recognition of 
sheath folds at different scales, including: i) the presence of elliptical 
eye- and Ω-patterns in cross-sections perpendicular to the stretching 
lineation; ii) large areas with fold axes sub-parallel to the stretching 
lineation; iii) a constant orientation of the stretching lineation despite 
apparently different fold asymmetries and iv) high-strain related fabric 
element (e.g. Alsop and Holdsworth, 2006). However, each of these 
features alone may be explained as developed due to superimposed 
sub-cylindrical folding stages (e.g. Passchier 1986; Gruijc and Man-
cktelow, 1995). This ambiguity puzzles geologists working in many 
orogenic belts, especially when poly-orogenic basements are involved, 
as in the Alps where only a few descriptions of sheath folds exist (Min-
nigh, 1979; Lacassin and Mattauer, 1985; Henry et al., 1993; Crispini 
and Capponi 1997; Seno et al., 1998; Maino et al., 2015a; Steck et al., 
2019; Groβ et al., 2019). 

In this paper, we document sheath folds occurring in a matrix 
mantling relatively stronger - but deformable - inclusions hosted in a 
high-strain shear zone of the Central Alps: the Cima Lunga unit 
(Switzerland; Fig. 1). This unit encompasses the Cima di Gagnone area, 
where the occurrence of ultra-high pressure ultramafic rocks makes this 
site renowned worldwide (e.g. Evans et al., 1979; Pfiffner and 
Trommsdorff, 1998). We describe the contrasting deformation patterns 
between the schistose/gneissic matrix and the inclusions that embed 
repeatedly folded and boudinaged layers. All lithological units show one 
penetrative foliation and a related stretching lineation with minor var-
iations in its orientation. 

Despite such significant complexity, several structural observations 
argue against superimposed distinct deformation phases, questioning 
the traditional interpretation based on the polyphase scheme. Short-
comings of this interpretation may be overcome by considering pro-
gressive deformation associated with perturbations of a viscous flow 

around a relatively stronger, but deformable, inclusion. 
However, little is known regarding the high-strain behaviour of 

viscous inclusion-matrix systems, in terms of both internal deformation 
of the inclusions and folding of the matrix around it. Most of the pre-
vious work focused on the inclusion shape evolution in either two- (e.g., 
Bilby et al., 1975; Bilby and Kolbuszewski, 1977; Mancktelow, 2011; 
Fletcher, 2004; 2009; Schmid and Podladchikov, 2003) or 
three-dimension case (Freeman 1987; Jiang, 2007a). The analysed 
deformation pattern around the inclusions in shear zones include 1) 
drag-patterns around rigid porphyroblasts (Ghosh, 1975, 1977; Ghosh 
and Ramberg, 1976; Dabrowski and Schmid 2011), 2) flanking struc-
tures around weak planar inclusions acting as slip surface (Grasemann 
et al., 2003; Exner et al., 2004; Exner and Dabrowski, 2010), and 3) 
sheath folds around either slip surfaces or rigid inclusions (Rosas et al. 
2001, 2002; Marques and Cobbold 1995; Reber et al., 2012, 2013; 
Adamuszek and Dabrowski, 2017a, 2017b). To our knowledge, no 
detailed three-dimension analysis of the structure evolution within or 
around deformable (but not weak) inclusion has been yet offered. 

Field data alone could not afford a quantification of the physical 
parameters in the system, such as the shear strain (γ) and inclusion- 
matrix viscosity ratio (m). We thus employed 3D numerical models to 
investigate the deformation features within and around a deforming 
inclusion during simple shear. To integrate the field data with the 
modelling results, we tested models with different (i) initial inclusion 
aspect ratio, (ii) viscosity ratio between the inclusion and the matrix, 
and (iii) shear strain. Numerical experiments bring mechanical argu-
ments corroborating the different styles of deformation between in-
clusions and matrix generated by progressive rather than polyphase 
deformation. 

We organize the paper with a first part showing the field-based 
structural analysis, a second part describing the numerical simulations 

Fig. 1. Overview (a) and tectonic map (b) of the Cima Lunga unit within the Lepontine Dome (modified after Todd and Engi, 1997, Brouwer et al., 2005; Burg and 
Gerya 2005; Steck, 2013; Cavargna et al., 2014). 
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and, finally, an integrated discussion with emphasis on which infor-
mation the modelling gives us to constrain the deformation conditions. 

2. Geological setting 

The Cima Lunga unit lies within the nappe stack in the central 
domain of the Lepontine dome of the Central Alps and it is considered as 
the western continuation of the Adula nappe (e.g. Dal Vesco, 1953; 
Schmid et al., 2004, Figs. 1 and 2). It is worldwide known for the 
occurrence of high and ultra-high pressure rocks of the Cima di Gagnone 
outcrops (Evans and Trommsdorff, 1978; Pfiffner and Trommsdorff, 
1998). The unit is relatively thin (50–700 m thick) and it is sandwiched 

between the Simano nappes below and the Maggia nappe above (e.g. 
Steck et al., 2013). It is constituted by biotite-muscovite micaschists, 
paragneisses and minor orthogneisses, locally enclosing lenses of garnet 
peridotite and enstatite-olivine-chlorite rocks (chlorite harzburgite), 
partially talc bearing. The lensoid inclusions are often associated with 
calc-silicate rocks and marbles and they host basaltic amphibolites, 
eclogites, metarodingites and eclogitic metarodingites, indicating that, 
prior to the Alpine eclogitic metamorphism and deformation, ultra-
mafics were metasomatised on the seafloor and serpentinized (Evans 
and Trommsdorff, 1978; Evans et al., 1979; Pfiffner and Trommsdorff, 
1998). 

Chlorite hartzburgites and garnet peridotites rocks record high-to 

Fig. 2. Geological map of the northern sector of the Cima Lunga unit with relative geological cross-section parallel (1) and perpendicular (2) to the fold axis and 
stretching lineation. The thicker boundary lines around sheath folds and ultramafic lens help to highlight their close structural relationship. 
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ultrahigh-pressure and high-temperature metamorphism comprised 
between 2.0 and 3.0 GPa and 650–850 ◦C (Evans et al., 1979; Heinrich, 
1982; Pfiffner, 1999; Nimis and Trommsdorff, 2001; Scambelluri et al., 
2014). In eclogites, pressure peak conditions between 1.5 and 2.5 GPa 
are constrained at temperature between 600 and 700 ◦C by Heinrich 
(1986), while Brouwer et al. (2005) report pressure peak of 2.8–3.1 GPa 
(625–675 ◦C) and a decompressional stage at 0.8–1.1 GPa with HT at 
800–875 ◦C. Carbonates also preserve relicts of eclogite conditions 
(Pfiffner, 1999). During the prograde stage, the ultramafics experienced 
dehydration of the early-serpentinized peridotites (Scambelluri et al., 
2015). Lattice-preferred orientation (LPO) analyses carried out on 
olivine and pyroxene (Frese et al., 2003; Sekmer et al., 2006) further 
demonstrated that the deformation developed close to the peak tem-
perature conditions. Peridotites are, in fact, dominated by the transition 
between C-type to B-type olivine indicating that the observed, strongly 
oriented fabric were produced at temperature of deformation of 800 ±
175 ◦C (Skemer et al., 2006), during continuous dehydration of 
amphibole (Frese et al., 2003). 

The HP/HT assemblages of mafic/ultramafic lenses are largely 
overprinted by amphibolite facies conditions, which also dominate the 
enveloping host rocks. Paragneisses and schists, which form the host 
rocks, show a prevailing metamorphic assemblage of biotite + plagio-
clase + muscovite + garnet + kyanite + staurolite consistent with peak 
pressure of 0.6–0.8 GPa and temperature of 600–660 ◦C (Grond et al., 
1995; Pfiffner, 1999), which are considerably lower than those recorded 
in the ultramafics. However, rare relicts of an eclogite facies assemblage 
(phengite + paragonite + garnet) indicate that, at least part of gneiss 
and schists experienced higher pressure conditions during the nappe 
emplacement (Heinrich, 1982). The subsequent exhumation path pro-
duced a local re-hydratation of the (ultra-)mafic rocks because of the 
pelitic dehydratation during unloading (Henrich, 1982, 1986; Scam-
belluri et al., 2015). Syn-to post-tectonic veins containing quartz, 
kyanite and andalusite suggest that this release of fluids from the par-
agneisses occurred late in the decompression history (at P ≤ 0.4 GPa), 
but still at ca. 650 ◦C (Allaz et al., 2005). 

In the studied area, radiometric ages (Sm/Nd isochron on garnet- 
clinopyroxene-whole rock and U–Pb on zircon) between 43 ± 2 Ma 
and 35 ± 1 Ma are interpreted to constrain the high-pressure meta-
morphism, while ages younger than 33 Ma are considered to record the 
subsequent Barrovian phase (Becker, 1993; Gebauer, 1994, 1996, 
1999). This latter event represents an early stage of the regional Bar-
rovian stage affecting the entire Lepontine dome (Niggli, 1960; Engi 
et al., 1995) that lasted until 22 Ma (e.g. Rubatto et al., 2009; Boston 
et al., 2017). 

2.1. Geodynamic models 

Two models are commonly used to explain the metamorphic het-
erogeneity of the HP Adula-Cima-Lunga complex, invoking either the 
exhumation of a single coherent unit (e.g. Schmid et al., 1996; Nagel, 
2008; Herwartz et al., 2011; Cavargna-Sani et al., 2014) or a lithospheric 
mèlange formed in a tectonic accretionary channel (e.g. Trommsdorff, 
1990; Engi et al., 2001; Berger et al., 2008; Scambelluri et al., 2015). The 
coherent unit model considers a common metamorphic and deformation 
history for the nappe-forming rocks, with a differential preservation of 
the record between gneiss/schists and ultramafic/mafic rocks (Henrich, 
1982, 1986). The tectonic mèlange model contemplates, instead, 
different metamorphic paths as resulting from a multitude of slices 
moving in a high-viscous channel prior to the final structural formation 
of the nappe. 

A third, alternative, model considers the differences in the meta-
morphic pressure and temperature record as reflecting spatial variations 
of pressure and temperature deeply influenced by deformation (tectonic 
pressure and shear heating) and thus favours the scenario of a unique 
Alpine metamorphic-deformational event (Pleuger and Podladchikov, 
2014; Schmalholz et al., 2014; Schenker et al., 2015; Casini and Maino, 

2018). In this model, high-pressure metamorphism is not associated 
with deep burial conditions, as tectonic pressure may record significant 
departures from lithostatic pressures (Mancktelow, 1993, 2008; Moulas 
et al., 2014, 2019). 

2.2. Literature structural data 

In the Cima Lunga unit, extensive structural studies have been car-
ried out only for the Cima di Gagnone area (Grond et al., 1995; Pfiffner, 
1999). The deformation history is conventionally subdivided in four 
main Alpine ductile phases (D1-D4) (Pfiffner and Trommsdorff, 1998; 
Maxelon and Mancktelow, 2005), postdating an early high-pressure 
deformation event (DHP), the relicts of which are preserved in the 
garnet peridotites. The deformation phases are distinguished through 
the style and the orientation of folds, schistosity and stretching lineation 
and based on the observation of refolded folds (Fig. 3a–c). At regional 
scale, this multi-stage deformation history is described with an even 
larger number of phases (e.g. D1-7 of Steck et al., 2013; 2019) or with a 
different nomenclature (e.g. Zapport-Claro-Cressim-Carassino of Nagel, 
2008). However, as each phase is described in a different portion of the 
Lepontine nappes, these classifications result in ambiguous correlations 
among the proposed events. For the sake of clarity, we present only the 
basic D1-4 scheme proposed for the Cima di Gagnone area by Grond et al. 
(1995) and Pfiffner (1999):  

i) D1 is described only in rare relicts of flat-lying isoclinal folds 
(Fig. 3a and b) with SSE-dipping main foliation plane (S1) and 
NNE-SSW stretching lineation (L1).  

ii) D2 refolds the earlier structures and produces flat lying tight to 
isoclinal folds with SSE-shallow dipping main foliation plane (S2; 
the main schistosity) and a penetrative NNW-SSE stretching 
lineation (L2), which is parallel to the fold axes (Fig. 3a–d). The 
superposition of D1 and D2 generated a Type-3 fold interference 
pattern (Ramsay, 1967). Occasional D2 sheath folds are rarely 
reported but not discussed (Grond et al., 1995).  

iii) D3 generates steep inclined, moderately open NW-SE-striking 
folds dipping towards SW. In the field area, D3 folds are only 
reported from the gneiss-ultramafic contacts (Fig. 3c and d). At 
the regional scale, D3 is mostly restricted to the central domain of 
the Lepontine dome.  

iv) D4 produces minor crenulation of mica-rich layers, whereas it is 
more pervasive southward, along the Insubric Line, where it 
controls back-folding/faulting of previous structures. 

D1 is thought to have developed during the early stage of exhuma-
tion, starting from conditions close to the peak-pressure metamorphism. 
D2 and D3 developed during the amphibolite-facies Barrovian meta-
morphism, while the D4 marks the transition to the greenschist facies. 
Kinematic indicators, interpreted as syn-D2, indicate a dominant top-to- 
SSE sense of shear, although minor evidences of top-to-N sense of shear 
are reported and interpreted as developed during the D1 (Grond et al., 
1995; Pfiffner, 1999). 

3. Structural data 

3.1. General outline 

We have produced a new geological map and performed a structural 
analysis across the northern sector of Cima Lunga unit with the aim to 
characterize the whole nappe in terms of fabric and meso-to macro- 
structures (Fig. 2). Schists, gneisses and metacarbonates form meter-to 
kilometre-scale flat-lying recumbent isoclinal folds (Figs. 2, 3e-f) 
encompassing ultramafic lenses which are, in turn, internally folded 
(Fig. 3d; 5). Generally, fold axial planes lay within the dominant schis-
tosity and the fold axes are subparallel to the lineation for the most part 
(Fig. 3d–f; 4), although often the hinge lines became strongly curved 
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(Fig. 6e), suggesting non-cylindrical folding. 
The penetrative amphibolite-facies schistosity is generally sub- 

horizontal (Figs. 2 and 4) but steepens approaching the Insubric line 
in the southernmost part of the unit. Schistosity in the metasediments is 
defined by alternating mica- and quartz/feldspar-rich layers, bending 
around more rigid minerals such as garnet. The foliation may be asso-
ciated with parallel quartz-veins containing up to cm-long kyanite 
crystals. Locally, some crenulation cleavage, folded schistosity and fold 
structures seem to suggest multi-stage folding (Fig. 3a–d). These ele-
ments occur close to compositional boundaries, such as amphibolite/ 
peridotite lenses in metapelites or veins in gneiss. In any cases, they 
never develop overprinting penetrative structures. This fabric is 
accompanied by a penetrative mineral and stretching lineation - 
constituted by micas flakes, quartz and feldspar aggregates and locally 
kyanite or amphiboles - showing a constant SE-dipping trend. Shear 
bands generally show shallow dip angles (<10◦) with respect to less 
deformed walls, which qualitatively suggests minimum shear strain (γ) 
estimation >5-10 (Ramsay, 1980). Mylonites or cataclasites in the units 
are very scarce and never occur in the matrix around the ultramafic 
lenses. 

Abundant strongly asymmetric elements within the fabric – such as 
shear band boudins, s-c’ fabric, σ- or δ-shaped porphyroclasts (Fig. 3g–k) 
– testify to non-coaxial shearing (Passchier, 1988). Garnet porhyroblasts 
show oblique to sigmoidal internal foliation, often evolving towards 
spiral-shaped foliation with rotation exceeding 90◦ with respect to the 
main foliation (Fig. 3g). Spirals gradually decrease their amplitude to-
wards the garnet rims where asymmetric tails with consistent sense of 
shear are well developed. These features are indicative of consistent 
rotation of the garnets within a soft matrix Metapelites and metacar-
bonates embed in their foliation isolated rotated pinch-and-swell objects 
known as winged inclusions (Fig. 3j), indicating highly rotational flow 
driven by non-coaxial deformation (Grasemann and Dabrowski, 2015). 

Noticeably, these structural elements indicate a dominant sense of shear 
towards top-to-NW, although, in the proximity to the ultramafics in-
clusions, top-to-SE objects also occur (Fig. 3h–k). 3D finite strain mea-
surements performed in augengneisses at the Cima Lunga-Simano 
boundary (Albertin, 2016) indicate that the deformation was very close 
to plane strain. Overall, all these elements suggest that the tectonic 
structures of the Cima Lunga unit evolved under simple 
shear-dominated deformation (Passchier and Trouw, 2005). 

3.2. Sheath folds occurrence in the matrix 

Schists, gneisses and metacarbonates preserve widespread evidences 
of several centimetre to meters scale elliptical eye structures in cross- 
sections perpendicular to the shear direction (y-z plane; Figs. 2, 5 and 
6). Single or multiple eye folds commonly occur in association with the 
compositional boundaries of the stronger mafic/ultramafic lenses. At the 
outcrop-scale, cm-to m-scale sheath folds commonly stack in multiple 
layers nested around large peridotite inclusions (Fig. 6f and g). Occa-
sionally, single large sheath folds occur above or below isolated or 
multiple ultramafic inclusions (Figs. 5 and 6). These large sheath folds 
reach up to some hundreds of meters in both x-z and y-z sections, 
significantly larger than the related inclusions. 

The aspect ratio of the eye-structures (Ryz) falls between 3.8 and 
10.4, apart from a few almost circular structures (Ryz≃1; Fig. 6). The 
ratio of the aspect ratio of the external and internal elliptical contours 
(R’ = Ryz/Ry’z’) significantly departs from one (0.17 < R’<0.77), indi-
cating cat’s-eye morphology, which typically develops under simple 
shear regime (Alsop and Holdsworth, 2006, 2012). 

3.3. Shape and internal deformation of ultramafic inclusions 

The amphibole-bearing, enstatite-chlorite, talk-chlorite and garnet 

Fig. 3. Deformation features of the Cima Lunga rocks at various scale. a–c: Folded schistosity in paragneiss (a), and chlorite hartzburgites (b-c; outcrop Mg31 of 
Pfiffner and Trommsdorff, 1998), which can be interpreted as due to multiple distinct deformation phase. Line drawing shows the traces of the possible superimposed 
foliations associated with the high-pressure (SHP) and the following deformation phases (S1-3), accordingly with the literature (e.g. Grond et al., 1995). d: 
enstatite-olivine-chlorite lens (outcrop Mg30 of Pfiffner and Trommsdorff, 1998) forming a large recumbent isoclinal folds; the internal foliation (dotted white lines) 
is discordant with respect the paragneiss schistosity and defines elliptical rings perpendicular to the stretching linetation (yellow arrow). e–f: examples of folds from 
gneiss and schists closing perpendicular to the stretching lineation (SE-NW) at different scale. Yellow lines indicate the dip direction of stretching lineation. g–k: 
asymmetric structural elements suggesting non-coaxial deformation either top-to-NW or top-to-SE sense of shear; all pictures are taken parallel to the stretching 
lineation. g: micaschists containing garnet porphyroblasts showing spiral-shaped internal foliation and δ-type qz-tails. h: other micaschists showing σ-shaped garnet 
porphyroclasts within S–C′ shear bands. i: asymmetric boudinage in a orthogneiss layer. j: winged inclusions in metacarbonate. k: δ-clast developed in calcschists. 

Fig. 4. Lower hemisphere equal-area projections of structural data from metasediments, orthogneisses (matrix) and ultramafic rocks (inclusions) from Cima Lunga 
unit (data computed with Stereronet; Allmendinger et al., 2011). N: number of data points. M: point maximum from the Fisher distribution mean vector (Fisher et al., 
1993). Contour interval of 1% area refers to matrix data only. 
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peridotites (e.g. Evans et al., 1979; Pfiffner 1999) are embedded within 
the main foliation of the gneisses as lenses that are either isolated or 
constitute parts of boudinaged fold layers (Figs. 2, 3d and 5). The 
studied inclusions are meter to hectometre in size, with the long axis 
circa parallel to the stretching lineation (Fig. 7a–c). 

Enstatite, forsterite, chlorite and – if present – elongated garnet 
grains define the schistosity, which is locally discordant to the 
magmatic-derived compositional banding of olivine- and pyroxene-rich 
layers (Frese et al., 2003). Within the foliation plane, the long axes of 
olivine, enstatite, diopside and garnet mark a stretching lineation with 
the usual SE-dipping attitude. Crystallization of high-pressure minerals 
was syn-kinematic to the pervasive fabric as testified by the s-shaped 
inclusion trails and folds in garnet and enstatite porphyroblasts (Grond 
et al., 1995; Pfiffner and Trommsdorff 1998). 

Ultramafic rims are commonly highly schistose, whereas more 
massive structures are preserved in the lens cores (Fig. 3b–d). Rims are 
associated with the later metasomatism, which formed shell like zoning 
and veins containing talk, enstatite, magnesite, anthophyllite, actinolite 
or chlorite (Pfeiffer 1981, 1987). The stability field of anthophyllite 
constrains the condition of this hydrothermal event between P of 
0.4–0.6 GPa and T of 580–650 ◦C (Pfeiffer 1987). These veins cut the 
former schistosity and show minor deformation with ductile to brittle 
behaviour at low amphibolite facies metamorphic conditions (Pfiffner, 

1999). 
Interiors of the ultramafic inclusions are intensively deformed with a 

fabric discordant to the external foliation. Folds exhibit heterogeneous 
shape and orientation, often appearing as disharmonic (Fig. 3b–d; 7). 
Ultramafic inclusions host mafic layers of amphibolite, eclogite, meta-
rodingite or eclogitic metarodingite (Fig. 7). The mafic layers represent 
folded boudinage. Moreover, within several boudines we recognized 
folded structure, which clearly document the earliest stage of defor-
mation. Noticeably, the fabric is always characterized by a single 
schistosity. Folds of boudinaged layers, where individual boudines 
include folded structures allowed us to distinguish a minimum of three 
phases of layer deformation in each inclusion, resulting in a switch from 
layer-parallel shortening to stretching, and again to shortening. 

We have selected three ultramafic inclusions where we detected the 
three stages of deformation for a detailed numerical analysis of their 
internal deformation. To constrain the internal deformation in each in-
clusion, we measured their shapes and orientation and the orientation of 
folded boudinaged folds highlighted by the mafic layers. We used the 
geometry of the structures to estimate a minimum amount of layer 
parallel shortening or extension. The extension was calculated based on 
the ratio between the net length of the boudins (L) and the measured 
length of the boudinaged layer (L0). This simple procedure assumes 1) 
no internal deformation of the boudins and 2) no modification of boudin 

Fig. 5. Sheath folds developed in the metacarbonates and metasediments around large ultramafic lenses (UM). a) Marble and calcschist layers hosted in gneisses 
make big cat’s-eye structures ca. perpendicular to the shear direction marked by the stretching lineation (yellow arrows). b) Sketch redrawn after Kuhn (2004) 
showing elliptical eye folds developed in marbles (purple) below a large lens of chlorite hartzburgite, amphibolite and eclogites (dark, medium and light green, 
respectively). Shear direction is towards NW. Peak “Poncione Rosso” is ca.1 km E-ward the lower right corner of Fig. 2 map. c) Stacked eye and Ω-structures (dotted 
lines) developed in metacarbonates and micaschists enveloping the large ultramafic inclusion. 
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Fig. 6. Outcrop-scale evidences of sheath folds. Single or multiple eye and Ω-patterns in the Y-Z section occur in metacarbonate (a, f-h) and gneiss (b–d) close to large 
ultramafic bodies. Yellow lines indicate the attitude of the stretching lineation. Line drawing highlights some representative cat’s-eye structures. Associated values 
indicate the outer- (Ryz) and inner-most (Ry’z’) elliptical ratios which define the overall eye-fold are measured in a plane normal to the length (x) of the sheath. R′

equals to Ryz/Ry’z’ and defines the total variation in the outer to inner elliptical ratio (Alsop and Holdsworth, 2006). See text for details. e) Nose of a sheath showing 
highly curved hinge line (black line) with respect the shear direction marked by the mineral lineation. 
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separation due to subsequent shortening, which consequently produces 
an underestimated value. The shortening was calculated based on the 
ratio between the horizontal span of the fold train (L) and the fold 
arclength (L0), not taking into account layer thickening and fold 
arclength shortening during deformation, and, thus, it again only pro-
vides a minimum estimate of shortening. The summary of the field 
constraints are provided in Table 1. 

4. Numerical model 

To improve our understanding of the field data from the Cima Lunga 

unit, we use numerical models to study the development of sheath folds 
around deformable inclusions. We also analyse the deformation path 
inside the inclusion. We use a three-dimensional model of ductile 
deformation around an ellipsoidal inclusion under simple shear. The 
inclusion is centred at the origin of the Cartesian coordinate system xyz 

and the principal axes of the ellipsoidal inclusion a→, b
→

, and c→ are 
initially parallel to the coordinate x-, y-, and z-axes, respectively 
(Fig. 8a). The inclusion is embedded in an infinite matrix. Both the in-
clusion and the matrix are homogeneous and isotropic, and exhibit a 
linear viscous behaviour. The shearing direction is parallel to the x-di-
rection. Due to the choice of the initial inclusion orientation, the central 

Fig. 7. a–b: Field picture and structural 
interpretation of a representative ultramafic 
lens (Mg31, after Pfiffner and Trommsdorff, 
1998). Black patches in the sketch highlight 
mafic layers (eclogite, metarondigite and 
amphibolite) marking the internal foliation of 
the lens. These layers preserve three consec-
utive phases of folding-boudinage-folding in 
two directions (SE-NW and NE-SW). c–d: 
boudinaged folds involving amphibolite and 
chlorite harzburgite layers with different de-
gree of metasomatisation. e–f: mafic layers 
experienced a further shortening stage that 
folded the previous boudinaged folds.   
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xz plane is a mirror symmetry plane. Thus, we consider only half of the 
domain in the numerical modelling. 

We analyse structure development around a deformable inclusion 
with varying initial aspect ratios a0/c0 and b0/c0 and for different vis-
cosity ratios between the inclusion and the matrix m. We trace structure 
evolution using a set of initially planar, horizontal (parallel to the xy 
plane) interfaces within the matrix. The interfaces play the role of pas-
sive markers, demarcating layers with identical mechanical properties. 
We also analyse the evolution of the inclusion aspect ratio a/c and its 
orientation ϕ within the central xz plane (Fig. 8b). Moreover, we keep 
track of the internal material lines that cross the centre of the inclusion 
and we measure their length L and inclination β with respect to the x- 
axis (Fig. 8b). Both the ϕ and β angles are measured counterclockwise. 

In our numerical simulations, the velocity field within and outside 
the inclusion is found using an adaptation of the Eshelby solution 
(Eshelby, 1957, 1959) to the case of an incompressible viscous flow 
(Exner and Dabrowski, 2010). The time evolution of the structure is 
obtained by numerical integration using a high-order Runge-Kutta 
method (the built-in Matlab function ode45). In the analysis of the 3D 
structures and the xz-sections, we track the evolution of selected in-
terfaces using the usual forward-in-time integration. The interfaces are 
discretized with a large number of points to accurately capture defor-
mation in highly-strained zones around the inclusion. In the analysis of 
the yz-sections, we use the backward-in-time integration approach. 
Here, for a regularly spaced grid, we compute the initial spatial position 
of each point. The contours of selected interfaces, which are character-
ized by a given z0, are obtained using an interpolation method in the 
post-processing stage. 

5. Modelling results 

The fold structures developing around deformable inclusions are 
largely determined by the inclusion motion. Thus, we first analyse the 
deformation paths of the ellipsoidal, viscous inclusions during simple 
shear for varying initial inclusion shapes and different inclusion to 
matrix viscosity ratios. Then, we consider the evolving geometry of the 
folds growing in the perturbed velocity field around the inclusion. 

5.1. Inclusion deformation regimes: the role of viscosity ratio 

For an initial aspect ratio of a0/c0 = 3 and b0/c0 = 1 and an initial 
orientation of ϕ0 = 0, we analyse the impact of varying the viscosity 
ratio m on the evolution of: 1) inclusion aspect ratio a/c and 2) inclusion 
orientation ϕ with increasing strain for simple shear. The trajectories in 
a/c-ϕ space for selected m are presented in Fig. 9. Following Bilby and 
Kolbuszewski (1977), we distinguished three main regimes of inclusion 
behaviour dominated by: I – stretching, e.g. m = 2 (in Fig. 9, open tra-
jectories, where a/c→∞), II – oscillation, e.g. m = 3.5, m = 5 (closed 
trajectories in Fig. 9), and III – rotation, e.g. m = 10 (in Fig. 9, open 
trajectories, where a/c remains finite). Additionally, within the oscil-
latory regime, we identified a model with m≅3.96 (m ≈ 4), which is 
characterized by an effectively stationary inclusion shape, and we 
referred to it as the stationary regime IIA (a point in Fig. 9). Note that the 
stationary point separates the cases, where, during deformation, inclu-
sion aspect ratio a/c is always ≥3, e.g. m = 3.5, and a/c is always ≤3, e. 
g. m = 5. The transition between regime I and II occurs for m≅3.02, 
whereas between regime II and III for m≅7.26. Fig. 9 also shows fields of 

Table 1 
Input parameters and constraints of the numerical models. * Inclusions are marked following the nomenclature of Pfiffner and Trommsdorff (1998).  

Inclusion* Coordinate (CH1903+/LV95) sizes (m) a/c b/c ϕ (◦) β (◦) phases of deformation 

latitude longitude  L/Lref 

I (Mg31-a) 1′131′903 2′708′380 45 × 30 × 15 3.0 2.0 0 ±20 D1incl (shortening) 0.6 
D2incl (extension) 1.29 
D3incl (shortening) 0.9 

II (Mg31-b) 1′131′895 2′708′410 70 × 40 × 25 2.8 1.6 0 ? D1incl (shortening) 0.6 
D2incl (extension) 1.5 
D3incl (shortening) ? 

III (Mg33) 1′131′772 2′708′619 60 × 20 × 15 4.0 1.3 0 ±20 D1incl (shortening) 0.4 
D2incl (extension) 1.6 
D3incl (shortening) 0.9  

Fig. 8. a: The initial setup for studying sheath fold deformation around an ellipsoidal inclusion under simple shear. b: Geometric parameters used for analysing 
inclusion deformation. The lengths of the long and short axes of the elliptical intersection of the inclusion within the xz central plane are denoted by a and b, 
respectively. ϕ is the angle between the long axis a→ and the x-axis. L is the length of an arbitrarily selected material line (red dashed line) and β is the angle between 
the material line and the x-axis. 
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inadmissible inclusion aspect ratios and orientations. In further analysis, 
we chose four exemplary models with m = 2, ~4, 6, and 10 that are 
representative to the indicated four regimes. The inclusion behaviours 
characteristic for the four regimes are also presented as animated graphs 
in the supplementary material. 

Fig. 10a and b shows the evolution of a/c and ϕ for the selected four 

models. In the stretching regime I, a/c monotonically increases with 
progressing deformation. In the case of m = 2, a/c exceeds 10 at γ = 10, 
and it almost reaches 100 at γ = 30 (Fig. 10a). In the early stage of 
deformation, the inclusion rotates antithetically and the angle ϕ in-
creases (Fig. 10b). At γ = 4.1, the inclusion motion switches to a syn-
thetic rotation and ϕ slowly decreases towards the initial value of 0◦. 

Fig. 9. Trajectories showing the evolution of the inclusion shape (a/c) and orientation (ϕ) in the central xz plane with progressing dextral shear deformation for a0/ 
c0 = 3 and b0/c0 = 1 and for different viscosity ratios (m). Different colours mark fields of different inclusion regimes. 

Fig. 10. Evolution of inclusion aspect ratio a/c (a) and inclusion orientation ϕ (b) with shear strain (γ) for the four selected models with m = 2, ~4, 6, and 10. The 
initial aspect ratio was set to a0/c0 = 3 and b0/c0 = 1. 
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The stationary regime IIA for a0/c0 = 3 and b0/c0 = 1 occurs only for 
m ≈ 4. In this special case, the compensating contributions of inclusion 
internal deformation and rotation lead to a steady state regime, where 
both the inclusion aspect ratio and orientation effectively show no 
changes (Fig. 10a and b). Moreover, m ≈ 4 is a transition value that 
separates the low-viscosity cases, where inclusion initially rotates anti-
thetically (for m<~4) from the high viscosity cases of synthetically 
rotating inclusions (for m>~4) (see also Fig. 9). 

In the oscillatory regime II, both the inclusion aspect ratio and 
orientation oscillate with progressing deformation. For m = 6, a/c 
initially decreases and reaches a minimum value of 1.25 at γ = 8.4. With 
increasing strain, a/c increases and the initial inclusion aspect ratio of a/ 
c = 3 is restored at γ = 16.8 (Fig. 10a). The orientation of the inclusion 
long axis a→ changes periodically between − 15◦ and +15◦. In the first 
stage of each period, the inclusion slowly rotates synthetically reaching 
the orientation of ϕ = − 15◦ at γ = ~8 and, then, it suddenly changes its 
orientation to ϕ = +15◦ moving antithetically (Fig. 10b). Further, the 
inclusion again slowly rotates synthetically towards ϕ = − 15◦. 

In the rotational regime III (m = 10), a complete rotational motion of 
the inclusion axis is observed (Fig. 10a and b). The a/c values range 
between 1.3 and 3. For a0/c0 = 3 and b0/c0 = 1 and m = 10, a shear 
strain of γ = 13 is required to complete one cycle under simple shear. 
During each cycle, the ellipse axes rotate by 180◦ and the initial inclu-
sion aspect ratio is restored. 

5.2. Inclusion deformation regimes: the role of initial aspect ratio 

The viscosity ratio between inclusion and matrix, next to the initial 
inclusion shape and orientation, is the first order parameter that controls 
the inclusion behaviour during ductile shearing. For the case of ϕ0 =

0◦ and a range of initial inclusion aspect ratios, a0/c0 and b0/c0, we show 
three contour maps that illustrate the viscosity ratio threshold values, 
for which: 1) transition between regime I and II (Fig. 11a), 2) regime IIA 
(Figs. 11b), and 3) transition between regime II and III (Fig. 11c) occur. 
We limit the analysis for the range of initial inclusion aspect ratio 1 < a0/ 
c0 ≤ 5 and 1 < b0/c0 ≤ 5. 

The maximum viscosity ratio at the transition between regime I and 
II is m ≈ 4.2 and it is observed, where both a0/c0 and b0/c0 are close to 
unity. Any increase of the inclusion aspect ratio leads to a decrease of the 
viscosity ratio required for the transition to occur. A change in a0/c0 
results in a more pronounced decrease of m as compared to a change in 
b0/c0. The lowest viscosity ratio value in the analysed spectrum of 
values yields m ≈ 2.4 and it is recorded for a0/c0 = 5 and b0/c0 = 5. 

The stationary regime IIA is a special case of regime II and it can be 
found for a single particular viscosity ratio depending on inclusion 
shapes, where a0/c0∕=1 (Fig. 11a). The largest m values are observed 
close to a0/c0 = 1. A slight increase of a0/c0 above 1, strongly reduces 
the viscosity ratio such that m is below 10 for a0/c0 > 1.4. The influence 
of b0/c0 is generally weak for small a0/c0 but it grows with increasing 
a0/c0. 

Fig. 11. a–c: Contour-maps viscosity ratio thresholds between regime I and II, regime IIA, and transition between regime II and III occur. d–f: Inclusion motion 
regime map as a function of the initial inclusion aspect ratio a0/c0 and viscosity ratio m for different initial b0/c0 ratios. 
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The transition between II and III regime can be observed only if a0/ 
c0∕=1. The threshold viscosity ratio map has a similar pattern as in the 
case of Regime IIA (Fig. 11c), where a rapid decrease of m values is 
observed for small a0/c0. For a0/c0 > 1.5, the transition occurs for m <
15. The influence of b0/c0 is only noticeable for a0/c0 > 3. 

Fig. 11d–f shows the four regimes of inclusion deformation as a 
function of a0/c0 and m for the case of b0/c0 = 1, 3, and 5, respectively. 
The lines that separate the distinguished fields correspond to the hori-
zontal sections of the contour plots shown in Fig. 11a–c. For small a0/c0, 
regimes I and II dominate for a wide spectrum of the viscosity ratio. The 
increase of a0/c0 significantly reduces the span of the two regimes at the 
expense of a growing field of regime III. The diagrams illustrate a minor 
influence of changing b0/c0 on the deformational behaviour of ellip-
soidal viscous inclusions under simple shear. Note that the all diagrams 
are restricted to the initial inclusion orientation ϕ0 = 0◦. 

5.3. Internal deformation of the inclusion: ISA orientation and kinematic 
vorticity number 

During far-field simple shear deformation, the instantaneous 
stretching axes, ISA1 and ISA3, are oriented at 45◦ and − 45◦ to the 
shearing direction, respectively (Passchier, 1990). ISA1 and ISA3 bisect 

the fields of instantaneous shortening (between − 90◦ and 0◦) and 
instantaneous stretching (between 0◦ and 90◦), respectively. As opposed 
to the principal axes of the finite strain tensor, the orientations of both 
axes show no changes with progressing simple shear deformation. 
Viscous heterogeneities such as rotating inclusions in shear zones 
generally exhibit variations of the ISA orientations with progressive 
deformation due to stress refraction effects (Treagus, 1973; Mancktelow, 
2011). Since ISA1 and ISA3 are orthogonal, we further consider only the 
orientation evolution of ISA1. For m = 2, the ISA1 orientation changes 
from 45◦ at the onset of deformation to a minimum value of 42.9◦ at γ =
8.8 and it reaches 44◦ at γ = 30 (Fig. 12a). In the stationary case (m ≈ 4), 
the ISA1 orientation is constant during deformation and it is oriented at 
45◦ to the shearing direction, similarly as in the far-field (Fig. 12b). In 
the cases of m = 6 and 10, the ISA1 orientation varies periodically be-
tween 42.6◦ and − 47.3◦ for m = 6 (Fig. 12c) and between 41.1◦ and 
48.8◦ for m = 10 (Fig. 12d). The periods of ISA orientation cycles and 
inclusion axes rotation are equal, however, the extrema are attained at 
different strain. The sectors of instantaneous shortening and stretching 
follow the changes of ISA orientations (white and grey fields in Fig. 12). 
For all the studied cases, the amplitude of the ISA orientation variations 
is limited below 4◦ (Fig. 12). 

Kinematic vorticity number (Wk) is a common measure of the non- 

Fig. 12. Evolution of ISA1 and ISA3 with strain for the four selected models with m = 2, ~4, 6, and 10. Light grey line shows the orientation of inclusion (ϕ). White 
and grey areas denote fields of instantaneous stretching and shortening, respectively. 
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coaxiality of instantaneous deformation (Means et al., 1980; Truesdell, 
1953). We analyse Wk within the inclusion relative to the ISA reference 
system (Means et al., 1980) as a function of strain for the four selected 
model with m = 2, ~4, 6, and 10 (Fig. 13). In all the models, we observe 
Wk > 1 indicating a super-simple shear flow. For m = 2, at the onset of 
simulation, Wk is only slightly larger than 1 and, with progressing 
deformation, it approaches 1. A constant Wk = 1.25 is observed for the 
stationary model (m ≈ 4). In the remaining models, Wk changes peri-
odically with the period corresponding to inclusion oscillations. Wk 
values vary between 1.5 and 2.3 for m = 6, and between 1.9 and 5.1 for 
m = 10. 

5.4. Internal deformation of the inclusion: evolution of material lines 

To further study the internal deformation of the inclusion, we anal-
yse the evolution of the length and orientation of the material lines in 
the xz-section that crosses the centre of the ellipsoid. During simple 
shear in the far field, all the material lines in the xz planes within the 
inclusion rotate synthetically, e.g. they exhibit a clockwise rotation 
under a dextral simple shear. Only in the rigid inclusion case (m→∞), 
the material lines show no length change and their rotation is syn-
chronized with the inclusion rotation. In all other cases, we could 
observe variations in the material line lengths, which reflects the in-
ternal deformation of the inclusion. We trace the evolution of the ma-
terial line lengths L as a function of their current orientation (β) for the 
four representative models with m = 2, ~4, 6, and 10. Again, we set the 
initial aspect ratio to a0/c0 = 3 and b0/c0 = 1, and we align the long axis 
with the shearing direction, i.e. ϕ0 = 0. In Fig. 14, using white curves, we 
show the current orientation of several selected material lines (β0 =

− 60◦, − 30◦, 0◦, 30◦, 60◦, and 90◦) with strain (γ). The normalized length 
of the material lines (L/L0) is plotted in the β-γ space using colour maps. 
Red curves separate fields of instantaneous shortening and stretching (as 
presented in Fig. 12). Thus, following the white curve corresponding to a 
given β0, we can trace the evolution of line orientation, β (indicated by 
the ordinate), its relative length, L/L0 (indicated by the position of the 
white curve on the colourmap), and the current deformation regime, i.e. 
shortening or stretching (indicated by the position within the sector of 
either instantaneous stretching or shortening). 

At the onset of deformation, all the material lines initially oriented at 
0◦ < β0 ≤ 90◦ undergo instantaneous stretching, whereas oriented at 
− 90◦ < β0 ≤ 0◦ undergo instantaneous shortening. During deformation, 
rotation of the material lines can lead to switching between their 
instantaneous shortening and stretching. However, the angle, where the 
transition between the regimes occurs, can slightly change with pro-
gressing strain due to rotating ISA (see Section 5.3). At any given instant, 
the rotation rates of the material lines vary depending on their orien-
tation relative to ISA and they also change with deformation. Conse-
quently, the initially regularly spaced white curves in Fig. 14 start to 
locally merge or separate during deformation often forming an anasto-
mosing pattern. 

For m = 2 (Fig. 14a), most of the presented material lines quickly 
rotate towards the shearing direction and undergo continual stretching. 
The maximum elongation of the lines can exceed L/L0 > 5 already for γ 
> 7. Significant stretching of the lines reflects the large elongation of the 
inclusion (see Fig. 10a). At γ = 30, only the lines with 0.7◦ < β0 < 4.2◦

experience shortening. 
In the case of m ≈ 4, the inclusion exhibits a stationary shape, 

although it experiences a non-zero internal deformation. All the material 
lines rotate synthetically and their lengths oscillate between the lengths 
of the principal inclusion axes. At γ = 9.5, the initially horizontal line, i. 
e. β0 = 0◦, is reoriented by 90◦ and it shows a 3-fold decrease of its 
length, according to the inclusion aspect ratio a/c = 3, which is constant. 
In analogy, the initially vertical line becomes horizontal at γ = 9.5 and it 
exhibits a three-fold decrease of its length (Fig. 14b). The initial lengths 
of all the lines are restored after a strain period of γ = 19. 

In the m = 6 model, the lengths of the material lines also exhibit an 
oscillatory, albeit non-evidently periodic behaviour (Fig. 14c). The 
amount of accumulated shortening and extension changes in between 
the consecutive cycles. This is due to the fact that the period of the 
material line rotation is different from the period of the oscillatory 
motion of the inclusion. For m = 6, the full period of inclusion shape 
oscillations requires γ = 16.8, whereas at this stage, all the material lines 
show a rotation angle >180◦ (black dashed line in Fig. 14c). After such 
strain, the material lines experience three or four cycles of alternating 
extension and shortening phases, e.g. β0 = 0◦ experiences shortening 
followed by extension and a shortening phase, whereas β0 = 10◦ un-
dergoes two cycles of extension and shortening. 

In the case of m = 10, the evolution of the material line lengths is 
again characterized by an oscillatory, but not evidently periodic 
behaviour (Fig. 14d). In this model, the half-rotation of the inclusion 
requires a shear strain of γ = 13 (see Fig. 10a). The inclusion aspect ratio 
decreases to the minimum of a/c = 1.3 after γ = 6.5 and, after γ = 13, the 
a/c is restored. At γ = 13, the reorientation of all the material lines 
exceeds 180◦ and, depending on the initial orientation, their final length 
may differ from the initial one. Within this period, the lines experience 
between three and four phases of alternating shortening and stretching. 

5.5. Fold development around deformable inclusions 

Fig. 15 shows the development of folds around a deforming ellip-
soidal inclusion under simple shear in the far field. Only the intersection 
of the developing three-dimensional structure with the central xz plane 
is presented. The initial aspect ratio of the inclusion is set to a0/c0 = 3 
and b0/c0 = 1. The results are shown for varying viscosity ratios m = 2, 
~4, 6, and 10 during progressing deformation of γ = 3, 6, 9, and 12. 

For a low viscosity ratio of m = 2, flow perturbation around the in-
clusion leads to the formation of small bulges, which amplify during 
progressive shearing (Fig. 15a). For strains exceeding γ > 9, the bulges 
eventually deform into overturned folds in the upper right and lower left 
quadrants. 

In the stationary regime, for m ≈ 4, the inclusion exhibits no changes 
of its shape and orientation. However, the perturbed flow pattern in the 
matrix around the inclusion causes the interfaces to deflect and further 
to develop overturned folds for γ > 6 (Fig. 15b). The developing isoclinal 

Fig. 13. Evolution of kinematic vorticity number (Wk) for four selected models 
with m = 2, ~4, 6, and 10 with strain (γ). 
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folds amplify as they are advected away from the inclusion into the 
shearing direction. Moreover, the points along the inclusion-matrix rim 
continually move clockwise wrapping the neighbouring parts of the 
interfaces around the inclusion. The overall developing structure in the 
upper right and lower left quadrants, as seen in the central xz section, 
can be classified as quarter folds (Passchier and Trow, 2005). 

A bit more pronounced deformation occurs in the oscillatory and 
rotational regimes, for m = 6 and 10, where distinct overturned fold 
structures develop already at γ < 6 (Fig. 15c and d). Both the oscillatory 
and fully rotational motion of the inclusions produces recurrently 
forming bulges that initiate new generations of overturned quarter folds. 
At the same time, the interfaces are wrapped around the inclusion. The 
intensive wrapping of the interfaces may lead to the multiplication of the 
interfaces in the sequence. Examples of complex interface shape are 
presented in Fig. 16a and c, which show the three-dimensional view of 
the structure obtained for m = 10 at γ = 17 and γ = 30, respectively. At 

these strains, the inclusion has the same shape size and orientation. The 
initial position of the interface is in ¾ of the initial inclusion height (z0 =

c0/2). Fig. 16a shows the development of the first generation of non- 
cylindrical folds. One fold is formed through the evolution of the up-
ward interface deflection and we further refer to it as the top fold, and 
the other fold is formed due to the evolution of the downward interface 
deflection and we refer to it as the bottom fold. In Fig. 16b (side view of 
Fig. 16a), red lines show the positions of yz-sections, where closed 
contours can be observed in the cross-sections of either the top or the 
bottom fold. 

In Fig. 16c, two generations of overturned folds can be observed as a 
result of two completed cycles of the inclusion rotation (in each cycle 
inclusion rotates by 180◦). The second generation of folds occurs in the 
same region as the first one and their shape is similar (cf. Fig. 16a and c). 
Here, we also observe the formation of the top and bottom folds, whose 
apexes are heading in the opposite direction. Formation of few fold 

Fig. 14. The length and orientation of the material lines intercepting the inclusion centre for varying viscosity ratios: a: m = 2, b: m ≈ 4, c: m = 6, and d: m = 10 with 
strain. The evolution of the material line lengths normalized by their initial length L/L0 is color-coded. The evolution of selected initial material line orientation are 
plotted using white curves. Red curves separate fields of instantaneous shortening and stretching (see Fig. 12). Vertical black dashed lines in c and d indicate strain at 
the end of the first cycle of inclusion deformation. See text for further discussion. 
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generations can lead to the development of a stacked sequence of sheath 
folds. 

Fig. 16d–i shows selected yz-sections of the structures presented in 
Fig. 16a and c for γ = 17 and 30. Some contours were marked using thick 
black lines to improve the clarity of the figure. The trace of the interface 
presented in Fig. 16a and c (z0 = c0/2) is coloured in blue. The sections 
illustrate a wide spectrum of the shapes of eye structures and their aspect 
ratios (Ryz). The section through the inclusion centre for γ = 17 
(Fig. 16d) shows the closed contour of the bottom fold. The contour is 
strongly flattened and curved around the inclusion. We refrain from 
calculating Ryz for such complex eye shapes. The closed contours in the 
frontal section (Fig. 16e) belong to the upper fold and have an elongated 
shape with Ryz = 7.5. 

For γ = 30, the central yz-section (Fig. 16f) demonstrates three blue 
closed contours that are strongly flattened and curved around the in-
clusion. The closed contours represent three sections through the bottom 
fold. The section right in the front of the inclusion (Fig. 16g) shows two 
distinctly different closed contours that both result from the cut of the 
bottom fold. The upper contour is only slightly horizontally elongated 
with Ryz = 2.3 and it is characterized by a clearly asymmetrical shape 
about the horizontal plane. The lower contour is stretched and has a 
boomerang shape. In Fig. 16h, we observe two blue contours that are 
closed. The lower contour with Ryz = 34 represents a cut through the 
bottom fold from the first generation, whereas the upper contour with 
Ryz = 13 is associated with the top fold from the second generation. The 
section in Fig. 16h corresponds to the section in Fig. 16e and it cuts 

through the two different fold generations at the same stage of evolu-
tion. Although their morphology seems to be similar, their Ryz are 
slightly different. The cut through the first top fold generation is illus-
trated in Fig. 16i, where Ryz = 29. 

6. Backward modelling: a method to infer m and γ 

The folds and boudinage structures within inclusions provide 
important information about the deformation regimes and their 
sequence. The structures document a minimum of three phases of 
deformation, where the shortening is followed by extension that later 
changes to shortening (see Section 3.3). 

We test the behaviour of the material lines based on the present-day 
inclusion geometries (see Table 1) using backward numerical modelling, 
i.e. we use simple shear acting in the opposite direction to the one 
observed in nature to find the possible range of γ and m values that can 
match our field observations. We use a range of material line orienta-
tions, with βfin corresponding to the present-day layer orientation at the 
onset of our simulations, for different values of m with γ. We analyse the 
evolution of the normalized line length L/Lfin, where Lfin is the present- 
day length of the line, which is used at the start of the backward nu-
merical simulations. In the backward modelling, the decreasing and 
increasing line length corresponds to the extensional and shortening 
phase in the forward analysis, respectively. 

Fig. 17a and b shows an example of the material line length evolution 
during backward numerical modelling using the aspect ratio of the 

Fig. 15. Fold development around an ellipsoidal inclusion under far-field simple shear. The initial inclusion aspect ratio is set to a0/b0 = 3 and b0/c0 = 1. Only the 
central xz section is presented. The results are shown for selected viscosity ratios: a: m = 2, b: m ≈ 4, c: m = 6, and d: m = 10. 
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Fig. 16. a–c: Three-dimensional fold structures developing around a deforming inclusion under simple shear in the far field. The inclusion to matrix viscosity ratio is 
set to m = 10, and the initial inclusion aspect ratio is a0/c0 = 3 and b0/c0 = 1. The results are obtained for a shear strain of γ = 17 and 30. d–i: yz-sections through the 
structures located at different positions indicated in a and c. Blue lines show the contour of the interface shown in a-c. See text for further discussion. 
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inclusion I (see Table 1), the viscosity ratio m = 4, and βfin = − 11◦. We 
distinguish several alternating shortening and extension stages and 
mark them with numbers I–V (Fig. 17b). Further, we calculate the 
amount of deformation as the ratio of the material lengths at the 
beginning and at the end of each phase (which corresponds to the 
deformation forward in time). In the analysed case, we obtain L3/L4 =

0.4, L2/L3 = 2.3 and L1/L2 = 0.9 in the first three phases. The values are 
compared with the amount of deformation in D1incl, D2incl, and D3incl 
constrained from the field data (for Inclusion I, we have D1incl≤0.6, 
D2incl≥1.2 and D3incl≤0.9). If the values satisfy the field constraints, we 
determine γmin that is needed to reach the required amount of shortening 
in phase D1incl and γmax, which is needed to the material line to expe-
rience three and only three phases of deformation (the span indicated by 
the wavy pattern). For the analysed model, we obtain γmin = 13.4 and 
γmax = 17.8. 

For other line orientations, we calculate γmin and γmin and select the 
lowermost and largest values as the bounds for the analysed model. The 
strain span for other viscosity ratios is presented in Fig. 18. The outline 
of the fields indicated by the analysis of the individual inclusion shows 
that γ > 7.5 and 2.8 < m < 9, whereas the overlapping field suggests that 
γ > 14.5 and 3.2 < m < 4.8. 

7. Discussion 

The purpose of this work is to compare the field-based structural 
analysis with numerical modelling simulating the deformation struc-
tures developing within and around viscous deformable inclusions 
embedded in a weaker matrix. The motivation derives from the diffi-
culty to explain the structures observed in the field through the classic 
polyphase model. Therefore, before discussing the structural data in the 
context of the modelling outcomes, we present the weakness points of 
the D1-4 interpretation. 

7.1. Multiphase deformation scheme 

New and literature structural data characterize the Cima Lunga as a 

high-strain SSE-NNW striking shear zone dominated by single schistosity 
and lineation. This disagrees with the classical D1-4 scheme on the 
following points:  

i) Evidence of overlapping schistosities and refolded folds are 
extremely rare and ambiguous in schists and gneiss despite the 

Fig. 17. The evolution of a selected material line length during backward modelling. a) Initial setup showing the line length and orientation, where βfin = − 11. b) 
Evolution of the normalized material line length (L/Lfin) during backward numerical modelling and viscosity ratio m = 4. I–V indicate phases of alternating line 
shortening and extension. Field with the wavy pattern indicates admissible range of strain. See text for detailed description. 

Fig. 18. Shaded areas show the possible ranges of viscosity ratio (m) and strain 
(γ) that result in a) two phases of deformation, b) two phases of deformation 
and constraint based on the minimum amount of extension. The areas are 
estimated separately for each inclusion. 
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claimed complex tectono-metamorphic history (Fig. 3a). Even the 
ultramafics show a single penetrative foliation although multi- 
oriented folding (Fig. 3b and c).  

ii) Type 3 interference pattern (D1+2) is invoked to justify the 
character of the main folds dominating the Cima Lunga gneiss 
and schists. However, Type 3 pattern requires coaxial folding 
phases but axial planes at high-angle. Thus, either D1 or D2 should 
had sub-vertical planes. On the contrary, we do not observe any 
significant change in both fold-axes and fold-planes angles within 
the main folding structures. 

iii) The upright open folds between peridotite and hosting meta-
pelites are interpreted as D3 disharmonic folds (Grond et al., 
1995); however, they preferentially developed in the relatively 
stronger ultramafic rocks without a clear orientation, reflecting a 
local and not a regional deformation pattern.  

iv) Constant ~ NW-SE-trending stretching and mineral lineation 
(Fig. 4) suggest steady kinematic framework  

v) The ~ NW-SE D2 fold axes are parallel to the stretching lineation 
across the entire unit. This behaviour could be explained as 
associated with a major extensional structure orthogonal to the 
principal tectonic transport direction of the orogen (Watkinson, 
1975; Mancktelow and Pavlis, 1994) or as due to intense shearing 
of rocks with some inherited anisotropy (Grujic, 1993; Grujic and 
Mancktelow 1995). However, the Cima Lunga unit is far from 
important extensional structures (i.e. Simplon fault) and this 
parallelism is ubiquitous, rather than related to a local 
anisotropy.  

vi) Top-to-SE and top-to-NW sense of shear indicators in the host 
rocks coexist and are related to the same schistosity (Fig. 3h–k). 

7.2. Alternative model: sheath folding 

The arguments listed above may be addressed by a progressive 
deformation of a rheologically heterogeneous shear zone, rather than as 
the sum of the superposition of multiple deformation phases. The 
development of sheath folds during simple shear easily explains the 
apparently contrasting occurrence of a single foliation and the constant 
parallelism between fold axes and lineation with respect to the complex 
geometries depicted by the first-order folds (e.g. Holdsworth et al., 
2004). Another typical feature associated with sheath folds is the 
reversal of the sense of shear across the axial surface, due to the pro-
trusion of an inner sheath within the envelope (Alsop and Holdsworth, 
2012; Reber et al., 2013a). Local perturbations of the flow during a 
simple shear dominated progressive deformation are thus an easier 
explanation of the observed reversal of the sense of shear. 

Furthermore, the close spatial relationship between the diagnostic 
centimetre-to meter-sized elliptical eyes and Ω-structures in the host 
rocks with the rheologically-contrasted ultramafic rocks (Fig. 6) sug-
gests that the peridotitic inclusions were responsible for nucleation and 
development of the sheath folds. The larger (up to hundreds of meters 
width in yz-section) sheath folds developed in the matrix ahead or 
behind single or multiple ultramafic lenses (Figs. 2 and 5) are demon-
strative for this matrix-inclusion interaction. 

Our numerical modelling confirms that non-cylindrical folds can 
develop, under simple shear, in the relatively weak matrix enveloping 
the stronger inclusions. The higher viscosity ratio m, the lower shear 
strain is needed to generate sheath folds (Fig. 15). The simulated sheath 
folds depict features in the yz-plane resembling the eye-shaped geome-
try found in the field. However, Fig. 16 shows that the Ryz value cannot 
be used to constrain the physical parameters governing their evolution. 
This occurs because the fold shape strongly varies along the sheath 
elongation and Ryz depends on the position of yz-section, as already 
highlighted by Reber et al. (2013a). Similar fold geometries may be 
generated in a wealth of possible inclusion shapes, viscosity ratios, and 
strain combinations. However, the occurrence of sheath fold stack sug-
gests large strain combined with a rotational or oscillatory behaviour of 

the inclusion, thus generally excluding m values < 2 (Fig. 11). This is 
valid only for a single inclusion, as more complex geometry may derive 
from the interactions of multiple inclusions or the non-linear rheology of 
heterogeneous materials, which are not investigated in our experiments. 

7.3. Deformation pattern within the inclusion interior 

The recognition of folded boudinaged folds in the inclusions (Fig. 7) 
implies that the deformation switched from shortening to stretching to 
shortening again. While the transition from shortening to extension is 
common in simple-shear dominated shear zone, the opposite is not ad-
missible unless a rotational behaviour within the inclusion is considered 
(Fig 19?). 

The backward modelling, based on the minimum estimate of the 
internal strain of three representative inclusions, constrained the vis-
cosity ratio and strain values of the individual inclusions at the values of 
γ > 7.5 and 2.8 < m < 9 (Fig. 18). However, the comparative analysis of 
the three inclusions results in γ > 14.5 and values of m ranging from 3.2 
to 4.8 (the union of the inclusion fields in Fig. 18). While γ can be 
assumed homogeneous within the unit, m is strongly dependent on the 
inclusion composition and may thus vary in each case. For the calculated 
m values, the a/c periodically decreases and increases with growing 
shear strain (Fig. 10). This behaviour recurrently produces the pertur-
bation of the layers in the matrix flowing around the inclusion, resulting 
in the sheath fold propagation described above. However, the genera-
tion of sheath fold stack around some inclusions requires at least one 
complete cycle of inclusion deformation. The internal material lines 
need to experience at least three phases of deformation, which we 
documented in the field. 

The analysis of the inclusion interior deformation shows that the far- 
field simple shear produces rotation of the material lines (Fig. 14). 
Excluding the case of rigid material (m→∞), the oscillation or rotation 
of the inclusions main axis are always accompanied by an independent 
rotation of the material lines. The lines rotating within the inclusions, 
even with constant ISA as in the case of stationary inclusions, experi-
ences transitions between instantaneous stretching and shortening. This 
likely happened in our inclusions, where the changes amid layer parallel 
stretching and shortening in between consecutive cycles is recorded by 
the internal layers, resulting in folding of boudinaged folds. The rota-
tional behaviour of the inclusion interior leads to super simple shear 
regime, characterized by vorticity number of Wk > 1 (Simpson and De 
Paor, 1993). Values greater than 1 imply that the material lines within 
the inclusion rotate continuously, recording a cyclic history of strained 
and unstrained material. Although the hypothetical material lines can be 
unstrained during these cycles (as in an ideal homogeneous material), 
this is not necessarily the case with structures due to mechanical in-
stabilities. Folding of boudinaged layers produces no flat-laying layers, 
and vice-versa. 

Although the presented analysis treats the case of linear viscous and 
isotropic materials, we do not expect significantly different inclusion 
behaviour in models with non-linear viscosity. On the other hand, me-
chanical anisotropy, which could be related either to host layering or 
lattice preferred orientation, is reported to stabilize the rotational 
behaviour of inclusions in shear zones. Systematic studies are needed to 
assess the role of mechanical anisotropy on the development of struc-
tures around viscous inclusions in shear zone (Ran et al., 2019). 

The presented results tell us that in natural shear zones each 
rheologically-contrasted matrix-inclusion system may record different 
deformation regimes and a multitude of structural features, which de-
pends on the inclusion-matrix viscosity ratio, and also the initial 
orientation and the aspect ratio of the inclusion. Moreover, each layer or 
any structure within the inclusion can record different deformation 
patters depending on its initial orientation. Therefore, any attempt to 
grouping structures in deformational phases between inclusions and 
matrix or between different inclusions with similar rheology may be 
misleading. The viscosity contrast in the geological record. 
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7.4. The role of the rheological contrast in the geological record 

The different amount of deformation recorded in each inclusion 
allowed estimating the viscosity ratio experienced by the inclusions at 
the values between 2.8 and 9. While an intact mantle peridotite may be 
several orders of magnitude stronger with respect to a metapelitic/ 
gneissic rock (Turcotte and Schubert, 2002), variable and significantly 
lower viscosity contrast is expected within a compositionally heteroge-
neous (from micro-to macroscale) shear zone where pressure and tem-
perature conditions significantly changed during the rock deformation, 
accompanied by important metamorphic and mineralogical trans-
formation. The calculated viscosity ratio (Fig. 18) represents thus an 
effect of the compositional differences between the rock-assemblages of 
inclusions (peridotite, eclogite, amphibolite, ophicalcites, marbles, 
calcschists) and host rocks (micaschists, paragneiss, orthognesiss and 
marbles). 

The dominant ultramafic composition of the inclusions is broadly 
consistent with a moderately higher viscosity with respect to the host 
rocks, at least when the peridotites were close to the de-hydrated 
metamorphic peak conditions. Indeed, the pervasive serpentinization 
affecting the mantle rocks before the eclogitic metamorphism, signifi-
cantly reduced their viscosity (Hilairet et al., 2007), smoothing or 
inverting the contrast with the neighbouring gneiss. During the prograde 
metamorphism, inclusions experienced the transition from olivine ser-
pentinite to peridotite and locally to garnet peridotite, resulting in a 
viscosity increase. The ultramafics achieved thus relatively dryer – and 
mechanically stronger – conditions when they experienced peak con-
dition, due to the dehydratation of the H2O-rich minerals (Scambelluri 
et al., 2014, 2015). The syn-eclogite facies fabric developed within the 
ultramafic inclusions (Freise et al., 2003; Skemer et al., 2006) attests 
that most deformation lasted until HT conditions. However, the 
enstatite-olivine-chlorite foliation is deflected around the boudinaged 
layers, indicating that mafic rocks were more competent than the ul-
tramafics since the eclogite stage. This implies that ultramafics did not 
attained a full dry peridotitic rheology all along the deformation history. 
Later, during decompression, mafic and ultramafic bodies were 
re-hydrated by fluids released by the metapelites (Pfeifer, 1981, 1987; 
Henrich, 1982). The input of fluids within the ultramafics likely induced 
a decrease of their viscosity and mechanical strength. However, this late 
amphibolite-facies hydrothermal event generated low deformed meta-
somatic veins, without significantly modifying the early structure. 

7.5. Inferences on the heterogeneous metamorphic record 

The Cima di Gagnone area is worldwide famous for the occurrence of 
UHP-HT ultramafics enveloped by amphibolite-facies host rocks, lead-
ing to the proposal of several geodynamic model explaining this large 
difference in peak metamorphic conditions. Our results demonstrate 
that sheath folding and the inclusion rotation developed as a conse-
quence of the lithological contrast between the mafic/ultramafics and 
the gneisses/metacarbonates. This joined, although heterogeneous, 
deformational path thus excludes a late juxtaposition of differently 
metamorphosed tectonic slices as postulated in the tectonic channel 
model (e.g. Evans, 1979; Trommsdorff, 1990; Engi et al., 2001). Absence 
of any mylonites or cataclasites around the lenses furthermore excludes 
any late intrusion of the ultramafics within the gneissic unit. Ultramafics 
and their host rocks deformed within a coherent shear zone under 
unique regional conditions. However, despite we claim a continuous and 
progressive bulk deformation, the different rock-types exhibits a 
significantly different syn-kinematic metamorphic peak (1.5–3.0 GPa 
and 650–850 ◦C for the mafic and ultramafics; 0.6–1 GPa, 600–660 ◦C 
for the gneiss) and timing (the HP event at 43-35 Ma; the amphibolitic 
event at 33-30 Ma). 

Possible solutions to this paradox comes from the other two geo-
dynamic models that consider the Cima Lunga as a coherent unit during 
all the Alpine phases. Assuming that the entire unit experienced UHP 

and HT conditions, the apparent mismatch between deformation and 
metamorphic records may be explained as a differential preservation of 
the metamorphic assemblages and related isotopic systems between the 
ultramafic/mafic lenses and the gneisses/schists (e.g. Henrich, 1982; 
Herwartz et al., 2011). This solution argues that most of the UHP record 
in host rocks were lost due to hydration during the retrogression to 
amphibolite facies condition. However, this is hard to justify for several 
lines of evidence: (i) the absence of any relict of (U)HP and HT meta-
morphism in gneisses and schists. (ii) The wide variation of the peak P-T 
estimates for each rock type cannot be accounted only by differential 
retrograde equilibration. In particular, temperature in excess of 800 ◦C 
lasting for Ma must produce a dramatic effect in the meta-
morphic/textural record, even increased in the weaker lithology. As a 
consequence, the record of such extreme conditions cannot be 
completely lost, at least in the most retentive minerals, such as garnet or 
zircon. (iii) All rocks should being dehydrated during the prograde path 
to attain UHP-HT conditions. This contradicts the subsequent assump-
tion of a water-assisted retrogression, where paragneisses and schists 
should have provided the fluids. Moreover, these cannot derive from the 
ultramafics which are volumetrically too small (<‰, see Fig. 2) to 
re-hydrate the entire Cima Lunga unit. (iv) On the other hand, fluids are 
documented throughout all the prograde and decompressional evolution 
(this study; Evans, 1979; Pfeiffer, 1981; 1987; Heinrich, 1982; Scam-
belluri, 2014; 2015) (v) Fluid-assisted extensive melting of mica-rich 
rocks is thus expected, at least during the decompression at HT 
conditions. 

On the other hand, linking the heterogeneous metamorphism to local 
pressure and temperature deviations associated with rheological het-
erogeneities may represent a more exhaustive explanation (Mancktelow 
1993; Pleuger and Podladchikov, 2014; Schmalholz et al., 2014; Gerya, 
2015; Schenker et al., 2015; Casini and Maino, 2018). However, the 
diachronicity between HP-HT and amphibolite phases (Becker, 1993; 
Gebauer, 1996, 1999) odd with a coeval development of heterogeneous 
metamorphism. Furthermore, the big variability in the thermal record 
requires high strain rate, significant localization and/or huge injection 
of warm fluids (e.g. Duprat-Qualid, 2015; Decarlis et al., 2017; Mako 
and Caddick, 2018; Maino et al., 2015b; 2020; Platt, 2015), which are 
not documented up now. Therefore, further structural, petrological and 
geochronological studies are needed to explore the link between 
deformation and metamorphism to discern between these two 
alternatives. 

8. Conclusions 

We studied the complex structures developed within and around 
viscous inclusions embedded in a weaker matrix of the Cima Lunga unit 
(Central Alps). The integration of field-based structural analysis and 
numerical modelling allows us to show that:  

• Highly non-cylindrical folds develop in the relatively weak rocks 
(schists, gneiss, metacarbonates) enveloping more competent ultra-
mafic lenses.  

• The internal layering of the lenses is locally discordant to the matrix 
schistosity and experienced a sequence of folding, boudinage and 
folding again. Despite this complexity, both matrix and inclusuins 
preserve a unique penetrative schistosity and lineation, arguing in 
favour of a coupled progressive deformation rather than multiple 
distinct phases.  

• We quantify the impact of three key parameters on the development 
of sheath folds: i) the initial aspect ratios, ii) the viscosity ratio be-
tween inclusion and the matrix, m, and iii) the shear strain, γ. Three- 
dimensional modelling shows that sheath folds easily develop also at 
low γ values (<6) if m is high enough (≥4). Field-data from the 
sheath folds are broadly consistent with the fold shapes derived from 
the numerical simulation. However, the sheath folds geometry alone 
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cannot supply unambiguous information on the physical conditions 
governing their evolution.  

• The internal deformation of the inclusions is strongly dependent on 
the viscosity ratio and shear strain. Non-rigid inclusions furthermore 
shows that the internal layering experiences rotation, leading to 
super-simple shear flow (kinematic vorticity number >1) that justify 
the transition between stretching and shortening stages.  

• We developed an iterative method where field-based structural 
measurements constrain a backward modelling that allows for esti-
mating the viscosity ratio and shear strain in the inclusion-matrix 
system. Based on the internal deformation of three representative 
ultramafic lenses, we deduced for the inclusion-matrix system of the 
Cima Lunga γ > 7.5 and 2.8 < m < 9.  

• Our integrated analysis depicts the Cima Lunga unit as a high-strain 
shear zone that accomplished most of the heterogeneous deforma-
tion since the prograde metamorphic evolution and before the late, 
low-T exhumation stages. 

Overall, we highlight how the rheological boundaries may produce 
important perturbation of the flow, which generate geometrically 
composite structural fabric. Our results demonstrate that complex 
structural patterns may be comprehensively explained by progressive 
deformation rather than multiple, distinct tectonic phases. 
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