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Among the studied regions, 
BAL-HR2 shows a higher and 
narrower peak, indicating a 
m o r e  u n i f o r m  s t r e s s 
distribution. In contrast, 
BAL-HR3 displays a broader 
distribution, suggesting 
greater variability in stress 
within this region.

The tails related to high 
stress magnitudes deviate 
from the straight lines. 
These deviations indicate a 
departure from normality in 
the high-stress regions. 

Stress distributions generated by 
dislocations typically follow a power-
law decay, P(σ₁₂)  ∝ σ₁₂ ⁻³, which appears 
as a straight-line relationship in the 
restricted second moments (ν₂)  plot 
(Wallis et al., 2021). 

In sub-areas, where olivine is in 
contact with opx grains, the stress 
magnitudes are higher, ranging from 3 
to 4 GPa in bands with elevated GND 
density. These stresses are higher than 
those typically expected for the 
mantle lithosphere 

Chemical analysis
The chemical compositions of minerals were determined using Electron Probe Microanalysis (EPMA) on a JEOL JXA-8200 at 
Johannes Gutenberg University, Mainz at an accelerating voltage of 15 keV, with a beam current of 10 nA.
Geothermometry
Temperatures were calculated using microprobe data and several established geothermometers, including the two-pyroxene 
thermometers of Wells (1977) (T_W77), Brey & Köhler (1990) (T_BKN), Taylor (1998) (T_Ta98), and Bertrand & Mercier (1985) 
(T_B&M85); the single-clinopyroxene thermometer of Nimis & Taylor (2000) (T_N&T(00)-cpx); the Ca-in-orthopyroxene 
thermometer of Brey & Köhler (1990) (T_BKN-opx); the olivine–spinel thermometer of Ballhaus et al. (1991) (T_B91(ol)-sp); 
and the orthopyroxene–spinel thermometers of Liermann & Ganguly (2003) (T_L&G(03)-opx-sp), and Witt-Eickschen & Seck 
(1991) (T_W-E&S(90)-opx-sp).
EBSD data acquisition and processing
EBSD data were acquired at the University of Utrecht, employing a Zeiss Gemini 450 with an Oxford Instruments Symmetry 
detector, and 20 keV beam current. EBSD data were analyzed in Channel 5. 
We used the Weighted Burgers Vector (WBV) method, as introduced by Wheeler et al. (2009), to analyze grain distortion and 
assess the active slip systems from EBSD data. WBV measures the density of dislocation lines intersecting the plane of interest 
in 2D, multiplied by their associated Burgers vector(s), and is expressed in units of (length)–¹.
High-angular resolution electron backscatter diffraction (HR-EBSD) data acquisition and processing
We used  HR-EBSD to map geometrically necessary dislocations (GND) and intragranular stress heterogeneity within olivine 
grains. The HR-EBSD technique employs cross-correlation methods to detect subtle shifts in diffraction patterns, enabling 
precise mapping of elastic strain, lattice rotations, and residual stresses (Wallis et al.,  2021). Five high-resolution EBSD (HR-
EBSD) maps (100 × 100 μm each) were collected from olivine grains at various locations within the samples, using a step size of 
0.5 μm. Data processing and remapping were performed using the CrossCourt 4 software package at Utrecht University.

The Finero and Balmuccia peridotites, located in the Ivrea-Verbano 
Zone of the Southern Alps (Fig. 1), are classic examples of mantle-
derived ultramafic bodies that have experienced complex magmatic 
and tectonic histories. Both massifs host abundant pyroxenite dykes, 
which provide insights into melt–rock interaction  and mantle 
metasomatism.
In this study, we investigate the microstructural relationships 
between these pyroxenite dykes and their peridotitic host rocks, 
with a focus on olivine and pyroxene textures, crystallographic 
preferred orientations (CPOs) and deformation microstructures The 
aim is to better understand the mechanical and chemical coupling 
between dykes and surrounding peridotite, and to constrain the 
generation, coalescence, and migration of melts within the 
lithospheric mantle.

Deformation mechanisms and strain localization in ultramafic rocks: insights from the Balmuccia and Finero peridotites, Ivrea-Verbano Zone 

Orientation maps are color coded for Schmid factor with loading at 45° to the 
(010)[100], and (100)[001] slip systems for olivine, and for opx or cpx, respectively. 
Areas marked with letter G indicate the EPMA analysis locations. 

General microstrucutres of the studies samples 
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[100] and [010] slip systems in Opx and Cpx 
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Olivine grains display a relatively discontinuous boundary hierarchy. 
Does the steeper slope in this chart indicate a higher frequency of subgrain boundaries—and 
thus greater internal deformation—in olivine grains from the Finero samples compared to 
those from Balmuccia?
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Boundary hierarchy characteristics

WBV maps color coded by 
WBV magnitude 

T h e  W B V  v e c t o r s 
suggest that both [100] 
and [001] dislocations 
c o n t r i b u t e  t o  t h e 
formation of olivine 
subgrain boundaries in 
the contact regions. 

The crystallographic orientations of fine-grained minerals 
in the polyphase domain are dispersed around, and aligned 
with, the orientations of their adjacent larger or parent 
grains, indicating they are derived from those larger grains 
by a subgrain rotation recrystallization process?
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The misorientation profile along transect A–Aʹ, from an Opx 
parent grain to the attached bulge, reveals a 5° 
misorientation between the bulge and its parent grain. 
Along the A–Aʹ transect, chemical profiles indicate that the 
bulge has lower concentrations of Al and Cr compared to 
the parent grain.

The misorientation profile along transect A–A' The chemical profile along transect A–A'
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(> 0.4) and elevated TiO₂ contents 
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melts in suprasubduction zone 
settings (e.g. Karimov et al., 2020).
Spinels in the Balmuccia peridotite 
are predominantly aluminum-rich 
(Al-spinel), indicating formation 
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aluminum-rich melts. 

The lack of sharp chemical gradients 
in Mg# and Fe contents of the olivine 
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host peridotite (Hidas et al., 2021).

FIN-4A1 FIN-1A1FIN-BBAL-1B BAL-CBAL-3B FIN-C2

0.12

0.32

0.52

0.72

0.92

0.0

16

18

20

22

0.88

0.9 0.92
4

6

8

10

1.12

Mineral chemistry

FIN-HR1:  Olivine is in contact with clinopyroxene rich layer
BAL-HR1:  Olivine is in contact with clinopyroxene grain
BAL-HR2:  Olivine is in the center of the olivine rich layer
BAL-HR3:  Olivine is in contact with the orthopyroxene rich layer
BAL-HR4:  Olivine is in contact with an orthopyroxene grain

T B et al (91)-ol-sp

T L&G(03)-opx-sp

T W-E&S(91)-opx-sp

BAL-1C FIN-1A FIN-1B FIN-4A
T W(77)-2pyx

T BKN-2pyx

T Ta(97)-2pyx

T N&T(00)-cpx

T B&M(85)-2pyx

T BKN(90)-opx

G1-B G2-A G2-B G3 G1 G2-A G2-B G3 G1 G2 G1 G2 G1 G2

7
0

1
 ±

 4
2

 °
C

Min. Sdt.

Max. Sdt.
oAverage T( C)

P S(21) (GPa)

T G(98)-opx-sp
1262 1178 1236 1210 1204 1317

1.36 1.34 1.47 1.441.42 1.46 1.5 1.96

1188

3.08 3.16

1148 1238

2.55 2.57

1215 1238

4.08 3.38

1177

Max o. T( C)

Min. o T( C)

G1-A: Analyze area

Can the  Cr- in -c l inopyroxene 
barometer calibrated by Sudholz et 
a l .  (2021) be appl ied to our 
peridotite samples, which do not 
contain garnet? This calibration is 
based on Cr exchange between 
clinopyroxene and garnet.

The thermometer calibration by 
Girnis et al. (1999) is based on Fe-
Mg exchange between spinel and 
o r t h o p y r o x e n e  i n  g a r n e t 
peridotites. Is this calibration 
suitable for our samples?

BAL-1B

G1-A

1262

1.26

T 
(°

C
)

900

600

650

700

750

800

850

P
 

(G
P

a)

Geothermometry - discussion points

Cpx

Opx

--

Olivine
BAL-HR1 BAL-HR4

BAL-HR2
BAL-HR3

FIN-HR1

HR-EBSD data

250

200

150

100

Ross et al (1980)
Mercier et al (1977)
Van derwal et al

50

60 80 100 120 140 160

D
if

fr
en

ti
al

 s
tr

es
s 

(M
Pa

)

Grain size (mm)
40

BAL-1B

BAL-1C

FIN-1A

FIN
-1

B
FIN

-4
A

Post (1973)
Karato et al (1980)

Paleopiezometry

Relationship between grain size and differential 
stress for olivine 

4

2

1

ol

spinel

Amphibole

Olivine

Orthopyroxene

Clinopyroxene

sp

sp

3

250mm

HR2

500mm

ol

opx

cpx

Opx

Cpx

folia�on 
parallel fracture 25mm

Cpx

250mm

A

A'

125mmOrthopyroxene

Olivineradial 
fractures

b

c
d

d

Concentric fractures

folia�on parallel fracture

radial 
fracture

Cpxc

XZ

Y

a

e

e

b

f

radial 
fractures

 
concentric fractures

O
liv

in
e

CPO of large grains
100 001010 100 001010

CPO of fine grains in polyphase domain

Ÿ Microstructural analysis suggests that prior to melt infiltration, 
olivine grains deformed by dislocation creep and subgrain 
rotation (SGR). The presence of an A-type CPO indicates 
deformation under high-temperature (>1000 °C), dry 
conditions, and an estimated stress of around 73 ± 5 MPa.

Ÿ  The parallelism between the pyroxenite layers and the foliation 
in the host peridotite, along with consistent microstructures 
and CPO patterns in olivine and pyroxene grains, suggests 
synkinematic Al-rich melt infiltration and replacement of olivine 
by pyroxenes. 

Ÿ Olivine deforms by dislocation creep, typically activating the 
[100] slip system under dry conditions. However, in the 
presence of melt, the [001] slip system becomes active in 
olivine, facilitating its transformation into orthopyroxene and 
clinopyroxene. This is consistent with [001] being the easiest slip 
system in pyroxenes, suggesting crystallographic inheritance 
during the phase transformation.

Ÿ The AG-type CPO in olivine, along with AC- and BA-type CPOs in 
orthopyroxene and the presence of Cr-spinel in the Finero 
samples, suggest melt-assisted deformation facilitated by an 
H₂O-rich influx. 

Conclusions

Olivine A-type CPO → (010)[100]

Olivine AG-type CPO → simultaneous 
activation of the {0kl}[100] and 
{hk0}[001] slip systems

AC-type → (100)[100]
a predominant slip system in Opx under high 
temperature and low stress.

A B C -  a n d  A B - t y p e  C P O  i n 
Opx→activation of multiple slip 
systems: (100)[010], (100)[001], and 
(010)[001]

In the sample with a lower modal 
percentage of orthopyroxene, the CPO 
of orthopyroxene is weak but appears 
to closely resemble that of olivine

The (100)[001] slip system is the most 
commonly reported for Cpx. In the 
studied samples, the [001] axes of Cpx 
are aligned subparallel to the lineation 
but also appear as misorientation axes. 
Can the s l ip  d irect ion and the 
misorientation axis be oriented in the 
same direction?
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Fig. 1. (a) Geological map of the Ivrea-Verbano Zone (IVZ) showing the main lithotectonic units. Photographs of field exposures showing the sampled banded peridotites 
from both the (b,c) Finero and (d,e) Balmuccia massifs. The pyroxenite dikes in these images are highlighted by tracing onto an overlain plastic sheet - these tracings 
were used to document the precise geometric relationships at the sampling sites.
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