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DEFORMATION CONDITIONS AND DEFORMATION
MECHANISMS OF DUCTILE SHEAR ZONES OF THE MAGGIA
NAPPE, SWITZERLAND
WILLIAM D. BARNHART: Washington and Lee University
Research Advisor:  Jeffrey Rahl  

ABSTRACT

LPO along with microstructure analysis can identify
deformation mechanisms (Hirth & Tullis 1992).  
Strong LPOs are often observed in rocks deformed
through dislocation processes accommodated by
dynamic recrystallization of grains.  The absence of
an LPO in a visually deformed sample may suggest
diffusion mechanisms (Law 1990).  

Microstructures of 24 samples from the crystalline Maggia Nappe, Switzerland and quartz lattice-preferred orientations (LPO) of 13 samples were
measured in order to assess the deformation history,
mechanisms, and conditions of ductile shear zones
related to nappe formation.  Microstructures suggest
dislocation accommodated dynamic recrystallization as evidenced by grain size reduction and grain
boundary area reduction (GBAR). However, weak
LPOs suggest diffusion processes that destroyed
previously developed LPOs.  Large grain size (~100300 μm) suggests a major component of diffusion
creep accommodated grain boundary sliding (GBS)
followed by grain size growth.  Undulatory extinction in grains implies grain growth was not entirely
post deformational.  

Diffusion creep, a process in which crystal vacancies migrate through or along grain boundaries, is a
highly grain size sensitive mechanism that may be
initiated by grain size reduction during dynamic recrystallization (Passchier & Trouw 2005).  Diffusion
creep and grain boundary sliding (GBS) cause grain
rotations unconstrained by crystallographic orientations, effectively weakening previously well-developed LPOs (Law 1990).  GBS has been proposed as
an accommodation mechanism for diffusion creep,
allowing it to occur with larger grain sizes (>10 μm)
and faster strain rates.  During diffusion creep, GBS
has been shown to destroy LPO fabrics; however,
lack of LPO is not diagnostic of GBS because GBS
accommodation during dislocation creep retains
strong LPOs (Law 1990).

Assuming stain rates of 10-13s-1, the deformation
history of the Maggia Nappe at peak conditions of
450-650º C and pressures of 3-12 kbar is constrained
as 1) development of a lineated magmatic fabric,
2) development of ductile shear zones and strong
LPO through dislocation creep, 3) onset of diffusion
creep and GBS after sufficient grain size reduction,
4) destruction of LPOs, and 5) syn- and post- deformational grain growth.

In a tectonic context, the evolution of microstructures can provide important information about the
deformation history and conditions of large scale
(e.g., nappe) structures (e.g., Wightman et al. 2006).  
While only the final stage of deformation before
unroofing is expressed in crystallographic fabrics, it
is possible to constrain the history of deformation
mechanisms acting in a rock through microstructure observations (e.g. Bestmann & Prior 2003).  In
this paper, I look at samples from non-coaxial shear
zones of the Lower Penninic Maggia Nappe in the
Central Alps.  By means of electron backscatter dif-

INTRODUCTION
Microstructures and crystallographic fabrics are
useful in identifying deformation mechanisms and
deformation conditions in polycrystalline rocks
(e.g., Bestmann & Prior 2003, Wightman et al.
2006). Lattice preferred orientations (LPO) for a
given mineral are used to identify active slip systems and strain vorticity while the strength of an
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fraction (EBSD), microstructural observations from
24 samples, and quartz LPO data from 13 samples
representing cross-sections across various shear
zones is presented with the purpose of describing
the history of deformation conditions in the Maggia
Nappe including temperature, strain rate, and pressure.

The study area (Fig. 1) was mapped by Ramsay and
Allison (1979) and has been revisited by Simpson
(1980) and others who have conducted minimal
LPO studies.  The outcrop is a granitic intrusion into
granodiorite wall rock.  Mafic lampophyre and felsic
aplite dikes intrude the outcrop, providing strain
indicators suggesting non-coaxial simple shear
(Ramsay & Allison 1979).  Elliptical mafic enclaves
formed as quenching features during lampophyre
intrusion also act as strain markers (Galli et al.
2007).  A series of anastomosing, steep-walled shear
zones cut the outcrop, creating a distinct foliation
through compositional banding of biotite clots
and elongated mafic enclaves.  Peak metamorphic
conditions in the Penninic Zone as recorded by
mineralogy range from upper greenschist to lower
amphibolite facies.

GEOLOGIC SETTING
The Maggia Nappe is structurally situated in the
Lower Penninic Zone of the Central Alps.  The
nappe has a crystalline core consisting of granitic
and granodioritic rocks from the Matorello Intrusion (300 mya) with an envelope of Mesozoic
metasedimentary rocks (Galli et al. 2007).  Four
separate deformation events (D1-D4) are identified
in the Penninic Nappes (Galli et al. 2007) in addition to a pervasive lineation.  D1 and D2 formed,
stacked, and refolded the Penninic nappes in the
south-verging retrowedge, developing the studied
shear zones.  D3 and D4 refolded the nappes again,
forming structural domes, basins, and a parasitic
crenulation cleavage.

METHODS
Field
24 oriented samples were taken from a range of

Figure 1: Maggia Nappe field area. Base map by Ramsay & Allison (1979). Red points are sample locations. green points are
sample and EBSD locations.
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deformed and undeformed rocks (Fig. 1). Oriented
thin sections were cut along lineations and foliations
in the X-Y and X-Z planes.  X represents direction
of maximum extension while Z represents direction
of maximum shortening.    

Moderately deformed samples (05-3, 05-5, 05-13,
05-16, 05-19, Fig. 1, Fig. 2c-d) demonstrate a more
distinct distribution between very coarse grain and
medium grain aggregates.  VCG aggregates show
subtle sweeping undulatory extinction that is more
evident in feldspar grains.  Granoblastic VCG aggregates are isolated into poorly defined elliptical
features roughly parallel to extension that range in
thickness from a single to 10+ grains (Fig. 2c).  VCG
aggregates are surrounded by well-mixed quartzfeldspar inequigranular-interlobate aggregates.  
Feldspars demonstrate a pervasive sweeping undulatory extinction while quartz is subtler.  Mica grains
are euhedral to subhedral, with biotites generally
very coarse grained and muscovites medium to fine
grained.  Micas demonstrate a shape preferred orientation with long axes parallel to extension.  VCG
feldspar poikiloblasts and muscovite inclusions are
elongated parallel to extension (Fig. 2d).

Analytical
All thin sections were described optically to assess
microstructures.  Select thin sections were doubly polished and carbon coated for EBSD analysis.  
Samples were analyzed using a working distance
of 19.9 mm, 20 kV SEM beam, and 10 kV analysis
beam then indexed for quartz using predefined HKL
Kikuchi Band parameters.  Automatic indexing was
completed over a 50x25 grid with a step size of 400
μm to reduce repeated sampling.  Pole diagrams
and contoured diagrams were generated with x-axis
parallel to the x-axes of slides.  LPO intensity was
assessed using the m-index, the statistical deviation
of measured misorientation angles between adjacent
grains from a standard for random misorientations
(Skemer et al. 2005).  Misorientation angles were
calculated and analyzed using the program mindex
(Skemer et al. 2005).  

Well-deformed samples (05-8, 05-9, 06-2, Fig. 1, Fig.
2e-f) demonstrate a bimodal distribution of VCG
and medium grain quartz-feldspar aggregates.  VCG
aggregates form into well-defined ribbons of 1-3
grain thickness with similar extinction characteristics as less deformed rocks (Fig. 2e).  Medium grain
aggregates form granoblastic foam structures with
a nearly homogenous grain size (Fig. 2f).  Biotite
grains are acicular while muscovite is rare, if at all
present.  Feldspar poikiloblasts are rare and very
poorly defined with only quartz inclusions.  

RESULTS
Microstructures
Samples are divided into three categories based on
microstructural and macro-scale trends:  undeformed, moderately deformed, and well deformed.  
Undeformed samples (04-1, 05-14, 05-15, Fig. 1,
Fig. 2a-b) are highly variable in grain size, with very
coarse grain (VCG, 500-1000+ μm) aggregates and
coarse to medium grain (~100-500 μm) aggregates
of quartz and feldspar.  VCG aggregates demonstrate
no preferred orientation (Fig. 2a) and individual
grains demonstrate a subtle undulatory extinction.  
Coarse and medium grain aggregates are inequigranular-interlobate and are generally well mixed
between quartz and feldspar.  Grains are subhedral
to anhedral.  Obvious sweeping undulatory extinction exists in feldspar grains but is subtler in quartz
grains.  VCG poikilitic feldspars with fine grain
quartz and muscovite inclusions are present.

Quartz C-axes and M-index
The most striking characteristic of the quartz c-axis
data is the lack of a well-defined fabric in all samples, deformed and undeformed.  Undeformed to
moderately deformed samples demonstrate almost
no discernible fabric (Fig. 3).  Samples 05-9 and 06-2
show subtle preferred orientations (x3-x4 concentration) aligned parallel to subparallel to the Y-axis
(Fig. 3) while 05-17 develops a strong concentration
in the NW hemisphere (Fig. 3). A high concentration area appears in the eastern hemisphere of 05-3
along the X-axis while poorly defined (x2 concentration) cleft girdles develop in 05-8 (Fig. 3).  Samples
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Figure 2: Common microstructures. a) Sample 04-1 xa, unoriented VCG aggregates amidst coarse and medium grain aggregates.
b) Sample 04-1 xa, VCG aggregates showing contacts between grains. c) Sample 05-3 xz, elongated VCG aggregate aligned parallel
to x-axis with poorly defined contacts. d) 05-3 xz, elongated feldspar poikilo-blast with muscovite and quartz inclusions. e) 06-2
xz, elongated VCG ribbon with well-defined boundaries. f) 06-2 xz, equigranular foam structure of medium grain aggregates. All
micrographs in cross-polar, objective lens 4x.
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Figure 3: Quartz C-axis and A-axis data and misorientation plots from selected samples. Sample numbers correlate to sample locations in Figure 1. n= number of grains per sample. m= misorientation index as calculated by mindex

05-9 and 05-17 demonstrate the most well developed fabrics (x4 concentration).  M-index values
range from 0.032 (05-16) to 0.077 (05-9).  

In some samples, C-axes cluster along the y-axis
suggesting prism <a> slip occurring at medium
grade temperatures (400º-500º).  However, very low
m-index values challenge the existence of any apparent fabrics, suggesting they may instead be random
effects or sampling errors.  Metamorphic petrology
of the granites suggests upper greenschist facies as
peak metamorphism, reinforcing the temperature
constraints of possible prism <a> slip (Passchier
& Trouw 2005).  If the weak fabric is indeed a residual fabric, it suggests a transition from dislocation processes to diffusion processes as marked by
several events.  First, grain size must decrease to less
than 10μm through dislocation processes.  Second,
a substantial decrease in deviatoric stress promotes
diffusion processes.  Third, the inclusion of fluids
dramatically increases the range of conditions in
which diffusion creep occurs.  

DISCUSSION
The field site presents an interesting situation in
which macro scale observations reveal shear strains
ranging from 2-14 (Ramsay & Allison 1979, Compton, this volume), yet no strong LPO is evident.
The onset of grain size reduction and GBAR with
increasing deformation suggests the work of dislocation processes and static recrystallization. However,
the distinct lack of LPO in mylonitic rocks suggests
diffusion creep.  Grain size though is too large for
diffusion creep to behave by itself; thus, diffusion
creep-accommodated GBS and grain growth may
play an important role in producing strongly deformed shear zones with only a weak LPO.  
10
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CONCLUSION

Hirth, G., Tullis, J. (1992) Dislocation creep regimes
in quartz aggregates:  Jour. of Struc. Geo., v. 14,
p. 145-149.

Given optical microstructures and LPO suggesting
contradictory deformation mechanisms, I propose
the following deformational conditions and history
for the Maggia Nappe.  The nappe first developed a
pervasive magmatic lineation, evidenced by feldspar
and quartz lineations and slight preferred orientations of undeformed enclaves.  

Law, R. D. (1990) Crystallographic fabrics: a selective review of their applications to research in
structural geology.  In: Knipe, R. J., Rutter E.
(eds) Deformation mechanism, rheology, and
tectonics:  Geol Soc Spec Publ 54, p. 335-352.

Passchier, C. W., Trouw, R. A. J. (2005)  MicrotecShear zones developed during D1 and D2 through
tonics.  2nd Edition Text.  Springer.
dislocation creep, decreasing grain size through
GBR and SGR and ostensibly forming a strong LPO.  
Grain size reduction and a drop in deviatoric stress, Ramsay, J. G., Allison, I. (1979)  Structural analysis
of shear zones in an alpinised Hercyian granite:  
possibly due to unroofing or onset of D3 and D4, alSchweiz. Miner. Petrog. Mitt., v. 59, p. 251-279.
lowed diffusion creep accommodated GBS to dominate deformation, weakening strong LPOs.  Because
Simpson, C. (1980)  Oblique girdle orientation patno diffusion microstructures are present and grain
terns of quartz C-axes from a shear zone in
sizes are too large for diffusion processes, current
the basement core of the Maggia Nappe Ticini,
grain and grain aggregate characteristics are attribSwiterland: Jour. of Struc. Geo.  v. 2, p. 243-247.
uted to syn- and post- deformational grain growth.  
Skemer, P., Katayama, I., Jiang, Z., Karato, S. (2005)
The misorientation index: Developmet of a new
method for calculating the strength of latticepreferred orientation:  Tectonophysics, v. 411,
p. 157-167.

Assuming strain rates of 10-13s-1, peak deformation
temperatures of 450-650º C and shear strains of
4-5 place diffusion creep as the dominant deformation mechanism for grain sizes of <10-100 μm with
a minimum deviatoric stress of 0.1 kbar.  Similar
conclusions have been reached by Wightman and
others (2006) with similar microstructures and LPO
relationships in ductile shear zones of the Southern
Alps, New Zealand.

Wightman, R. H., Prior, D. J., Little, T. A. (2006)  
Quartz veins deformed by diffusion creep-accommodated grain boundary sliding during a
transient high strain-rate even in the Southern
Alps, New Zealand: Jour. of Struc. Geo.,  v. 28,
p. 902-918.
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