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The	
  spectrum	
  of	
  fault	
  slip-­‐behavior	
  documented	
  during	
  this	
  week	
  is	
  
the	
   result	
   of	
   different	
   slip	
   processes	
   occurring	
   along	
   faults.	
   These	
  
processes	
  produce	
  fault	
  rocks.	
  	
  	
  

Saffer	
  et	
  al.,	
  2009	
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  zone	
  structure	
  

Fault	
  core:	
  
Is	
  the	
  structural,	
  lithologic,	
  
morphologic	
  porJon	
  of	
  the	
  fault	
  
zone	
  where	
  most	
  of	
  the	
  
displacement	
  is	
  accumulated	
  	
  

Damage	
  zone:	
  
Is	
  the	
  network	
  of	
  subsidiary	
  
structures	
  that	
  bound	
  the	
  fault	
  
core	
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Along the fault zones, fault rocks are the result of 
different deformation processes	
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  133,	
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  p.191-­‐213	
  1480	
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Fault gouge formed at 3 km of depth along the Bosman fault (South Africa) 
during a M=3.7 earthquake in 1997. 



Cataclasite formed by grain size reduction, grain rotation and translation + 
cementation. 



Pseudotachylyte: solidified frictional melt (amorphous material, no crystalline 
structure) formed by temperature rise during fast slip. 

cataclasites (no melt) 

pseudotachylyte (melt) 



Mylonites: foliated rocks produced by “plastic” processes  

Berthé	
  et	
  al.,	
  1979,	
  JSG	
  
Lister	
  and	
  Snoke,	
  1984,	
  JGG	
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Methods 
Laboratory analyses: 
MO, SEM, TEM, XRD. 

From	
  1977	
  we	
  have	
  improved	
  our	
  understanding	
  of	
  fault	
  rocks	
  and	
  
deformaJon	
  mechanisms	
  	
  
	
  

Rock deformation 
experiments 
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Experiment	
  Nature	
  

pseudotachylyte	
  

50	
  mm	
  

50	
  µm	
   50	
  µm	
  

50	
  mm	
  

Di Toro et al., Science 2006 

In	
  granites	
  and	
  in	
  the	
  absence	
  of	
  water	
  it	
  has	
  been	
  shown	
  that	
  	
  
fricJon-­‐induced	
  melts	
  can	
  lubricate	
  faults	
  	
  



In	
   calcite-­‐rich	
   fault	
   rocks	
   thermal	
   decomposiJon	
   produces	
  
nanoparJcles	
  of	
  calcite	
  and	
  lime	
  that	
  cause	
  ultralow	
  fricJon.	
  	
  	
  

Han et al., Science 2007	
  



In	
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  the	
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  weakening	
  seems	
  to	
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  De Paola et al., in prep.  
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Byerlee, PAGEOPH, 1978 

The LANF mechanical paradox 
Frictional Fault Mechanics under Byerlee’s friction predicts no-slip on 
normal faults dipping less than 30°. 	
  	
  	
  



The LANF mechanical paradox 

No M > 5.5 on LANF on positively discriminated rupture planes 
worldwide	
  	
  	
  

Frictional Fault Mechanics prediction is consistent with the absence of 
moderate-to-large earthquakes occurring on normal faults dipping less 
then 30° worldwide.  	
  

Collettini & Sibson, Geology, 2001 



Death	
  valley	
  detachment	
  
(Hayman	
  et	
  al.,	
  Geology,	
  2003)	
  
	
  

However geological records show that 
LANF seem to be important structures 
for accommodating crustal extension.	
  



Detachemnts	
   in	
   the	
   Gulf	
   of	
  
Corinth	
   and	
   Cyclades	
   (Sorel,	
  
Geology	
   2000;	
   Jolivet	
   et	
   al.,	
  
EPSL,	
  2010).	
  
	
  

A: Gulf of Corinth 

B: Mykonos detachment 

A 

B 

However geological records show that LANF seem to be important 
structures for accommodating crustal extension.	
  



Barchi et al., 1998 MSGI 

The CROP03 deep seismic reflection profile showed that significant 
extension in the Northern Apennines occurs on LANFs	
  



2	
  

5	
  

s	
  (
TW

T)
	
  

CROP03 Seismic Profiles + commercial seismic profiles  
 
Barchi et al., 1998, MSGI; 
Boncio et al., 2000, Tectonics; 
Collettini and Barchi 2002, Tectonophysics; 
 

displacement 6-8 km 
slip-rate 1-2 mm/a 
 



Chiaraluce et al. JGR 2007 

In 2000-2001, during 8 
months, more than 
2,000 earthquakes 
with ML<3.2 have been 
recorded by a dense 
temporary seismic 
network. 

F1 & F2 hangingwall normal 
faults that sole into the 
detachment 



Map view of the 621 
events located at 
<500 m from the 
detachment 

 
A)  A constant seismicity 

rate 3.5 event/d, 
ML<2.3, that cannot 
explain 1-2 mm/yr  

B)  Composite focal 
mechanisms with a 
gently E-dipping plane 

C)  Multiple events with 
highly correlated 
waveforms 

Chiaraluce et al. JGR 2007 



From 2010 
TABOO infrastructure 
 
50 permanent seismic 
stations covering an 
area of 120 × 120 km2 
 

  
24 continuous geodetic 
GPS stations 
 
3 down-hole 
seismometers (GLASS 
ERC) 

Chiaraluce et al. Annals of Geophysics 2014 



Chiaraluce et al. Annals of Geophysics 2014 

In 36 months TABOO 
recorded 19,422 events 
with ML ≤ 3.8  
 



Seismic images of an Active 
LANF.  
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Ancient exhumed faults to 
study fault zone structure 
and collect fault rocks for 
laboratory studies & rock 
deformation exp. 



1 cm 

P. di Zuccale 

W E 

4 m 

Collettini & Holdsworth, GSL, 2004. 
Smith et al., JSG, 2008. 
Collettini et al., Geology 2009. 

LIDAR image by S. Smith 

The Zuccale Fault: 
displacement 6-8 km 
fault exhumation 3-6 km 



Low-strain domains 



Calcite concentration along major fractures and syn-tectonic precipitation of 
calcite and talc along veins 

Cal 

Dol 

Dol 

Cal 

Tlc 

Low-strain domains 



Silica-rich fluid circulation 

Cal 

Silica 

Low-strain domains 



High-strain domains: interconnected talc rich network 

1 cm 



High-strain domains: interconnected talc rich network 

Fluid assisted 
dissolution and 
precipitation 
processes 

Tlc 
Cal 

Cal 

Tlc 

200 µm 

DOLOMITE + SILICA  + H2O =     TALC        +   CALCITE +  CO2 

3 MgCa(CO3)2 + 4 SiO2 + H2O    =Mg3Si4O10(OH)2 + 3 CaCO3 + 3 CO2 



Talc lamellae are 
oriented parallel to 
the foliation and are 
affected by rotation 
of the (001) talc 
layers.  

Tlc 
Cal 200 µm 

50 nm	
  

(001) talc lamellae 

High-strain domains: interconnected talc rich network 



Interlayer delaminations widespread resulting in talc grain-size 
reduction, down to 30 nm, and providing an infinite number of 
possible slipping planes.   
   

. 

Collettini et al., Geology, 2009 
Viti & Collettini, CMP, 2009 

30 nm	
  

High-strain domains: interconnected talc rich network 



Cal 

Dol Cal 

Tlc 

Influx of 
silica-rich 

fluids  

Diss.of Dol 
ppt. of cal 

and tlc 

Interconnected talc-rich 
foliation affected by 

frictional slip 

 
Cataclasis 
 

Brittle dilatancy & 
increase of  
permeability  

Low strain High strain 



30 nm	
  

Tlc 
Cal 200 µm 

Which are the frictional properties of these fault rocks? 

Talc grain-size reduction, down to 30 nm providing  infinite number 
of possible slipping planes.   



2008 ICDP workshop to drill across 
the active LANF in the Apennines 



NSF: discoveries 
 

Faults Family and Friction 
by Marone & Collettini, 2010 

 

http://www.nsf.gov/discoveries/ 

 

Are we doing the right 
thing going in the field 

with kids? 

Do not worry Cristiano, we 
will survive! 

Let’s rock on ! 



Tino Marone 

Claudio Collettini 

NSF: discoveries 
 

Faults Family and Friction 
by Marone & Collettini, 2010 

 

http://www.nsf.gov/discoveries/ 

 

Let’s rock on ! 



NSF: discoveries 
 

Faults Family and Friction 
by Marone & Collettini, 2010 

 

http://www.nsf.gov/discoveries/ 

 
Dad! Is this foliated 
fault rock OK for the 

experiments? 

Let’s rock on ! 



Tino Marone Claudio Collettini 

…..6 years later 



5 cm 

L2	
   L3	
  

calcite	
   43%	
   39%	
  

tremolite	
   36%	
   26%	
  

talc	
   6%	
   15%	
  

smecJte	
   15%	
   20%	
  

phyllosilicates	
   21%	
   35%	
  

Differential thermal analysis coupled with mass spectrometer;  

XRPD on bulk starting sample;  

XRPD on the fine fraction (< 2 µm).    

Collettini, Niemeijer, Viti, Marone, Nature 2009 

Powders Solid foliated 



Double direct biaxial loading apparatus at Penn State 
University 
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Each rock-type plots along a line 
consistent with a brittle failure 
envelope, BUT the foliated solid 
wafers are much weaker than their 
powdered analogues. 

Powders show a friction close to 
Byerlee’s values whereas the foliated 
rocks posses values significantly lower, 
0.45-0.23, and for each normal stress 
solid rocks have a friction coefficient 
0.2-0.3 lower than powders 

Frictional properties: 
solid-foliated vs. powdered	
  

Powders	
  

Solid 	
  

Collettini, Niemeijer, Viti, Marone, Nature 2009 



Microstructures 
solid-foliated vs. powdered	
  

Powders: deformation occurs along a zone characterised by 
cataclasis with grain-size reduction and affected by shear 
localization along R1, Y, B shears (e.g. Logan, 1978; Beeler et al., 
1996; Marone et al., 1998). 
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No	
  GSR	
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R1	
  

B	
  

σn = 50 MPa; displacement = 3.0 cm; µ	
  =	
  0.52.	
  



Microstructures 
solid-foliated vs. powdered	
  

σn = 50 MPa; displacement = 3.0 cm; µ	
  =	
  0.32	
  

Solid-foliated sliding surfaces located along the pre-
existing very fine grained, <2mm. 

200 µm 

10 µm 20 µm 



200 µm 

FricJonal	
  sliding	
  along	
  phyllosilicates:	
  fricJon	
  0.2-­‐0.3,	
  well	
  below	
  Byerlee’s	
  range	
  



Rock-­‐Type	
   FricEon	
  

1	
   Foliated	
  Phyll.	
   0.3	
  

2	
   Foliated	
  Phyll.	
   0.25	
  

3	
   Dolostone	
   0.7	
  

4	
   Mafic	
   0.7	
  

Heterogeneous fault zone structure and frictional properties 



Velocity dependence of sliding friction 
solid-foliated vs. powdered	
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Displacement µm 

10 µ/s 30 µ/s 100 µ/s 

b 

The velocity dependence of sliding friction is given by (a-b) = Δu/ΔlnV 
 
Negative values of (a-b) reflect velocity weakening behaviour, positive (a-b) 
reflect velocity strengthening, which results in stable sliding.    	
  

a 
a-b 



(a
-b

) 
Heterogeneous fault zone structure and frictional properties 



Collettini et al., EPSL, 2011. 

Mixed-mode slip behaviour: creep + microseismicity 



Mixed-mode slip behaviour: creep + microseismicity 
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seismic 
sequences 

Bonini et al., 2014 



Field studies of regional thrusts that represent exhumed analogues of the 
active faults responsible for the seismicity in the Emilia region.   

Pondrelli et al., 2012 

≈1
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Massoli et al., 2006 
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protolith early stylolite mature stylolite 

Viti et al., CMP, 2014 

Deformation 

calcite clay 



Calcare Massiccio, lower Jurassic  

Scaglia Rossa, upper Cretaceous  
Age of activity, Mio-Plioc. 
Displacement 5-10 km 
Exhumation 2-3 km 

Localized deformation in massive limestone 

Collettini et al., Geology 2013 



Amorphous-silicate material made of: relict calcite and clay, numerous vesicles, poorly crystalline/
amorphous phases, and newly formed calcite skeletal. 

AS material 



Calcite crystal showing decarbonation. 



Calcite crystal showing decarbonation. 

10 nm 



Thermal decomposition of calcite initiates at about 600 °C, BUT the fault rock of the 
thrust formed at 2-3 km of depth, at temperature below 70° C. 



Thermal decomposition of calcite initiates at about 600 °C, BUT the fault rock of the 
thrust formed at 2-3 km of depth, at temperature below 70° C. 

….and the production of  
vesiculated material with skeletal crys.  

EQ slip localized on a thin slip surface 

Temperature increase with Decarb + Dehyd. 

Collettini et al., Geology 2013 



  Clay-rich shear zones  

Localiz. on massive carb. 

Decarbonated material 

BRAVA @ INGV 

Collettini et al., IJRMMS, 2014 

Reproduce the heterogeneous fault rocks in 
the lab.  
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Slide-hold-slide experiments: frictional healing Δµ	



Δµ	
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Velocity	
  dependence	
  of	
  fricEon	
  
Shear zones are weak, v. 
strengthening with no re-
strengthening. 

Tesei et al., EPSL, 2014 

Re-­‐strengthening	
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Re-­‐strengthening	
  

Shear zones are weak, v. 
strengthening with no re-
strengthening. 

Sharp sl ipping zones are 
strong, v. weakening with re-
strengthening. 

Tesei et al., EPSL, 2014 



Decarbonated material is weaker then calcite and very velocity weakening 
in particular at low sliding velocities.   

Carpenter et al., in review 



Shear zones with pressure solution 
and sliding along phyllosilicates 

 
Weak, µ =  0.2-0.3 

 
Velocity strengthening 

 
No-healing 

 
Long term creep  

DC weak 
 

Very velocity weakening 

Localization with cataclasis and 
thermal decomposition 

 
Strong, µ =  0.6-0.7 

 
Velocity neutral/weakening 

 
Re-strengthening 

 
Repeatable seismic slip  



How can we extrapolate these two characterization to an entire fault plane?  

Long term creep Repeatable EQs 



Series of geological cross sections across the fault plane  

Tesei et al., EPSL, 2014 



Series of geological cross sections across the fault plane  

Tesei et al., EPSL, 2014 



Series of geological cross sections across the fault plane  

Tesei et al., EPSL, 2014 



Series of geological cross sections across the fault plane  

Tesei et al., EPSL, 2014 



Series of geological cross sections across the fault plane  

Tesei et al., EPSL, 2014 



Fault plane heterogeneities  

Long term creep 

Repeatable EQs 
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seismic 
sequences 



Valoroso et al., Geology 2014 

~19,000 high-resolution aftershock 
locations nucleated along causative 
fault of MW=6.1, 2009 L’Aquila 
earthquake. 
 
Seismological fault zone structure 
characterization  

A	
  
B	
  

C	
  



seismic 
sequences 



seismic 
sequences 

At the km scale 
 
Along strike, fault 
length is ~10 km and 
the maximum width 
of the fault is ~1.5 
km.  
 
Some displacements 
are distorted and 
denote a degree of 
interaction.  



At the outcrop scale 
 
parallel slipping zones 
distributed over a 
width of about 50 m  



Collecting rock samples for microstructural studies & experiments 



seismic 
sequences 

At micron scale: thin Principal Slipping Zone with parallel slipping planes 
+ disaggregation features pointing to decarbonation  



seismic 
sequences 

At the nanoscale:   
plastic deformation 
with twinning, 
nanograins & polygonal 
structures (with strain-
free calcite crystals) 
similar to the one 
documented in HVFE at 
the early stage of 
dynamic weakening 
(De Paola et al., in 
prep.)  

Nature HVFE 



Very high healing rates in particular for CaCo3 solutions 

Carpenter et al., in prep. 



Very high healing rates favored by dissolution and precipitation 
processes during hold periods. Carpenter et al., in prep. 

σn	
  =	
  50	
  MPa,	
  hold	
  Jme	
  3000	
  s	
  	
  



seismic 
sequences The	
   common	
   theme	
   linking	
  

mulJscale	
   observaJons	
   is	
  
the	
   presence	
   of	
   mulJple	
  
slipping	
  planes.	
  

Collettini et al., JSG, 2014 
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PV	
  

PPA	
   PPB	
  PC	
  

PH	
  

Experiments on the role of fluid pressure in fault stability 

R&S friction predicts a frictional instability when the stiffness of the fault (Kc) is 
greater than the stiffness of the loading system (K)    

Kc	
  K	
  

K	
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Heterogeneous experimental faults 

Tesei et al., in progress 

20	
  cm	
  



Interaction between EQ-like and 
creep like fault patches along a 
large (20 x 20 cm), fluid rich 
experimental fault.  

Creep 

EQs 

Heterogeneous experimental faults 

Tesei et al., in progress 



Thank you 
	
  



Slipping zone of no thickness  
(Rice, 2006):  

τf  is the shear resistance of the fault;  
ρ = 2710 kg/m3;  
Cp is the heat capacity (962 J/kgK); 
V = 1 ms-1 is the constant slip velocity;  
s is the mean co-seismic slip; 
k is the thermal diffusivity.  


