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Fault zone fabric and fault weakness

Cristiano Collettini!, André NiemeijerzT, Cecilia Viti® & Chris Marone?

Geological and geophysical evidence suggests that some crustal
faults are weak'™ compared to laboratory measurements of fric-
tional strength’. Explanations for fault weakness include the pres-
ence of weak minerals*, high fluid pressures within the fault core®’
and dynamic processes such as normal stress reduction'’, acoustic
fluidization'' or extreme weakening at high slip velocity'>"'*.
Dynamic weakening mechanisms can explain some observations;
however, creep and aseismic slip are thought to occur on weak
faults, and quasi-static weakening mechanisms are required to
initiate frictional slip on mis-oriented faults, at high angles to
the tectonic stress field. Moreover, the maintenance of high fluid
pressures requires specialized conditions'” and weak mineral
phases are not present in sufficient abundance to satisfy weak fault
models'é, so weak faults remain largely unexplained. Here we pro-
vide laboratory evidence for a brittle, frictional weakening mech-
anism based on common fault zone fabrics. We report on the
frictional strength of intact fault rocks sheared in their in situ
geometry. Samples with well-developed foliation are extremely
weak compared to their powdered equivalents. Micro- and nano-
structural studies show that frictional sliding occurs along very
fine-grained foliations composed of phyllosilicates (talc and
smectite). When the same rocks are powdered, frictional strength
is high, consistent with cataclastic processes. Our data show that
fault weakness can occur in cases where weak mineral phases con-
stitute only a small percentage of the total fault rock and that low
friction results from slip on a network of weak phyllosilicate-rich
surfaces that define the rock fabric. The widespread documenta-
tion of foliated fault rocks along mature faults in different tectonic
settings and from many different protoliths*'”~"* suggests that this
mechanism could be a viable explanation for fault weakening in
the brittle crust.

Laboratory measurements on a wide variety of rock types show
that fault friction g is in the range 0.6-0.8, independent of rock type,
with the exception of a few weak minerals’. Several lines of evidence
suggest that Byerlee’s friction with p=0.6 is applicable to many
faults within the brittle crust®, including in situ stress measurements
showing that failure occurs on optimally oriented faults with normal
friction and nearly hydrostatic pore pressure*’. Moreover, the
absence of moderate-to-large earthquakes along severely misoriented
faults in both extensional and compressional environments is con-
sistent with laboratory friction values®. In contrast, a number of
studies have suggested that some mature crustal faults are weak
compared to laboratory friction values'™*°. Dynamic weakening
mechanisms may explain some of these data. High speed friction
experiments have shown that friction decreases above a threshold
slip rate'* and such weakening is consistent with observations of
dynamic rupture'®'"**. However, a number of observations indicate
that fault creep, aseismic slip and slip on unfavourably oriented faults
with respect to the applied stress occur at low resolved shear stress,
which implies that some faults are statically weak'™***°, that is,

friction is low in the long term including both co-seismic and inter-
seismic phases.

To investigate the role of fabrics in long term fault weakening, we
conducted friction experiments on fault rocks obtained from the
Zuccale fault, which is a low-angle normal fault exposed on the Isle
of Elba (Fig. 1) in central Italy. Geological data suggest that the
Zuccale fault has accommodated a total shear displacement of
6-8 km along a dip angle of about 15° in a stress field with a vertical
maximum compression; that is, the fault was weak®*. The fault zone is
characterized by a foliated and lithologically heterogeneous fault core
several metres thick. The adjacent hangingwall and footwall rocks
deformed predominantly by brittle cataclastic processes. Within
the fault core, however, a significant amount of deformation was
accommodated within highly foliated phyllosilicate-rich horizons
that represent deformation processes that occurred at less than
8 km of crustal depth*. The foliated microstructure probably formed
in the early geological stages of fault activity by dissolution and pre-
cipitation processes. Once formed, the phyllosilicate-rich network
deforms predominantly by frictional sliding along the phyllosilicate
foliae™.

We chose rock samples from two foliated zones (Fig. 1) for detailed
friction studies (see Methods). Zone L2 is composed of massive
calcite-rich portions and calcite sigmoids dispersed within a fine-
grained (<2um) foliation made of tremolite and phyllosilicate
(smectite, talc and minor chlorite). Zone L3 contains both large
crystals of calcite and agglomeration of tremolite fibres in random
orientation, within a foliation made of fine-grained tremolite and
phyllosilicates (smectite, talc and minor chlorite). We collected
undisturbed samples of the fault rocks and cut them into wafers
0.8-1.2 cm thick and 5cm X 5cm in area. We refer to these as solid
experiments. We also carried out experiments on powders obtained
from crushing and sieving (<150 pm) the solid samples. With this
approach we directly compare the frictional properties of foliated
fault rocks and their powdered equivalents, which have identical
mineralogical composition (Table 1).

Frictional sliding experiments were carried out in the double direct
shear configuration (Fig. 2a inset) at 25 °C and over a range of normal
stresses from 10 to 150 MPa and shear slip velocities of 1 to 300 pm s~ "
(see Methods). All experiments are characterized by an initial strain
hardening, where the shear stress increases rapidly during elastic load-
ing, before a yield point, followed by shear at a steady-state value of
frictional stress (Fig. 2a). We measured the steady state, residual, fric-
tional shear stress for intact fault rocks and powders at each normal
stress. Each rock type plots along a line consistent with a brittle failure
envelope (Fig. 2b), but the solid wafers are much weaker than their
powdered analogues. In particular, the powders show friction of
about 0.6, whereas the foliated rocks have significantly lower values
(0.45-0.20). We note that at each normal stress, foliated fault rocks
have a friction coefficient that is 0.2—-0.3 lower than the powders made
from them (Fig. 3). The majority of our experiments were conducted
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Figure 1| Example of a foliated low-angle normal fault. a, Map and cross-
section of the Zuccale fault (ZF) as exposed on the Isle of Elba, Central Italy.
The Zuccale fault is an exhumed, ancient low-angle normal fault belonging
to the Apenninic system. In the tectonically active area of the Apennines, to
the east, a similar low-angle normal fault is producing microseismicity at

without water and at room temperature, but we also ran experiments
under water-saturated conditions and these indicate further weaken-
ing for intact fault rocks (for example, Fig. 3).

Microstructural studies of the tested rocks show that the sliding
surfaces of the foliated solid wafers are located along the pre-existing
very-fine-grained foliation made of tremolite and phyllosilicates
(Fig. 4a and c). Transmission electron microscope (TEM) images
show that the foliation is made of tremolite clasts surrounded by
an interconnected network of phyllosilicates, including smectite
and talc (Fig. 4e and f). The through-going microstructure is affected
by translation and rotation of the (001) phyllosilicate layers with
frequent interlayer delaminations, resulting in talc grain size reduc-
tion, down to 20 nm in thickness. This anastomosing network of
phyllosilicate lamellae appears to provide a multitude of possible
slipping planes for frictional shear under a low stress. In contrast,
our experiments conducted on powder composed of the same mate-
rials indicate that much of the deformation occurs along zones charac-
terized by grain-size reduction and affected by shear localization along
RI, Y and B shears (Fig. 4b, for example**®). The slipping zones of
powdered samples are characterized by abundant calcite clasts
immersed in a groundmass consisting of fine-grained tremolite and
subordinate phyllosilicates (Fig. 4d).

Although the foliated wafers of intact fault rock and their powders
have identical mineralogical compositions, the foliated samples are
much weaker than their powdered analogues. On the basis of micro-
structural studies, we propose that weakness of the foliated fault
rocks is due to the reactivation of pre-existing fine-grained and phyl-
losilicate-rich surfaces that are absent in the powders. The slightly

Table 1| Experimental details and mineral composition of the rocks tested.

Experiment Sample Normal stress (MPa) Mineralogy (%)
Calcite Tremolite Smectite Talc Chlorite
P2045 Wafer L2 10; 20; 35; 50 43 36 14 6 1
P2048 Wafer L3 10; 20; 35; 50 39 26 19 15 1
P2049 Powder L3 10; 20; 35; 50 39 26 19 15 1
P2050 Powder L3 75;100;150 39 26 19 15 1
P2052 Wafer L3 75;100;150 39 26 19 15 1
P2053 Wafer L2 75;100;150 43 36 14 6 1
P2054 Wafer L2 10; 20; 35; 50 43 36 14 6 1
P2056 Powder L2 10; 20; 35; 50 43 36 14 6 1
P2057 Wafer-wet L2 10; 20; 35; 50 43 36 14 6 1
P2066 Powder L2 75,100,150 43 36 14 6 1

Mineral abundances were evaluated by TG-MS and XRPD (see Methods and Supplementary
Fig. 1).
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depths® of 4-16 km. The geological cross-section AB through central and
eastern Elba highlights the low-angle geometry**. b, Outcrop photograph of
the fault structure and locations of zones L2 and L3 where samples were
collected. ¢, Detail of the foliated fault rock in L2. (Camera lens cap shown
for approximate scale; diameter 4 cm.)

higher friction coefficient of fault zone L2 compared to L3 (0.31
versus 0.25) is probably due to the presence of foliation-perpendic-
ular calcite-filled fractures that reduce the interconnectivity of the
microstructure. The frictional strength of the solid wafers is com-
parable to that of pure talc at similar sliding conditions'® even with
the presence of 65-80% of strong calcite and tremolite minerals up to
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Figure 2 | Friction experiments. a, The inset shows the double-direct shear
geometry used to shear solid and powdered samples of fault rock. The main
plot shows the coefficient of friction ;i versus shear displacement at the layer
boundaries for a representative experiment at a normal stress of 150 MPa
(sample L3). Strain hardening occurs initially, after which friction reaches a
steady-state value. We note that sliding friction is significantly lower for the
solid sample than for its powdered equivalent. b, Steady-state shear strength,
measured during frictional sliding, plotted as a function of normal stress.
Data for layers of powdered rock plot along lines with slopes 1 = 0.55 and
= 0.43 for L2 and L3 respectively. Data for shear of solid fault rock plot
along lines with slopes 1 = 0.31 and p = 0.25 for L2 and L3 respectively.
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Figure 3 | Frictional properties of fault rocks and powders made from them.

Steady-state friction plotted as a function of normal stress. The solid samples

show friction values that are consistently 0.2-0.3 weaker than powders.

Further weakening for intact fault rocks is achieved under water-saturated
conditions.

200 pm wide (Table 1). This suggests that weak fault rocks can form
with even small amounts of phyllosilicates as long as they form an
interconnected, through-going foliated network. Although our
experiments show that further weakening along phyllosilicate-rich
rocks can be achieved by (1) the presence of fluids within the fault
zone and (2) slow sliding velocities, the average value of 1= 0.25
from our dry experiments at room temperature is sufficient to
explain the absence of measurable heat flow along weak faults and
frictional reactivation of faults oriented up to 75° from the maximum
compressive stress, like the San Andreas or the low-angle normal
faults of the Apennines.

In the core of ancient exhumed fault zones, where much of the
deformation is accommodated, geological observations suggest that
pervasive fluid influx can facilitate the dissolution of strong minerals
and the precipitation of weak and fine-grained secondary
phases®®'7***’ With incremental shearing, these weak phyllosilicates

Figure 4 | Comparison between solid-foliated and powder sliding surfaces
in L3. a, ¢, Solid experiment (P2048), total shear displacement of ~25 mm,
steady friction coefficient 1 = 0.32. The calcite sigmoids are interdispersed
within a fine-grained foliation (see detail in ¢) made of tremolite and
phyllosilicates (smectite, chlorite and talc). The slipping processes occur
along planes localized within the foliation. b, d, Powder experiment (P2049),
total shear displacement ~25 mm, steady friction coefficient 1 = 0.53. The
fault rock shows a cataclastic texture with zones affected by grain-size
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can align to form a foliation that ultimately results in an intercon-
nected network that allows slip to be accommodated along the weak
foliation and reduces the frictional strength of the fault zones*'”**%’.
These observations have been confirmed in laboratory experiments
using rock analogue materials where the combination of fluid-
assisted deformation and the development of a phyllosilicate foli-
ation at low sliding velocities and high shear strains caused major
weakening of the experimental fault gouge (a decrease in y from 0.8
to 0.25)***. Here, by performing frictional sliding experiments on
intact wafers of natural fault rocks with a pre-existing phyllosilicate-
rich foliation, we have demonstrated that the presence of a phyllosi-
licate foliation in fault zones results in significant fault weakening.

One important question involves whether fault weakening via
fabric development in phyllosilicate rich rocks rules out earthquake-
like frictional instability. Previous works have noted the tendency for
weak materials to exhibit inherently stable frictional slip'>'®*.
However, geological investigations have documented the mutual
superposition between slip on phyllosilicates and brittle (hydrofrac-
tures) or earthquake-related structures (pseudotachylytes)®. Sharp
and continuous slip zones of highly sheared clay-rich fault gouge have
been interpreted as seismogenic principal displacement zones".
Continuous strands of phyllosilicates usually bound lenses of stronger
lithologies'®': these lenses could represent sites for stress concentra-
tions and earthquake nucleation near patches of fault creep'®*". In
addition, laboratory experiments on gouge mixtures show that
when the phyllosilicates constitute a small percentage of the fault
(10-30%), velocity-weakening behaviour is favoured at higher slip
velocities””'. A similar weak and velocity-weakening behaviour has
been documented for smectite clay at low normal stress* (<30 MPa)
and for clay-rich fault gouge in high-velocity friction experiments'*. In
this view, some crustal faults can behave as weak structures over long
timescales (millions of years) and be intermittently seismogenic on
shorter timescales.

reduction (see detail in d) and shear localization along the R1, Y and B
sliding surfaces. The little boxes in a and b represent the areas of ¢ and
d, respectively. The half arrows above a and b show direction of shear.
a—d are scanning electron microscopy back-scattered electron images.
e, f, TEM images, showing details of the foliated microstructure (solid
experiment P2048) that is made of an interconnected network of thin,
oriented phyllosilicates (smectite and talc; low-contrast portions)
surrounding tremolite fibres. Tr, tremolite; Tlc, talc.
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We show that fault weakening depends strongly on rock fabric and
the distribution of weak phases within a fault zone. The result is akin to
findings from studies involving dissolution® and ductile deforma-
tion®. However, we show that fabric-induced weakening can occur
in the cataclastic, brittle deformation regime via frictional processes.
Previous works focused on brittle fault strength have looked primarily
at homogeneous mineral mixtures and bulk composition of the fault
zone. Fluid-rock interactions and the growth of interconnected,
phyllosilicate-rich networks have been documented in a wide variety
of rock types®'”1%**?7%° We therefore propose that frictional sliding
along such rock fabrics may be a viable mechanism to explain the
mechanics of weak faults within the brittle crust.

METHODS SUMMARY

To determine the mineralogical composition of the fault rocks (Table 1), we have
quantitatively combined results from X-ray powder diffraction (XRPD) and
thermo-gravimetry/mass spectrometry (TG-MS) studies.

For friction experiments we collected large blocks of foliated fault rocks per-
taining to L2 and L3 domains and we cut them to form wafers 0.8—1.2 cm thick
and 5cm X 5cm in area. The wafers were oriented so that they could be sheared
in their in situ orientation, with foliation parallel to shear direction. We refer to
these as solid experiments. We also carried out experiments on powders obtained
from crushing and sieving the solid wafers. Experiments were conducted in a
servo-controlled biaxial deformation apparatus'®* (Fig. 2a inset), at room tem-
perature and over a range of shear slip velocities from 1 to 300 ums~'. Data

reported on Figs 2 and 3 refer to a sliding velocity of 10 ums™".

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

We chose rock samples from two highly foliated domains of the Zuccale fault (L2
and L3 in Fig. 1). Mineral abundances in selected fault rocks have been deter-
mined by coupling XRPD and TG-MS. For each sample, we collected three
different XRPD patterns from:

(1) powders (grain size <150 pm), representative of the bulk sample mineralogy
(massive carbonate fragments + foliation);

(2) fine fraction (grain size <2 pm, oriented samples), representative of the fine-
grained foliation;

(3) fine fractions after glycolation, to distinguish expandable versus not-expandable
clays.

The XRPD patterns on fine fractions revealed smectite, tremolite and talc as
the main minerals within the foliation (Supplementary Fig. 1). The relative
amounts of smectite, talc and tremolite, as reported in Table 1, were determined
on the basis of XRPD intensity ratios. The total amount of calcite in the bulk
samples was determined by TG-MS. The TG-MS data indicated that calcite
decomposition occurred in the temperature range 600-800 °C. From the weight
losses registered in this temperature range, we determined total calcite contents
of 43% and 39% in L2 and L3, respectively.

For the experiments we collected blocks of cohesive foliated fault rocks per-
taining to L2 and L3 domains and we cut them to form wafers 0.8—1.2 cm thick
and 5 cm X 5 cm in area. The wafers were oriented so that they could be sheared
in their in situ orientation, with foliation parallel to shear direction. We refer to

nature

these as solid experiments. We also carried out experiments on powders obtained
from crushing and sieving (<150 pm): (1) intact pieces of fault rock and (2) the
samples used in the solid experiments. With this approach we directly compare
the frictional properties of foliated fault rocks and their powdered equivalents,
which have identical mineralogical compositions (Table 1). We found no dif-
ference between experiments conducted on layers of powdered fault rock and
powders from solid experiments.

Experiments were conducted in a double direct shear geometry using a servo-
controlled biaxial deformation apparatus'®*® (Fig. 2a inset). Three steel blocks
sandwiched two layers of fault rock while the horizontal hydraulic ram, in load
feedback mode, applied normal load to the layers. The vertical ram was advanced
in displacement feedback mode at constant velocity, thereby shearing the two
fault rock layers. Both normal and shear loads were measured by load cells at the
load point with a precision of 0.1 kN. Displacement of the horizontal and vertical
axes was measured using displacement transducers with 0.1 pm precision. The
sheared layers were initially 0.8—1.2 cm thick (solid fault rock) or 0.6 cm thick
(powders) and we measured changes in layer thickness continuously during
shear. Frictional contact area is constant during shear. Loads and displacements
were continuously recorded for each axis at 10 kHz and averaged to rates from 1
to 100 Hz, depending on the sliding velocity. Normal and shear stresses were
obtained by dividing the measured applied loads by the contact area of the
forcing block (5 X 5cm) in the case of normal stress, and twice the contact area
in the case of shear stress.
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