Frictional melting of peridotite and seismic slip
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Abstract

The evolution of the frictional strength along a fault at seismic slip rates (about 1 m/s) is a key
factor controlling earthquake mechanics. At mantle depths, friction-induced melting and melt
lubrication may influence earthquake slip and seismological data. We report on laboratory
experiments designed to investigate dynamic fault strength and frictional melting processes in mantle
rocks. We performed 20 experiments with Balmuccia peridotite in a high-velocity rotary shear
apparatus and cylindrical samples (21.8 mm in diameter) over a wide range of normal stresses (5.4 to
16.1 MPa), slip rates (0.23 to 1.14 m/s) and displacements (1.5 to 71 m).

During the experiments, shear stress evolved with cumulative displacement in five main stages
(stages 1-5). In stage 1 (first strengthening), the coefficient of friction p increased up to 0.4-0.7 (first
peak in friction). In stage 2 (abrupt first weakening) p decreased to about 0.25-0.40. In stage 3
(gradual second strengthening) shear stress increased towards a second peak in friction (n = 0.30-
0.40). In stage 4 (gradual second weakening) the shear stress decreased towards a steady-state value
(stage 5) with u = 0.15. Stage 1 and stage 2 are of too short duration to be investigated in detail with
the current experimental configuration. By interrupting the experiments during stages 3, 4 and 5,
microstructural (FE-SEM) and geochemical (EPMA and EDS) analysis of the slipping zone suggest
that second strengthening (stage 3) is associated with the production of a grain-supported melt-poor
layer, while second weakening (stage 4) and steady-state (stage 5) with the formation of a continuous
melt-rich layer with an estimated temperature up to 1780 °C. Microstructures formed during the
experiments were very similar to those found in natural ultramafic pseudotachylytes.

By performing experiments at different normal stresses and slip rates (1) the “thermal” (as it

includes the thermally activated first and second weakening) slip distance to achieve steady-state from



the first peak in strength decreased with increasing normal stress and slip rate, (2) the steady-state
shear stress slightly increased with increasing normal stress and, for a given normal stress, decreased
with increasing slip rate. The ratio of shear stress vs. normal stress was about 0.15, well below the
typical friction coefficient of rocks (0.6-0.8). The dependence of steady-state shear stress with normal
stress was described by means of a constitutive equation for melt lubrication.

The presence of microstructures similar to those found in natural pseudotachylytes and the
determination of a constitutive equation that describes the experimental data, allows extrapolation of
the experimental observations to natural conditions and to the study of rupture dynamics in mantle

rocks.
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1. Introduction

Earthquake dynamics is concerned with both the behavior of the volume around the fault
including accumulation of elastic strain energy and catastrophic release thereof [Reid, 1910], and the
behavior of the fault itself as a contact problem in which understanding fault friction [Scholz, 2002]
and shear fracture [Ohnaka, 2003] is a key. In particular, if the frictional resistance in the slipping zone
decreases with increasing displacement, earthquakes may occur [Scholz, 2002; Rice, 2006]. It follows
that it is of great relevance to determine how frictional strength evolves with slip and slip rate under
the extreme deformation conditions typical of earthquakes (stresses normal to the fault as large as
hundreds of MPa, slip rates up to 10 m/s and displacements up to 20 m) [e.g., Heaton, 1990]. Though
it is not possible to reproduce such deformation conditions with the current experimental apparatuses
[Di Toro et al., 2006b; Tullis, 2008], experimental work has been carried out during the last twenty
years to simulate at least some combination of these variables, like normal stress and displacement
[Beeler et al., 1996; Goldsby and Tullis, 2002] or slip rate and displacement [Spray, 1987; 1995; 2005;
Tsutsumi and Shimamoto, 1997; Hirose and Shimamoto, 2003; 2005; Hirose and Bystricky, 2007; Di
Toro et al., 2004; 2006a; 2006b; Han et al, 2007a; 2007b; Mizoguchi et al., 2007; Boutareaud et al.,
2008]. Within the many cohesive (gabbro, tonalite, marble, quartzite, monzodiorite, serpentinite, etc.)
and non-cohesive (clay-rich gouges) rocks investigated in high-velocity friction experiments,
peridotite, the typical upper mantle rock, has not been studied yet, though earthquakes occur at mantle
depths in extensional, contractional and strike-slip settings [e.g., Frohlich, 2006]. In particular, field
evidence suggests that friction-induced rock melting may be typical in mantle rocks [Obata and
Karato, 1995; Andersen and Austrheim, 2006; Andersen et al., 2008; Piccardo et al., 2008] at mantle
depths [Ueda et al., 2008]. This is confirmed by torsion experiments under high normal stress (5 GPa)
performed in the 1930s [Bridgman, 1936] and theoretical studies [Griggs and Handin, 1960; Ogawa,
1987; Keleman and Hirth, 2007; Braeck and Podladchikov, 2008; John et al., 2009]. Though the
mechanics of deep earthquakes remains enigmatic [Frohlich, 2006], production of frictional melts and
melt lubrication is invoked based on seismological observations and energetic considerations in the
case of the large deep-focus Bolivian My, 8.2 1994 earthquake [Kanamori et al. 1998; Bouchon and
Thmlé, 1999]. Lastly, the investigation of frictional behavior (of peridotite in this case) at seismic slip
rates, may also facilitate derivation of a (high-velocity) rock friction constitutive law to apply in
rupture dynamics models [Fialko and Khazan, 2005; Nielsen et al., 2008].

Here we investigate the frictional properties of peridotite at realistic seismic slip rates and net
displacements but lower normal stresses than expected at relevant depths. We describe microstructures
produced during the experiments and investigate the evolution of fabric within the slipping zone as a
function of increasing displacements. Lastly, we fit the experimental data with theoretical curves for
melt lubrication and, since the microstructures produced in the experiments are similar to those found

in natural pseudotachylytes, we extrapolate the experimental results to natural conditions.



2. Experimental methods

We used cored samples from a single block of the Balmuccia peridotite from the Ivrea -
Verbano zone (Northern Italy) for all experiments described in this study. The peridotite block, free
from any visible fractures and veins was collected from a quarry located at ~200 m northeast from the
ultramafic pseudotachylytes-bearing outcrop along the Sesia river described in Obata and Karato
[1995] and Ueda et al. [2008]. The peridotite has an average grain size of 0.7 mm and its modal
composition is reported in Table 1.

We determined the mechanical properties of peridotite-bearing faults at seismic slip rates
using a rotary shear high-velocity rock-friction (HVRF) apparatus [see details in Hirose and
Shimamoto, 2005]. We prepared a pair of mushroom-shaped cylindrical specimens with diameter of
21.8 (sliding surface) and 24.8 mm (specimen holder side) and a length of about 23 mm each (Fig. 1a).
We ground the specimen surfaces using a 400-grit diamond wheel. An aluminum ring (with an internal
diameter of 21.85 mm, an external diameter of 25 and ~10 mm in length) was mounted to the thinner
diameter of each specimen to prevent thermal fracturing of the samples due to grain expansion during
rapid frictional heating. The length of each aluminum ring was ~1 mm shorter than the length of the
specimen to avoid aluminum-aluminum contact during sliding which would alter the mechanical data.
The cylindrical shape of specimens and the sustaining effect of the aluminum rings allowed the
application of normal stresses up to ten times larger than those achieved in previous HVRF
experiments [e.g., Tsutsumi and Shimamoto, 1997; Hirose and Shimamoto, 2005]. The application of
large normal stresses up to 16 MPa, was necessary to induce frictional melting of peridotite, given the
high melting temperature at 1-atm and dry conditions of the peridotite minerals: 1720 °C for olivine
(Fo85) from the Balmuccia peridotite, 1550 °C for enstatite, 1392 °C for diopside and 1850 °C for
spinel [Philpotts, 1990; Spray, 1992].

The specimens were placed in the sample holder and then mounted into the apparatus (Fig. 1b).
After the installation, the peridotite surfaces were slid at a slip-rate of ~ 40 mm/s under a normal stress
of ~0.8 MPa to produce full contact between the two surfaces. Wear materials produced on the
surfaces during the pre-sliding were removed with a vacuum cleaner and a brush.

Each experiment consisted of four main steps (1 — 4): (1) application of normal stress; (2) we
brought the rotary motor to the target speed while an electromagnetic clutch separated the rotating
column from the specimen. When the motor speed reached the target value, (3) we switched on the
electromagnetic clutch and the specimens started to slide; (4) we switched off the motor to end the
experiment (a movie of a typical experiment is shown as supplement material). The number of
rotations, the axial force, the axial shortening of the specimen and the torque were recorded by a

digital recorder with a data sampling rate of 200 Hz.



Since slip rate increases with sample radius r in cylindrical samples (v = o7 = 2-wy-r, where ®
is the rotary speed and v is the revolution rate of the motor), we introduced the “equivalent slip rate” v,

[Shimamoto and Tsutsumi, 1994]:
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We refer the equivalent slip rate simply as slip rate hereafter.

We performed 20 experiments divided in series A (Table 2) and B (Table 3). All the
experiments were conducted under room temperature, room humidity, and unconfined conditions. In
experiments HVR652, HVR676 and HVR677, we measured the temperature in the slipping zone with
a radiation thermometer located at about 20 cm from the sliding surface. To check the role of
oxidation of olivine during frictional heating and melting, we sealed the sample chamber, inserted a O,
sensor and performed an experiment (HVR651) under argon flux (flow rate: 5 L/min). Series A
experiments were performed at normal stresses between 5.4 and 16.1 MPa (i.e., the normal stress was
kept constant during each experiment), slip rates between 0.23 and 1.14 m/s (i.e., the slip rate was
changed during some experiments), and slip distances between 24 and 71 m. Series A experiments
were conducted to investigate the dependence of (1) shear stress and, (2) shortening rate on normal
stress and slip rate during frictional melting (Fig. 2a, Table 2). Series B experiments were performed
under a fixed normal stress (13 MPa) and slip rate (1.14 m/s), but they were ended at slip distances
ranging from 1.53 m (HVR675) to 31.31 m (Fig. 2b, Table 3). Series B experiments were conducted to
investigate the microstructural and mineralogical evolution of the slipping zone materials with shear
stress and slip. After the experiment, we prepared thin sections cut orthogonal to the slipping zone and
located at ~3 mm from the outer surface of the specimen (Fig. 1a) to carry out microstructural,

mineralogical and geochemical analyses (section 3.2).

3. Results

3.1. Mechanical data

3.1.1. Shear stress evolution with slip

The typical shear stress versus slip curve for simulated faults in peridotite at slip rates of ~1

m/s is shown in Fig. 2a (HVR644 performed at a normal stress of 13 MPa). During the experiments,

shear stress evolved with displacement in five stages (1-5). Initial first strengthening (0 — a, stage 1)

was followed by an abrupt first weakening (a to b, stage 2). Then, shear stress increased during a



second strengthening (b to c, stage 3) stage followed by a gradual second weakening (c to d, stage 4)
towards a steady-state value (d to e, stage 5). This shear stress evolution with increasing slip for
peridotite is similar to that reported in experiments conducted on gabbro under lower normal stress
(~1.3 MPa) but for similar slip rates (~0.85 m/s) [Tsutsumi and Shimamoto, 1997; Hirose and
Shimamoto, 2005]. In HVR644, when the slip rate decreased from 0.92 to 0.61 m/s, the steady-state
shear stress concurrently increased from 1.7 to 2.2 MPa (point e-f). A similar slip rate dependence was
observed at the end of the experiment (point g), when the shear stress increased as the slip decelerated
once the rotary column was disconnected from the motor.

During the experiment, gouge forms due to wear of the fault surfaces. The shortening rate vy, ,
which includes abrasive wear and melting of the specimens, is in all the experiments < 0.1 mm/s.
Debris is extruded from the fault at the beginning of slip, until about point b in Fig.2a. After point b,
gouge extrusion ceases and the slipping zone flashes intermittently during the slip-hardening stage b to
c. Visible frictional melting with abundant extrusion of drops of melts starts from about the second
peak strength (point ¢). During the transient towards steady-state (c to d) and during steady-state shear
stress (d to e and f to g), melt drops are continuously extruded from the slipping zone. Once the
magnetic clutch was turned off at point g to end the experiment, the specimen rotated for other 1.2 m
due to the inertia of the rotary column (Fig. 2a). During this final slip, when slip rate decreased from
0.61 to 0 m/s, the fault strengthened by 0.8 MPa. By increasing the total slip, the magnitude of
strength recovery at the end of each experiment decreased from 8 MPa for 2.77 m of slip (HVR672) to
2.9 MPa for 30.50 m of slip (HVR620) (Fig. 2b). Temperatures of the outer surface of the slipping
zone were measured by means of a radiation thermometer. In the case of HVR652, performed at a slip
rate of 1.14 m/s and a normal stress of 13 MPa, temperature increased during the first and second
weakening towards an almost constant value of 1100~1300 °C (corresponding to the steady-state shear
stress) (Fig. 2c¢).

To determine the effect of oxidation on the dynamic fault strength, we compared experiments
conducted at the open air (O, concentration 21 %) and under argon flux (O, concentration 0.4 %) (Fig.
2¢). At steady-state, the difference between the experiment conducted under argon flux (HVR651) and
that in open air (HVR620) was less than 0.5 MPa, which corresponded to a difference of < 0.04 in the
friction coefficient. This small difference was of the same order of magnitude found for repeated
experiments conducted at the open air under identical slip rates and normal stresses (e.g., HVR620 and

HVR641, the latter not shown in Fig. 2¢).

3.1.2. The thermal slip distance

The critical slip distance d. (or slip weakening distance in the case of velocity weakening

materials) has a formal definition in the rate and state friction law [e.g., Marone, 1998; Scholz, 2002].

In experiments performed in biaxial and triaxial apparatuses for displacements of few centimeters and



slip rates of few millimeters per second (i.e., where experimental results are described by the rate and
state friction law), d, is of 10-500 um [Paterson and Wang, 2005 for a review]. In these low slip rate
experiments, d. scales roughly with surface roughness (i.e., size of the asperities) or, in the presence of
gouges, particle size and gouge thickness [Dieterich and Kilgore 1994; Marone and Kilgore, 1993]
However, in the case of experiments performed under seismic deformation conditions (and in real
earthquakes [Ide and Takeo, 1997]), weakening occurs over distances of the order of meters and is
related to the thermal evolution of the slipping zone rather than to the roughness of the sliding surface
[Hirose and Shimamoto, 2003; Rice, 2006; Di Toro et al., 2006b]. For instance, in the peridotite
experiments described in this study, 7, is achieved after two slip weakening stages (the first of short
duration, a to b, and the second long-lasting, ¢ to d, Fig. 2a) interpreted as the result of two different
thermally activated processes (flash heating and melt lubrication, respectively, see section 4.2). To
describe this long duration weakening, which is related to (1) temperature increase and, (2) dramatic
physical changes in the slipping zone, we introduce the thermal slip distance dy, defined as the slip
distance on the best-fit smoothed curve of the shear stress evolution with slip over which the shear

stress 7y, reduces to:

7,=7,+0.05-(r;,—7,) Eq. 2.

The best —fit smoothed curve of shear stress vs. slip was obtained by means of a central moving
average of the shear stress values over a window of 100 acquired data. In the case of the experiment
show in Fig. 2a, the sampling rate was 200 Hz and the 100 acquired data correspond to 0.5 m in slip
from point a to ¢ and 0.3 m from point f to g. In some experiments (e.g., HVR635 in Table 2), large
errors in the determination of d, are due to the scatter of the shear stress experimental data with
respect to the smoothed curve (error is defined as the minimum and maximum slip distance on the
scattered data of the shear stress evolution curve with slip, equivalent to 7, on the best-fit smoothed
curve). The d;, was determined for experiments performed at different slip rates but constant normal
stress (Fig. 3a) and for experiments at a constant slip rate but different normal stresses (Fig. 3b).
Although data are scattered, they indicate that d,;, decreased from 22 m to about 5 m with increasing
slip rate (Fig. 3a) and from 37 m to about 5 m with increasing normal stress (Fig. 3b). Theoretical
arguments suggest that the duration of dy, should scale with 1/(z'v.)* and — in case of approximate
proportionality between traction and normal stress (¢) in the slip initial phase — it should scale with

1/(02 -ve)z, resulting in dy, o 1/((72 ‘v,) (see Fig. 3¢ and discussion in section 4.2.3 ).

3.1.3. Normal stress and slip rate dependence of fault strength



In Fig. 4a we report shear stress at the initial peak (z;), second peak (z,,4) and steady-state (zy,)
versus normal stress for experiments performed at a constant slip rate of 1.14 m/s. Shear stress at the
three different stages increased with normal stress (o,). Shear stress at the initial and second peaks
approximately follows the empirical linear relationship z; = 0.6, and 75,y = 2.13 + 0.21-g,
respectively. Shear stress at the steady-state can be fit by the theoretical equation for frictional melting

[Nielsen et al., 2008]:

t =m-(o, —0,)°" s

where m and g, are constants. The best fitting for the steady-state shear stress with the equation yields
m=1.14 £+ 0.07 and o= 4.69 = 0.68 MPa (Fig. 4a). According to our experimental data, fault strength
at the second peak and at steady-state is well below the Byerlee’s friction (z = 0.85 =+ 0.6, , shaded
area in Fig. 4a).

The dependence of the shear stress at the second peak and during steady-state with slip rate is
shown in Fig. 4b. The shear stress at second peak is almost independent to slip rate: the slope (z/ v.) of
the best fit line for shear stress versus slip rate is — 0.03 (MPa/m/s). Instead, steady-state shear stress
decreased with increasing slip rate. In the presence of frictional melts, the velocity dependence of the

steady-state shear stress is described by [Nielsen et al., 2008]:

_ s 4 log(2v, /W)

=0, : eq. 4
» \/;T v, |W q

where W is a characteristic velocity and A is a scaling group of several parameters including the effect

T

of normal stress. For such a weakening law, a satisfactory fit was obtained by using W = 0.076 m/s

and 4 = 8.35 MPa (Fig. 4b).

3.2. Microstructure and geochemistry

To investigate the physico-chemical processes responsible for the strengthening and
weakening of the peridotite-bearing faults at seismic slip rates, we performed the Series B experiments
at constant slip rate and normal stress, and stopped the experiments at different slip distances. We limit
our description to the most relevant microstructural and geochemical features and how they evolve
with increasing slip. Microstructures of simulated fault zones and wall rocks were investigated under a
Field Emission Scanning Electron Microscope (FE-SEM) JSM6500F upgraded to version 7000. The

chemical compositions of grains and glasses were determined on carbon-coated, polished thin sections



using an Electron Probe Micro-Analyzer (EPMA) JEOL JXA8200 (INGV, Rome) and a CAMECA
SX50 (Istituto di Geoscienze e Georisorse, Padua) with a focused beam about 1 um in diameter under
accelerating voltage of 15 kV and current 15 nA. Images analysis of simulated fault zones show grains
(fragments and microlites) occupying over 70 % of the slipping zone (Fig. 5 and Table 3). This large
distribution of grains reduced the area occupied by glass —in small pockets. Since EPMA beam spot
size for analysis is larger than glass pockets we conducted a semi-quantitative analysis with the FE-
SEM equipped with an Energy dispersive X-ray spectroscopy (EDS) analyzer. The EDS electron beam
spot size for analysis was about 400 nm as estimated by means of Monte Carlo Method simulations
and from analysis performed on triple grain junctions between olivine, diopside and enstatite. Though
EDS analyses are semi-quantitative, the performed EDS analyses approximate EPMA analyses, as
shown by the composition of olivine grains from the wall rocks determined with the two analytical

techniques (Table 4).

3.2.1 The slipping zone

The slipping zone consists of grains of olivine, pyroxenes (diopside and enstatite) and Cr-
spinel (Tables 1 and 4) immersed in a glass+gouge- (only in the case of HVR675) and glass-supported
(all the other experiments) matrix. The shape, type and composition of the grains varied with
increasing slip. Section 3.2.2 and Table 5 describe the glass chemistry.

In the shortest experiment, HVR675 (slip = 1.53 m), stopped during the second strengthening
(section b-c in Fig. 2a), the gouge is made of fragments of olivine, diopside, enstatite and spinel
immersed in a gouge-supported (submicron in size) matrix. The gouge is partially welded by ultra-thin
layers and micro-patches of glass (usually 100 nm in thickness) with pumiceous and bubbly aspect
(Fig. 5a). Small and large grains of olivine are rounded. FE-SEM EDS transects of olivine grains
indicate a systematic zoning, with a Fe-rich core and a Fe-poor rim (Fig. 6a). The FeO content at the
core of the olivine grains is consistent with that found in olivine in the host rock (compare with table
4). In Fig. 6 we also reported the CaO content (in wt %) in olivine though CaO has a large standard
deviation (Table 4). However, such large standard deviation is the result of EDS analysis randomly
conducted in different positions of the olivine grains. Instead, a systematic analysis along transects of
olivine grains (Fig. 6) shows that CaO content is constant in all investigated grains. The slight increase
of CaO content at the rim of the olivine grain is due to analyses contamination (the beam spot size is
400 nm) by the nearby glass (i.e., the glass is enriched in CaO, see section 3.2.2). Instead, in the case
of analyses acquired inside the grain (i.e., at more than 400 nm from the grain border), the CaO
concentration is independent of FeO content (Fig. 6). It follows that FeO analyses from the inner part
of the olivine grain were not contaminated by a non spherical, 3D geometry of the grain (e.g., by the
presence of deep embayments filled by melt inside the grain). In experiment HVR672 (slip = 2.77 m),

stopped at approximately the second peak in shear stress, enstatite, spinel and olivine grains are



immersed in a glass-supported matrix (Fig. 5b-d). The gouge-supported matrix is locally preserved in
few pockets (not shown), and included few clasts of diopside, which are absent in the glass-supported
matrix. Small olivine grains have usually straight grain boundaries, euhedral shape and are zoned (Fig.
5d), with a Fe-rich core and a Fe-poor rim (same zoning as in HVR675). Large olivine grains are often
rounded and olivine grain size decreases from the inner part of the slipping zone towards the wall
rocks (Fig. 5c). Typically, the olivine and enstatite in the wall rocks have the interface with the melt
darker in color, due to diffusion loss of Fe and initial melting: in the case for the large olivine grain
shown in Fig. 5c, the FeO content decreased from 9.73 % at the core to 7.30 % at the rim. Euhedral
and non-euhedral olivine grains are also found in narrow injection veins (Fig. 5d).

Experiments HVR671 (slip with 5.70 m), HVR673 (slip with 9.90 m), stopped during the
second weakening, and experiments with large displacements as HVR620 (slip with 30.50 m), stopped
during the steady-state, have microstructures similar to those found in HVR672 (Fig. Se-f). Grains of
olivine, spinel and enstatite are immersed in a glass-supported matrix. The main difference with
HVR672 is the absence of the gouge-supported matrix. Large and small olivine grains have straight
edges, and in most cases, they are euhedral. Micron in size euhedral enstatites are locally developed.

In the case of large displacements experiments, as HVR620, zoned olivine grains (Fig. 6b) are
very similar to those found in short duration experiments (HVR675, Fig. 6a), also for the total FeO
content, though the grains have straight edges. Small (<5 pm in size) olivine grains are usually
euhedral (see also Fig. 5g from HVR644 slip 43.60 m) and have FeO content lower (< 7 % on
average, Fig. 6¢) than FeO in olivine from the wall rocks (about 9 %, Table 4). In the case of large
displacements (> 30.50 m) experiments, we also found widespread crystallization of diopside, often
nucleating on olivine and enstatite walls (Fig. 5g).

As evident from the FE-SEM images (Fig. 5), grains (microlites and fragments) occupy > 70
% of the slipping zone in all the samples, independently of the total slip (Table 3). Bubbles with ~1 to
10 um in size were found in the slipping zone of all the experiments. The amount of bubbles is higher
(up to ~5 %) at the border of the specimen and their abundance is nearly constant for all runs,
independently of the cumulated slip. As no hydrous minerals were present in the peridotite (Table 1),
the bubbles are due to air or gas (bubbles were also observed in HVR651 conducted under argon flux)
trapped at the beginning or, in the case of the external part of the specimen at the contact with the open
air, during the experiment.

At the end of each experiment, the two specimens of peridotite are separated by a 60 to 130
um thick slipping zone (Fig. 7). We determined the thickness of the slipping zone on an optical
microscope by measuring every 0.5 mm the distance between the opposite wall rocks and by
averaging these values. The average thickness of the slipping zone increased with increasing slip
(series B experiments, Table 3) from 65.9 um (glass + gouge supported matrix, HVR675, 1.53 m of
slip) to 131.1 um (glass-supported matrix, HVR620, 30.50 m of slip).
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Fractures filled by glass and by microlites (mainly olivine) are observed in the wall rocks
sandwiching the slipping zone (Fig. 5c, h). Glass veins cut a single mineral (olivine, pyroxene or
spinel) or are at the contact of two or three minerals. Veins are parallel to orthogonal with respect to
the slipping zone (in a two-dimensional view), propagating from 10-20 pm in the case of short
duration experiments (HVR675, 1.53 m of slip, not shown) up to 900 um for large slip experiments
(HVR620, 30.50 m of slip, Fig. 5h).

3.2.2 Glass chemistry

Given the abundance of microlites and fragments inside the glass that may contaminate the
EPMA analyses and the accuracy of the EDS analyses (which has a smaller spot size than the EPMA
beam), we produced about one thousand EDS analyses of the glass from (1) the slipping zone and (2)
veins hosted in the wall rocks (inside olivine grains, at the contact between olivine-diopside, olivine-
spinel, enstatite-olivine, etc.). The averages of selected representative analyses (about one hundred) of
the EDS data are shown in Table 5.

In the slipping zone, glass composition changed with (1) the position inside the sample (as
suggested by the variations in color in BSE (back scattered electrons) images, e.g., Fig. 5f) and, for
some elements like SiO, and CaO, (2) total slip (Table 5, group 1, Fig. 8a-b).

In experiment HVR675 (1.53 m of slip), the composition of the glass matrix is highly variable
in the slipping zone, and includes MgO-poor thin patches (Table 5, group 1) and MgO-rich, ultrabasic
patches rimming olivine grains (Table 5, group 2). The latter glass is typical of the slipping zone of
this (short duration) experiment. In the other experiments this was found only in the wall rocks
(HVR620 and HVR673, Table 5, group 2). In experiment HVR672 (2.77 m of slip) the most common
glass is enriched in SiO, and MgO (usually darker in color than the neighboring olivine grains) with
respect to the HVR675 “dominant” glass (Table 5, group 1). In experiment HVR673 (slip = 9.90 m),
the dominant composition of the glass is further enriched in SiO, and CaO and approximates the
composition of large slip experiments (e.g., HVR620, Table 5, group 1).

The wall rocks host glass veins (Fig. 5c, h). In most cases, independently of the duration of the
experiment and the composition of the neighbor grains, the veins are bright in color (Fig. 5c, h),
reflecting enrichment in CaO with respect to enstatite and olivine (compare in Table 5, groups 3, 4, 5,
6, 7 with EPMA data from Table 4). The composition of the glass approximates that for diopside when
at the contact with diopside grains (Table 5, group 9). Micron in size euhedral grains of enstatite and

olivine are found in most glass veins, up to a distance of 1 mm from the slipping zone.

4, Discussion
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The experimental data (i.e., the low magnitude of the shear stress and the slight dependence of
shear stress with normal stress) and the occurrence of glass in the slipping zone, indicates that the
weakening mechanism in the peridotite experiments is melt lubrication [Hirose and Shimamoto, 2005;
Di Toro et al., 2006a]. Here below we first discuss the main parameters that control melt lubrication
(e.g., clast content, melt temperature and composition, melt viscosity, thickness of the slipping zone,
Persson, 2000; Nielsen et al., 2008), then the fault processes involved in the evolution of fault strength

with cumulated slip and, finally, the extrapolation of experimental results to natural conditions.

4.1. Inherited and newly grown olivine grains, estimate of the melt temperature, glass composition and

melt viscosity

The fraction of solid particles in the molten zone ranges between 54-78 % (Table 3). In the
case of olivine, the FE-SEM and EDS analyses indicate the presence of at least two types of grains: (1)
zoned grains (e.g., LG5 in Fig. 6a), interpreted as inherited grains and (2), non-zoned grains (e.g.,
LG13 and LG14 in Fig. 6¢) interpreted as newly formed grains.

Zoned grains have a FeO-rich (FeO about 9-10 % in wt., which corresponds to olivine Fo82,
and a FeO-poor rim (FeO about 8 % in wt., which corresponds to olivine Fo85). The composition of
the core is the same as that of olivine in the host rock (Fo82-85). It follows that zoned grains are the
result of fragmentation of the olivine grains from the former peridotite. Zoning is consistent with
heating and diffusion loss of Fe from the external part of the olivine grain during initial sliding,
frictional heating and grain interaction with the melt. In the case of experiments for slip larger than 2.7
m, zoned grains have often straight edges of bright color which might suggest olivine overgrowth of a
very thin (< 100 nm, below the resolution of the FE-SEM EDS) FeO rich rim during cooling (Fig. 5b,
5d, 51).

Non-zoned olivine grains are often euhedral (Fig. 5g) and have a FeO-poor core (FeO about 4-
6 % in wt., which corresponds to olivine F090-92). Their Fo92 content, higher than in olivine from the
host peridotite, suggests that these olivine crystallites (e.g., Fig. 5g) were grown from the frictional
melt at temperatures as high as 1780 °C.

The composition of the newly formed olivine crystallites yields a more realistic estimate of the
friction melt temperature (1780 'C) with respect to the temperature measured with the radiation
thermometer (~1300 °C towards the steady-state, see Fig. 2c). The measured temperature is lower than
(1) the melting point of rock-forming minerals of peridotite at 1-atm (> 1400 °C, see section 2) and (2)
the possible peritectic melting temperature for the system olivine-enstatite (1530 °C, Philpotts, 1990).
The radiation thermometer measures the temperature over a spot size of 400 um in diameter whereas
the slipping zone (= glass) thickness measured at the end of the experiment was ~180 pm thick (e.g.,
Fig. 7). It follows that the measured temperature averages the wall rocks and the slipping zone

temperatures, and the measured temperature yields a lower limit to the melt temperature. The melt
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temperatures estimated from newly grown olivine (1780 °C) are higher than the melting temperature
of all the peridotite-forming minerals (with the exception of spinel), including olivine from the host
peridotite (Fo82-Fo85, melting temperature 1680-1720 °C). The achievement of such extremely high
temperatures may be explained by “super-heating” of the frictional melt due to shearing of a viscous
fluid [Di Toro and Pennacchioni, 2004; Nielsen et al., 2008].

The glass composition in the slipping zone evolves with displacement towards the SiO,- and
CaO-rich compositions found in the glass veins hosted in the wall rocks (Fig. 8, Table 5 Group 1).
During the experiment, the thermal pulse diffuses through the inner part of the specimen (the more
distant glass veins are found in the long lasting experiments, Fig. Sh) and diopside, the mineral with
the lowest melting point, is the first mineral to melt. Once produced (glass veins in the wall rocks are
produced in situ), the CaO-rich melt migrates along grain boundaries and fractures and eventually
mixes and mingles with the melt produced in the slipping zone at higher temperatures. The presence of
melt along grains also weakens the host peridotite allowing large un-sustained grains to collapse into
the slipping zone (Fig. 5h). It is also possible that peritectic melting (1530-1500 °C, [Philpotts, 1990])
occurs at the olivine-enstatite contact in the wall rocks, as suggested by the high SiO, (60-62%)
content found in some glasses (Table 5, groups 6-7).

Melt viscosity is the result of melt temperature, melt composition and clast content. The
fraction of solid particles in the glass is up to 78 % in volume. For particle content > 60 vol. %, the
rheology of a melt suspension behaves like a solid and is markedly non-Newtonian [Costa, 2005]. This
rheology is not consistent with the mechanical data (Fig. 2), which, instead, suggests a low viscosity
melt. Actually, the euhedral aspect of the grains and their zoning suggest microlite crystallization or
overgrowth on survivor grains, probably at the end of the experiment (point g in Fig. 2a). It follows
that the clast content during the experiment is unknown and the estimate the viscosity of the melt not

possible.

4.2. Shear stress evolution with slip

4.2.1. First strengthening and first weakening

The HVFR experiments on peridotite indicate two stages of potentially unstable slip
weakening behavior of a fault (first and second weakening) each preceded by a strengthening stage
(first and second strengthening). In general, this frictional behavior is consistent with the one observed
on gabbro at similar slip rates but at lower normal stresses (~1.3 MPa) [Hirose and Shimamoto, 2005].
Unfortunately, these experiments are not suitable for the investigation of the initial strengthening and
weakening of the specimen, given the poor elastic stiffness of the apparatus, the absence of a steep
loading step for the shear stress, and the utilization of small cylindrical samples. Last but not least, the

Balmuccia peridotite is extremely difficult to work given his hardness compared to other rocks used in
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high-velocity experiments (e.g., Carrara Marble, Han et al., 2007). Difficulties in sample preparation
might result in not perfect alignment of the specimens even after the preliminary slid at a slip-rate of
~40 mm/s: if the two opposite surfaces are not fully parallel, stress concentration determine the failure
of the sample edges at the initiation of sliding. The above experimental limitations and the
heterogeneous distribution of normal and shear stress on the sliding surface, before bulk melting
occurs, do not allow the accurate determination of the coefficient of friction at the initiation of slip (at
least compared to biaxial apparatus, [e.g., Marone, 1998]).

During step 1 of the experiment (see section 2) the specimens are under normal load only.
Given the limitations highlighted above, we can speculate that when samples are abruptly forced to
rotate at effective velocities of about 1 m/s (step 3), the applied shear stress (i.e., the torque) has to
overcome the static friction of peridotite and the frictional strength related to the non-perfect
alignment of the samples. This might explain the large scatter of the first peak in friction (0.4-0.7),
which, on average (0.6) approximates the typical value for the friction coefficient of peridotite (0.6-
0.8, [Byerlee, 1978]).

First strengthening is followed by first weakening which occurs in few tens of centimeters at
most (usually less than 10 cm). During this weakening stage, the sample is sliding at equivalent
velocities between 0 and 1 m/s where velocity-dependent weakening mechanisms, such as flash
heating at the asperity contacts [Rice, 2006; Rempel, 2006; Beeler et al., 2008] or silica gel lubrication
[Goldsby and Tullis, 2002; Di Toro et al., 2004] might be activated. As shown by the movie taken
during the experiment (see supplemental material), there is a large amount of gouge produced at the
very beginning of the experiment. Compared to experiments performed on gabbro, this is probably the
result of the large normal stress applied, as abrasive wear of rocks tends to be enhanced by (1)
increasing normal stress [Scholz, 2002] and (2) power density (the product of shear stress with slip
velocity). It follows that the first weakening observed in the peridotite experiments is likely to be
associated with the frictional behavior of a gouge layer sheared at high slip rates. However, the
formation of a gouge layer cannot explain, by itself, the dramatic first weakening, as friction
experiments performed on gouges at low slip rates (< 1 mm/s) do not show such low frictional
strengths [e.g., Marone, 1998]. It follows that one or more dynamic weakening mechanisms must be
activated. The Balmuccia lherzolite has < 46 % in SiO, in weight [Obata and Karato, 1995], and
experiments performed under argon fluxes (i.e., H,O poor environments, HVR651) showed similar
weakening to the experiments performed in the presence of room air (presence of H,O). We conclude
that the activation of silica-gel lubrication [Goldsby and Tullis, 2002; Di Toro et al., 2004] due to the
interaction of H,O with SiO, to produce gels can be ruled out. Instead, first weakening is probably due
to flash heating at asperity contacts of the gouge particles [Rice, 2006; Rempel, 2006; Beeler et al.,
2008]. However, our understanding of high-velocity gouge weakening is still poor and, given its
relevance in earthquake nucleation, should be investigated in the future with specific experimental

equipment.
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4.2.2. Second strengthening

Strengthening up to a second peak followed the first weakening in all the experiments (b-c in
Fig. 2a). Several experiments were performed either (1) at a given slip rate but under increasing
normal stress (HVR 635, HVR634, HVR640, HVR633) or (2) at a given normal stress but for
increasing slip rates (HVR642, HVR643, HVR645, HVR644, HVR641). The duration of the second
strengthening decreases with either normal stress or slip rate. The magnitude of the second strength
peak does not appear to vary with slip rate, but appears to increases with normal stress (Table 2) and
can be fit by a line (2.8 + 0.21-g, MPa) which is well below the friction coefficient for solid peridotite
(Fig. 4a). The product of slip rate by normal stress equates to the energy exchanged on the sliding
surface for unit time and unit area (or the power density). The peak strength and the duration of second
strengthening appear to depend on the power produced on the slipping zone, which suggests some
form of thermally activated mechanism. On the other hand, the decrease of the steady-state friction
coefficient with increasing normal stress (Table 2) suggests lubrication in the presence of fluids
[Persson, 2000]. Given the technical limitations of the apparatus, we could not analyze this process in
detail, since the second strengthening occurs too early and is too short-lived for the experiment to be
stopped at this stage. However, experiment HVR675 arrested after 1.53 m of slip (the minimum slip
we were able to impose for a run with an initial effective velocity of 1.14 m/s), yields some insights
about the mechanism involved during the second strengthening. In HVR675, gouge and melt coexist
in the slipping zone (Fig. 5a). A very thin layer of glass (< 100 nm in thickness) wraps grains of
olivine, enstatite and diopside, suggesting that strengthening is due to mixed lubrication related to the
local formation of melt in a grain-supported matrix. In the slipping zone, (1) the ultrabasic
composition of the glass near the olivine grains (melting point of Fo85 olivine at 1-atm is 1720 °C)
(Table 5, group 2), (2) the presence of olivine grains with the rim depleted in FeO (Fig. 6a) and of
survivor grains of diopside (melting point at 1-atm is 1390 °C) depleted in CaO, are indicative of non-
uniform temperature distribution in the slipping zone and local melting at the grain contacts. This
strengthening mechanism is different to that described in gabbro where microstructural observations of
the slipping zone suggest second strengthening as the result of the formation and growth of thin melt
patches, as thin melt patches are highly viscous and oppose a large shear resistance to sliding [Hirose
and Shimamoto, 2005]. However, the decrease of the duration of second strengthening (and of the
second peak in the friction coefficient) with increasing normal stress (Table 2), suggests that the
braking effect of the second strengthening may not be significant at normal stresses typical of
earthquakes nucleation depth (> 100 MPa), especially for deep crustal or upper mantle earthquakes
(20-50 km depth, > 1 GPa).

4.2.3 Second weakening and steady-state shear stress
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Upon reaching the second peak, shear stress decays in a quasi-exponential fashion until it reaches
a relatively low, steady-state value. After the second peak the simulated fault is coated by a continuous
and thin film of melt (Fig. 5b-d); from this point on, it is reasonable to describe the shear stress on the
fault (or friction in a general sense) as the result of viscous shearing across a thin layer of melt with
clasts in suspension. Such an exercise is not trivial, because two a-priori unknown parameters control
the relative strength of the melt layer at a given slip velocity: the thickness of the melt layer and its
viscosity. The thickness depends on the amount of melt produced, which is controlled by a complex
heat balance at the melt/solid boundary (a moving boundary problem known as the Stefan problem),
minus the amount of melt extruded (i.e., the centrifugal fluid flow motion mainly forced by the normal
stress). The viscosity, on the other hand, is very strongly dependent on melt temperature, variability of
clast content (which cannot be determined in this study given the presence of inherited fragments
mixed with newly grown phases that might have crystallized after the experiment during cooling at
room temperature) and may have a non-Newtonian behavior [Costa, 2005]. It can also be shown that
both temperature and shear are not homogeneously distributed across the melt thickness.

The estimate of the shear stress at steady-state is easier to approach. In Nielsen et al. [2008]
the problem of obtaining the viscosity and temperature distribution inside the melt layer, and the
equilibrium thickness of the melt layer was solved for the steady-state condition. Thus it was possible
to relate the shear stress at the steady-state on the fault to (1) the sliding velocity and (2) to the applied
normal stress [power law dependence of shear stress on normal stress, eq. 4].

The investigation of the shear stress evolution during the transient is more difficult to approach.
It was also shown by Nielsen et at. [2008] that the transient stress decay after the second peak is
essentially controlled by the evolution of the thermal diffusion in the solid. Indeed the temperature of
the melt becomes stable (and steady-state shear stress achieved) once the heat has diffused into a
boundary layer of thickness x/v,,, where  is the thermal diffusivity and v,, is the migration velocity of
the melt/solid boundary (half the sample shortening rate). However, the theoretical analysis above
should hold provided that the heat loss other than melting, extrusion and diffusion within the rock is
negligible. In the case of the present experiments, given that peridotite has quite high melting
temperatures, and the durations of the experiment are considerably longer than for other rocks, a
situation of diffuse high temperature throughout the sample (an in part on the sample holder) is
reached, which considerably promotes the amount of heat loss through free-air radiation. The effect of
radiation during high-velocity experiments in the presence of melt is discussed elsewhere [Nielsen et
al., 2008], and it is shown that it can alter significantly the overall frictional behavior, unless the
studied rock melts quickly and the shortening rate is relatively high (close to 0.5 mm/s or more),
conditions which are achieved only if high velocity (> 0.5 m/s), high normal stress (> 5 MPa) and
relatively low melting temperatures (< 1200 °C) are combined. This is obviously not the case for the

experiments studied here (shortening rates < 0.1 mm/s), so that the comparison with the theoretical
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predictions (e.g., eq. 4) are only qualitative. Indeed, the expected (bilateral) shortening rate vy, if

3 9

radiation loss was negligible, should be proportional to heat production rate “z-v,” at steady-state
according to Vi = Tos'Ve[p(L+c,’AT)] where p is mass density, L latent heat, ¢, heat capacity and AT
the difference between initial temperature of rock at rest and melt temperature [Nielsen et al., 2008].
Using parameter values of peridotite and the experimental values for z,, and v, the resulting shortening
rate should be of the order of 1 mm/s, but the experimentally measured value is about ten times
smaller (i.e., 0.1 mm/s), indicating that a considerable amount of heat is dissipated by radiation. We
note that nonetheless, the observed qualitative behavior corresponds to that of melting dynamics as
predicted by theory (Eq. 4) or observed in other experiments with reduced radiation loss [see Nielsen
et al., 2008].

Theoretical arguments based on the solution of the Stefan problem (heat-flow with a migrating
boundary due to melting), show that the duration ¢, of the transient weakening towards the steady-state
upon formation of melting at the frictional interface, should scale as ¢, oc 1/(z v.)>. This means that the
inverse of the square of the frictional work rate or power density [Nielsen et al., 2008], provided that
shear stress 7 and velocity v, are constant, or, if not constant, are represented by a significant constant
average. The same scaling actually applies to the duration ¢, required to reach initial melting under a
given shear stress and velocity, i.e., £, oc 1/( Tv.)*. As a consequence, the whole transient duration
from onset of slip to steady-state (including the initial slip phase under relatively high shear stress with
first and second peaks, with no pervasive melt, and final weakening in the presence of pervasive melt,
leading to the steady-state), are somehow controlled by the product “z -v.” and should scale with its
inverse square. In addition, it is observed that shear stress at both first and second peak, and the
general shear stress level in the initial phase, is approximately proportional to the applied normal stress
(see Fig. 4, though the friction coefficient seems to vary depending on the state of advancement of the
experiment). As a consequence, the shear stress curve in the whole initial phase leading to the steady-
state, may be approximated by a series of time intervals #; with stepwise constant shear stress, each of
which follows a Coulomb friction law for a given coefficient: “z; = o,:1; , © = ou'ti2, ..., T = oty If
the duration of each time interval ¢ is inversely proportional to (z; -v.)%, as discussed above, then it is
also inversely proportional to (o, v.)* owing to the normal stress proportionality. By summing all time
intervals we should then obtain a total transient duration which also scales as 1/(,'v.)". Since slip rate
v, is constant, the slip distance corresponding to the transient duration (i.e., thermal slip distance d;;)
should be obtained though multiplication by v,, resulting in the theoretical scaling “dy, oc 1/(a,’*v.)”.
As a consequence, by combining theoretical arguments relating the duration of transient in the pre-
melt phase and duration of weakening in the post-melt phase, on the one hand, and the observation
that shear stress approximately scales with normal stress in the initial sliding phases, we argue that the
relation “d,;, oc 1/(0,>v.)” should apply. In order to test such a dependence, measures of d,, for various
experiments under variable normal stress and variable slip rate can be done, and plotted against the

corresponding value of 1/(a,”v.). We did so in Fig. 3¢ and find that — within the interval of values
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explored in the present experiments, and within the scatter and uncertainty of the results — the

predicted dependence is verified.

4.2.4. Final re-strengthening of the slipping zone

The experiment is interrupted by removing the motor clutch and letting the machine rotate under its
own inertia, until frictional dissipation achieves a complete stop a few seconds later. In this final stage
we observe that the decrease in slip rate is accompanied by a marked increase in shear stress, until a
peak is reached at time of complete stopping (Fig. 2a). Strength increase in the decelerating phase is
compatible with the negative velocity dependence generally observed in the presence of frictional
melts and predicted by theoretical models [Nielsen et al., 2008]. The reduction in heat production rate
at lower velocities causes a lower melting rates (hence a thinner melt layer) and lower temperatures
inside the melt (hence higher viscosity) resulting in a fault strengthening. Moreover, melt cooling
triggers crystallite nucleation and overgrowth (section 4.1). The increase in content of solid particles,
together with the increase in the viscosity of the melt due to cooling, might explain the abrupt increase
in shear stress observed at the end of the experiment (point g in Fig. 2a). The progressive deceleration
is due to the combined effect of dissipation from shear stress on the sample and mechanical friction in
the rotary apparatus (essentially ball-bearing friction in the rotating parts).

The magnitude of strength recovery during the stopping stage is reduced for experiments that cumulate
a larger slip [from 8 MPa for 2.77 m of slip (HVR672) to 2.9 MPa for 30.50 m of slip (HVR620), Fig.
2b]. The differences in peak of strength recovery alone are not directly related to the rock—constitutive
properties; they essentially depend on the difference in shear stress at the time when deceleration
starts. The amount of dissipative work required to achieve full stopping of rotary motion should be the
same for all experiments performed at identical speed, regardless of the value of shear stress at the
onset of deceleration and of its subsequent evolution. Different experiments were interrupted at
different stages of sample evolution during its weakening. Friction under these conditions is not at the
steady-state and it is not a function of velocity alone. In particular, the levels of shear stress at time of
interruption differ (though velocity may be the same). Since the interruption is imposed at a different
stages and under different stress levels, the subsequent evolution of the stress curves differs from one
experiment to the other.

An experiment interrupted at an early stage -when the stress is still relatively high- will stop
faster than another experiment interrupted later -when the stress has had time to reach a lower level
during the weakening stage. Indeed a higher friction opposes sample rotation more effectively. This
remains true even if both the experiments were interrupted under an identical slip velocity. As a
consequence, the shear stress curve may follow higher or lower paths and reach different peak values,
depending on where it stands at the onset of deceleration, but the cumulated dissipation in the

decelerating phase will remain the same. Indeed, a careful analysis of the shear stress curves in the
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decelerating interval reveals that the combined dissipative work is roughly constant for a given
rotation speed — or moment of inertia of the rotating system — at the onset of deceleration. The
dissipation combines effect of the friction on the sample (area under the shear stress curve) and that
estimated from the friction in the mechanical parts of the rotary machine (about 10 % of the overall
dissipation in the decelerating stage, as shown in Appendix A).

In addition, the evolution of shear stress against slip rate in this phase provides some information on
the velocity dependence of friction. However, since velocity is not the only variable affecting friction
in the transient state (friction depends on velocity alone only if the system is at the steady-state), such
information is not unambiguous. Figure 9 represents the observed shear stress as a function of
instantaneous slip velocity during the transient decelerating stage, and it is compared to a theoretical
curve described by eq. 5. The theoretical dependence assumes steady-state and no loss of radiation, so
the comparison is only indicative. While the steady-state curve should be considered at best as an
approximation, the observed negative trend is in qualitative agreement with the expected theoretical
prediction. Figure 9 can also be compared to results obtained in Figure 4b for rate-dependence under

steady-state conditions.

4.3 Extrapolation of experimental data to natural conditions

The experiments described in this study were conducted at room temperature (~20 °C), low
normal stresses (< 16.1 MPa) and high concentration of Oxygen (20 % in vol.). In situ peridotite in the
mantle or lower crust is under much higher temperatures (> 600 °C, e.g., Ueda et al., 2008) and normal
stresses (> 1 GPa), but lower fugacities (fO, = -11) Under these high temperatures and pressures,
peridotite deformation undergoes mainly by plastic flow (e.g., dislocation and diffusion creep) at few
centimeter per year [e.g., Karato, 2008]. However, during plastic flow, frictional melts might be
produced once shear stress instabilities occur. Instabilities can be triggered by different processes such
as (1) seismic rupture propagation in the lower crust during large earthquakes [Sibson, 1977], (2) self-
localizing thermal runaway in deep-seated rocks [Braeck and Podladchikov, 2007; John et al., 2009]
or (3) highly localized viscous creep in pre-existing fine-grained shear zones [Keleman and Hirth,
2007; John et al., 2009]. Field evidences support the cyclic activity of ductile shear localization
(producing host mylonite), followed by a seismic slip (producing friction melts solidified in
pseudotachylyte), and further ductile shear (producing ultramylonite) [Ueda et al., 2008]. Once
seismic melts are produced, fault rheology is governed by the viscous-frictional properties of the melt
[John et al., 2009]. Noteworthy, melt lubrication is almost independent of normal stress [e.g., Nielsen
et al., 2008]. It follows that the experiments described in this study, though conducted at ambient
conditions that do not reproduce the temperatures and pressures expected at mantle depth, they

simulate the rheology of friction melt-bearing deep-seated faults.
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However, the oxidation of olivine debris and sliding surfaces due to the high temperatures
achieved at the asperity contacts during sliding, might impede the extrapolation of our experimental
data to crustal and mantle conditions (fO, = -11), where O, fugacities are orders of magnitudes lower
than in the laboratory (fO, = -0.68) [Philpotts, 1990]. Olivine can be oxidized at T > 600 °C into
forsterite, silica, and Fe-oxides (magnetite or hematite, depending on the heating conditions), when
exposed to room air [Gualtieri et al., 2003 and references therein]. Studies on the effect of oxidation
products of metals (martensitic reactions in the case of iron, [Bowden and Tabor, 1950; Cocks, 1957;
Lim et al., 1989]) and oxidation of iron following decomposition of siderite [Han et al., 2007b],
showed that these thermally produced oxides may reduce the friction significantly at seismic slip rates.
But as described in section 3.1.1., oxidation of olivine does not affect significantly the evolution of
shear stress with slip (Fig. 2¢). Moreover, in the experiments described here, the possible oxidation of
the sliding surfaces is rapidly followed by melting, so it is the theology of the melt that governs the
bulk strength of the simulated faults for most of the duration of the experiment. We conclude that the
effects of oxidizing conditions on shear strength of the simulated faults are probably negligible and the
experimental data can be extrapolated to natural conditions in terms of oxygen fugacity.

We performed HVRF experiments on the Balmuccia peridotite which hosts (natural)
ultramafic pseudotachylytes [Obata and Karato, 1995; Ueda et al., 2008]. Microstructures of
experimentally produced pseudotachylyte such as thin melt layers, injection veins, and the formation
of microlites of olivine and dendritic clinopyroxene are quite similar to the natural ones (compare Fig.
5b and 5g with Figure 4 in Obata and Karato [1995]). Actually, this is the very first time where natural
and experimental microstructures are almost identical, at least in the case for frictional melting. Thus,
the experiments described here well reproduce the melting processes of peridotite-bearing faults at
seismic slip rates.

Shear stress evolves with slip in a complex manner during the experiments and includes two
strengthening and two weakening stages (Fig. 2a). While first strengthening is probably an artifact of
the experimental configuration related to the absence of an applied shear stress before sliding initiates
(section 4.2.1), we might speculate that second strengthening could arrest rupture propagation in
nature. However, the peak in shear stress at the end of second strengthening corresponds to a
coefficient of friction of about 0.2, maybe too low to arrest rupture propagation. Moreover, the critical
distance to achieve the second peak in shear stress roughly decreases with increasing normal stress (is
reduced to 0.5 m at 16.1 MPa normal stress, Table 2), suggesting that it should almost disappear at the
normal stresses expected at mantle depths (> 1 GPa). Also the thermal slip distance to achieve the
steady-state shear stress decreases with increasing normal stress and power density, from several tens
of meters at low normal stresses to few meters at larger normal stresses (Table 2 and Fig. 3). It follows
that very low dynamic shear stresses should be easily achieved at mantle depths after few tens of

centimeters or less in nature, so for displacements compatible with real earthquakes.
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The steady-state shear stress is far below the Byerlee’s law and slightly depends on normal
stress (Fig. 4a), which supports melt lubrication of peridotite faults at least at the high slip rates (0.2-
1.1 m/s). The extrapolation of the experimental results to natural conditions by means of Eq. 4
suggests shear stresses as low as 10 MPa at 50 km depth and, as a consequence, given the large normal
stresses (> 1 GPa) expected, almost total dynamic stress drops (i.e., faults are statically strong but
dynamically weak) and large slips can be achieved once seismic slip is triggered at mantle depths. The
large stress drops predicted by the experimental investigations and theoretical analysis described here
and resulting from melt lubrication are consistent with the field estimates from pseudotachylyte-

bearing faults hosted in peridotites [Andersen et al., 2008; John et al., 2009].

5. Conclusions

To investigate the frictional melting processes and dynamic strength of peridotite faults at
seismic slip rates, we performed high velocity rock friction experiments on a natural peridotite stem
from Balmuccia (Italy) at slip rates of 0.23 to 1.14 m/s and normal stresses of 5 to 16 MPa. We also
have performed geochemical and microstructural investigations of the experimental faults. In the
experiments, we found two stages of fault strengthening, both occurring at the initiation of sliding,
similarly to other experiments performed on gabbros [Tsutsumi and Shimamoto, 1997]. First
strengthening cannot be investigated with the present experimental configuration. Second
strengthening is associated with the production of a grain-supported melt-poor layer in the slipping
zone. The two strengthening stages are alternated with two stages of slip weakening (Fig. 2a). First
weakening is associated with the formation of gouge which is probably weakened by flash heating at
asperity contacts of the gouge particles. Second weakening is associated with the formation of a thin
and continuous melt layer decorating the slip surfaces. Second weakening evolves towards a steady-
state shear stress, when the fault is fully lubricated. Since both weakening mechanisms (i.e., flash
weakening and melt lubrication) are thermally activated, we introduced the thermal slip distance as the
distance to achieve the steady-state shear stress. By conducting several experiments under different
normal stresses and slip rates, the thermal slip distance decreased with increasing normal stress and
power density. Since larger confining stresses and power densities are expected at mantle conditions,
we conclude that low dynamic shear stresses should be easily (i.e., short thermal slip distances)
achieved in nature.

An important outcome of the experiments described in this study and consistent with the result
of other experiments performed in cohesive silicate-bearing crystalline rocks such as tonalites [Di
Toro et al., 2006a] or gabbros [Hirose and Shimamoto, 2005] is that (1) shear stress at steady-state is
well below than that expected by the Byerlee’s law and, (2) shear stress at steady-state has very slight
dependence on normal stress. The two experimental observations and the presence of frictional melts

in the slipping zone imply that melt lubrication occurs on peridotite-bearing faults at seismic slip rates.
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A theoretical equation based on the physical processes occurring during melt lubrication [Nielsen et
al., 2008] predicts the magnitude of shear stress at steady-state.

Experiments were performed under ambient conditions that do not reproduce mantle
conditions, where crystal plasticity is the dominant deformation mechanism. However, the occurrence
of deep-seated earthquakes [Kanamori et al., 1998] and the evidence for cyclic production of
pseudotachylytes and high temperatures ultramylonites in faults hosted in peridotites [e.g., Corsica,
Western Alps: Andersen et al., 2008; Ueda et al., 2008], suggest that shear instabilities at mantle
conditions occur. Shear instabilities might result in the production of frictional melts which govern the
fault rheology at seismic slip rates [e.g., Keleman and Hirth, 2008; Ueda et al., 2008; John et al.,
2009]. The experiments described here reproduce these deformation conditions governed by the
presence of friction-induced melts. Moreover, several lines of evidence allow to extrapolate the
experimental data described here to deep-seated natural conditions. These include the similarity of the
microstructures (i.e., densely packed microlites of olivine and pyroxene) in natural and experimental
pseudotachylyte-bearing faults and the results of experiments under argon flux which reproduce low
oxygen fugacity conditions.

We conclude that since the physics of melt lubrication is somehow predictable [Nielsen et al.,
2008], our experimental results might be extrapolated to the study of rupture dynamics in mantle
rocks. In particular, shear stresses as low as few MPa are expected in peridotite-bearing rocks in the

presence of ultramafic melts at mantle depths.
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Appendix A: Motion arrest and dissipation after motor interruption

Motion arrest occurs when the inertia of the rotating system (machine parts in motion, sample
holder, sample) with kinetic energy Ej is dissipated by frictional work Wy (on the sample sliding
surface) and by overall mechanical dissipation of the machine W,, (essentially due to friction in the

ball bearings of rotating parts):
E, =W, +W,

Since the machine's moment of inertia is constant, the kinetic energy £E; at the beginning of
deceleration (time of motor interruption 7,) only depends on the velocity v.(?,). As a consequence the
arresting work (W, + W,,) should be equal for all experiments with the same v,(?)). For a given contact

surface S on the sample, and assuming a constant dissipation coefficient y in the machine, we may

write:
t, /&
W, =S[ el (=S S 70)-v, )&
0 i=t, ! &

W=7 [ v = 7 U

where U

arrest

is the slip cumulated during the arresting deceleration, J¢ is the sampling time interval

and i the time step of the experimental measure. Both W, and U

e are directly measured in the
experiments. For each experiment interrupted at a given velocity v.(z,) we obtain an equation of two
unknowns E; and y, which we can retrieve for a series of N experiments by minimizing the misfit of

the system:

[Wf +yU = Ek] n=1LN

arrest

(where n is the experiment number). We find that the mechanical dissipation y -U of the apparatus

arrest
contributes as a small, but not insignificant portion (about 10 %) of the total work which induces the

rotation arrest.
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Table & Figure captions

Table 1. Modal mineralogy of the peridotite from Balmuccia (Italy) used in the HVRF experiments.
Modal content was determined by point counting on microphotographs. Opaque mineral is mainly

spinel (see Table 4).

Table 2. Experimental conditions and mechanical data for series A HVRF experiments.

Table 3. Experimental conditions and mechanical data for series B HVRF experiments.

Table 4. Electron Probe Micro-Analyzer (EPMA) composition of the main minerals of the Balmuccia
peridotite (see Table 1). The first two columns compare the Energy dispersive X-ray (EDS) analyses
with EPMA analyses for olivine to show the consistency of the results obtained with the two analytical

techniques.

Table 5. Energy dispersive X-ray (EDS) composition of the glasses. EDS analyses are averages of
representative selected analyses over the 1000 collected. Analyses are grouped according to the total
displacement of the experiment and to the position of the glass inside the sample, both in the slipping
zone (group 1-2) and in the wall rocks (groups 2-9). Acronyms are: s.z. = slipping zone, ol = olivine,

di = diopside, spl = spinel, en = enstatite.
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Fig. 1. (@) Schematic diagram of a specimen assembly for high-velocity friction experiments. The
diagram shows also the position and orientation of the thin-section. (b) Photograph of the specimen
mounted in the apparatus. Rotational side (left) rotates clockwise up to 1500 rounds per minute.
Torque is measured with a torque gauge located just behind the specimen holder of the stationary side
(right). Note the gap between two aluminum rings to avoid metal-metal friction that may contaminate

the accurate determination of peridotite frictional strength.

Fig. 2. Mechanical data from high-velocity rock friction experiments. (a) Typical shear stress versus
slip curve for peridotite at a constant normal stress of 13 MPa (series A experiments: HVR644, Table
2). Two stages of slip weakening are recognized (a to b and ¢ to d). At point g, a magnetic clutch turns
off so that a fault slips by inertia, resulting in strength recovery as slip rate decreases (see section
4.2.4). Grey line is a best fit smoothed curve which allows to estimate (see main text) a thermal slip
distance dj;,, of 11.27 = 1.24 m in the tract a — d. Steady-state shear stress is achieved in sections d — e
and f — g: note the increase in shear stress when the imposed slip rate decreases from 0.92 to 0.61 m/s
(points e — f). (b) Shear stress versus slip curves at a constant normal stress of 13.0 MPa and slip rate
of 1.14 MPa with increasing cumulative slip (series B experiments, Table 3). Steady-state shear stress
is achieved in HVR673 and HVR620. (c) Comparison of shear stress versus slip curves for
experiments performed at room air (oxidizing conditions, HVR620 and HVR652) and under Ar flow
(HVR651) at normal stress of 13.0 MPa and slip rate of 1.14 m/s. No significant effect of oxidization
on fault strength was observed. In HVR652, the radiation thermometer yielded a temperature of the
outer surface of the slipping zone of 1100 ~ 1300°C at steady-state. Temperature data above 1240°C
were not recorded because the temperature output exceeded a voltage scale limit set by a digital

recorder.

Fig. 3. Thermal slip distance dy, plotted against (a) slip rate, (b) normal stress and (c) 1/(a,’v. ) (see
text for description). In Figure c, data are from experiments performed at slip rates of 1.14 m/s unless

when specified.

Fig. 4. Shear stress at the initial peak, second peak and steady-state plotted against (a) normal stress
and (b) slip rate. (a) Data from experiments performed at a constant slip rate of 1.14 m/s. A nearly
linear relationship holds within experimental conditions: 7; = 0.6-0, for initial peak and 7,,; = 2.13 +
0.21-g, (correlation coefficient = 0.88) for second peak. The best fit for steady-state shear stress data
with Eq. 4 is 1 = 1.14+(0, — 4.69)"% (correlation coefficient = 0.81). Byerlee’s friction law, 7 = 0.85-
0.6°0,, is shown in gray as reference. (b) Data from experiments performed at a constant normal stress
of 13 MPa. The second peak in shear stress is almost independent to normal stress. The best fit for
steady-state shear stress data is described as 7, = (v, /2.8)™ (correlation coefficient = 0.82) (see text

for description).
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Fig. 5. Microstructures in experimental fault zones in peridotites (Backscattered electron, BSE, FE-
SEM images) from runs stopped at different stages. (2) HVR675, second strengthening, 1.5 m of slip:
fault gouge partially welded by ultra-thin layers and micro-patches of glass (usually 100 nm in
thickness) with pumiceous and bubbly aspect. The gouge is made of angular to rounded fragments. (b)
HVR672, about second peak in strength, 2.7 m of slip: small, zoned, euhedral grains of olivine. (C)
HVR672, aboout second peak in strength, 2.7 m of slip: large view of the slipping zone showing
rounded and euhedral grains immersed in glass matrix. Fragment grain size decreases towards the wall
rocks. Note the darker color of the slipping zone/wall rock boundary due to Fe diffusion loss in
olivine. (d) HVR672, about second peak in strength, 2.7 m of slip: slipping zone at the contact with
diopside in the wall rocks. Zoned olivine fragments and microlites are immersed in the glass, both in
the slipping zone and in the veins intruding the wall rock. (¢) HVR673, second weakening, 9.9 m of
slip: slipping zone with zoned fragments and euhedral microlites of olivine. A large spinel grain
survived from melting due to its higher melting point. (f) HVR620, steady-state, 30.5 m of slip:
slipping zone with different types of glass (brighter in the bottom left). Note the large amount of zoned
microlites and fragments. (g) HVR644, steady-state, 48.6 m of slip: slipping zone with dendritic and
skeletal crystals of clinopyroxene, crystallized from the friction melt. Olivine euhedral grains are
zoned. (h) HVR620, steady-state, 30.5 m of slip: large view which includes the slipping zone and the
fracture network filled by glass veins in the wall rocks (bright in color). Veins are due to melt injection
from the slipping zone and from melt produced in situ (mainly diopside preferential melting in the
wall rocks). Glass veins spread till about 500 um from the slipping zone, and they were observed up to
900 um in the same sample. Acronyms are: ol = olivine; di = diopside; Cr-spl = Chromium spinel; gl =

glass; HR = host rock.

Fig. 6. Olivine grains from the slipping zone (BSE images) and EDS FeO and CaO transects. In the
interpretation of these EDS data we considered only the analyses collected at more than 500 nm from
the grain border, as the EDS beam spot size was of 400 nm. (a) Olivine grains with a Fe-rich core and
Fe-poor rim (LG4 and LG5) from HVR675 (1.53 m of slip). (b) Olivine grains with Fe-rich core
(LG11 and LG12; note the zoning of LG11 in the nearby FE-SEM image) from HVR620 (30.50 m of
slip). (c) Olivine grains with Fe-poor core (LG13 and LG14) from HVR620 (30.50 m of slip).

Fig. 7. Slipping zone in peridotite under the optical microscope (HVR620).
Fig. 8. Evolution of the composition of major elements of the glass with increasing slip. Data are from
series B experiments performed at constant slip rate of 1.14 m/s and normal stress of 13 MPa. (a)

Si0,% evolution with slip. (b) CaO, FeO and Al,O; percentages evolution with slip. See text for

discussion.
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Fig. 9. Evolution of shear stress with slip rate for two samples from series B at final stage

(deceleration after motor clutch is disconnected).
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Table 1

Mineralogy %
Olivine 70.9
Clinopyroxene 20.9
Orthopyroxene 4.4
Opaque 3.9
total 100.0




Table 2

Slip rate step

Steady -state shear stress™*

Coefficient of friction

Shear stress

Slip to
achieve the

Themal slip

Run No Normal T.Otal second dislamce,
stress  disp. peak*i* P
Ist 2nd 3rd 4th 1st 2nd 3rd 4th mitial peak second peak mitialpeak second peak ;
MPa m m/s m/s m/s m/s MPa MPa MPa MPa MPa MPa m m
HVR623 15.6  35.00 1.14 - - - 2.39 - - - 0.403 0.340 6.23 3.51 0.63 10.80 £2.12
HVR633 16.1 20.05 1.14 - - - 2.65 - - - 0.602 0.330 2.93 5.51 0.51 4.80£0.79
HVRG634 7.8 49,95 1.14 - - - 1.34 - - - 0.630 0.508 4.96 3.57 1.3z 20.37 £ 8.04
HVRG35 5.4 71.01 1.14 - - - 1.02 - - - 0.520 0.387 2.63 3.33 2.12 37.72 £ 16.28
HVR640 10.4  49.77 1.14 - - - 1.45 - - - 0.573 0.263 5.96 4.11 2.12 13.54 £ 515
HVRoO76* 13.0 40.01 1.14 - - - 1.85 - - - 0.450 0.288 5.85 3.33 0.60 10.956 £3.71
HVR&7T7* 13.0 24.19 0.76 - - - 1.78 - - - 0.430 0.358 5.59 4.87 1.09 1721221
HVR621 10.4 5501 1.14 0.71 0.55 0.4 1.73 2.03 2.02 2.30 0514 0.436 5.30 4,95 0.92 15.12 £2.52
HVR641 13.0 60.11 1.14 0.57 0.43 - 1.94 2.17 2.59 - 0.691 - 8.86 - - 9.36 £ 6.48
HVRGE42 13.0 58.04 0.39 0.54 0.9 - 2.55 1.40 - - 0.550 0.357 7.16 4.95 1.30 -
HVR613 13.0 11.10 0.23 0.55 - - 3.21 2.03 - - 0.678 - 8.82 - - 22.79 £ 6.3/
HVR644 13.0 56.12 0.92 0.51 - - 1.758 2.01 - - 0.690 0.333 8.98 1.71 1.79 1127+ 1.24
HVRO45 13.0 04.29 0.70 0.47 - - 2.10 2.55 - - 0.048 - 3.43 - - 16.0% £ 1.09
HVRGO52* 13.0 52.01 1.14 0.37 - - 1.64 - - 0.613 0.360 7.98 4.83 0.82 11.37 £0.96
HVRe20****  13.0  30.50 1.14 - - - 1.67 - - - 0.504 0.347 6.49 4.75 0.73 11.52 + 211
HVRoSD¥x 130  31.31 1.14 - - - 1.98 - - - 0.686 0.373 8.92 4.77 1.27 9.68 £ 0.59

* temperature measurement during run.

*% Steady -state shear stress was avereaged over 13 m of slip. The s.d. for all dara is less than 0.1 MPa

LE 2

Rk HVRG20 and HVR 651 appear also in Table 3

the slip could not be determined in some experiments due to fluctuation of strength by breakage of specinen edge at the mitiation of sliding



Table 3

Thermal \ Ave. Estimated
Coefficient of friction Shear stress i AVE. )
I al _ . ) lip ) shear lasts +
Run No orm Slip rate Total slip . = thickness of Effective - C_q ‘ . Remarks
stress distance, lten laver < i stram microlites
mitial peak sccond peak initial peak 2nd peak  steady state d, molten laver ~iscosity fraction
MPa m/s m MPa MPa MPa m Lum Pas 107 3/s %
HVR675  13.0 1.14 1.53 0.660 - 8.59 - - - 65.0* 56-77 sampls edge broks
HVR672 13.0 1.14 2.77 0.590 0.441 8.98 573 - - 1268 5%% 56-78 around sccond peak
HVR671 13.0 1.14 5.70 0.680 0.422 8.98 548 - - 384 87.92 29.69 74 weakening stage
HVR673  13.0 1.14 9.80 0.690 0.448 8.98 5.83 2.36 520+ 0.75 49,8 103.09 22.89 72-76 nearly steady state
HVR620 13.0 1.14 30.50 0.503 0.347 6.54 4.75 1.67 11.52 £2.11 131.1 192.05 8.70 54-64 steady state
steadv state, Ar
HVR651 13.0 114 3131 0.586 0.373 8.92 4.77 1.98  9.68£0.59  112.0 194.53  10.18 68-72 ooy mHe Al

flowing

* the slipping zone consists of gouge partially welded by ultra-thin glass lay ers and patches.

*%* The slippimmg zone 1= a glass supported matrix with gouge preserved m pockets.



Table 4

Olivine Olivine Orthopyroxene Clinopyroxene Cr-Spinel
EPMA EDS EPMA FPMA EPMA

n=14 g.d. n=43 s.d. n=4 s.d. n=4 s.d. n=4 s.d.
Na,O 0.01 0.00 0.00 0.00 0.07 0.05 1.16 0.22 0.03 0.02
MgO 48.94 0.30 47.73 1.14 33.06 0.47 15.75 0.90 18.19 0.63
AlLO; 0.01 0.01 0.07 0.20 3.12 1.26 4.96 1.51 56.38 1.28
810, 41.54 0.34 41.08 1.12 56.46 0.94 5313 114 0.05 0.03
KO 0.01 0.00 0.07 0.09 0.00 0.01 0.01 0.01 0.01 0.01
Ca0 0.02 0.01 0.14 0.26 0.96 0.62 7L 03l 0.01 0.01
Cry0; 0.03 0.02 0.18 0.24 0.34 0.13 0.66 0.22 11.83 0.70
Fe 9.23 0.29 964 1.68 6.30 0.33 2.38 0.07 13.60 1.35
MnO 0.16 0.03 0.22 0.29 0.14 0.03 0.08 0.05 0.10 0.02
Ti0, 0.02 0.02 0.17 0.24 0.07 0.04 0.33 0.08 0.04 0.01

P,0; - s 0.13 0.16 ; ; - ; : -

NiO 0.36 0.04 0.56 0.71 0.05 0.01 - - - -
Total 100.24 0.35 100.00 0.00 100.54 1.11 101.17 021 100.24 0.51

n: number of analvsis; s.d.: standard deviation.



Table 5

HVR675
n=1
Displac. 1.57

Na,O 0.54
MgO 16.57
Al,O, 7.64
sio, 4951
K0 0.12
Cao 6.28
Cr,0, 6.14
FeO 11.78
MnO 0.60
TiO, 0.81

Tot 100.00

HVR672
n=3
2.77
std.dev.
0.46 0.07
23.11 1.21
7.30 1.35
53.50 3.06
0.40 0.08
7.93 2.29
0.37 0.37
5.97 5.97
0.17 0.24
0.47 0.26
100.00

Group 1

Glass in slipping zone

HVR673
n=2
9.90
std.dev.
0.36 0.06
13.27 1.10
8.66 0.48
56.09 0.01
0.00 0.00
1191 0.26
0.06 0.05
9.00 0.11
0.16 0.01
0.17 0.12
100.00

HVR620
n=13
30.50

std.dev.
0.60 0.43
14.58 431
8.84 1.14
56.88 2.48
0.06 0.08
11.74 1.42
0.51 0.36
6.18 0.94
0.46 0.28
0.50 0.32
100.00

in slipping zone

HVR675
n=2
1.57
std.dev.
0.00 0.00
35.47 0.20
2.98 0.21
48.88 1.04
0.00 0.00
3.20 0.08
0.27 0.31
8.85 0.46
0.00 0.00
0.37 0.19
100.00

Group 2

Glass near ol - ultrabasic

HVR673
n=2
9.90
std.dev.
0.00 0.00
40.26 1.94
0.05 0.06
40.00 0.69
0.00 0.00
0.15 0.05
0.08 0.09
18.55 2.26
0.58 0.04
0.00 0.00
100.00

in the wall rocks

HVR620
n=4
30.50
std.dev.
0.00 0.00
40.57 2.06
0.28 0.56
39.14 1.92
0.20 0.03
0.21 0.33
0.06 0.11
17.51 2.55
0.49 0.43
0.33 0.30
100.00

HVR675
n=1
1.57

0.44
11.58
8.65
59.46
0.00
7.97
0.22
11.48
0.00
0.20
100.00

Group 3

Glass vein in ol

HVR672
n=2
2.77
std.dev.
0.33 0.13
18.06 3.24
6.98 0.59
52.34 1.00
0.06 0.07
10.61 0.74
0.36 0.46
10.09 0.84
0.54 0.20
0.35 0.28
100.00

HVR673

9.90

0.17
19.41
8.55
51.00
0.04
10.35
0.44
9.26
0.20
0.46
100.00

n=3

std.dev.
0.16
1.04
3.10
3.61
0.05
2.46
0.22
3.01
0.18
0.40

HVR620
n=8
30.50
std.dev.

0.40 0.29
9.38 2.13
9.32 221
59.45 1.90
0.05 0.08
9.13 1.25
0.48 0.46
10.61 0.89
0.17 0.23
0.39 0.27

100.00




Table 5

Group 4 Group 5 Group 6 Group 7 Group 8 Group 9
Glass veininol &di  Glass vein in ol & spl Glass vein in en (iBnlezsls;/eelg Glass vein in di Glass vein at di contact
HVR620 HVR620 HVR673 HVR620 HVR620 HVR673 HVR620 HVR620
n=10 n=16 n=2 n=13 n=1 n=2 n=2 n=3
Displac. 30.50 30.50 9.90 30.50 30.50 9.90 30.50 30.50
std.dev. std.dev. std.dev. std.dev. std.dev. std.dev. std.dev.
Na,O 431 0.47 0.59 0.21 0.50 0.04 0.74 0.16 1.08 0.63 0.40 1.85 0.46 1.56 0.16
MgO 6.45 1.91 7.71 1.65 14.12 0.93 9.92 3.35 5.90 26.64 1.39 8.35 0.07 9.30 1.50
Al,0; 19.18 1.68 15.50 1.99 9.22 0.16 8.04 0.82 11.39 5.30 0.23 19.16 1.37 6.28 0.40
SiO, 52.25 2.03 54.86 2.28 55.19 0.05 62.47 1.73 60.21 48.28 0.30 48.88 0.68 55.27 0.46
K0 0.17 0.17 0.09 0.12 0.00 0.00 0.03 0.05 0.36 0.02 0.03 0.10 0.13 0.04 0.06
CaO 9.98 0.72 8.49 0.69 11.51 0.28 11.89 0.92 10.42 12.05 0.04 11.18 0.13 22.29 0.86
Cry,04 0.60 0.97 0.62 0.59 0.10 0.13 0.51 0.30 0.00 0.40 0.13 0.69 0.53 n.d. n.d.
FeO 4.80 0.51 10.90 0.78 8.87 1.41 5.93 0.92 9.99 5.71 0.61 7.81 0.07 4.47 0.55
MnO 0.18 0.22 0.37 0.33 0.22 0.08 0.20 0.28 0.02 0.27 0.06 0.33 0.34 0.43 0.28
TiO, 1.67 0.33 0.32 0.27 0.17 0.01 0.27 0.20 0.63 0.43 0.22 1.58 0.30 0.38 0.02

Tot 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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