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Introduction 
During the past year, we have continued to focus on three problems fundamental to the SCEC 
goal of trying to understand earthquake source physics in order to model dynamic rupture and resultant 
ground motions: providing an improved physical understanding the nature of the dramatic silica 
gel weakening mechanism we have discovered for pure quartz rocks [Di Toro et al., 2003; 
Goldsby and Tullis, 2002], measuring the frictional properties of a variety of crustal rocks at 
near-seismic slip velocities and large displacements characteristic of earthquakes, and 
understanding flash heating and melting as a dynamic fault weakening mechanism.  Our results 
likely have fundamental implications for dynamic rupture initiation and propagation. 
 
Further investigation of dynamic fault weakening due to silica gel formation 
We have previously reported the results of an extensive series of experiments at rapid to nearly 
seismic slip rates, to sliding displacements characteristic of seismic slip, on quartz rocks.  These 
results demonstrate that high speed sliding of quartz rocks at room temperature and slip rates 
approaching earthquake slip rates activates a frictional weakening mechanism which causes an 
extraordinary decrease in the friction coefficient, to values as low as ~0.15 [Di Toro et al., 2003; 
Goldsby and Tullis, 2002].  We have concluded that this weakening, which is not caused by 
either flash melting or bulk melting of the sliding surface, results from the thixotropic 
rheological behavior of a hydrated layer of amorphous SiO2 (i.e., silica-gel) on the sliding 
surface [Di Toro et al., 2003; Goldsby and Tullis, 2002]. 
 
One factor which may yield critical insights into the nature of this mechanism is the important 
role played by water.  We have previously reported on the intriguing results of an experiment 
designed to investigate the role of water in the weakening of quartz rocks due to gel formation 
[Titone et al., 2001].  In that experiment, both intercrystalline and intracrystalline water were 
removed from a fine-grained quartz rock (novaculite) by baking it overnight in air at high 
temperature (~800 oC).  When the dried sample underwent sliding in a dry nitrogen environment, 
no weakening at high slip speeds was observed, in contrast to the behavior for undried samples 
tested in room humidity, and very high values of the friction coefficient were obtained (~0.8).  
Furthermore, when the dried sample was exposed to humid air during high speed sliding, the 
friction coefficient decreased precipitously to a value of ~0.2; reexposure to dry nitrogen cause 
friction to increase to ~0.8; re-exposure to humid air then caused another decrease in friction 
coefficient, back to a value less than 0.2.  This remarkable test underscores the important role 
played by water in the gel weakening process. 
 
Within the last year, to better understand the role of water in gel formation, we have made 
important progress in measuring the water content of the silica gel layer which forms on the 
sliding surface of quartz samples.  Measuring the water content within the gel layer is difficult 
using common techniques for water detection, like transmitted Fourier Transform Infrared 
Spectroscopy (FTIR), due to the relatively small signal acquired from the only several microns 
thick gel layer.  We have eliminated this difficulty through the use of Forward Recoil Rutherford 
Backscattering Spectroscopy (FRRBS), at the University of Minnesota in Minneapolis, to 
measure the hydrogen (and hence, water) content of the sliding surface of our samples.  Such 
analyses, the partial results of which are shown in Fig. 1, demonstrate that the thin layer of 
material on the sliding surface of samples which underwent sliding under humid conditions 
contains more water than the starting samples.  Water contents measured on the slip surfaces of 
the samples are in the range 0.4 to 1.5 wt.% water, whereas the water contents measured on  



Fig. 1- Plot of hydrogen 'yield' on the y-axis vs. channel number on the x-axis, for both dried 
and as-is starting novaculite samples ('Novaculite, dried 24hr @ 800C' and 'N1400 polished 
starting material', respectively) as well as samples which have undergone sliding at high speed 
in humid conditions ('N1400 silica gel wear track' and 'N1200 Ring 1').  Opal and mica are 
used as calibration standards. 

 
polished surfaces of the starting materials range from 0.045 wt. % for dried samples to 0.15 wt % 
for as-is samples.  The FRRBS analyses lend further support to the idea that weakening of quartz 
rocks is caused by the thixotropic properties of a thin layer of hydrated, likely amorphous silica 
(i.e., silica gel) on the sliding surface.  The amorphous material becomes hydrated by water 
adsorbed/absorbed from the atmosphere, as well as from water liberated from fluid inclusions in 
the rock by fracture during sliding.  In the Earth, water present as pore fluids would supply the 
water for gel formation.  The measurements of water content, coupled with the results of the 'dry' 
experiments described above, underscore the fundamental role played by water in dynamic fault 
weakening due to gel formation. 
 
New high speed sliding tests on crustal rocks other than quartz rocks- Within the past year, we 
have extended our experimental regimen to include an exciting series of tests which explore the 
high speed, large sliding displacement behavior of important crustal rocks other than pure quartz 
rocks, including a feldspar rock (Tanco albite), granite (Westerly granite), gabbro (the same 
gabbro used by Tsutsumi and Shimamoto, 1997, in their high speed friction tests), and calcite 
marble.  The tests were conducted in large part by Carla Roig Silva, an undergraduate summer 
intern from the University of Puerto Rico-Mayagüez, participating in the Leadership Alliance 
program this summer (2004) at Brown.  These tests were an attempt to replicate and extend the 
range of materials and experimental parameters explored in the preliminary suite of tests we 



conducted with Dr. Giulio Di Toro, a visiting scientist from the University of Padua in Italy, at 
Brown in December of 2003. 
 
The tests were conducted in the Instron rotary shear apparatus we have used extensively in our 
previous work on quartz rocks [Di Toro et al., 2004].  Samples were tested by first sliding at a 
low speed (1 or 10 µm/s) for several millimeters of slip, then at a higher speed (in the range 100 
mm/s to 0.2 m/s) for a displacement of about 4 m.  As we have detailed previously, the apparatus 
allows unidirectional sliding displacements of only ~40 mm; large cumulative displacements are 
realized by oscillating the sample back and forth through the 40 mm of displacement.  Unlike the 
tests described above on quartz rocks, no efforts were made to dry out the samples or conduct 
tests in a dry environment.  All of the tests were conducted at a nominal normal stress of 5 MPa.   
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Fig. 2- Plots of friction coefficient vs. sliding displacement for a) granite (on left) and b) gabbro
(on right).  Spikes in the data occur at the reversals in sliding direction of the samples.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The results of a series of tests on granite at different sliding velocities are shown in Fig. 2a.  In 
all of the tests, the initial friction coefficient at low speed (10 µm/s) obtains values > 0.7. With 
sustained slip at higher velocities, however, a systematic decrease in the friction coefficient with 
increasing sliding velocity is observed.  The experimental results for gabbro, shown in Fig. 2b, 
also reveal high friction (>0.8) at low speeds; however, in stark contrast to the results for granite, 
little weakening is observed with increasing slip velocity.  Results for calcite marble, not shown, 
also reveal little weakening with increasing slip velocity. 
 
The 'steady state' friction coefficient obtained at different sliding velocities for all of the rocks 
tested, except for marble, are shown in Fig. 3.  Also shown in Fig. 3 are the data for pure quartz 
rocks from Di Toro et al. (2004).  As shown in the figure, all of the rocks tested, except for the 
gabbro, weaken dramatically with increasing slip velocity, yielding estimated values of the 
friction coefficient of 0.4 or less at a seismic slip rate of 1 m/s.  This weakening is similar to that 
observed previously for quartz rocks.  Furthermore, as can be seen in both Figs. 3 and 4, the 
'steady state' friction coefficient at a given slip velocity appears to decrease with increasing silica 
content.  The data suggest that the observed weakening may result from silica gel formation, 
with the amount of gel formed, and hence the degree of weakening, dependent on silica content. 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 - 'Steady state' friction 
coefficient vs. silica content for
several crustal silicate rocks, for 
sliding velocities of 10 and 100 
mm/s.  Note lack of weakening for 
gabbro, the rock with the lowest 
silica content (~50 wt.%).   

Figure 3 - 'Steady state' friction 
coefficient vs. velocity for several crustal 
silicate rocks.  Note lack of weakening for 
gabbro, the rock with the lowest silica 
content (~50 wt.%).  Results for dolomite 
(not shown), like gabbro, show no 
weakening with increasing slip velocity. 

Flash heating/melting experiments 
To investigate dynamic fault weakening due to flash heating and flash melting, we continue to 
explore flash melting in high speed friction experiments in an Instron rotary shear loadframe.  
The combination of very high velocity, up to ~0.36 m/s, over relative small total displacements, 
only ~45 mm, ensures that insufficient heat is generated to melt the entire sliding surface.  Thus, 
melting at asperity contacts (so-called 'flash' melting) can be isolated experimentally from bulk 
melting phenomena.   
 
Prior to this year, we completed a series of flash melting experiments on a variety of important 
crustal rocks, including a 100% quartz rock (novaculite), a feldspar rock (Tanco albite), granite, 
gabbro, and calcite marble.  Experiments were conducted by first sliding 1.2 mm at low speed 
(typically 10 µm/s), then subjecting the sample to a step increase to a high sliding velocity over 
an additional ~45 mm of displacement.  During the high speed step, the apparatus achieved a 
peak velocity of about 0.36 m/s, with steadily decreasing velocity toward 0.25 m/s over ~40 mm 
of slip, to zero at the end of the test.  The friction coefficient was thus obtained as a continuous 
function of velocity over the velocity range 0.36 m/s to zero.  
 
All of our initial tests on silicate rocks yielded behavior similar to that shown in Fig. 5 for 
granite.  The friction coefficient decreases dramatically above a characteristic weakening 
velocity (~0.1 for granite).  At the highest speed, ~0.36 m/s, the lowest value of the friction 
coefficient, about 0.4, was observed for granite.  Tests on quartz, feldspar, granite and gabbro 
revealed values of friction at 0.36 m/s of 0.3, 0.45, 0.4 and 0.4, respectively.  After high speed 
sliding, the friction coefficient increases as the sliding velocity decreases, back to 'normal' values 
of ≥ 0.6 at the end of each test.  Calcite rocks, in contrast, appear to show little weakening 
compared to the silicate rocks. 
 



Comparison with theory- A likely explanation for the dramatic weakening we observe in these 
tests is flash melting of asperities on the sliding surface.  Flash melting should exhibit almost no 
slip dependence, since the asperities reach their maximum temperature over displacements on the 
order of the contact size [Jaegar, 1942], consistent with the observed lack of slip dependence of 
friction in our tests.  To test this hypothesis, we have compared our experimental data with 
theoretical estimates of the effect of flash melting on bulk friction values [Rice, 1999].  In Rice's 
analysis, the friction coefficient is given by f = foVw/V, where fo is the friction coefficient at low 
speeds and Vw is a characteristic weakening velocity, given as Vw=(πα/D)[ρc(Tw–Tf)/τc]2, where 
α is thermal diffusivity, D contact size, ρ density, c heat capacity, Tw a temperature above which 
contact shear stress is assumed to be negligible, Tf  the gradually evolving average temperature 
of the sliding surface, and τc the contact shear stress.  The most important unknowns in the 
analysis are D and τc.   
 
In Fig. 5 results for granite are compared with predictions of Rice's model, taking α= 1.85 
(mm)2/s, ρc = 4 MJ/m3 K, D=15 µm, Tw–Tf = 1300 K and τc = 5 GPa (a friction coefficient of 0.6 
times the indentation hardness, 9 GPa; [D. Goldsby, unpublished results].  Here we equate D 
with a typical value of the characteristic weakening distance from rock friction experiments, Dc, 
Tw with the approximate melting temperature of feldspar.  These parameter values yield a Vw of 
~0.1 m/s, in good agreement with experiment.  However, the slope of the weakening curve from  
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Figure 5- Friction coefficient vs velocity 
plotted on a log scale for granite.  The solid 
curves are theoretical expressions for flash 
weakening from Rice (1999), in black, and 
Beeler (submitted manuscript) in red.  A 
better agreement with the data appears to 
be provided by assuming that melted 
contacts have finite shear strength, i.e., 
using Beeler's modification to Rice's 
theory.  Very low values of the friction 
coefficient of ~0.2 are predicted at V=1 
m/s.  
 

f=fw+(f0-fw)*Vw/V fw>0

the Rice analysis (black line in Fig. 5) is higher than suggested by the experimental data.  A 
better fit to the data (red line in Fig. 5) is obtained using the modified analysis of Beeler 
(unpublished manuscript), which makes the perhaps more realistic assumption that asperities 
have finite shear strength above Tw. 
 
New flash melting experiments- During this grant period, we have conducted several additional 
tests that we feel are necessary before we publish our results on flash melting.  First, we have 
conducted duplicate tests to the earlier tests on granite, feldspar rocks, and gabbro we reported in 
our SCEC Annual Report last year, in an effort to determine the reproducibility of our earlier 
data.  Many of these tests were conducted on the same samples used in the high speed, large 
displacement experiments on crustal rocks other than quartz rocks described above, prior to those 
tests.  All of the duplicate flash melting tests show excellent reproducibility compared to our 
previous results from 2003.   



We have also made an effort to eliminate the possibility that the very low friction we observe in 
our flash melting tests is somehow an artifact of the apparatus.  We have considered that the 
dramatic decrease in friction at the step from 10 µm/s to the maximum velocity of 360 mm/s may 
have resulted from a momentary loss of contact along the sliding surface, due to inertial effects 
caused by the abruptness of the speed change and the relatively large compliance of the 
apparatus.  To test this idea, we conducted an experiment in which the sliding velocity was 
stepped from 10 µm/s to 100 mm/s to 360 mm/s; we supposed that smaller changes in velocity 
might result in a lesser tendency for interface separation.  The results of that test reveal a very 
similar trend in friction vs. velocity as that shown in Fig. 5, suggesting that the low values of 
friction we observe are not caused by loss of contact on the sliding surface.  Additional tests of 
the possibility of contact loss in our experiments are planned in the next grant period. 
 
Technical progress toward achieving seismic slip rates in the Instron apparatus- We have very 
recently made a concerted effort to increase the sliding speed in the Instron apparatus (attempting 
to achieve a seismic slip rate of 1 m/s), both by adjusting the gain on the rotary actuator as well 
as making a modification to the hydraulic power supply for the apparatus.  After making gain 
adjustments, we have discovered that we achieved a factor of two increase in sliding velocity in 
our flash melting experiments, to a maximum sliding rate of 0.72 m/s; no increase in velocity 
was detected in the oscillating-sliding-direction mode used to accumulate large displacements in 
the silica gel weakening tests.  Emboldened by our success in increasing the sliding rate to near-
seismic slip rates in the flash melting test configuration, we attempted to further increase the 
velocity by modifying the hydraulic power supply to the rotary actuator.  Testing of the hydraulic 
system supplying power to the actuator suggested that the rotation rate (and hence sliding rate in 
our tests) might be limited by the hydraulic power supply to the apparatus.  By plumbing a 
hydraulic accumulator into the system, in close proximity to the rotary actuator, we anticipated 
that we might be able to achieve higher slip rates, perhaps up to 1 m/s, in the flash melting tests, 
and perhaps in the silica gel tests.  After installing the extra accumulation, we determined that the 
maximum sliding velocity in the oscillating mode (used in the silica gel tests) increased from 100 
mm/s to 200 mm/s.  However, this modification made no change in the maximum rotation rate 
obtained in the single shot mode used in the flash melting experiments.   
 
Thus, we have successfully been able to extend the sliding velocity in the apparatus to near-
seismic slip rates (~0.7 m/s) in the flash melting tests and to 0.2 m/s in the silica gel experiments.  
This added capability will allow for a more reliable extrapolation of laboratory results to the 
Earth, and will allow for the development of more complete constitutive equations for high speed 
sliding behavior of rocks.  We plan to use this added capability within the next year to extend the 
range of sliding velocities available in both types of experiment.   
 

Conclusions 

Our exciting new friction data for crustal rocks other than quartz rocks demonstrate that strong 
dynamic weakening is expected during high speed, large displacement sliding of a variety of 
common crustal rocks.  The degree of weakening for these rocks appears to increase with their 
silica content, suggesting that the weakening results, as in the case for quartz rocks, from the 
formation of a silica-gel-like material on the sliding surface.   Thus, dynamic fault weakening 
due to gel formation may be expected for many of the comparatively high silica rocks found in 
the Earth's crust.  As for quartz rocks, the weakening for these crustal rocks occurs over 
displacements of 0 to 1 m, similar to characteristic slip weakening distances inferred from 
seismological data. 



 
In contrast to the silica gel mechanism discussed above, which may only occur in rocks of 
sufficiently high silica content, our experiments demonstrate that weakening due to flash melting 
occurs at near-seismic slip rates for a variety of important crustal rocks of varying mineralogies.  
Weakening due to flash melting occurs for some rocks that do not weaken due to gel formation 
during high speed, large displacement sliding, such as gabbro.  The geophysical implications of 
these experiments may be profound; theoretical fits to experimental data for all of the silicate 
rocks tested to date extrapolate to a friction coefficient of ~0.2 at a seismic slip rate of 1 m/s.  
These values are sufficiently low to satisfy heat flow constraints on the San Andreas Fault.  
Furthermore, weakening due to flash melting occurs over very short displacements on the order 
of the size of the microscopic contacts on the sliding surface, such that frictional strength is 
nearly a pure function of velocity, not slip.  Such pure velocity weakening behavior is exactly the 
type of behavior required for dynamic ruptures to propagate as self-healing slip pulses rather 
than as conventional cracks.  Our flash melting data constrain the theoretical analyses of [Rice, 
1999] and Beeler [unpublished manuscript], and may have important implications for a wide 
range of earthquake-related phenomena, including the Heat Flow Paradox, the nature of dynamic 
rupture (slip pulse vs. crack-like rupture), the earthquake energy balance, the state of stress 
throughout the earthquake cycle, the seeming lack of pseudotachylites on seismic faults, and 
others.  Though our data are provocative, additional data at seismic rates (up to 1 m/s) are 
required before we can confidently employ our results in earthquake models.  Our new proposal, 
submitted along with this Annual Report, directly addresses this fundamental need. 
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