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The research topics I worked on at ERI are described in the following sections.

1. The Brittle-Ductile Transition (BDT)


This part of my research at ERI involved estimating what basic physics could be used to predict the brittle-ductile transition (or BDT), the border separating regions of the earth that contain earthquakes from those that do not.  In terms of rate-state friction (
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, Dieterich , 1994) the transition occurs when B goes from B>A to B<A.  A is the term that causes friction to increase with velocity or slip while B causes it to decrease.  If  B>A, the velocity-weakening condition, as velocity increases friction drops, which is the condition for instability giving rise to earthquakes.


The B term is an empirical parameter that describes stick slip friction in which a variety of mechanisms reduce friction as velocity increases.  These might include colliding asperities, chemical changes or phase transitions, rolling, opening or extensional modes.  The A value is closer to classical viscosity, and describes increasing resistance with speed.  With the increase in temperature with depth in the Earth, eventually rock behaves more like a viscous material, the B mechanisms become less important, and so earthquakes cease to occur.  Typically in continental transform faults such as the San Andreas, the transition occurs at about 15 km depth where temperatures reach around 450oC.  This is clearly demonstrated in plots of seismicity against isotherms estimated from thermal modeling using borehole heat flow data as boundary conditions (Bonner et al., 2002).  The plots reveal that California seismicity is located at depths above the 450oC isotherm, the depth of which ranges from about 10 km under the Salton Sea, where rifting causes the crust to be hot,  to 22 km under the San Bernardino Mountains, where crustal transpression has forced cold material downwards.


In contrast to the California situation, a similar plot (Jackson et al., 2008) for seismicity versus isotherms, calculated for ocean lithosphere (McKenzie  et al., 2005), reveals that seismicity is bracketed between the ocean floor and depths above the 600oC isotherm, not 450oC as seen in California. An exception to the 600oC isotherm limit are the observations in Hawaii that long period earthquakes have been located as deep as 60 km beneath the summit of Kilauea (Wolfe and Shearer, 2006).    The thermal models of oceanic plates suggest these depths should be too hot (800oC) to be seismic. 


The research objective was to derive a formulism to describe these disparate results and test its application elsewhere.


If one takes a material that is nominally ductile such as silicone polymer (e.g., silly putty) and extend it slowly, it flows, but a rapid extension can cause it to form tensional fractures and break leaving cleaved surfaces on each side.  The strain rate required to generate this transition from ductile to brittle behavior increases as the temperature is increased.  The brittle behavior occurs when a micro-crack forms, it loads the surroundings with a stress concentration at the crack tips, which on reaching the breaking strength, cause the crack to propagate.  However, if the stress concentration has time to relax, the breaking strength is not reached, and the material flows in bulk.  


We thus suggest that the criterion for brittle behavior is that the time for stress build-up must be less than the time for the stress concentrations about micro-cracks to decay by viscous flow.  For simplicity we consider linear Newtonian viscosity for which the Maxwell relaxation time is
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Viscosity depends on temperature by the Arrhenius relation
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 is the homologous temperature, that is absolute temperature divided by melting temperature.  On average, earthquakes have a stress drop 
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that builds up over a period  
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of some hundreds of years.  Thus the strain rate is 
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For brittle failure we set the strain build-up time to be less than or equal to the relaxation time combining Eqs.(1) (2) and (3)
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We note that as well as depending on absolute temperature, homologous temperature depends on water content, volatile content, rock type in particular silicate content, all of which tend to decrease melting temperature and to increase TH. In addition the shear stress for failure depends on friction coefficient, 
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, minus pore pressure.  Our final relationship is  
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Thus the strain rate must be greater than stress drop divided by the homologous temperature – dependent viscosity.  


Fitting Eq. (5) to the above data sets, assuming stress build-up on the San Andreas is of the same order as that in oceanic plates, (e.g., 10-14/s) and using standard values for 
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from post-glacial rebound, we find that the California and ocean lithosphere transition temperatures (450 and 600oC) are both explained if earthquakes occur at temperatures less than a homologous temperature of 0.6.  The reason the limiting isotherms are so different, while homologous temperatures are the same,  is that  California crust is more felsic and likely to be wetter than ocean lithospheric mantle and so has a low melting temperature.  Oceanic lithosphere is mafic and dry with a much higher melting temperature.  The corresponding melting temperatures of 900oC and 1200oC are in the range expected for these different materials and volatile content.


 For the deep earthquakes beneath Kilauea volcano, Hawaii, homologous temperature is likely to be as high as 0.74. Equation (5) requires that the strain rate be two to three orders of magnitude higher there to generate the required failure stresses.  


The required high strain rates are not inconsistent with strain rates measured at the volcano surface associated with volcanic eruption sequences, which are orders of magnitude higher than those associated with earthquakes.  Typical values are 10-4 /year for eruptions rather than 10-4 /(hundred years) for earthquakes.  While these are measured at the surface we argue below that it is plausible that strains change at similar rates at depths where the deep events occur.


We can use GPS and geodetic measurements to make estimates of strain rate in earthquake zones, such as the San Andreas fault (e.g., 10-14/s). However we do not have a direct measure of strain 60 km below Kilauea volcano.  The strain record on Kilauea, as judged from surface tiltmeters and geodetic monitoring, consists of a sawtooth pattern of increasing pressure until the magma chamber beneath the summit fails, and the volcano erupts.  The time-dependent concavity of the tilt record is consistent with a volcano stressing model in which the summit chamber is steadily inflated by a deep vertical conduit connected to an over-pressurized magma source.  As the chamber is inflated it exerts a back-pressure which decreases the differential-pressure and reduces flow-rate.  The differential pressure is the difference in hydrostatic head between a column of magma and the sold country rock.  This model suggests that stress changes modeled at the summit also relate to changes at much greater depths via pressure changes in the conduit.  Thus strain rates 2 orders of magnitude greater than seen in typical earthquakes zones are possible at >60 km depth beneath a hot spot volcano such as Kilauea.  Then Kilauea provides an example where high strain rate compensates for high homologous temperature in Eq. (5).


The 0.6 (
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) homologous temperature criterion can be used to predict the depth of the Wadati-Benioff zone below the surface of a subducting slab given the appropriate isotherms for a slab of that age.  In addition, in cases where double Wadati-Benioff zones are observed, it can model their separation as a function of depth and plate age.  We have tested it against the Japanese data of Kita et al., (2006) and find satisfactory agreement.


Deep earthquakes also require T to be low enough and strain rate to be high enough to reach the criterion in Equation (5).   We can model homologous temperatures within subducting slabs using an analytical steady-state model for a slab with a linear-conductive temperature gradient at the surface that plunges into mantle of temperature equal to that of the mean of the adiabatic gradient.  The surface of the slab heats as it descends and the contours of the isotherms become pointed in the subduction direction, as the slab heats from above and below, leaving a cool core where earthquakes take place.  If we plot the contour of the 0.6 homologous T against the seismicity of the double Benioff zone seen beneath Japan (Kita et al., 2006) we see that it corresponds well with the BDT.  However, because of increased friction due to over-burden pressure at these great depths, lambda (Eq. 5) must be significant for earthquakes to occur.  It has been noted that these contours also correspond to experimentally determined phase transitions (Kita et al., 2006) that expel free water, and can plausibly give rise to the high lamdas~1 needed in Equation (5).


We also applied the model to the world’s very deepest earthquakes, > 500 km depth.  On the east side of the Pacific the deepest earthquakes occur in a highly restricted region, beneath Chile and Peru.  In contrast, most of the western Pacific subduction zones have deep events.  The difference in deep seismicity is likely to be temperature, as dues to the nearness of mid-ocean ridges to subduction zones in the east, much younger plates subduct on the east side compared with some of the oldest pates on the west.  If we estimate homologous temperature for Chile and Peru with a 50 Ma late subduction the 0.6 contour does indeed reach as deep as the 660 km transition.  However, for the rest of the eastern margin, the younger plates have much shallower contours consistent with the observation that only shallow to intermediate depth seismicity is found in these regions.  


The slab under Mexico City is a particular case, in that the complete absence of a Wadati-Benioff zone, normally used to locate subducting slabs, left its location uncertain.  Seismic tomography (Husker and Davis, 2006) revealed that the slab is steeply dipping under the Mexico City but appears to be truncated at about 500 km depth.  In the context of this model, the 0.6 contour is indeed shallow, but this may have also be compounded by the fact that the truncated slab has reduced negative buoyancy compared to continuous slabs, and so a combination of lowered strain rate and high temperatures has given rise to an aseismic slab.

Conclusion


In conclusion a simple expression is used to describe the brittle-ductile transition 
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 that depends on strain rate, stress drop and homologous temperature.  It can reconcile depth of seismicity in California, and ocean lithosphere, and deep earthquakes in Hawaii associated with the high strain rates of volcanism.  It explains the limited presence of deep earthquakes in the east Pacific, only in Peru and Chile, and through thermal modeling, the depth beneath the slab surface of the two layers of the Wadati-Benioff zone.  The expression includes the dependence on pore pressure, through the failure criterion, and rock type and volatile content,  both of  which control homologous temperature.
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2. Earthquake Forecasting and b-values
During my stay at ERI I also worked on examining b-values and earthquake forecasting using the Japanese earthquake catalog, and compared it with the Harvard global catalog.  I also collaborated with Kazu Nanjo in a related study of change in b-values during the seismic swarms that have been measured beneath the Izu peninsula.

The classic Gutenberg-Richter relation (G-B), (log N=a-bM) implies that b value, or equivalently fractal dimension, remains constant over all magnitudes.  But significant variation is observed in space and time. Typically b values are found to be near 1.0, but they may be as large as 2 in volcanic and swarm regions.  Nanjo (2010) has demonstrated that b-values associated with Izu swarms often begin high, when the seismicity is spatially concentrated, and then decrease as it spreads out.  We find hat the global CMT catalog has a b-value of ~1 for earthquakes M<7.5 but for large ones b~1.5.  


Many earthquake forecasting models, such as those used in the CSEP program, use the G-B relation to forecast the magnitude distribution in a given area.  If it is linear over the full magnitude range, the more numerous smaller earthquakes can, in principle, give statistical estimates of the occurrence rate of large earthquakes by linear extrapolation.  However, if non-linear, with a higher b-value for events larger than a given magnitude (Mc the corner magnitude), the extrapolation will over-predict the large events.  Understanding what controls b-value and corner magnitude is therefore important for estimating long-term hazard.  


I wrote a maximum likelihood program to fit a and b values on piecewise linear segments of the Global (CMT) and Japan (JMA) catalogs.  I concluded that a bilinear variation fits the data best. For earthquakes in the magnitude range 5.5<M<7.4 both catalogs are fit with b-values~1.0 but for larger (M>7.4) magnitudes b~1.5.  This break in slope means that the linear extrapolation from the b~1 segment would over-predict the largest earthquakes by a factor of 4 or more than observations in the historical record.  I tested other models such as the exponential truncation proposed by Kagan (1991), and a continuously variable fractal distribution, but found the bilinear distribution gives the best fit, and that the same bi-linear b-values fit the two, nominally-independent, data sets.


In order to have confidence in the applicability of a bilinear distribution we need to understand the physical mechanisms that give rise to variable b and corner magnitude.  It has been thought that the constancy of b arises from scale invariance of the earthquake process.  With the recognition that large earthquakes may have different b-value there has been interest in determining what gives rise to a new scaling.  For example it has been suggested that large earthquakes, that extend horizontally to much larger dimensions than the depth of the seismogenic zone, might become closer to 1-dimensional (Mo(l) whereas small earthquakes are more likely to be 3-dimensional with length and slip increasing with moment (Mo(l3).  However (Mo(l3) fits all well-recorded events and so no such a scale-breaker has been apparent other than in the b-values. 


Scholtz (2002) proposed that in regions with high gradients of stress, earthquakes of large magnitude are less likely than small ones, since stress is spatially concentrated .  If regions of uniform stress give rise to b values of ~1 high-gradient regions would be expected to give the larger b-values.  

The control of stress gradient on both Izu swarm events as well as the global catalog might be invoked to explain both sets of data. In Izu the initial burst of earthquakes of a swarm cluster, presumably about a magma chamber where stress gradients would be highest, falling of as 1/r3.   The increasing spatial dimensions of swarms have generally been associated with the development of dikes as magma breaks out of the central chambers, and for which the stress will be more widely distributed, falling off as 1/r or 1/r2.  Thus the transition from high initial b-values to low ones may be explained by a change in distribution of stress gradients associated with the redistribution of magma from a spherical concentration to planar.


In the same way, earthquakes that are of small dimension relative to the seismogenic zone see a more uniform stress (hence b- values of 1) compared to those that have dimensions much larger than the seismogenic zone. The large stress gradients across the seismogenic zone reduce the relative likelihoods of  the largest earthquakes compared with regions of low gradients.   Hence b-values in the global catalog >1 for earthquakes greater than magnitude 7.4 (a representative seismogenic zone-spanning event).  

The stress gradient model may explain these disparate data sets.  The difference in b values of 1 to 1.5 means that 
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changes from 2/3 to 1.  Since moment depends on l3  the change in 
[image: image18.wmf]b

 by 1/3 corresponds to a change proportional to dimension.   While we do not understand the detail of this change at present, the observation is consistent with the view that for very large events (such as the 1600 km long Sumatra Andaman earthquake) the high stress gradient in the depth dimension i.e. across the seismogenic zone, impedes source area expansion in that dimension, a feature that is absent in smaller events that are free to expand bilaterally.  This could account for the relative drop in the number of big events compared with small ones for dimensions greater than the width of the seismogenic zone.
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3. CSEP Modeling

CSEP is an international Collaboratory for the Study of Earthquake Prediction.  A node has been established at ERI and various models have been submitted that predict the number of earthquakes in Japan or in the Kanto region over a 3-month period.  The first three month period has concluded and the models are being tested against the observed catalog and given relative rankings.  


This aspect of my research involved collaboration with Kazu Nanjo writing simple MATLAB scripts to perform N and L test on the various forecasts given the catalog data.  The CSEP package calculates all tests, but being a compiled package (written in PERL) it is difficult to modify, or run variations of the tests.  Further, an independent check is useful.  At this preliminary stage of the work we achieve identical values for the number of events or N test, and similar values for the likelihood or L test.  However the differences are significant enough to warrant further investigation. 


Eventually we will extend to the remaining spatial, magnitude and relative R, tests to provide a CSEP MATLAB testing package.
Schorlemmer, D., M.C. Gestenberger, S. Weimer. D.D. Jackson and D.A. Rhodes, Earthquake likelihood model testing, Seismol. Res. Letters, 78.1.17-29, 2007.
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