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Past Research

Estimates of heat flow from Cenozoic seafloor using global depth and age data (Wei and Sandwell 2006; Wei and Sandwell 2006)
The total heat output of the Earth constrains models of mantle and core dynamics.  Previously-published estimates (42 - 44 TW) have recently been questioned because the measured conductive heat flow on young oceanic lithosphere is about a factor of 2 less than the expected heat flow based on half-space cooling models.  Taking the conductive ocean heat flow values at face value reduces the global heat flow from 44 to 35 TW, which has major implications for geodynamics and Earth history.  To help resolve this issue, we develop a new method of estimating total oceanic heat flow from depth and age data.  The overall elevation of the global ridge system, relative to the deep ocean basins, provides an independent estimate of the total heat content of the lithosphere.  Heat flow is proportional to the measured subsidence rate times the heat capacity divided by the thermal expansion coefficient.  The largest uncertainty in this method is due to uncertainties in the thermal expansion coefficient and heat capacity.  Scalar subsidence rate is computed from gradients of depth and age grids.  The method cannot be applied over very young seafloor (< 3 Ma) where age gradient is discontinuous and the assumption of isostasy is invalid.  Between 3 and 66 Ma the new estimates are in agreement with half-space cooling model.  Our model-independent estimate of the total heat output of Cenozoic seafloor is 18.6 to 20.5 TW, which leads to a global output of 42 to 44 TW in agreement with previous studies. 

ALOS L-Band Interferometry (Sandwell and Wei, 2006)

      In January of 2006, the Japanese Space agency (JAXA) launched the first L-band synthetic aperture radar having the duration and orbital accuracy needed to monitor slow crustal deformation globally. The main advantage of the L-band (23 cm wavelength) PALSAR over C-band (5.8 cm wavelength) is that deeper penetration of vegetated areas results in less temporal decorrelation enabling interferograms having longer time separation (Rosen, Hensley et al. 1996). This new data type will enable the study of slow crustal deformations in vegetated areas such as the creeping sections of the Northern San Andreas Fault system.  Each new SAR data set has a new format and different processing requirements. (Curlander and McDonough 1991; Sandwell 2003; NEC/TOSHIBA Space Systems, Ltd. 2006) My job was to develop a pre-process code and modify the SIOSAR processor code to be compatible with ALOS data. There were several technical challenges related to the longer wavelength and improved range resolution of the ALOS PALSAR with respect to earlier C-band SARs and we made three significant improvements to our processing software: (1) Proper focus of the image requires a more precise estimate of the Doppler rate parameter derived from the precise orbital information.  (2) Because the range resolution of PALSAR is about 2 times better than ERS and Envisat, the alignment of the reference and repeat images in the range direction must be about two times more precise.  We have adopted a 6-parameter model to warp the repeat image onto the reference image. (3) In addition the 2 times higher range resolution coupled with the 4 times longer wavelength and larger look angle increase the critical baseline of PALSAR to as large as 18 km; in comparison the critical baseline for ERS is ~1 km. The ability to use much longer baseline pairs causes an elevation-dependent range shift that must be corrected. Since SIOSAR performs all the topographic phase corrections in the range/azimuth radar co-ordinates, implementation of the elevation-dependent range shift was not difficult and only involved spline interpolation in the range direction.   Our lab is one of the first research groups in the US to construct interferograms from ALOS interferometry and these new data and new processing methods such as ScanSAR interferometry will be a significant component of my thesis research.

Current Research

InSAR and Leveling analysis of displacement on the Southern San Andreas Fault near Salton Sea

      The Southern San Andreas Fault (SAF) remains locked at mid seismogenic depth but there is evidence for shallow creep from geologic mapping [references] and  ERS interferometry (Rosen, Werner et al. 1998)  At least some creep occurred during the periods of the 1992 Landers and 1999 Hector mine suggesting it was triggered by the seismic waves.  While the InSAR data clearly indicate step-like variations in the radar range across the SAF, so far the data are available from only one look direction, and there is an important question of a possible partitioning of the InSAR signal between horizontal and vertical components of deformation. Interferometric observations on the western side of the Salton Sea/Coachella Valley graben suggest an on-going subsidence at an average rate of a few millimeters per year, comparable to the magnitude of sharp range changes across the San Andreas fault to the east (Fialko 2006) (David Schmidt and Beth Wisely SCEC 2006). Measuring the amplitude of variations in the radar range across the fault is difficult due to the long temporal baselines of the interferograms.   We use persistent scatters derived from 50 ERS SAR images to improve the interferometric phase recovery.  In addition we use leveling data from 5 repeat surveys spanning these events to constrain the vertical component of the offset (Sylvester, Bilham et al. 1993). A direct comparison between the InSAR and leveling data will help to reduce the ambiguity between the horizontal and vertical components of motion, and provide robust constraints on the shallow creep rates averaged on a decadal time scale. 

Field Measurements and InSAR analysis of Supersition fault creep event on Oct.3, 2006

Following many years of surface slip less than 1.5 mm/yr the 1987 surface rupture of the Superstition Hills fault slipped more than 27 mm in October 2006. (Fig. 1a) We went to the field on 10/8/06 and 10/12/06. The surface rupture is at least 11 km. (Fig. 1b) The creep event was aseismic and unlike the SAF creep which was triggered by the Landers and Hector Mine dynamic and static stresses (Rymer, Boatwright et al. 2002) there was no triggering mechanism for the October 2006 Superstition Hills event. 
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Fig 1a. The creepmeter data collected by Bilham. Fig 1b. The fault trace of the Superstition Hills fault. The red star is the location of Bilham’s creepmeter. The yellow line is the range we surveyed on 10/12/06, total 11 km long. Measurements were taken between the lower two flag labels. Fig 1c. The measured displacement versus the longitude.

The field trip on Oct.12 was a joint group between UCSD and SDSU. We tried to measure the creep in field and find the end of the creep. The measurement was taken as the following procedure. First, find a crack on the fault whose orientation is an angle to the fault trace to express the displacement clearly. Second, find two match points on two sides of the crack. Third, place the rule between these two points and record the orientation based on a compass.  Fourth, measure several times on the same spot and record them. The position of the measurement is recorded based on handhold GPS. The southern end of the creep was found and the northern end was not. 

The field measurements provide only the creep on the fault and the variation of creep with distance is needed to estimate creep depth. Previous research used ERS data span 1992-2000 and estimate the magnitude and depth variation on Superstition Hills fault. (VanZandt and Mellors SCEC 2006) InSAR data was ordered after the Oct.3 creep event and we captured it on the interferogram successfully. We will analysis the data and compare it to previous research. 

Proposed Research: 

Observations and Modeling of Shallow Fault Creep Along the San Andreas Fault System

Kinematics of the Earthquake Cycle and Fault Creep

My research is motivated by models of the earthquake cycle that incorporate rate-and-state friction (TSE and Rice 1986) (Figure 2a, 2b). Above a depth of ~30 km, plate boundary deformation occurs on discrete faults (Thatcher 1983).  Over a period of many earthquake cycles, the displacement is uniform with depth such that the sum of the co-seismic, post-seismic, and inter-seismic deformation is equal to the geologic displacement.  Within the seismogenic depth (3-12 km), sliding is episodic because the static coefficient of fault friction is greater than the dynamic coefficient of friction (velocity weakening) (Dieterich 1994).  At shallower and greater depths, slip is steady state because the strength of the fault increases with sliding velocity (velocity strengthening) (Marone and Scholz 1988). The time and depth variations in slip depend on a number of poorly constrained model parameters (Savage 2006), as well as the orientation and intensity of the applied stress field.  Geodetic measurements can reveal the distribution of slip with distance from the fault and thus can be used to infer the slip distribution with depth (Fialko, Simons et al. 2001) (Turcotte and Schubert 2002).  Networks of seismometers, GPS stations, and other geodetic instruments provide exceptional temporal coverage of the co-seismic, post-seismic, and inter-seismic motions along the North American/Pacific Plate boundary, however their spatial coverage is usually poor.  Interferometric synthetic aperture radar (InSAR) complements these systems by providing complete 100-m spatial resolution, but at a much lower sampling rate (24 to 45 days).
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Figure 2. (a) Fault slip versus depth for the complete earthquake cycle, after Tse and Rice (TSE and Rice 1986).  At each depth, the sum of the co-, post- and inter-seismic slip must equal the geologic displacement. (b) Surface displacement across the fault for the co-, post- and inter-seismic parts of the cycle. The near-field surface displacement for both the co- and inter-seismic phases depends on the depth distribution of fault creep during the inter-seismic period.  InSAR is the best tool for monitoring near-field co- and inter-seismic displacement over large areas.  GPS is the best tool for monitoring far-field velocity and time-dependent, post-seismic displacement. (c) Schematic for interseismic strain accumulation.  At shallow depths (0 - 4 km), a velocity strengthening zone occurs along well-developed faults resulting in stable sliding at shallow depth (Marone and Scholz 1988). Similarly, there is a velocity strengthening zone at greater depth (> ~12 km).  (d) Fit of GPS velocity data across the Imperial fault (Lyons, Bock et al. 2002)  reveals a locked zone between 2.9 and 10 km depth. We use the Savage and Lisowski (Savage and Lisowski 1993)  model to fit the GPS velocity data across the fault.
An important issue for both earthquake physics and earthquake hazard models and is the depth and extent of surface creep.  (Note in this discussion, we use the term creep to represent all forms of shallow aseismic slip including postseismic slip, triggered slip, and steady slip.) Fault creep is defined as surface slip without seismic event. A handful of faults in California manifest some form of surface creep: afterslip, episodic slip, steady slip, or triggered slip. [Fig.3] Creep can be considered a proxy for shear strain applied to a fault, although its rate is sensitive also to fault normal stresses, and variations in the frictional properties of the near-surface fault. (Bilham, Suszek et al. 2004).  While surface creep rate has been measured through a combination of creep meters (Savage and Burford 1973) and geologic mapping (Rymer 2000)  solving for the creep depth will require measurements of surface strain near the fault (Schmidt, Burgmann et al. 2005).  The appropriate distance range is 0 to 
[image: image3.wmf], which is about 10 km for the Imperial fault.   The main focus of my proposed research is to perform a systematic study of near-field strain along most of the SAF system. 

Table 1. - Representative aseismic-slip rates on faults of the San Andreas system [Modified from (Thatcher 1990)].
	Fault
	Site
	Creep Rate 

(mm/yr)
	Reference

	Hayward
	Hayward network +

InSAR
	5 - 6 - 7
	Prescott and Lisowski [1983]

Savage and Lisowski [1993]

Malservisi et al. [2005]

Burgmann et al. [2000]

	Northern Calaveras
	Camp Parks
	3
	Prescott and Lisowski [1983]

	Southern Calaveras
	San Felipe
	13
	Lisowski and Prescott [1981]

	San Andreas
	Cienega Winery
	12
	Schulz et al. [1982]

	San Andreas
	Eade Ranch
	30
	Buford and Harsh [1980]

	San Andreas
	Parkfield 
	13
	Buford and Harsh [1980]

	Garlock
	Cameron
	4
	Louie et al. [1985]

	San Andreas
	Indio - Coachella
	2 - 4 - 6
	Louie et al. [1985]

Sieh and Williams [1990]

Rymer [2000]

Lyons and Sandwell [2003]

	San Jacinto
	Bailey Wells

Superstition Hills 
	5
	Louie et al. [1985]

Hudnut and Clark [1989]

Van Zant and Mellors [2005]

	Imperial
	Interstate Hwy 80


	5 - 9
	Louie et al. [1985]

Lyons et al. [2002]
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Figure 3. Map of California (Thatcher 1990) showing rates (green numbers) of aseismic slip (fault creep) and relative right-lateral-displacement rates (blue numbers) near arrows (values in mm/yr), which indicate direction of relative movement along major active strands of the SAF System. Locked (no surface slip) segment of major fault, red line; other quaternary fault, black line; faults dotted where concealed. See Table 1 for details. 
The hazard implications of fault creep are still debated.  Previously it was suggested that creep might represent a precursory failure leading to major earthquakes (preseismic slip) (Nason and Weertman 1973). On the other hand, creep may partially relieve stress buildup along faults, therefore reducing the moment of future large earthquakes (Prescott and Lisowski 1983)  Regardless, most models of earthquake generation  rely on creep to load asperities on a fault (TSE and Rice 1986)  which subsequently fail in earthquakes.  Thus, creep studies are important in determining seismic hazard. 
Proposed mechanisms controlling shallow fault creep

i)  Basement depth (write a few paragraphs here with references)

In geology, the terms basement is used to define the rocks below a sedimentary platform or cover, or more generally any rock below sedimentary rocks or sedimentary basins that are metamorphic or igneous in origin. The transition of rock type probably means change of major physical properties of rocks, such as coefficient of friction and strength. So the basement depth is a possibly major constrain of creep depth. Direct comparison between the basement depth map and the creep depth will be a good test.

Kohler and Fuis have produced a basement depth map near Salton Sea area in 1989. (Kohler and Fuis 1986) (I am still searching for basement depth map for other area.)

ii) Surface strain rate

Measuring and modeling fault creep may potentially improve our understanding of earthquake physics.  There are several models for fault creep. We initially focus on Savage and Lisowski model (Savage and Lisowski 1993). The model is shown on fig 4. Savage and Lisowski developed a model to describe the fault creep. (Savage and Lisowski 1993)[Fig.4] Creep reduces the strain energy near a fault zone potentially available to drive a future earthquake. Important parameters are shear stressing rate (, surface creep rate s, far field slip rate b, creep depth d and locking depth D. Locking depth is under the creep depth. The fault between these two depth is locked. The relationship of these parameters is: 
[image: image4.wmf] where ( is the rigidity of the crust. By fitting observed surface creep rate, we can estimate creep depth and locking depth, which is critical to understand earthquake cycle.
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Fig 4. Elastic dislocation model (Savage and Lisowski 1993). Top: A right-lateral, stike-slip fault in which two blocks slide past each other with far field velocity V. Bottom: The resultant deformation signature across the fault if (solid line) the fault is locked from the surface to locking depth D and slips freely below D, and if (dashed line) the fault is locked only between d and D.
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