Assignment for a UUG Geophysics class

Slip-rate along the San Andreas Fault 

and 

Seismic hazard estimation for central California
Introduction

The San Andreas Fault (SAF) is seismically very active and generates many earthquakes every year. Only the largest earthquakes (Magnitude > 6) tend to be very destructive and costly. The last earthquake along the SAF, the 1989 Loma Prieta Earthquake (M = 7.0), killed 62 people throughout central California, injured 3,757 people and left more than 12,000 people homeless. More than a century ago, the 1906 San Francisco Earthquake (M = 7.8) killed more than 3000 people and left between 225,000 and 300,000 people homeless out of a population of about 410,000. In this assignment you will learn how to use geodetic data collected across the SAF to calculate the slip rate along the central segment of the SAF, which will be used to estimate seismic hazard for central California.
Background

[image: image1.emf]Geodetic measurements of crustal movements in California provide critical observations for understanding earthquakes. Almost a century ago, Read (1910) analyzed geodetic measurements acquired before and after the 1906 San Francisco Earthquake to establish his “elastic rebound” theory (Figure 1).  The theory proposes a two stage model of crustal deformation: elastic behavior in between earthquakes (interseismic) and fault rupture (coseismic) during earthquakes. Based on additional geodetic measurements and theoretical considerations, the elastic rebound theory expanded into a four stage conceptual model, known as the “the earthquake deformation cycle”. The two additional stages are pre- and post-seismic deformation, occurring short time before and after the large earthquake, respectively. So far, geodetic observations only detected interseismic, coseismic and postseismic deformation. Unfortunately, no measurements show a clear preseismic signal, which could serve as a precursor to an earthquake. 

In this assignment we will focus on interseismic deformation, occurring between large earthquakes. Crustal movements detected during the interseismic stage provide  useful information on the slip rate along a fault, which is an essential parameter when assessing seismic hazard.

Objectives

This assignment is based on real geodetic data measured in central California across the San Andreas Fault. It will get you acquainted with geodetic observations, basic data analysis methods, and earthquake mechanics. The geodetic observations provide information on deformation kinematics (motion), but not on the physical processes. In order to use the observation to learn about the dynamics (forces) of the deformation, we need to assume how the deformation occurs. Here, you will use two different assumptions that will lead to two different results. Thus, the assignment will also teach you that assumptions are very important in any data interpretation process. Finally, the calculated slip rate will allow you to assess the seismic hazard in central California.

Observations

A young and enthusiastic geophysicist used precise GPS equipment to measure crustal movements across the San Andreas Fault in Central California. Her measurements are shown in the figures below (Figures 2 and 3). The velocity vectors are provided with respect to the Stable North America reference frame and show southwestward magnitude increase. In this reference frame, crustal movements in eastern US (east of the Colorado Plateau) are zero and increase in tectonically active areas, such as western US. The velocities and their uncertainties are given in Table 1.
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Figure 1. Ground displacement and strain evolution near
a fault based on Reid’'s Elastic Rebound Theory. a) Initial
state. b) Regional stresses applied to the crust cause
strain deformation far from the fault. c) Stresses exceed
strength of fault and rupture occurs returning the crust
on either side of the fault to its pre-deformation shape. d)
Displacement is largest near the fauit and decays with
distance from the fault.
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Figure 2. (a) Location of study area. Large arrow shows direction of Pacific plate motion relative to stable North America, calculated on the San Andreas Fault at the center of our study area (Figure 1b). (b) Enlarged view of the study area and GPS site velocity data. (From: Schmalzle et al., 2006).
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Figure 3: A subset of the GPS velocity field in Central California showing velocity variations across the San Andreas Fault. The velocities are shown in the Stable North America reference frame.

Table 1: GPS-derived fault-parallel (||) and fault-normal (┴) velocity components in Central California. Rate and uncertainties are given in mm/yr.

	Site
	Fault ||
	Fault ┴
	Distance

	Name
	Rate
	Uncer.
	Rate
	Uncer.
	(km)

	A504
	37.5
	0.6
	3.0
	0.4
	-22

	A505
	42.9
	1.4
	4.1
	0.5
	-67

	CAUV
	25.8
	0.5
	2.9
	0.5
	4

	GOUD
	23.4
	0.3
	1.9
	0.1
	15

	LASY
	29.3
	0.4
	2.5
	0.3
	2

	LNDA
	42.5
	0.5
	4.4
	0.5
	-55

	NAPO
	25.4
	0.8
	3.9
	0.7
	6

	P807
	19.8
	0.5
	3.4
	0.5
	20

	POSO
	32.0
	1.2
	0.9
	0.3
	-3

	SAL2
	36.0
	0.6
	1.6
	0.4
	-17

	TWR2
	29.7
	0.8
	3.5
	0.4
	1


Data analysis 

In this part, we will calculate the slip rate across the San Andreas Fault (SAF) using 3 methods. The first two methods assume that the entire motion across the SAF occurs only along the fault. The third method assumes a locked fault and motion is accommodated by elastic deformation of the crust on both sides of the fault. 

All methods use only the fault-parallel component. The fault-normal component is used to evaluate possible misfits. Please write your result in the space provided below the description of each method.

METHOD 1: Nearest stations – Find two stations nearest the fault but on opposite blocks and calculate the difference in rate between the two stations. Use also the reported uncertainties to estimate the quality of your calculations, for both parallel and normal components.

Answer [10 points]:
Nearest station NE of the fault – TWR2  - fault parallel component: 29.7 +- 0.8  mm/yr
Nearest station SW of the fault – POSO – rate


        32.0 +- 1.2  mm/yr
Slip rate across the fault: 2.3 +- 1.4  mm/yr


Slip rate = 32.0-29.7



Uncertainty = square-root (1.2 x 1.2 + 0.8 x 0.8) = sqrt(2.08) = 1.44

METHOD 2: Average – calculate an average rate for each of the two blocks separated by the fault. Calculate the velocity difference between the average values, as in previous method.  Bonus: Calculate uncertainties for each block (uncertainties = standard – deviation). 
Answer [15 points, bonus – extra 10 points]:
Average rate NE of the fault = 26.6 +- 3.7  mm/yr
Average rate SW of the fault = 38.2 +- 4.6  mm/yr
Slip rate across the fault: 11.6 +- 5.9  mm/yr


Slip rate = 38.2-26.6


Uncertainty = square-root (3.7 x 3.7 + 4.6 x 4.6) = sqrt(34.85) = 5.9
METHOD 3: Locked-fault (dislocation model - Figure 4) - The model assumes a half-space that consists of an upper elastic seismogenic layer of a uniform thickness (D) consisting of two blocks sliding horizontally past each other at constant velocity (V0). The model assumes an infinitely long fault, which implies that the fault-normal velocity component reduces to zero. The fault-parallel velocity component at the surface depends only on the horizontal distance from the fault (x). 
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Figure 4. Schematic illustration of a locked-fault (dislocation) model.

The mathematical description of the surface fault-parallel velocity is
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where Vorig is a constant, representing an arbitrary offset between the velocity profile (at x = 0) and the chosen reference frame.  Vslip is the slip rate at depth, which is equivalent to far field plate rate, x is the perpendicular distance from the fault, and D is the locking depth (depth at which the fault is considered locked and will have periodic earthquakes). 

In order to use the model, you need to (i) calculate the stations’ distance to the fault and (ii) to know the three parameters (Vslip, Vorig, D). First calculated the stations’ distances by using the scale in Figure 3 and add the measured values to Table 1. Plot on two different diagrams the fault-parallel and fault-normal components [10 points]. Also add the reported uncertainty for each station.  

Now, you need to add the expected velocity predicted by the locked-fault model. Calculate the expected velocities at 10 km spacing for the range (-100) – (+100). To estimate the three parameters use the following guidelines:

For Vorig use the average velocity of the stations. For Vslip use the largest velocity difference between all stations (highest minus lowest of all parallel velocities). In order to fit the observations (right lateral motion along the SAF), however, Vslip  should have a minus (-) sign. For D use 15 km.

First construct the following table that covers the range x =  (-100) to (+100) (if possible use Excel). [15 points]
The table below was imported from the Excel file Interseismic-dislocation.

	distance
	x/D
	arctg (x/D)
	Vslip*arctg(x/D)/
	V(x) = Vorig + Vslip*arctg(x/D)/

	-100
	-6.67
	-1.42
	10.45
	41.75

	-90
	-6.00
	-1.41
	10.34
	41.64

	-80
	-5.33
	-1.39
	10.19
	41.49

	-70
	-4.67
	-1.36
	10.00
	41.30

	-60
	-4.00
	-1.33
	9.75
	41.05

	-50
	-3.33
	-1.28
	9.41
	40.71

	-40
	-2.67
	-1.21
	8.91
	40.21

	-30
	-2.00
	-1.11
	8.14
	39.44

	-20
	-1.33
	-0.93
	6.82
	38.12

	-10
	-0.67
	-0.59
	4.32
	35.62

	0
	0.00
	0.00
	0.00
	31.30

	10
	0.67
	0.59
	-4.32
	26.98

	20
	1.33
	0.93
	-6.82
	24.48

	30
	2.00
	1.11
	-8.14
	23.16

	40
	2.67
	1.21
	-8.91
	22.39

	50
	3.33
	1.28
	-9.41
	21.89

	60
	4.00
	1.33
	-9.75
	21.55

	70
	4.67
	1.36
	-10.00
	21.30

	80
	5.33
	1.39
	-10.19
	21.11

	90
	6.00
	1.41
	-10.34
	20.96

	100
	6.67
	1.42
	-10.45
	20.85


Plot the calculated velocity values (V(x)) on a chart as a function of distance from the fault and connect the points with a line (again, if possible use Excel). Now add the observation values form Table 1 (x-axis distance from the fault; y-axis fault parallel component). Add your chart showing both model (line based on Table 2) and observations (Table 1) to this assignment [20 points].
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This model has the following parameters: Vorig= -23.1, Vslip= 31.3, and D=15
How is the fit between the observation and the model [5 points]?

So-so. Most of the observations lie below the line.

How can you improve the model [5 points]?

Change the parameters (V0, V1, D). Mainly reduce the value of V1, but also increase the (absolute) value of V0. Also a small increase in the seismogenic depth (D) can increase the fit.
Modify one or two of the parameters (Vslip, Vorig, D) and re-calculated the expected velocity. Plot it as before and compare the results with the observations [10 points].

In the following model: Vslip= -34, Vorig= 29, and D=18. The fit between observations and model is much better.
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Bonus question: How does changing each parameter affect the model [bonus - extra 15 points]?

The change of the seismogenic depth (D) changes the width of the deforming zone. Lower values of D concentrate the deformation adjacent to the fault. Larger values of D diffuse the deformation over a wider zone. This parameter does not affect much the velocities in the far field.
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Changes in the slip rate (V0) changes velocity values in far-field! The width of the deforming zone is not affected by this parameter.
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What will be the effect of changing V1?

What is your best estimated slip rate across the San Andreas Fault in Central California [10 points]?

My best estimate is 34 mm/yr. It is significantly different that the slip rates calculated by the first two methods assuming slip occurring along the fault plane and not by crustal deformation.

The locked-fault (dislocation) model result fits well with the modeling results 36+-2 mm/yr calculated by Schmalzlie et al. (2006), who were kind enough to provide us their data.

Seismic Hazard assessment

The calculated rate can be used to calculate the expected rupture time and magnitude of the next large earthquake in central California. Geological studies (paleoseismology) estimate the recurrence time between large earthquakes is 205 years (It has been 150 years since the last earthquake). Use the calculated slip-rates (locked fault model) and the estimated recurrence interval to calculate the accumulated displacement that will be released by the next large earthquake. 

Answer [10 point]:
At a rate of 34 mm/yr, after 205 years the accumulated slip is 



34 mm/yr x 205 years = 6970 mm ~ 7 meters.
Based on a large number of earthquakes, seismologists found interesting and useful relations between various earthquake parameters (Figure 5). Use the empirical relations (solid lines) to determine the ruptured fault length and moment magnitude that you can anticipate for central California. 
Answer [10 points]


Rapture (displacement) length – 300 km.

Moment magnitude – about 8.2!
Do you anticipate that the next earthquake in central California will be very destructive? Will it be a Loma Prieta, San Francisco, or a different category regarding the life lost and damage? (Clue: how populated is central California?).

Answer [10 points]:

A 300 km long rupture can easily affect the Los Angeles basin. So, it will probably be another distractive earthquake as the San Francisco one. It will be the next “big-one”.

The last big earthquake that ruptured this fault segment was the 1857 M=7.9 Fort Tejon Earthquake, which ruptured a 300 km long fault segment. The damage cause by the 1857 was not great, because the area at that time was sparsely populated. But today, or in 50 years, it will be a different story.
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Figure 5. Empirical relations between slip, fault length and moment magnitude. (From: Wells and Coppersmith, 1994).
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