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Abstract

A simultaneous inversion of a large dataset produced robust estimates of regional 

attenuation for the Lg phase in interior Alaska. Data were collected from summer 1999 

through summer 2001 from the Broadband Experiment Across the Alaska Range 

(BEAAR). Spectra calculated from this dataset were used in a nonlinear simultaneous 

least squares inversion to determine source factors, path effects and site amplification 

terms. The average regional attenuation of the Lg phase in interior Alaska was found to 

be:

LgQ (f) = 166 f 05S

Variation in regional attenuation has two main characteristics: variation on small 

spatial scales caused by small crustal heterogeneities, and increased excitation of the Lg 

phase along raypaths perpendicular to the strike of subduction from shallow subduction 

events due to the effect of the subduction zone geometry. This study also estimated stress 

drops, site factors, and developed a robust method of estimating seismic moment (Mo) 

for small events.
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1 Introduction

1.1 Motivation for this Study

The devastation that a great earthquake can cause is not only dependent on its size 

and location, but also on the efficiency with which the seismic waves travel through the 

earth to reach the population at risk (e.g., Kvamme et al., 1995). Therefore, it is 

important that an area with a high probability of great earthquakes have a well- 

determined seismic attenuation model in order to accurately estimate the strong shaking 

from anticipated events. The primary goal of this thesis is to determine the seismic 

attenuation factor for the Lg phase throughout interior Alaska. This may give insight into 

the attenuation of other phases with crustal raypaths.

There are many reasons to study the propagation of the Lg phase. Since this 

phase is generally the largest arrival at regional distances (Kvamme et al., 1995) it is 

important for seismic hazard assessment. Since the Lg phase contains information on 

crustal structure because it travels entirely in the crust (Calvert et al., 2000) it may be 

used to study anomalous structures of the crust. Yet another reason to study the 

propagation of the Lg phase is the potential to use the Lg phase as an indicator of 

underground nuclear explosions. Studies showing that Lg measurements are an excellent 

means of estimating the yield of underground nuclear explosions include those by Hansen 

et al., 1990; Gupta et al., 1981; and Al-Eqabi et al., 2001.

The Lg phase has been modeled both as higher-mode Love and Rayleigh waves, 

and as a collection of multiply reflected shear waves trapped between the Moho 

discontinuity and the surface (Calvert et al., 2000). The waves reflect between these



boundaries and interfere with each other, progressing along the crust at some fraction of 

the shear wave velocity related to the angle of the wave front to the crust. This collection 

of waves travels entirely inside the crust, and thus may carry information about crustal 

attenuation, and is affected by variation in crustal structure. The Lg phase is most 

efficiently excited by shallow earthquakes releasing shear wave energy directly into the 

crustal wave-guide (Shi et al., 2000). In the near field, these shear waves propagate 

spherically as body waves, but as the wave front reaches the boundaries of the wave 

guide, they are constrained within the crust, and expand cylindrically (Herrmann and 

Kijko, 1983). Typical body waves continue to expand approximately spherically as they 

travel regional distances. Thus, as the waves reach regional distances, the Lg phase will 

decrease in amplitude more slowly than the body wave phases. This is one reason why 

Lg waves are often the dominant phase at regional distances.

1.2 Tectonic Setting

Alaska is almost entirely made up of a quilt-like accumulation of lithotectonic 

terranes accreted onto the Canadian Shield from a series of orogenies (Figure 1, from 

Plafker and Berg (1994). Plafker and Berg (1994) delineate a reconstruction of the 

tectonic history of Alaska that includes almost constant active tectonism, with 

subduction, volcanism, rifting, and large strike-slip displacements continuing from the 

Cambrian through the present. Almost every part of Alaska has been faulted, folded, or 

deformed to a large extent. Transform faulting has placed lithologic units of very
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Figure 1. Geologic map of terranes and recent tectonic activity (Plafker and Berg, 1994). This map 

shows the recent tectonic activity and many of the crustal terranes that compose Alaska. This "quilt" of 

varying structure and active faulting may affect attenuation in the region.



different composition, and possessing different seismic wave velocities, in contact on 

both large and small scales.

These lateral seismic velocity heterogeneities may act as scattering bodies for 

seismic raypaths. Convergent tectonism has produced large areas of crustal deformation 

and mountain building, and lateral variations in crustal thickness have developed. 

Volcanic and plutonic activity have produced a large number of geothermal hot springs 

and an unknown effect on seismic wave propagation.

Alaska continues to be extremely tectonically active. The Pacific plate is 

currently subducting under mainland Alaska at a rate of approximately 6 cm/year 

(DeMets et al., 1990; DeMets et al., 1994). The subduction of the Pacific plate produces 

abundant active volcanism along the Alaskan peninsula and the Aleutian arc. In central 

Alaska subduction is extremely shallow. This high rate of subduction, along with the fact 

that the plates are strongly coupled in this region, causes a buildup of compressional 

stress that produces some of the largest earthquakes in the world. Another source of 

compressive force is the collision of the Yakutat block with Alaska. The compressional 

tectonics of southern Alaska is also producing current uplift and mountain building in a 

number of regions including the Chugach and Wrangell/St. Elias mountain ranges 

(Plafker and Berg, 1994).

The Queen Charlotte, Fairweather, Denali, and Tintina faults are a few of the 

currently active strike-slip fault systems. These are all right-lateral faults, and range from 

five centimeters of displacement a year on the Queen Charlotte and Fairweather faults 

(DeMets et al., 1990), to less than 5 millimeters of displacement on the Tintina fault
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(Fletcher, 2002). The current model of tectonic deformation in the region bounded by the 

Denali and Tintina faults suggests that a series of long thin crustal blocks are rotating 

clockwise to accommodate shortening due to the compressional stress from the 

subduction of the Pacific plate and the collision of the Yakutat terrane (Page et al., 1995). 

This compressional stress is forcing right-lateral strike-slip motion on the Denali fault, 

causing shear and compressional stress on the northeast-trending crustal blocks between 

the Denali and Tintina faults, resulting in rotation and left-lateral motion on the bounding 

faults. Evidence for these proposed structures includes current trends of seismicity in 

long thin northeast trending lineaments, and pervasive northeast-trending faults showing 

left-lateral displacement of various geologic features (Page et al., 1995).

1.3 Previous Attenuation Studies

Bostock and Kennett (1990) studied the effect of the shape of the crustal wave

guide on the propagation of the Lg phase using three-dimensional ray tracing with a 

number of crustal shapes. They found that variations in the shape of the crust could 

affect the propagation efficiency as well as the orientation of wave polarization. The 

modeled propagation efficiency was reduced when the raypaths arrived at an oblique 

angle to the elevation gradients, and this reduction was due to leakage of energy into the 

mantle as well as scattering of the raypaths. In areas of uniform crustal thickness, 

propagation should be efficient, with little scattering or energy leakage to the mantle. In 

areas with strong elevation gradients, such as the edges of the Tibetan Plateau, there is 

very strong scattering, as well as leakage of a large portion of the energy into the mantle.
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These results generally match observations, such as McNamara et al. (1996), and Xie 

(2002) who found very strong attenuation across this region.

In an effort to quantify the reported differences in attenuation between regions of 

active tectonism and regions of the stable continental craton, Benz et al. (1997) studied 

regional Lg attenuation in a number of different regions in the continental United States. 

They calculated Fourier amplitude spectra from broadband seismic networks, and 

inverted spectra for earthquake source parameters, seismic attenuation, and site terms, 

assuming a geometric spreading term, and solving for one frequency at a time. In the 

tectonically active regions of the continent they found higher attenuation with stronger 

frequency dependence. In comparison, regions away from the plate boundaries had much 

lower attenuation and little or no frequency dependence. The regions of high attenuation 

possessed larger numbers of active faults, as well as large vertical relief and elevation 

gradients, active mountain building, and possibly areas of relatively thin crust. In 

contrast, the regions of low attenuation were characterized by few active faults, small 

vertical relief, and relatively old, thick crust.

Calvert et al. (2000) mapped the efficiency of Lg and Sn wave propagation in the 

Affica-Iberia plate boundary zone. They used Lg/Pg amplitude ratios to infer attenuation 

characteristics for each raypath, and then used a tomographic inversion to map variations 

in attenuation. They found high attenuation in regions of thinned crust, oceanic crust or 

significant sedimentary basins. They also found high attenuation in the Strait of Gibraltar 

region, which, they propose, could be related to intense deformation from crustal-scale 

thrusting and shortening, and possibly a hot mantle. Areas for which they found efficient

6



Lg propagation included the Iberian and Moroccan mesetas, and the High Plateau, 

possibly because of the uniformly thick crust in the area.

There is significant evidence that Lg attenuation can be correlated with crustal 

structure (Kennett, 1989). This gives another reason to determine Lg attenuation and its 

local variations. If local variations in Lg attenuation can be accurately determined, 

constraints may be placed on local crustal structures. Researchers shouuld, however, be 

very careful in conjectures about structure, as Lg attenuation may be affected by a large 

variety of crustal structures, and additional information is necessary in order to constrain 

a model.

1.4 Previous Attenuation Studies in Alaska

Steensma and Biswas (1988) published a study on coda amplitude decay of S 

waves, and found a general coda attenuation of 215f°6. They used a single short period 

station and 27 events to estimate a coda Q value for the coverage area. They assumed 

geometric spreading and corrected for instrument response, and then filtered the time 

series at nine frequencies. They then used these data in a linear regression to calculate 

coda Q.

McNamara (2000) used a small subset of data from the Broadband Experiment 

Across the Alaska Range (BEAAR) and performed an inversion of spectral data at single 

frequencies to find a frequency dependent LgQ, and found a value of 220f°'66.

McNamara used data from six broadband seismic stations, recording 27 events. He 

filtered these time series at 5 frequency bands and used singular value decomposition to

7



calculate an average value of attenuation at each single frequency. This inversion 

assumes a function for geometric spreading and also simultaneously calculates a value of 

the source and site terms. He then used the attenuation values at each frequency in a 

second regression to find a frequency dependent value of LgQ.

These two studies show a remarkable similarity between estimated Lg Q and the 

estimates of Q for S coda waves. Both studies show generally low values of Q, as 

expected due to the high tectonic activity and complex crustal structure in the study area. 

Both studies share the problem of tradeoffs between estimates of source, site, and 

attenuation terms, and do not require the source functions to follow an expected shape as 

predicted by Brune (1970; 1971) and supported by other studies. Sonley and Atkinson 

(2001) and Shi et al. (1998) have shown strong support for this model, and it is used by 

many previous attenuation studies (e.g., Benz et al., 1997; Atkinson, 1989; Xie, 1998; 

and Tsumura et al., 2000).

1.5 Investigations

The seismic displacement amplitude measured at each seismic station will depend 

on the earthquake source parameters, the geometric spreading of the wave energy, path 

effects, including anelastic attenuation, scattering, and energy leakage from the wave

guide, site amplification factor, and the response of the seismic instrument. In the time 

domain, all these factors are convolved together to yield the final time domain response 

recorded by the instrument. By moving into the frequency domain through the Fourier

8



transform of the time series, the convolutions become products, and the effects can more 

easily be separated. The attenuation factor is determined in the form of a power law:

Q { f )  =  q T  <»

where q and r\ are parameters to be estimated.

Attenuation was estimated using a simultaneous non-linear least squares inversion 

of all included spectral data for attenuation, source parameters, and site effects. The 

estimated source parameters are seismic moment, Mo, and comer frequency, fo. Seismic 

moment is a measure of the energy release of an earthquake, and is the basis of the 

moment magnitude scale (Kanamori, 1977), which has the advantage that it is less 

subject to saturation than other magnitude scales. I compared the magnitude estimates 

from the current inversion with the results reported by the Alaska Earthquake Information 

Center. Comer frequency is the frequency where the source spectrum changes shape 

from the low frequency constant to the high frequency roll off proportional to (O'2.

Comer frequencies are estimated from the spectral data to best fit the source model for 

each event. Since I used a Brune (1970) source model, these were then used to estimate 

the stress drop for each event. The postulate of a constant stress drop was tested, and the 

implications are discussed in chapter 4.

Frequency-dependent site amplification factors for each seismic station are also 

calculated in the inversion. As seismic waves travel from one medium to another, the

9
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change in wave velocity is accompanied by a change in amplitude to maintain 

conservation of energy. These changes are manifested as amplification of the seismic 

signal at a single station (Castro et al., 1990), and increase residuals in the inversion and 

can bias the results unless they are accounted for. Other effects, such as local resonances 

or less than ideal ground coupling may produce a frequency dependent amplification.

Local site effects can be extremely important in cities, where high amplification may 

cause the same event to have greatly different effects in different areas of the city. In the 

current study, calculation of these effects is mainly to reduce the residuals, however, 

similar studies would enable the estimation of site amplification factor in other areas.

This study develops a basic description of Lg attenuation in continental Alaska 

estimated from numerous measurements. Source and site effects are also considered in 

order to develop a full understanding of local ground motion induced by distant events. 

These results will aid in seismic hazard mitigation, as well as the development of a 

greater understanding of seismicity and crustal structure in Alaska.
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2 Methods

In this study, I performed a number of inversions to study the nature of crustal 

attenuation in interior Alaska. The first investigation used all available data to estimate 

the average attenuation over the entire study area. The next investigation studied the 

variation in attenuation across the state by inverting smaller areas individually and 

comparing the results. Finally, values of attenuation were estimated for each raypath, 

giving more detailed insight into the nature of attenuation in the region.

The inversion to find the attenuation of the Lg phase followed the same steps for 

each investigation, but with different subsets of data. The first steps were to develop an 

efficient method of extracting the necessary data from the BE AAR database, calculate an 

accurate and normalized displacement amplitude spectrum, and save it as a useful format, 

Then useful subsets of events and spectra were selected to exclude noisy measurements 

and to provide ample ray coverage of the study area. Next, the data were entered into an 

inversion program, the results calculated and uncertainties estimated. Finally, the results 

were interpreted.

I wrote a MatLab function to extract waveform data from the BE AAR database, 

calculate each spectrum, and save the spectra into a new database table. This function 

uses a list of origin times and locations from the AEIC earthquake catalog queried for 

events shallower than 25 km within continental Alaska. Using the location and timing 

information, the function calculates phase arrival times, and displays a waveform 

segment that includes the Lg phase time window. Final hand-tuning adjustments to the



time window ensured inclusion of the Lg phase, and the spectrum of the selected time 

window of seismic data was then calculated. A time window of equal length 100 seconds 

before the origin time was selected to estimate the noise level, and both spectra were 

plotted on the same figure. The spectrum was then cropped to exclude portions of the 

spectrum with insufficient signal to noise ratio (signal > 2*noise). Finally, the results 

were written into a database table and each spectrum saved to a file. Saving only the 

spectra with good signal to noise ratios reduced the need to revisit each spectral estimate 

a second time.

The next task required building data structures from the database that contained 

all needed data for the inversion program. Another MatLab function was designed to 

build these data structures and deliver them into the MatLab workspace for use in the 

inversion program. This program also allows selection of data within specified regions. 

The user can define a region for the events and a region for the stations, and thus have 

careful control on the raypath coverage included in the inversion.

The last step was the actual inversion. An iterative non-linear least squares 

inversion following the method of Kvamme et al. (1995) was performed to yield source 

parameters, site effects, and average crustal attenuation for the Lg phase. This is an over

determined matrix inversion due to the large number of spectral estimates measured from 

each event. Because of this over-determination the inversion is stable and well 

constrained. The inversion was handled with sparse matrix methods that reduced the 

computation time, and allowed large data sets to be computed in a matter of a few hours.

12



2.1 Spectra

One of the most important steps in this method is the accurate determination of 

the displacement amplitude spectrum of the Lg phase of the seismogram. Simple discrete 

fast Fourier transforms give a good estimate of the spectrum, but suffer from a trade off 

between spectral leakage and increased variance. The cause of this trade off is an effect 

of extracting the pertinent segment of the seismogram using a single taper. Instead, I 

used the adaptive multitaper method, as discussed in detail in Park (1987) and 

summarized below.

A boxcar taper gives the lowest variance, because all the data in the time window 

are used, and will also not be biased toward the frequencies in the center of the window, 

but it will allow a large amount of spectral leakage in the high frequency region. The 

spectral leakage can be seen by taking the Fourier transform of the taper, and for the 

boxcar taper this is the sync function, with a central lobe and many smaller side lobes. 

Using a smoother taper instead, such as the Hann taper, will decrease the spectral 

leakage. This does work, but creates increased variance because the Hann taper weights 

a large portion of the data very lightly, and emphasizes the center portion heavily. This 

effectively reduces the constraints on the spectra and increases the variance. Another 

disadvantage of this method is that for non-stationary time-series the frequencies in the 

center of the time window are over-represented.

The solution to this tradeoff is to use more than one taper. The multi-taper 

method uses a set of orthogonal functions that each minimize the spectral leakage, and 

cover different portions of the time-series, to create a series of spectral estimations and

13
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Figure 2. Spectral leakage vs. variance (Park, 1987), showing the tradeoff between spectral leakage and 

variance for single taper spectra, and the improved results of the multi-taper method.



then add them together, minimizing the variance and the spectral leakage. The extent to 

which this method succeeds is shown in figure 2, from Park (1987).

To minimize the spectral leakage, we wish to increase the amplitude in the 

window of frequencies of interest (limited by the Nyquist frequency) and decrease the 

amplitude of the higher frequency components. With digital data, we are dealing with an 

N point discrete Fourier transform, and the problem of minimizing spectral leakage 

becomes an eigenvalue matrix problem. The results of the minimization give 

eigenvectors which are prolate-spheroid sequences, referred to as prolate-eigentapers. 

These tapers can be used to find spectral estimates with minimized spectral leakage.

Next, we wish to find weighting functions that minimize the variance caused by tapering. 

To obtain the best estimate, we need to adapt the spectra we are calculating. The 

weighting values can be found using an iterative method to estimate the misfit between 

the estimated spectrum and the true spectrum, giving the most accurate spectral estimate 

(Park, 1987).

2.2 Inversion

The inversion method used in this thesis is the same as presented by Kvamme et 

al. (1995), except that a frequency dependent site amplification factor was also calculated 

as a model parameter. The seismogram is a time series representing the ground motion 

from the seismic waves radiated from the earthquake at the location of the station. This 

can be represented as a convolution of the source function, a function representing 

geometrical spreading, a function representing anelastic attenuation, a function

15



representing the site amplification, and a response function of the seismometer. If the 

Fourier transform is applied, the problem is moved into the frequency domain, and these 

convolutions become simple multiplication. Now their effects may more easily be 

separated. If careful measurement of the seismometer response function is assumed, it 

can be removed by division, and an expression for the amplitude spectrum is as follows:

A( f ,  r) =  S( f )G(r ,  r o ) T ( f ) e ^ f 'r) (2)

16

where A(f,r) is the amplitude spectrum, which is a function of frequency (f) and distance 

(r), S(f) is the source function, G(r,ro) accounts for geometrical spreading, with ro as the 

transition distance from spherical to cylindrical spreading, T(f) represents the site 

response, and the exponential term accounts for anelastic attenuation. The source 

function depends on the seismic moment, Mo, the comer frequency, fo, and the local rock 

parameters, as defined in the equations below. This study is seeking the seismic moment 

Mo, the comer frequency fo, the frequency dependent site factor T(f), and the anelastic 

attenuation expressed by the quality factor Q(f). These are contained in the source 

function and the exponential in the above equation. I used the earthquake model of 

Bmne( 1970; 1971) with:

S ( f )  = S o s ( f ) (3)
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(4)

(5)

Here, Mo is the seismic moment, pc is the crustal density, pc is the average crustal shear 

wave group velocity, and fo is the spectral comer frequency. A source model with a

The attenuation term a(f,r) must include all types of attenuation that are not due 

to the attenuation of the geometric spreading model. This includes anelastic attenuation, 

scattering effects, refraction due to 3-D crustal structures such as mountains and 

mountain roots, and attenuation due to leakage of energy out of the crustal wave-guide. 

Alpha is defined as:

value of y = 2, meaning a co model was used.

(6)

with
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Q ( f ) = (7)

Where r is the hypocentral distance, (3C is the average crustal shear wave group velocity 

along the propagation path, f  is the frequency, and q and r\ are attenuation parameters to 

be estimated. Q(f) is a frequency dependent attenuation quality factor, and is the 

parameter of primary interest in this research. The frequency dependence of Q is 

described as a power law with the controlling parameters q and r|.

Returning to the first equation, taking the natural log of both sides and rearranging 

terms yields:

This equation can then be cast in the form of a difference between do, the measured 

spectra, and de, the modeled spectra.

In A ( f ,  r ) = In S ( f )  + \nG(r,w)  + In T ( f )  -  a  ( / ,  r ) (8)

d0 = In A(f,r) -  In G(r,ro) (9)

de = \ n S ( f ) - a ( f , r )  + \ nT( f ) (10)

A d ( f , r )  = dQ- d e = [ \ n A ( f , r ) - ] n G ( r , r o ) \ - [ \ n S ( f ) - a ( f , r )  + \nT(f )]  (11)
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Where do are the observed displacement amplitude spectra adjusted for geometric 

spreading. The term de is the displacement amplitude spectra predicted by the source 

model, the attenuation function, and the site amplification factor. These are calculated 

with the current model parameters stored in the model vector x. Ad are the residual errors 

between the model and the observed spectra, and are the quantities that should be 

minimized. This set of non-linear equations may be written as a matrix equation, and 

solved with an iterative least squares method. The matrix equation relating changes in 

the model vector, x, to changes in the misfit vector, Ad, with the matrix B can be 

expressed as:

To solve this problem, the equation is linearized around initial estimates of the model 

parameters and iteratively solved using the standard least squares inversion until the 

solution converges. The standard least squares solution is:

A d  = BAx (12)

(13)

The difference between the estimated and observed spectra should be as small as 

possible. A partial derivative of Ad with respect to the model parameters and set equal to



zero minimizes residuals. The model parameters include M0 for each event, fo for each 

event, and one regional q and rj, for a total of 2m+2 entries. B is then made up of the 

partial derivatives 3dj/ dxj.
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B =

ddt
3lnM01

dd„
3 In M ox

dd, ddx d dd dd
ainM0m ; 3/0m dq an

ddn ddn d ddn dd„
3 In M 0m 3/oi dfom 3n

(14)

The data vector contains one entry for each spectral value for each measurement. 

Considering that there are several measurements for each event, and many spectral values 

for each measurement, the number of data, n, in Ad, is very large compared to Ax. 

Therefore, B is not square and this is an over-determined inversion. A generalized least 

squares inversion method in MatLab using sparse matrices techniques was used to solve 

the inversion.

Finding the best model parameters to predict the actual ground displacement with 

this method is an iterative problem. 1) Start with an educated guess to fill the model 

vector x, 2) calculate Ad, 3) evaluate the derivatives to form B, 4) perform the 

generalized inverse to find Ax, 5) adjust the model parameters and test for convergence,

6) repeat 2) through 5) until convergence criteria are met. The inversion converges for all 

reasonable starting models.

Figure 3 is an example of spectral data for a single event measured at several 

stations. Each spectrum is corrected for geometric spreading and modeled attenuation, 

and matched with the modeled source spectra (solid black with diamonds). The solid 

black lines are a factor of 10 in Mo above and below the modeled value.



Figure 3. Spectra for one event, including all arrivals. Each measured spectrum is corrected for geometric 

spreading and modeled attenuation, and plotted over a modeled source spectrum. The numbers in the key 

reference individual arrivals at different stations.
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3 Data

Broadband Experiment Across the Alaska Range 
Station Locations

- 153 ° - 152 ° - 151 * - 150 ° - 149 ° - 148 ° - 147 °

Figure 4. Map showing the location of BEAAR stations along the Parks highway, the Denali Park 

road, the Denali Highway, and the Petersville road. Figure courtesy Meyers, 2002, unpublished data.

The data for this study were derived from the Broadband Experiment Across the 

Alaska Range (BEAAR) project. This project was a collaboration between Doug 

Christensen from the University of Alaska, Fairbanks, Roger Hansen, the Alaska State



Seismologist, and Geoff Abers from Boston University. The BEAAR project consisted 

of 36 three-component broadband seismometers temporarily installed every 1 0 -1 5  km 

from Nenana to Talkeetna along the Parks Highway, and along the Denali Highway and 

the Denali Park roads (Figure 4).

3.1 Equipment and Installation

The instruments used for this experiment were Guralp CMG3ESP and CMG3T 

seismometers. These are high quality three-component broadband seismometers with 

very large dynamic range. The frequency response of these instruments is shown in 

figure 5.

The signal from these instruments was sampled by a Reftek Data Acquisition 

System (DAS) with GPS timing at a sample rate of fifty samples per second and recorded 

on a local hard drive. To retrieve the data it was necessary to visit each site and exchange 

the full hard drive for an empty one, and bring the full hard drive into the lab for 

processing.

Seven sites were active the first year; thirty-six stations were in operation during 

the summer of 2000, and 17 through the next winter and the summer of 2001. The 

instruments were located in a widely spread array in rural locations as close to bedrock as 

possible. This type of location reduces the interference from cultural noise and 

minimizes site effects. Typical installations are shown in Figures 6 and 7, (photos of 

MHR and WON stations), see figure 4 for locations.
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Frequency, [hz]

Figure 5. Response for the Guralp CMG3ESP broadband seismic instrument used in many of the 

BEAAR stations.



Figure 7. Photo of equipment used at the MHR seismic station



The instruments stood on a concrete pad, as close to bedrock as possible (2 or 3 were 

directly on bedrock), and were enclosed in a layer of insulation sealed inside a plastic 

vault. Cables ran to water tight containers holding the DAS, hard drive, GPS, power 

switcher, and the batteries. Solar panels and the GPS antenna were placed for optimal

sky view.

3.2 Data Handling

Once in the lab, the data were downloaded onto a local computer, and imported 

into a Datascope database that contained all the information about stations, sites, and 

waveform data files. Datascope includes a convenient toolbox called the Antelope 

interface for MatLab. Antelope provides many useful functions for accessing, 

manipulating, and extracting data from the database, as well as building new database 

tables. An origin table was built from the AEIC catalog of events that contained events 

of interest for this study, and this table was connected to the database.

Figure 8 shows a plot of magnitude vs. distance for the events greater than Ml = 3 

and at a depth of less than 25 km in continental Alaska. There was no correlation 

between magnitude and distance for this data set except that events larger then ML = 4 

were absent for distances of more than about 450 km.

I used the event location and timing information from the AEIC database, and 

calculated the expected phase arrival times for the BEAAR stations to locate and extract 

required data. Figure 9 shows waveforms from a typical event for all stations that
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Figure 8. Plot of local magnitude vs. epicentral distance for the events used in this study. Note the lack 

of correlation between size and distance in this dataset.
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Figure 9. Travel time plot for one event at all included stations. The blue and green lines enclose the 

Lg phase window, and the red line shows the predicted first S arrival.



recorded the event. The blue and green lines are the limits of the predicted Lg phase time 

window and the red line is the predicted S wave arrival.

I designed a graphical user interface (GUI) to promote efficient analysis of the 

data. The GUI allows an analyst to extract the appropriate waveform data at each station, 

verify or adjust the time window, inspect the spectra compared to the noise, select the 

frequencies with good signal to noise ratio, and write the data out to database tables.

Figure 10 shows the data panel of the processing program.

Using this tool, a large database of spectra was built from the BEAAR data. Only 

spectra with high signal to noise levels (greater than 2) were saved. This prevented the 

need to revisit each spectrum to test the quality. All other data selection criteria were 

testable through database entries, which provided the basis for automation in data 

selection. A variety of MatLab functions were designed to facilitate querying spectral 

data of interest, selectable by region, phase, or any other parameter defining the spectra in 

the database, and casting them into a form that could be directly fed into the inversion 

program.
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g y g f-  BHZ11/09/2000 (314) 16:26:18.011

x 10 full waveform

-60 -40 -20 20 40

response

Figure 10. Data panel for the spectral processing program. Clockwise from lower left the panels are: 

wide view of waveform, time window included in spectral calculation, instrument response, calculated 

spectrum (blue) with noise spectrum (teal).
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3.3 Data Selection Characteristics

Lg waves can be modeled as crustal-guided shear waves, and the excitation 

efficiency does not vary greatly if all sources are in the same velocity layer, (Shi et al.,

2000). To ensure all sources in this study were contained in the crust, only events of less 

than 25 km depth were included in the database. Raypaths were required to be 100 km or 

greater to ensure that most of the incident S-wave energy is post-critical, and thus to 

allow the guided wave to fully develop. To ensure a high signal to noise ratio on a large 

percentage of available recordings, only events larger than Ml = 3 were selected. 

Requiring two or more observations per earthquake helped to reduce the trade-off 

between the source and site terms (Benz et al., 1997).

The sampling rate of 50 samples per second gives a Nyquist frequency of 25 Hz 

for this data. An anti-aliasing filter begins to roll off the response of these seismometers 

at approximately 18 Hz, so this was taken as the high frequency limit. The low frequency 

begins to roll off at approximately 0.05 Hz for the CMG3ESP instruments and about 0.01 

Hz for the CMG3T's. To ensure the best results, 0.05 Hz was taken as the lowest 

included frequency in this study. This very wide bandwidth provides excellent constraint 

on both the high and low frequency portions of a spectrum and allows a robust and stable 

inversion. The study method requires a wide frequency band to constrain both the 

estimate of Mo, controlled by the low frequency asymptote, and the comer frequency, 

controlled by the high frequency roll-off point. Figure 10 is an example of a seismogram 

and spectral measurement for an earthquake of local magnitude -4.7 recorded at the



station BYR. The time window is defined by the 3.2 km/s and 3.6 km/s phase arrivals, 

and contains the Lg phase. A time window of equal length was taken from 100 seconds 

before the earthquake origin time to estimate the current noise spectra and is represented 

by the green line on the spectral plot. The noise spectrum shows the typical presence of 

seismic background noise, primarily caused by ocean waves and wind. I only used 

portions of the spectrum where the Lg phase is at least twice the noise spectrum. For 

large events, this includes most of the usable frequency range of ~0.05 to 18 Hz. For 

smaller events, the low frequency portion is noise limited, but the high frequency portion 

is well resolved.

After applying the above constraints on the data, 123 events were included in the 

database, with 1057 spectra measured at 36 stations. Information about the stations and 

the events used in this study may be found in appendices A and B (pages 80 and 81). The 

raypath coverage is shown in Figure 11, and shows the high density of coverage over 

interior and south-central Alaska. This ray coverage should give an excellent estimate of 

average crustal attenuation in interior and south-central Alaska.
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Figure 11. Map showing ray coverage for all raypaths included in this study.
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4 Regional Attenuation

4.1 Introduction

The first step in understanding the characteristics of attenuation in continental 

Alaska was to estimate an average attenuation factor for all event station pairs. The 

inversion of all the data simultaneously gives the most robust estimate of the parameters 

Mo, fo, and site amplification. These values must be accurately estimated, because they 

are the base data from which models are tested, and errors in them propagate through to 

the final estimate of attenuation. Simultaneous inversion also provides a higher level of 

numerical stability in the matrix inversion, allowing inclusion of events with few 

measurements without sacrificing stability. By inverting all the data and including only 

one q value and one r\ value, the best estimate of average attenuation over all raypaths 

was found.

Since the measured spectra were modeled as a product of several factors, each of 

these factors must be estimated as accurately as possible. The inversion found an 

estimate of the parameters that minimized the difference between the model and 

observations in a least squares sense. This gave estimates of the parameters that were an 

average over all like measurements. For example, the resulting value of Mo is an average 

of Mo estimates from each spectra of a particular event corrected by the best-modeled 

estimate of attenuation, geometric spreading, and site amplification factor. Assuming 

that the errors are randomly distributed, and that the parameters are constant over all 

measurements, the inclusion of more measured values in the inversion reduces the error.
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Mo, fo, and site amplification factor fit these criteria well, as they are constant 

over all included measurements, (estimates for Mo and fo only include spectra from the 

event in question), the accuracy of the Brune model has been shown by numerous studies, 

(Sonley and Atkinson, 2001; Shi et al., 2000; Atkinson, 1996; Izutani and Kanamori,

2001) and the site factor was not constrained to fit a pre-defined model. The value of the 

attenuation factor does not necessarily fit these requirements, as the value may be 

different for spectra that traverse different raypaths. An average estimate is useful 

however, as it provides basic information about the region covered by the data, and often 

it is difficult to find accurate estimates of attenuation on smaller scales.

4.2 Results for Mo and fo

Seismic moment is defined by the geometry and slip distribution of an 

earthquake's fault rupture and the crust's elastic parameters, making seismic moment an 

excellent measure of the size of the event for comparison with other events and 

estimation of attenuation with distance. Seismic moment, Mo is defined by the equation:

(15)

where p. is the shear modulus, D is the fault displacement, and A is the area of the fault, 

(Aki, 1967). Using a simple Haskell fault model with finite rise time and finite rupture 

duration, the shape of the moment rate function at the source is that of a trapezoid (the



convolution of two boxcars), and the source spectrum is the product of two sine 

functions. The displacement amplitude spectrum at the source may then be approximated

as:
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At low frequencies the spectrum is constant and equal to the seismic moment, and as the 

frequency increases the spectrum begins to fall, first as 1/co, and then as 1/co (Brune, 

1970). The reason for this decay in higher frequencies is the interference of radiation 

from different portions of the fault. At the low frequency limit, the source is 

approximately a point source, but as the frequency increases, the difference in phase 

between opposite ends of the fault increase, and thus the radiation interferes 

destructively. At the high frequency limit, this yields the co" fall off.

Brune (1970) developed a similar source model with similar results. The main 

difference is that he did not make an arbitrary assumption about the displacement history 

such as the ramp function in the Haskell model, but derived a time function based on the 

available stress to accelerate the two sides of the fault. The source function describing 

the far field radiation displacement spectrum has the form:
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(17)

This is the model I used to estimate the source spectrum of all events in the inversion.

has been widely used as a standard for small to moderate earthquakes in many previous 

studies (Xie, 1998; Tsumura et al., 2000; Shi et al., 1998; Sonley and Atkinson, 2001; 

McNamara, 2000; Benz et al., 1997; Kvamme et al., 1995; Atkinson, 1989; and Steensma 

and Biswas, 1988).

Use of several broadband spectra corrected for path and site effects is potentially 

one of the most robust methods of estimating the size of an earthquake. Where many 

magnitude scales can saturate due to the use of an amplitude measurement at only one 

frequency point (ML,mb,Ms), the estimate of Mo from a full spectrum gives excellent 

resistance to such saturation. The moment magnitude, Mw, is defined by Kanamori 

(1977) as;

The entire spectrum is defined by the two parameters Mo and fo, and use of the to'2 model

W » = |lo g 10A/0 -16.1 (18)

where Mo is measured in dyne-cm.
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Figure 12. Graph comparing local magnitude (from AEIC) with estimated seismic moment from this 

study.



Figure 12 depicts seismic moment estimated from this study plotted against the 

Ml as calculated in the AEIC database. These values have a very strong correlation of 

0.95, showing strong agreement and lending confidence to the rest of the inversion 

results. From this data set, the relationship between Mo and Ml is:

Log (Mo) = 1 2 M l +9.6 (19a)

This is very similar to the results reported by Kvamme et al. (1995) who studied 

events in Norway and found:

Log(Mo) =1.12Mi +10.15 (19b)

Figure 13 plots moment magnitude calculated using Kanamori's definition 

(equation 18) against local magnitude estimated by AEIC.
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Figure 13. Graph comparing local magnitude (from AEIC) with moment magnitude (Mw) from this 

study. Red line = best fit to data; black line =1:1 ratio o f local magnitude to moment magnitude.



41

The strong correlation between moment magnitude and local magnitude shows 

that the values of Mo are well constrained. However, the points do not fall on the Mw = 

M l line, demonstrating a systematic offset between Mw and M l, with an average 

difference of 0.25 magnitude units. The most likely cause of this discrepancy is a 

tradeoff between the parameters Mo and site factor in the inversion. Tsumura et al. 

(1996) showed that for this type of simultaneous inversion, there is a significant tradeoff 

between these parameters. For this study, the site factor was arbitrarily constrained by 

selecting two stations believed to be on or close to bedrock, strongly coupled to the crust, 

and constraining them to have an average site amplification factor of zero. This method 

has been used by some previous studies, such as Benz et al. (1997), who found that the 

choice of reference station did not affect the estimate of attenuation. Other studies, such 

as Atkinson (1989) assumed all rock sites (all station except one) had an average site 

amplification factor of zero. None of these studies have directly compared moment 

magnitude estimates with the local magnitude estimates for each event.

To investigate how different assumptions would affect the Mw estimates in this 

study, I ran the inversion again with several different assumptions. The first trial 

assumed the site amplification factor averaged over all stations equaled zero. Using this 

assumption, the values for attenuation were indistinguishable from the initial inversion, 

although Mo substantially increased by an average value of 0.26 in log amplitude. The 

results for this inversion are shown in figure 14; Mw and Ml now have nearly identical 

values.
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Figure 14. Graph comparing local magnitude (from AEIC) with estimated seismic moment from this 

study, assuming site amplification factor averaged over all stations equals zero.



Figure 15 depicts results for several other inversions with different assumptions. 

The results from repeating the inversion without including the site amplification 

estimates is shown in 15a. These results also show a nearly one to one relationship 

between Mw and M l, but yield a different estimate for attenuation (LgQ = 15If0 70). 

Constraining a different pair of stations, NNA and DH2, to have an average value of zero 

for site amplification factors yields results very similar to the initial inversion, shown in 

figure 15b. NNA and DH2 are known to be located on bedrock, and have small site 

factors (figurel7). Assuming NNA, DH2, DH3, HURN, MCK, and RND, all of which 

have small values of site amplification, to have an average value of zero for site 

amplification factors produced the results shown in figure 15c. Increasing the number of 

stations assumed to have average site factors of zero to 10, by adding stations BYR,

GNR, RNDE, and CAR, some of which have moderate amplitude site amplifications, 

yielded the results depicted in figure 15d.

These graphs show how different assumptions about site amplification factors can 

affect the estimates of seismic moment and moment magnitude. Theoretically, the values 

of Mw and ML should be nearly equal, as in figure 14. Also, bedrock sites should give the 

most accurate estimate of actual radiated seismic energy, so the best assumption should 

be to constrain only the values from stations located on bedrock, allowing the average 

site amplification for all sites to exceed zero. However, constraining only bedrock sites 

yields a discrepancy between Mw and M l, (figure 13). There are two possibilities for this 

discrepancy: under-estimation of Mo by the inversion, or over-estimation of M l values 

due to omission of site correction terms in the M l calculation.
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Figure 15. Graph comparing local magnitude (from AEIC) with estimated seismic moment calculated 

using various assumptions. From top left, a) no site factor, b) NNA and DH2 constrained, c) six stations 

constrained, d) ten stations constrained.



Mo values calculated by this study may be under-estimated. Tsumura et al.

(1996) used synthetic spectral modeling to test their simultaneous inversion for source, 

site and attenuation parameters and found that all models yielded under-estimates of Mo. 

They found that the model neglecting radiation pattern under-estimated Mo to a greater 

extent. This effect may be present in the current study.

It is also possible that the Ml estimates are slightly over estimated, due to the 

absence of site correction terms for most stations in the AEIC network. This absence of 

site correction would be similar to this study's inversion without site factor (figure 15a), 

or with the site factor constrained to average zero (figure 14).

The AEIC network probably has a higher percentage of stations used to estimate 

magnitude located on bedrock then the BEAAR network. This would reduce the over

estimation of Ml values. Therefore the most likely cause of the 0.25 magnitude 

discrepancy is a combination of over-estimation of Ml and under-estimation of Mw. 

Before this type of inversion is used to critically estimate Mw values, a complete study of 

magnitude values obtained by different calculation methods should be completed. This 

will assess systematic errors and establish the best assumption about constraints on the 

site amplification factor.

The comer frequency, fo, is the other parameter needed to completely define the 

source spectrum in this model. Generally the comer frequency is taken as the frequency 

at which the low frequency asymptote, Mo, and the high frequency asymptote, the (O' fall 

off, intersect. In our model, fo is found by least squares inversion, and is the value that 

best matches the model predicted spectrum with the measured spectrum. Comer
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frequency was generally not as well constrained as the Mo estimates, but was fairly stable 

in the full inversion.

Since fo is intimately related to the rise time and the rupture duration, there is 

some ability to use measured fo to estimate dimensions of the fault if a reasonable 

estimate of the rupture velocity is assumed. From these estimates it is possible to relate 

seismic moment and comer frequency to the stress drop, calculated from work by Brune 

(1970) and Kanamori (1977) as:

46

Ac  = 8.42M0
r f  \3 

Jo

Pc
(20)

Figure 16 shows a plot of seismic moment vs. comer frequency for all events in the 

inversion with dotted lines representing stress drops of 0.1, 1, and 10 MPa respectively. 

The stress drops for these events are all below 10 MPa and most are above 0.1 MPa. 

Stress drop appears to be relatively constant with Mo, but it cannot be accurately 

determined here and has a correlation of only 0.69. This is because events were included 

over a range of magnitudes too narrow to properly constrain the stress drop.
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Figure 16. Seismic moment vs. comer frequency. The green dotted lines represent constant stress drop 

of 10 MPa (top), 1 MPa (middle) and 0.1 MPa (bottom).
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4.3 Results for Site Amplification Factor

The inversion included a frequency dependent site amplification term to correct 

for local effects. This term is basically the inverse of the average residuals at one station 

and frequency over all events measured by that station and frequency. To constrain this 

site term, and to eliminate a uniform offset value, the two stations MCK and GNR, 

located on or close to bedrock and having small site factors, were used as reference 

stations, and the average of their site factors over the central frequency range was 

constrained to be zero. This is an arbitrary constraint, but at most imposes a uniform 

offset, and some constraint is necessary for a stable model.

The frequency dependent site factors are plotted in Figure 17, and show a large variation 

in shapes, but all stations have factors less than one for log(amplitude). Inclusion of this 

site factor reduced the model residuals, and appears to accurately estimate the influence 

of site effects.

To accurately estimate the site effects, the average expected residuals must be 

zero, and this is only true for a large number of arrivals over all azimuths. Arrivals may 

vary due to crustal variation, or variation in attenuation for different raypaths (Castro et 

al., 1990), but the variation over all raypaths at one station should be a random function, 

and thus average to zero. Any non-zero average residual is then reasonably attributed to 

the site effect. Because this measurement becomes more accurate with larger numbers of 

arrivals, it is only calculated in the inversion that includes all data. This site effect is then 

used to correct all subsequent data in smaller inversions.
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BVR CAR CZN DH1

Figure 17. Frequency dependent site amplification terms for each station, in log units.
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4.4 Results for Average LgQ

After data selection was finished, 1057 full spectra from 123 earthquakes were 

used to determine the average regional value of LgQ for continental Alaska. The raypath 

coverage of this data set is shown in figure 18. The regional value of LgQ(f) was 

estimated as:

LgQ W ) = 166(± 2.2 ) /° '58(±000002) (2 i)

This is similar to other active tectonic regions such as the Basin and Range, and close to 

other estimates of Q for continental Alaska.

Figure 19 shows a graph of several estimates of LgQ from Alaska and other 

regions. McNamara (2000) used a subset of the BEAAR data, including 27 events, and 

estimated LgQ in Alaska of LgQ=220f° 66, reasonably close to the results of this more 

complete study. Differences between McNamara's result and this study are attributable to 

differences in inversion methods, and the fact that McNamara used significantly fewer 

data points and included relatively more free parameters per data point. Steensma and 

Biswas (1988) estimated S-wave coda attenuation in south-central Alaska to have 

Q(f)=215f° 62, also similar to the value found here, although the S-wave attenuation may 

sample different raypaths, as it is not constrained to the crustal wave guide.



Figure 18. Raypaths included in the Q inversion. Red stars depict earthquakes; blue triangles mark 

seismic stations.
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Figure 19. Attenuation estimates for a variety of regions, from many studies.
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The attenuation characteristics of Alaska seem to match other highly active 

tectonic regions such as the Basin and Range (Benz et al., 1997) or Tibetan plateau (Xie, 

2002) but are very different from the stable cratons such as southern Canada and 

northeastern United States, (Atkinson, 1989; and Benz et al., 1997).

Table 1. Attenuation values for various different tectonic regions.

Interior Alaska, LgQ, This Study 166

Interior Alaska, LgQ, McNamara (2000) 220f0w>

Interior Alaska, S-Coda Q, Steensma and Biswas, (1988) 215 f>.vi

Basin and Rang, LgQ, Benz et al. (1997) 235f°'56

Tibet, LgQ, Xie (2002) 126f°J/

North Eastern US, LgQ, Benz et al. (1997) 1052(frl.5)°^

South Eastern Canada, Atkinson (1989) llOOf017

The Basin and Range and the Tibetan plateau are very different tectonically, the former 

has very thin crust, and active extension, while the later has some of the thickest crust on 

the earth. Both may have elevated temperatures, and both are currently experiencing 

active tectonic deformation. This tectonic activity contrasts with to the inactive, stable 

craton of eastern North America.
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4.5 Precision in this Study

One estimate of the precision of the inversion is the variance of the residuals, o2, 

from the inversion. This is defined as the sum of the squared residuals divided by the 

degrees of freedom:

from (Kvamme et al., 1995) which for the full inversion with an average LgQ over the

This estimate of precision can then be used to estimate the expected standard 

errors for each parameter in the inversion. The covariance matrix is a measure of the 

precision of the members of a matrix and how the members vary with each other. The 

covariance matrix of the model parameters can be calculated from the covariance of the 

data. For this study, the errors in the data are uncorrelated and have equal uncertainty. 

The normal distribution of errors in the model as represented by the residuals is shown in

the above relation, knowing that the inversion is a least squares method, the model 

covariance matrix is (from Menke, 1984):

(22)
n -  2m -1184 -  2

entire region yielded a2 of only 0.1312. This assumes that all data are of equal weight.

figure 20.

The data covariance matrix is then a 2 times the identity matrix. Using this and

Cm= o 2( G TG)-' (23)
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Figure 20. Error function for the residuals in the regional Q inversion
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The diagonal of the covariance matrix contains the standard error for each model 

parameter. This yields estimates of the standard errors for the model parameters that are 

very small because of the over-determined nature of the inversion, and this study's use of 

the residuals averaged over different subsets of spectral measurements to estimate model 

parameters. While the average standard error for log(Mo) estimates was merely 0.0025 

[log NM], the average standard error for fo was 0.16 [Hz]. For q and r| these were 2.2 

and 0.00002 respectively.

4.6 Possible Sn Contamination?

There is some question about whether or not Sn arrivals that are included in the 

Lg phase window could "contaminate," or alter the results of the LgQ inversion. While 

the Lg phase travels entirely in the crust, the Sn phase travels along the Moho just inside 

the higher velocity mantle. These different paths may have very different attenuation 

characteristics, and the inclusion of the Sn arrivals could possibly affect the estimation of 

the LgQ. Studies by Haddon et al. (1999) and Adams and Haddon (1998) have found Sn 

contamination in eastern North America cause systematic errors in estimates of 

attenuation and seismic source parameters.

To test for contamination in interior Alaska, seismograms were selected that had 

Lg arrivals at least ten seconds later than the predicted Sn arrival, and thus allowed non

overlapping spectral calculations of Sn and Lg time windows. These "pure" spectra were 

then used in inversions for LgQ and SnQ independently, and the results were compared.



Sn has no arrivals before the critical distance is reached. At the critical distance, 

the paths of Sn and Lg are the same, as here the Sn is just an S wave reflected off the 

crust/mantle boundary, and is one of the members of the Lg guided phase. At greater 

distances, the Sn phase travels along the crust/mantle boundary inside the mantle as a 

refracted wave. In effect, Sn expands spherically as a body wave out to the critical 

distance, and then is constrained to travel along the Moho, and subsequently expands 

cylindrically. Due to the similarity in path geometry, the same geometric spreading term 

was used in the inversion of Sn spectra as was used in the Lg inversion.

Table 2. Attenuation calculations including different phases.
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Included Phases q T) c

Regional inversion 166 0.58 0.123

Sn only 156 0.76 0.12

Lg only 155 0.61 0.11

Overlap only 166 0.58 0.123

I modeled SnQ and LgQ with the same event station pairs where there was full 

separation of the Sn and Lg wave trains. The SnQ was represented by 156f°75, where the 

LgQ for the same raypaths was estimated as 155f° 61. These show very similar 

estimations of attenuation for the two phase-arrivals in this region with raypaths between 

300 and 700 km long, although with some differences in T). Inversion of isolated Sn



phase spectra gave similar results as the inversion of isolated Lg phase windows and both 

were similar to the inversion that including all Lg spectra as well as the inversion with 

only overlapping Sn-Lg time windows.

Figure 21a shows the phase windows of Sn and Lg on a travel-time plot, with the 

solid blue lines enclosing a ten second Sn window, and the green dot-dash enclosing the 

predicted Lg window. Figure 21b shows the percentage overlap of the two time windows 

(blue line) and the percentage of the Sn path contained in the mantle (red, dot-dash). It is 

impossible to separate these phases in the near regional distance where they overlap. Sn 

waves just past the critical distance travel almost identical raypaths as Lg waves, 

reducing the expected difference in attenuation. As distance increases, the time windows 

separate, and thus decrease the potential contamination.

The question of Sn contamination is complex, because Sn and Lg regional phases are 

intimately related and continually interact during propagation. Furumura and Kennett

(1997) modeled propagation across the North Sea Central Graben, and found that strong 

crustal heterogeneity can cause much of the Lg phase to be converted into Sn, and vice- 

versa. Kennett (1985) found that a mixed mode S wave that travels partly as an Lg wave 

and partly as an Sn wave was often one of the strongest first arrivals at distance past 550 

km, often mistaken for the Sn by analysts. Interconversion between crustal and mantle 

raypaths change the effective group velocities of the phases, and fill in the seismogram 

between the predicted Sn and Lg arrivals (Kennett, 1985). It is then a very challenging 

task to distinguish contributions of Sn vs. Lg.

58



59

Sn and Lg overlap with crustal thickness 35 and event depth 12

Figure 21. Comparison of time windows for Lg and Sn phases. 18a (top graph): travel times, blue 

lines define Sn phase window, green dotted enclose Lg phase. 18b (bottom graph): blue is percentage 

of overlap between Lg and Sn phase windows, red dotted is percentage of Sn phase travel path in 

mantle.



I cannot claim that Sn contamination has no effect on this study, as many of the 

spectra include the overlapping Lg and Sn phases. However, it appears that at greater 

distances, where the phases are distinct, the attenuation for each phase is similar. At 

smaller distances, where they are inseparable, the raypaths for Sn waves contain a 

significant portion of crustal travel and may be affected by crustal structure, similar to the 

Lg waves along the same raypath. Because of these reasons, the effect of Sn 

contamination in this study appears to be small.
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5 Attenuation Variation

5.1 Introduction

The decay of amplitude with distance is a function of many factors including 

geometric spreading, scattering (Steensma and Biswas, 1988), refraction (Bostock, and 

Kennett, 1990), transmission into the mantle (Baumgardt, 1990), conversion into Sn or 

Pn phases (Kennett, 1989; Furumura and Kennett, 1997), transmission into sedimentary 

basins (Furumura and Kennett, 1997), lateral crustal heterogeneity (Furumura and 

Kennett, 1998), and anelastic attenuation. In this study, the geometric spreading was 

assumed to be spherical at distances less then 100 km, and cylindrical at distances greater 

then 100 km, and LgQ(f) was the sum of all other effects. The tectonic setting and 

crustal structure along the travel paths to the seismometer control many of these effects. 

Active tectonics with increased deformation may reasonably be related to increased 

scattering, and lateral variations in crustal thickness may contribute to strong refraction 

effects (Bostock and Kennett, 1990). The second investigation of this thesis was to 

investigate the variation of LgQ in different regions of the state and along different 

raypaths.

Investigations into the variation of Q were accomplished in two ways. The first 

was to use the same inversion program (discussed in chapter 2) to investigate the average 

attenuation in smaller regions of the state. The data were grouped by location such that all 

raypaths were contained within a region of interest, and this subset of data was then used 

in the original inversion scheme. The second method was to recast the original model to



estimate a value of q with a fixed r\ for each individual raypath. The residuals from the 

original full inversion then yielded the q estimates. Each method gave new insight into 

how Q varies spatially in interior Alaska.

5.2 Average Q in Small Regions

Alaska is characterized by very high tectonic activity. The Pacific plate is 

subducting under southern Alaska at a shallow angle at a rate of greater than 5 cm per 

year (DeMets et al., 1990). There are several areas of active mountain building, 

including the Alaska Range and the Wrangell mountains. Large active transform fault 

systems include the Fairweather, Denali, and Tintina fault systems. In addition, there are 

a large number of regions with volcanic activity, including volcanic uplift, frequent 

eruptions, and plutonism within the Wrangell Mountains and the Aleutian arc (Plafker 

and Berg, 1994).

First, I investigated the difference in attenuation north and south of the Denali 

fault. South of the Denali fault, the tectonic processes are dominated by the 

compressional force of the strongly coupled megathrust, characterized by thrust faults 

and mountain building. North of the Denali fault the tectonic processes are dominated by 

the strike-slip motion of the Denali and Tintina faults, and contain a series of crustal 

blocks rotating due to the differential motion of these two main fault systems (Page et al., 

1995). The Denali fault also marks a large-scale terrane boundary where plutonic, 

oceanic plateau and accretionary terranes to the south are juxtaposed against displaced 

North American continental margin (Plafker and Berg, 1994). Figure 22 shows the
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Figure 22. Raypaths for regions north and south of the Denali fault.



raypath coverage of the two subsets of data with earthquakes and stations located north of 

the Denali fault and south of the Denali fault. Figure 23 shows the resulting values of 

LgQ from the inversion of these subsets of data, showing that LgQ is slightly higher 

south of the fault.
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Table 3. Table of q and r| values for various regions studied.

Region q-value T)-value
All raypaths 166 ± 2.2 0.58 ± 0.00002

North of Denali fault 154 ± 14 0.60 ± 0.001
South of Denali fault 187 ± 12 0.59 ±0.001

Rays crossing North to South 151 ±8 0.61 ± 0.001
Rays crossing from South to North 257 ± 44 0.52 ±0.001

Another interesting comparison made in this study was a comparison of raypaths 

that cross the Denali fault from north to south with those that cross the Denali fault from 

south to north (Figure 24). Figure 23 shows that the south to north LgQ is significantly 

higher than the average for all raypaths. The interpretations of this difference will be 

discussed in detail later on in this chapter.
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Figure 23. Q values for each small region of this study.
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Figure 24. Regions with raypaths crossing the Denali fault: from north to south, and from south to 

north.
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5.3 Q for Each Ray Path

To better understand the detailed variation in attenuation along different raypaths 

in interior Alaska, I completed further analysis of attenuation characteristics of this 

dataset. The residuals of the foil inversion were used to estimate the variation in 

attenuation from the average value for each raypath. Solving for q in equation 11 from 

chapter 2, the equation may be re-written as:

This assumes that variation in q is the only non-random parameter causing the mismatch 

between the model and measurement. There are probably additional random errors that 

may be reduced by averaging. A value of q for each raypath is estimated as the average q 

over one foil spectrum, where q = Q(f) at one Hz. This assumes that the value of r) is a 

constant for all raypaths. The value of r) is fairly constant over the sub-regions, so this is 

a reasonable assumption.

(24)

and

1 T1)
(25)

A d - ln ^  + lnG + lnS + ln r  J



We can understand the resulting Q estimates more intuitively by looking at a 

simple example with only two spectra included for one event (figure 25). The spectra are 

plotted on the top left, and show the two measured spectra (blue and green) and the 

calculated best value of the source spectra (black). These are corrected for site 

amplification, geometric spreading, and average attenuation. Clearly, the green spectrum 

above the modeled spectrum had a larger amplitude arrival than modeled by geometric 

spreading Mo value and average attenuation, and in the inversion for individual q values, 

has a higher q value, and vice-versa for the blue spectrum. The travel time curves on the 

lower figure show that the more distant arrival had almost the same amplitude as the 

arrival at half the distance. Figure 26 shows the raypaths for each of the two travel paths.

Figure 23 shows that q varies over different regions, but r|(the slope of the lines), 

appears to be relatively constant, so assuming r| is constant appears to be a valid 

assumption for this region.

Figure 27 plots the ray coverage of the full inversion with the color of the raypath 

correlated with q, showing the variation of attenuation over interior Alaska.

The color definitions are as follows: q<140 red, 140<q<166 green, 166<q<220 light blue, 

and q>220 dark blue. Figure 26 shows raypaths on separate maps for ease of 

observation.
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seconds from origin time

Figure 25. Spectral estimates for one event with only two arrivals. The green spectrum has a higher 

then expected amplitude, and thus high q value, and vice-versa with the blue spectrum. The 

seismograms of these arrivals are shown on the lower plot.



Figure 26. Map of raypaths for the single event in figure 22, colored by q value, with q<140 red, 

140<q<166 green, 166<q<220 light blue, and q>220 dark blue.



Figure 27. Map of raypaths colored by q value, with q<140 red, 140<q<166 green, 166<q<220 light blue, 

and q>220 dark blue.
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Figure 28. Individual maps of raypaths with q estimates as follows: q<140 red, 140<q<166 green, 

166<q<220 light blue, and q>220 purple.
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5.4 Interpretations

My estimate of LgQ includes any effect that causes the measured spectral 

amplitude to be less than the modeled amplitude at the station, where the modeled 

amplitude accounts for the source, site, and geometric spreading terms. This includes all 

the effects mentioned in chapter 1, many of which can be variable on small spatial scales, 

and can act in combination to increase the effects. Careful consideration must be made 

before assigning a particular cause to an estimated change in attenuation.

LgQ varies significantly over individual raypaths. The values of q averaged over 

all frequencies for each raypath vary from a low of about 72 to a high of about 2000.

Since the inverse of q has normally distributed values, the distribution of q is skewed, and 

I cannot analyze the standard deviation of q directly. Transforming the standard 

deviation of the variation of q'1 for each raypath into the q domain, the standard deviation 

values are q=166 (+55/-33). These variations in q values are due to variations in crustal 

structure, thermal structure, or rock properties along the different raypaths. Figure 29 

shows the distribution of q values for all the rays.

Considering the plots of q variation for each raypath reveals some interesting 

things. In many areas, there are raypaths of high q and paths of low q overlapping and 

along similar travel paths. The variations in attenuation may result from very small-scale 

structures. Mendi et al. (1997) found similar variation at small spatial scales studying Lg 

blockage in the North Sea. With the limited ray coverage available over this very large 

area, these small-scale structures are irresolvable, and only cause increased noise. Effects
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Ray value of q

Figure 29. Histogram of the q values for each raypath, with standard deviation (red dotted line).



such as refraction from three dimensional crustal structures, such as modeled by Bostock 

and Kennett (1990), may cause strong variation in arrivals with small differences in 

raypath geometry, such as depicted in these plots.

Over some large areas, there are substantially more raypaths with high or low q, 

showing large-scale variation of effective attenuation that is resolvable by this study.

Two such areas are the Susitna valley, with its predominantly high q ray coverage, and 

the adjacent Talkeetna Mountains, with their larger number of low q raypaths.

Considering the attenuation estimates over the small regions, the values south of the 

Denali fault, and especially the raypaths traveling from south to north across the Denali 

fault were found to be higher than the average value.

One possible explanation to account for most of the above observations is 

supported by Furumura and Kennett (1998). They modeled the influence of lateral 

crustal heterogeneity on the wavefield for subduction earthquakes in Mexico. They 

found that waves traveling down the subducting slab more efficiently coupled energy into 

the crustal waveguide, and so excited larger amplitude Lg phases in the down dip 

direction than expected from the source model, shown in figure 30. This produced larger 

arrivals at Mexico City (perpendicular to the strike of subduction) then at points equal 

distance, but along the coast.
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Figure 30. Figure showing wave field propagation near a subduction zone. From Furumura and Kennett 

(1998).



The geometry in the Prince William Sound area of the Alaskan Megathrust is 

nearly identical, with a shallowly dipping slab and numerous shallow earthquakes. This 

subduction zone geometry effect would produce larger then expected arrivals, which 

would be interpreted as higher then expected q values at stations in the down dip 

direction, as observed in the plots showing raypath q variation. Since the majority of 

shallow events south of the Denali fault are located in Prince William Sound, this also 

may explain the larger average values of q for the small region inversions. Raypaths that 

travel nearly due north from Prince William Sound may encounter the edge of the 

subducting plate, which could cause unknown variation on the estimated q values for 

those raypaths. These raypaths appear to generally have a smaller q value then average, 

but this study does not have any evidence for a specific cause.

All regions included in the raypath coverage of this study are technically active, 

and are expected to have low LgQ because of variation in crustal thickness (Zhao et al., 

1995; Ratchkovski and Hansen, 2002; Meyers, 2002), active strike-slip faulting north of 

the Denali fault (Page et al., 1995), thrust faulting, mountain building, and active 

volcanism. It is reasonable to expect generally low values of q over the entire area, and 

generally large variation of q on small spatial scales. The results of this study correlate 

well with these expectations.

A logical next step in this process is to use the raypath estimates of q in some type 

of tomography method to map q variation. Many researchers have done that, (Campillo 

and Plantet, 1991; Calvert et al., 2000; Tsumura et al., 2000), and have created maps of 

large-scale anomalies in various regions. Care must be taken to avoid the numerous
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pitfalls in such a method. In this study, the raypaths are assumed to be straight line great 

circles, which is a simplification, and could incorrectly locate q anomalies. A high- 

resolution 3-dimensional velocity model is needed to accurately locate the actual raypaths 

for such a tomographic study. Q may be anisotropic, and tomography then may lead to 

inaccurate averaging of paths with truly unequal attenuation traveling in different 

directions. Such effects as orientated scattering bodies, and refraction from variation of 

thickness in the crustal waveguide can be strongly anisotropic. Accurate measurement of 

Q variation in a tomography study would require a very large dataset to cover a region as 

large as interior Alaska at a useful resolution. Due to the lack of an accurate 3- 

dimensional velocity model, and difficulty in dealing with the other sources of error in an 

appropriate way, tomography is beyond the scope of this thesis.

78



79

6 Discussion

In this study there are numerous potential sources of random and systematic 

errors, but steps have been taken at every stage to mitigate their effects and yield the best 

estimates of the parameters of interest. When characterizing the errors for each model 

parameter in this study, it is important to realize that a change in one parameter affects 

the best-fit estimate of all other parameters as well as the residuals. For example, an 

over-estimated value of q would yield under-estimates of Mo, and would increase the 

total residuals. If there were a large number of spectral values for a specific event, the 

change in residuals would be large, and the least squares inversion would change all 

parameters to minimize residuals, and estimate a smaller value of q. The most important 

source of error in any one parameter is an inappropriate value of another parameter. This 

is the main reason that it is important to perform a simultaneous inversion for all 

parameters.

6.1 Over-Determination

In this investigation, the inversion calculated values for many parameters 

simultaneously. Whenever this type of inversion is done, care must be taken to avoid 

possible tradeoffs between parameters that may effect the reduction in residuals in the 

same way. In an inversion with insufficient constraints, measured Lg amplitudes could 

be modeled equally well by increasing the value of LgQ and decreasing the source or site 

factors (Xie, 2002). In the current study, the average of about twenty spectra for each



event ensured no tradeoffs of this type. In all, there were over 21,000 spectral points to 

estimate a total of 1432 parameters, (1184 of which were the frequency dependent site 

amplification terms), and so the model was over-determined by a factor of about 15. This 

over-determination gives excellent stability and reduces the effects of random error from 

sources such as source directivity, and noise contamination. Some tradeoffs may still 

remain though, because they are inherent in the simultaneous inversion method used.

6.2 Errors in Model Parameters

The seismic moment, Mo, is a very well constrained parameter, accurately 

estimated by the use of the full spectrum fit to the Brune source model (Brune, 1970). 

Sources of error that may still affect Mo estimates include effects of directivity, radiation 

patterns, and lateral variation in the actual attenuation. All of these effects are small and 

are minimized if the raypaths include most of the azimuthal range. This is usually the 

case for the events in my study, but due to the limited size of the seismic network, and the 

large area of included seismicity, events well outside the network included a limited 

range of azimuthal arrivals. Use of spectra calculated from broadband seismograms is an 

excellent means of estimating this important source parameter.

The comer frequency, fo, showed more scatter and a higher estimated error. This 

was most likely due to the fact that the shape of the measured spectra did not always fit 

the model due to noise and local resonances, (some of which were accounted for in the 

site factors). It is easier to estimate the amplitude level (Mo) then to estimate the break

point in a curve (fo), and this shows in the estimated errors. Despite this, with the large
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number of samples this study included, the results for fo were still fairly well constrained, 

and were used, along with the Mo values and an assumption about the rupture 

propagation velocity, to estimate the stress drop for each event. Because the stress drop 

is proportional to the cube of the rupture length (Brune, 1970) and this parameter is the 

least well known, there is still a lot of scatter in the estimates of stress drop. Therefore 

stress drop is not well constrained. These estimates can, however, still give a general 

idea of the average stress drop for events in the region. The stress drop in this region is 

generally between 0.1 and 10 MPa, (1 and 100 bars) which agrees with the stress drops 

found in the northeastern United States, by Shi et al. (1998).

Frequency dependent site factors were estimated for each station for all 32 

frequency points. These factors were estimated by averaging the misfit over one station 

for all measurements recorded at that station. With a large enough sample of spectra, any 

non-local effects average to zero and thus leave only an accurate estimate of the site term. 

The accuracy of this method depends on the inclusion of a large number of measurements 

at each station to prevent tradeoffs with other model parameters, and was met in this 

study by the large volume of data, with an average of almost 30 spectra measured at each 

station. Another test for bias in the site factor estimation is analysis of the average over 

all the factors. This yielded a small uniform amplification over all frequencies, as was 

expected, with no strong frequency dependence.

The model parameters q and r| were the primary reason for this study, and every 

data point had some effect on the value of these two important parameters. In this sense, 

they should be the best constrained, because they include an average over the most data
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points. The parameter q is more sensitive than the others to errors because it is 

nonlinearly related to the amplitude values, which are used to estimate it. Also, a single 

value of q representing the complex attenuation factor over the entire region is a clear 

simplification, which doesn't include the lateral variation in attenuation, which we expect 

to see. For these reasons q has the largest standard error of any parameter.

6.3 Systematic Errors

Often the catalog of earthquakes included in a study has a correlation between the 

magnitude and distance of the included events, and such correlations may cause some 

systematic bias (Kvamme et al., 1995) due to differences in characteristics between large 

and small earthquakes. The catalog of events used in this study has no correlation 

between magnitude and distance (see figure 8), due to the use of high quality broadband 

instruments which resist clipping large signals, and a requirement of ML= 3 minimum 

magnitude to ensure good signal to noise ratios throughout the distance range.

Geometric spreading was assumed to be spherical at distances less then 100 km 

and cylindrical at distances of greater than 100 km. This may introduce a systematic 

error if it is an incorrect assumption, and would have the effect of shifting the value of q 

by a constant. Kvamme et al. (1995) studied geometric spreading in Scandinavia using 

synthetic seismograms, and determined that the above model was reasonable, although he 

might have some small systematic error due to the thick crust of that area (increasing the 

transition distance between the two regimes to 200 km). Many other studies have used 

this same assumption for Lg geometric spreading (e.g., McNamara, 2000; Benz et al.,
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1997; Atkinson, 1989; Xie, 1998). For useful comparison to other results, it is practical 

to maintain this assumption, and if it is later proven to be incorrect, the results may be 

adjusted easily to reflect the new information without repeating the entire inversion 

process.

This study used a Brune (1970) source model, and thus the attendant co high 

frequency roll off below the comer frequency fo. Kvamme et al. (1995) studied local 

events with short epicentral distances to analyze this assumption. Their results yielded a

 O
slightly smaller exponent, but they continued to use the go roll off as the best value. 

Sonley and Atkinson (2001) used two methods to accurately estimate source spectra for 

small to moderate events in eastern North America. Their results showed good

agreement with the Brune source model for events of moment magnitude between 2.4

 ^
and 3.7. In the current study, systematic deviation from the assumed co- roll off would 

result in systematic frequency dependence of the site factor for high frequencies. No 

systematic frequency dependence is seen in the site factors, showing that the source 

model is valid for the events included, from Ml= 3 to about 6.

Source radiation pattern of seismic energy was not accounted for in this study. 

Castro et al. (1990) studied the effects of radiation pattern on the estimates of Lg 

attenuation. Their results showed that the radiation pattern had almost no effect at high 

frequencies (f > 10 Hz) and had increasing effects as the frequency drops, until at low 

frequencies, it has a moderate effect, which may increase scatter in the results. This may 

partially explain the increase in standard deviation of q estimates with decreasing 

frequency shown in figure 31, but will not result in a systematic bias in the estimate of q.
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Figure 31. Inverse q vs. frequency for all spectral data points included in the inversion.
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6.4 Comparison to Previous Work in Alaska

The only previous study of LgQ in mainland Alaska was published by McNamara 

(2000) and was based on a subset of the BEAAR data used in the current study. 

McNamara found qualitatively the same result as this study: a relatively low average 

LgQ, as expected in this highly active tectonic region. Quantitatively, the results for LgQ 

in this study are significantly lower than those published by McNamara.

This is similar to the comparison of results for LgQ estimates in the Tibetan 

Plateau from McNamara et al. (1996) vs. those from Xie (2002). Xie found values of 

LgQ that were approximately a factor of 3 times less than those reported by McNamara, 

despite the use of almost identical data from the same stations. Xie proposes that the 

difference was due to the use of different inverse methods. Xie used a two-station ratio 

method that accurately eliminated the effects of source and site effects. The method 

McNamara used a large number of free parameters and a relatively weakly over

determined inversion, which may have allowed tradeoffs between the model parameters.

This study used only two free parameters to estimate each source spectra, and 

used a much larger set of spectra to strengthen the use of free parameters to estimate site 

amplification factors accurately. McNamara's study in Alaska used 171 free parameters 

and 525 spectral estimates, and so the inversion was over-determined by a factor of only 

3, as compared to a factor of 15 for this study. Comparisons between the estimated 

source spectra and site factors from each of these studies would help to characterize the



difference between these studies and determine the most accurate result, but these factors 

were not reported in the study of McNamara.

Steensma and Biswas (1988) estimated attenuation in Alaska from the decay of S- 

wave coda, yielding a value of Q similar to but higher then the results of the current 

study. The data for their study included events with a smaller epicentral distance range 

(2-435 km) and included much deeper events (6-129 km depth) than the events included 

in the current study. McSweeney et al. (1991) use a similar method with S phase coda 

waves to estimate the relative importance of different components of attenuation, and to 

see how attenuation varies with depth of the earthquake. They found that deeper events 

yielded larger Q estimates. The difference in Q estimates between Steensma and Biswas 

and the current study may be due to the inclusion of such deep events in the former study.
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7 Conclusions

In this study a large number of spectra calculated from high quality broadband 

seismic data were used in a simultaneous inversion for source, site, and path effects to 

estimate LgQ in the region of continental Alaska. The simultaneous inversion for a 

limited number of parameters using a large dataset ensured that the inversion was stable 

and robust with limited errors due to tradeoffs between parameters or random errors. All 

the parameters were well constrained by the over-determined inversion, which provides 

confidence in our results.

The average value of LgQ over all included raypaths in mainland Alaska was 

estimated to be:

This low value of LgQ with large frequency dependence corresponds well with the highly 

active tectonic region in which it is measured. Qualitatively this agrees with the other 

results from Q studies in Alaska by Steensma and Biswas (1988) and McNamara (2000), 

which also estimated a low Q with large frequency dependence. Quantitatively this result 

is significantly lower then the results of McNamara, despite coverage of the same area 

and using data from the same sources. The current study used a significantly larger 

dataset (approximately a tenfold increase in data), which may account for the difference. 

Significant differences may also have been caused by the different inversion method.

(26)



The method of McNamara may have allowed excessive tradeoff between model 

parameters (see Xie, 2002), and thus an inaccurate estimate.

The estimate of seismic moment (Mo) of each event was very well constrained in 

the inversion, showing that this is a strong method of estimating this important source 

parameter. Comparing this to the Ml estimates for each event from the AEIC database 

yields the relationship:

Log(M0) = 1.2ML+9.6 (27)

This relationship is estimated for events between Ml = 3 and 5.8. Care must be taken 

using Ml for large events to avoid the systematic errors of magnitude scale saturation.

Stress drop was estimated using seismic moment and comer frequency. For small 

to moderate events in mainland Alaska stress drop is generally between 0.1 and 10 MPa. 

No magnitude dependent change in stress drop could be claimed, due to the high amount 

of scatter, primarily from fo estimates and the limited range of Mo observed. Stress drop 

is proportional to fo to the third power, and fo estimates are only moderately constrained 

in the inversion, yielding large scatter in the stress drop estimates.

Sn contamination was shown to cause insignificant error when included in the Lg 

phase time window. Inversion of isolated Sn phase spectra gave similar results as the 

inversion of isolated Lg phase windows and both were similar to the inversion that 

including all Lg spectra. Sn just past the critical distance travel almost identical raypaths 

as Lg, and as distance increases, the time windows diverge, and thus decrease the
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potential contamination. The estimated Q values were close to the same, and the Lg 

arrival is generally significantly larger then the Sn, and thus dominates the spectrum 

when the two overlap.

My inversion confirmed the accuracy of the co" high frequency roll off of the 

source model. If there was significant deviation from this slope, the average value of the 

site amplification term would show a linear trend below the average comer frequency.

The average does not show a linear trend in the high frequencies, and so there must not 

be systematic deviation from the modeled spectral shape.

LgQ varies significantly over individual raypaths. The values of q averaged over 

all frequencies for each raypath vary from a low of about 72 to a high of about 2000.

Since the inverse of q has normally distributed values, the distribution of q is skewed, and 

so I cannot analyze the standard deviation of q directly. Transforming the standard 

deviation of the variation of q '1 for each raypath into the q domain, the average and 

standard deviation values are q=166 (+55/-33). These variations in q values are due to 

variations in crustal structure, thermal structure, or rock properties along the different 

raypaths. Close inspection shows that there are geographic areas with high and low q 

values. These areas most likely show large-scale variation in effective attenuation. The 

primary cause of high q values for events in Prince William Sound with raypaths 

traveling northward perpendicular to the Aleutian megathrust appears to be the effect of 

the subducting slab concentrating energy into the crustal waveguide. This results in 

higher Lg arrivals at those stations, and a higher effective q value.
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7.1 Future Work

With Q estimates for each raypath, it may be possible to use tomography to 

estimate Q variations. To accurately implement a tomography scheme, an accurate 

velocity structure should be used to locate the actual raypaths. Also, for high resolution, 

a large number of raypaths distributed through the area of interest are required for 

accurate estimation of Q structure.

Once Q structure has been estimated, there is the possibility of correlating this 

structure with geologic or morphologic features to find the cause of the elevated or 

depressed attenuation. There is also the potential to use accurate estimates of Q 

anomalies to locate and map geologic variations that are inaccessible. Great care should 

be used in the application of this idea, because q variation may have more then one cause, 

and differentiation of these causes is presently a very challenging problem. Studies of Q 

variation will continue to present new and interesting information and challenges for 

many years to come.
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Appendix A: Stations and Events used in this study.

Table 4. Stations used in this study, all part of the BEAAR project.

Station
Abbreviations

Latitude Longitude Elevation Full Name Region

AND 64.3306 -149.1996 0.178 Anderson N
ANT 63.0992 -149.4831 0.614 Antimony S
BSH 64.1713 -149.2951 0.284 Browne N
BYR 62.6893 -150.2318 0.384 BYERS MICROWAVE S
CAR 63.5831 -148.8016 0.662 Carlo N
CZN 63.1033 -146.6436 1.021 Crazy Notch S
DH1 63.3734 -148.3829 0.756 Denali Highway 1 S
DH2 63.2652 -147.8552 0.943 Denali Highway 2 S
DH3 63.0345 -147.1438 1.028 Denali Highway 3 S
EFS 63.5581 -149.7814 0.964 East Fork / Sable N
FID 62.7622 -150.0691 0.308 Fiddlehead S
GNR 63.8345 -148.978 0.581 Garner N
GOO 63.2286 -149.2705 0.7 Igloo S
HURN 62.9991 -149.6064 0.607 HURRICANE NORTH S
MCK 63.7323 -148.9368 0.643 McKinley N
MHR 62.8603 -149.8648 0.378 Moosehead Rock S
NNA 64.5797 -149.0786 0.383 NENANA N
PVE 62.3551 -150.664 0.347 Petersville East S
PVW 62.5277 -150.8039 0.646 Petersville West S
PYY 62.9094 -149.7117 0.43 Parrott Yesteryear S
RCK 64.0412 -149.166 0.385 Rock Creek N
RND 63.4057 -148.8601 0.984 REINDEER S
RND5 63.4015 -148.8551 0.987 Reindeer Tower 5 S
RNDE 63.4003 -148.815 1.109 Reindeer East S
RNDN 63.4157 -148.8778 0.699 Reindeer North S
RNDR 63.4014 -148.8674 0.928 Reindeer Rock S
RNDS 63.3896 -148.8676 0.817 Reindeer South S
SAN 63.7231 -149.4775 0.78 Sanctuary N
SBL 63.4686 -150.1999 1.099 Stony / Bergh Lake N
SLM 63.5067 -148.8049 0.661 Slime Creek N
SLT 63.9391 -149.1212 0.465 Slate Creek N
SOB 64.1702 -149.2993 0.36 Son of Browne N
TCE 62.3147 -150.3142 0.159 Trapper Creek 

Elementary
S

TLKY 62.15 -150.0609 0.129 Talkeetna Y S
WOLF 62.5604 -150.2039 0.34 Wolf S
WON 63.4621 -150.8543 0.66 Wonder Lake N
YAN 63.6559 -148.7749 0.781 YANERT N
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Table 5. Events included in this study.

Orid is the unique event identification number used by this study. Origin time is 
stated in UTM. Magnitude is ML calculated by the AEIC. The inversions are designated 
as follows: 1 is the inversion with all data, 2 the sub-set of rays only north of the Denali 
fault, 3 the rays only south of the Denali fault, 4 the rays crossing the fault from north to 
south, and 5 the rays crossing the fault from the south to the north.

Orid Latitude Longitude Depth Origin Time Magnitude Inversions
689 61.6328 -150.6393 5.87 7/08/1999(189) 7:18:48.220 3.6 1
767 61.6205 -150.6067 10.09 7/12/1999 (193) 22:31:11.850 3.1 1,3,5
828 63.2987 -152.238 0 7/16/1999 (197) 12:32:29.040 3.67 1
829 63.1858 -152.218 8.07 7/16/1999 (197) 12:32:30.050 3.5 1,2,4
959 64.9332 -149.1712 14.01 7/22/1999(203) 6:39:56.710 3.2 1,2,4
963 60.2293 -141.0275 1.29 7/22/1999 (203) 11:09:27.270 3.4 1
993 60.7025 -147.2625 20.13 7/24/1999 (205) 13:14:26.010 3.3 1,3,5
1017 63.3578 -145.6012 -3 7/25/1999 (206) 13:54:56.380 3.2 1,3,5
1156 63.5077 -150.8835 18.22 8/02/1999 (214) 13:09:34.720 3.3 1,2,4
1210 63.2641 -151.4182 4.3049 8/05/1999(217) 9:06:43.869 4.03 1,2,4
1232 63.3235 -145.3622 6.92 8/06/1999 (218) 17:17:31.240 3.3 1,3,5
1310 63.3736 -151.3226 9.531 8/10/1999(222) 7:57:07.258 3.42 1,2,4
1385 63.4147 -151.2452 11.76 8/15/1999(227) 4:30:08.150 3.8 1,2,4
1398 63.2863 -151.2705 10.41 8/17/1999 (229) 17:04:39.310 3.5 1,2,4
1473 61.2811 -152.1782 0 8/22/1999 (234) 12:21:09.787 3.17 1,3,5
1487 63.9225 -147.6258 5.25 8/23/1999 (235) 11:43:14.290 3.1 1,2,4
1516 61.3046 -146.8969 14.77 8/25/1999(237) 3:16:39.263 3.62 1,3,5
1769 64.1157 -147.2778 15.954 9/12/1999(255) 3:41:15.787 3.19 1,2,4
1829 63.465 -151.472 0 9/16/1999 (259) 14:15:23.267 3.07 1,2,4
2061 61.1931 -146.1957 12.89 10/03/1999 (276) 11:38:28.722 3.31 1,3,5
2427 62.8576 -151.0862 6.7504 10/28/1999 (301) 21:18:20.469 3.17 1
2475 60.5817 -148.8651 -2.4548 10/31/1999 (304) 17:42:13.717 3.11 1,3,5
2830 61.5699 -146.2967 23.573 11/26/1999(330) 7:51:09.162 3.44 1,3,5
3447 62.9018 -148.9537 -9.3781 12/12/1999 (346) 22:15:33.791 4.13 1
3539 64.4399 -146.9008 5.7935 12/17/1999(351) 6:47:06.568 3.01 1,2,4
3561 64.9197 -149.0438 21.751 12/18/1999 (352) 16:55:43.446 3.6 1,2,4
3663 61.6313 -150.5628 8.8154 12/29/1999 (363) 10:12:02.004 3.03 1,3,5
3816 60.3862 -147.6976 18.891 1/09/2000(009) 1:44:29.824 3.31 1,3,5
4086 61.2989 -150.5321 -6.354 1/26/2000 (026) 11:25:23.702 3.26 1,3,5
4098 64.5717 -150.8335 15.832 1/27/2000(027) 5:17:14.404 3.42 1,2,4
4136 61.006 -147.2291 21.863 1/30/2000 (030) 2:20:50.828 3.3 1
4177 63.2476 -148.6399 -1.8968 2/02/2000 (033) 3:24:58.471 3.07 1,3,5
4191 65.0153 -154.2384 7.2674 2/03/2000 (034) 10:24:59.025 5.73 1,2,4
4244 60.2564 -149.2429 15.908 2/06/2000 (037) 15:31:29.011 3.88 1,3,5
4364 63.6825 -148.9665 -1.7427 2/14/2000(045) 1:58:57.464 3.39 1
4385 61.5161 -146.289 5.3815 2/15/2000(046) 5:12:42.808 3.85 1,3,5
4436 63.3395 -147.3437 4.9599 2/18/2000(049) 6:16:30.199 3.51 1,3,5
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4565 63.1874 -151.2494 3.8702 2/25/2000 (056) 6:37:38.586 4.14 1,2,4
4678 60.1673 -145.8875 20 3/01/2000 (061) 23:05:14.530 5.25 1,3,5
4929 63.6754 -151.0759 -1.0169 3/15/2000(075) 9:10:09.248 4.33 1,2,4
5283 61.8322 -150.9305 -8.973 4/09/2000(100) 4:23:45.731 3.66 1,3,5
5291 60.3608 -147.4927 4.4331 4/09/2000 (100) 13:24:33.221 3.24 1,3,5
5320 61.2307 -150.2348 9.5618 4/11/2000(102) 6:20:58.058 3.02 1,3,5
5401 62.3417 -154.5363 12.186 4/17/2000(108) 8:22:02.020 3.85 1,2,4
5838 63.3675 -147.4026 -9.9243 5/18/2000 (139) 12:22:15.338 3.48 1,3,5
5965 63.1823 -147.7013 0.6911 5/26/2000(147) 1:56:29.143 3.06 1,3,5
6119 64.7342 -149.0426 9.2091 6/05/2000 (157) 20:04:49.234 3.18 1,2,4
6162 60.8487 -145.9602 7.6066 6/09/2000 (161) 12:05:31.751 3.97 1,3,5
6442 62.3302 -153.3598 5.9676 6/29/2000(181) 1:04:51.318 3.11 1,3,5
6510 61.542 -142.195 16.14 7/03/2000 (185) 17:24:49.687 3.85 1,3,5
6514 61.4334 -142.2719 23.533 7/03/2000 (185) 19:23:08.859 3.55 1,3,5
6585 60.5514 -147.8911 4.2793 7/08/2000 (190) 22:15:38.314 3.13 1,3,5
7010 62.5956 -150.5505 2.6814 8/06/2000 (219) 11:08:35.019 3.46 1,3,5
7043 63.7246 -149.4482 6.1135 8/08/2000 (221) 23:05:31.365 3.54 1,2,4
7084 68.2737 -145.6084 10 8/12/2000 (225) 18:06:07.414 4.03 1,2,4
7121 61.6467 -147.8048 12.347 8/15/2000(228) 7:33:44.985 3.23 1,3,5
7172 63.5434 -150.4879 24.517 8/19/2000 (232) 10:33:21.762 3.27 1,2,4
7220 61.4379 -147.4195 10.187 8/23/2000 (236) 12:19:16.049 3.5 1,3,5
7240 61.8658 -147.2099 1.4626 8/25/2000 (238) 13:19:41.490 3.41 1,3,5
7461 64.3436 -158.8501 17.844 9/13/2000 (257) 14:31:20.192 3.37 1,2,4
7575 60.0413 -147.8158 19.203 9/23/2000 (267) 6:07:37.321 3.36 1,3,5
7636 61.3925 -146.8003 11.986 9/28/2000 (272) 6:53:47.953 3.13 1,3,5
7692 60.4698 -151.2131 -1.8006 10/03/2000(277) 6:09:47.650 3.21 1,3,5
7703 64.4621 -158.376 20.007 10/04/2000 (278) 12:33:17.076 3.61 1,2,4
7716 60.9555 -146.7541 16.824 10/06/2000 (280) 14:16:32.412 3.44 1,3,5
7728 60.357 -147.7563 24.657 10/07/2000 (281) 16:02:04.779 3.1 1,3,5
7778 63.2237 -151.3649 10 10/14/2000 (288) 4:01:30.302 3.07 1,2,4
7784 62.6456 -152.4821 10 10/14/2000 (288) 19:46:11.852 3.37 1,3,5
7789 61.4259 -146.7007 17.475 10/15/2000 (289) 22:19:23.947 3.33 1,3,5
7800 62.4607 -148.0624 5.0156 10/17/2000 (291) 1:03:56.773 3.05 1,3,5
7867 63.4931 -151.0437 -8.7139 10/23/2000 (297) 11:33:21.921 3.01 1,2,4
7970 63.1594 -150.8034 12.444 11/02/2000(307) 3:57:28.911 3.48 1,3,5
7979 63.2275 -150.078 7.3429 11/02/2000 (307) 16:37:39.745 3.33 1,3,5
7994 61.0579 -150.8747 10 11/04/2000(309) 0:26:25.760 3.13 1,3,5
8053 64.6316 -152.473 10 11/09/2000 (314) 16:25:13.756 4.69 1,2,4
8062 61.7083 -146.624 -2.6573 11/10/2000(315) 4:59:42.680 3.07 1,3,5
8093 61.276 -146.711 24.454 11/13/2000 (318) 11:10:31.242 3.24 1,3,5
8132 63.2435 -150.4503 3.0014 11/16/2000 (321) 11:53:37.175 3.07 1,3,5
8201 64.4559 -158.2952 20 11/21/2000 (326) 19:04:27.514 3.83 1,2,4
8294 63.884 -150.1502 22.468 11/29/2000 (334) 10:35:48.112 5.63 1,2,4
8308 63.8872 -149.7795 16.569 11/29/2000 (334) 15:19:21.872 3.04 1,2,4
8313 64.0039 -149.8588 10 11/30/2000(335) 1:22:59.556 3.67 1,2,4
8320 63.8352 -150.2342 10 11/30/2000(335) 8:46:45.672 3.31 1,2,4
8339 63.864 -149.8254 12.467 12/01/2000 (336) 16:11:35.792 3.06 1,2,4
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8351 63.9181 -149.9666 0.7602 12/02/2000(337) 4:25:07.116 3.04 1,2,4
8429 63.9086 -150.2784 18.715 12/06/2000 (341) 18:40:26.235 5.05 1,2,4
8430 63.871 -150.3683 5.5305 12/06/2000 (341) 19:33:41.556 3.39 1,2,4
8717 63.4371 -151.393 10 12/22/2000 (357) 12:20:31.343 3.75 1,2,4
8901 63.1689 -151.4774 8.3446 1/04/2001 (004) 17:27:31.935 3.31 1,2,4
9105 63.2419 -151.0305 10.537 1/22/2001 (022) 19:14:42.808 3.02 1,2,4
9202 61.8057 -150.9307 10 1/27/2001 (027)23:07:19.298 3.1 1,3,5
9208 64.8947 -147.569 5.6953 1/28/2001 (028) 23:32:00.017 3.36 1,2,4
9316 63.0672 -150.6257 16.785 2/05/2001 (036) 6:30:37.085 3.39 1,3,5
9348 61.2425 -146.9224 5 2/06/2001 (037) 12:43:01.723 3.06 1,3,5
9389 60.6535 -147.0467 0.4138 2/09/2001 (040) 2:43:50.812 3.01 1,3,5
9393 64.981 -148.5213 24.685 2/09/2001 (040) 6:40:07.531 3.34 1,2,4
9553 63.125 -151.6181 10 2/18/2001 (049) 7:23:15.740 3.37 1,2,4
9865 60.8569 -145.6592 6.3602 3/07/2001 (066) 2:36:57.966 3.41 1,3,5
9879 62.7613 -148.96 9.0885 3/08/2001 (067) 0:35:58.333 3.2 1,3,5
9932 60.0403 -148.4133 11.847 3/12/2001 (071) 1:57:57.707 3.01 1,3,5
10054 65.5177 -150.1433 20.78 3/17/2001 (076) 20:50:49.110 3.68 1,2,4
10209 64.5986 -149.1385 23.691 3/25/2001 (084) 11:34:50.940 4.51 1,2,4
10275 60.4599 -147.6317 12.657 3/28/2001 (087) 3:34:49.093 3.18 1,3,5
10377 65.6765 -148.2076 14.669 4/01/2001 (091) 18:41:44.516 3.02 1,2,4
10406 65.8349 -150.0488 11.14 4/03/2001 (093) 20:27:22.935 3.87 1,2,4
11038 61.5893 -148.0648 19.038 4/27/2001 (117)22:41:31.412 3.88 1,3,5
11041 61.6103 -148.0884 17.357 4/27/2001 (117) 23:42:43.940 3.19 1,3,5
11184 61.0931 -147.1869 16.537 5/02/2001 (122) 8:19:08.044 3.05 1,3,5
11216 63.3688 -151.0223 -3.0512 5/04/2001 (124) 2:30:12.903 3.15 1,2,4
11515 64.2452 -147.2376 20.256 5/16/2001 (136)22:58:45.617 3.76 1,2,4
11950 63.2678 -150.9303 5 6/02/2001 (153) 4:35:13.462 3.15 1,2,4
12015 67.4818 -144.9699 24.236 6/04/2001 (155) 1:04:06.308 3.56 1,2,4
12018 64.2226 -139.1177 21.943 6/04/2001 (155) 3:30:46.033 3.75 1
12041 64.7349 -152.4296 10 6/04/2001 (155) 18:42:35.123 5.13 1,2,4
12135 66.0428 -150.7395 10 6/07/2001 (158) 6:28:32.187 4.3 1,2,4
12314 63.519 -151.0258 6.9008 6/13/2001 (164)20:41:55.385 3.39 1,2,4
12321 62.2539 -141.3259 1.8884 6/14/2001 (165) 1:29:44.735 3.29 1,2,4
12464 64.0041 -147.4163 10.818 6/19/2001 (170) 12:42:09.576 4.28 1,2,4
12471 61.0605 -146.3316 12.948 6/19/2001 (170) 19:26:11.825 4.06 1,3,5
12678 63.2249 -145.5404 5.3703 6/28/2001 (179) 20:21:26.166 3.38 1,3,5
12682 63.2201 -145.5287 -0.5706 6/29/2001 (180) 9:55:41.137 3.2 1,3,5
12697 64.0832 -150.1343 21.459 6/30/2001 (181) 9:41:43.575 4.19 1,2,4
13146 61.4705 -151.9932 4.9998 7/21/2001 (202) 8:07:54.178 3.4 1,3,5


