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Abstract

This thesis presents: (1) a set of earthquake source mechanism catalogs for Alaska and (2) a three

dimensional seismic velocity model of Alaska. The improved earthquake sources are used within 

the velocity model for generating synthetic seismograms, which are then compared with recorded 

seismograms to assess the quality of the velocity model.

An earthquake source mechanism can be modeled as a moment tensor, which is a 3 x 3 sym

metric matrix. We estimate the moment tensor for earthquakes by comparing observed wave

forms (body waves and surface waves) with synthetic waveforms computed in a layered model. 

The improved moment tensor solutions are obtained by utilizing both the body waves and sur

face waves at as many broadband stations as possible. Further improvement in the inversion 

technique is obtained by (1) implementation of L1 norm in waveform misfit function and (2) in

clusion of first-motion polarity misfit in the misfit function. We also demonstrate a probabilistic 

approach for quantifying the uncertainty in a moment tensor solution.

Moment tensors can be used for understanding the tectonics of a region. In the Cook Inlet 

and Susitna region, west of Anchorage, we determined moment tensor solutions for small-to- 

intermediate magnitude (M >  2.5) crustal earthquakes. Analyzing these small earthquakes re

quired us to modify the misfit function to include first-motion polarity measurements, in addition 

to waveform differences. The study was complemented with the probabilistic hypocenter esti

mation of large historical earthquakes (Mw > 5.8) to assess their likelihood of origin as crustal, 

intraslab, or subduction interface. The predominance of thrust faulting mechanisms for crustal 

earthquakes indicate a compressive regime within the crust of south-central Alaska.

Wavefield simulations are performed in three regions of Alaska: the southern Alaska region 

of subduction, the eastern Alaska region with the accreting Yakutat microplate, and the interior 

Alaska region containing predominantly strike-slip faulting, including the Minto Flats fault zone. 

Our three-dimensional seismic velocity model of Alaska is an interpolated body-wave arrival time 

model from a previous study, embedded with major sedimentary basins (Cook Inlet, Susitna, 

Nenana), and with a minimum shear wave velocity threshold of 1000 m/s. Our comparisons 

between data and synthetics quantify the misfit that arises from different parts of each model. 

Further work is needed to comprehensively document the regions within each model that give rise 

to the observed misfit. This would be a step toward performing an iterative adjoint tomographic 

inversion in Alaska.
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Chapter 1 

Introduction

We now have a fair understanding of the earth structure and how it has evolved at a large scale: a 

spherically symmetric, layered model of earth; a solid inner core surrounded by liquid outer core 

and a slowly convecting, rocky mantle; plate tectonics driven by descending slabs at subduction 

zones and convection in the mantle. Even three dimensional models estimated using different 

datasets agree at the largest scales. However, things are complicated as we try to investigate 

smaller-scale features. These smaller features are the ones that we can observe with our naked 

eyes, such as mountains, volcanoes, and sedimentary basins. To look beneath the surface, we rely 

on indirect techniques to infer— or, image—using data recorded at the surface.

In this thesis, we aim toward understanding the structure of Alaska. There are about seven 

major tectonic plates. Of these, the Pacific plate subducts under the North-American plate forming 

the Alaska-Aleutian subduction zone. This subduction has been going on for millions of years, 

however, our understanding of plate tectonics is fairly new, about half a century (Benioff et al., 

1961). As the Pacific plate subducts, it sticks to the North American plate until it accumulates 

enough stress to overcome the frictional locking, and then it slips in the form of large megathrust 

earthquakes, such as 1964 M w9.2. Three of the world's 15 largest earthquakes have occurred in 

the Alaska-Aleutian subduction zone. This constant northwest motion of the Pacific plate also 

radiates stress inwards causing earthquakes in continental Alaska.

The Alaska-Aleutian subduction zone is one the world's largest and tectonically most active 

plate margins. Megathrust subduction earthquakes like that of 1964, and the tsunami generated 

thereof, are the prime consideration of hazard focused studies in southern Alaska. However, 

including intraplate earthquakes and faults can provide us with improved hazard assessment 

(Haeussler et al., 2000; Graves et al., 2011). The study of these earthquakes provides insight into 

the stress regime of the region (Ruppert, 2008), delineation of new seismic zones, and estimating 

the largest possible earthquake that can occur in the region.

In this thesis, we perform three main tasks to further our understanding of earthquake mech

anisms and structure of Alaska:

1. Improve earthquake source inversion techniques and demonstrate an approach for uncer

tainty estimation.

2. Use source mechanisms of crustal earthquakes for understanding the tectonics of south

central Alaska.

3. Investigate the effects of structure on the regional seismic wavefield, by simulating seismic 

waves in a three-dimensional model of Alaska.

1



These topics comprise the themes of the thesis and correspond, respectively, to the three chap

ters. The improvement in the moment tensor inversion technique is demonstrated in Chapter 2

Alaska is presented in Chapter 3. Parts of this thesis also contributed towards understanding the 

transtensional tectonics of Nenana basin (Silwal, 2015a; Tape et al., 2015). Throughout the the

sis we acknowledge the effect of structure, particularly of the Cook Inlet basin and the subducting 

Pacific slab, when comparing observed seismograms with synthetics for source inversion in south-

synthetics mismatch by using a three-dimensional model of Alaska. A more detailed overview of 

each chapter is presented in Section 1.2.

1.1 A brief introduction to moment tensors

Earthquakes in general occur on a fault by shear dislocation, which can be modeled as a double

values are ( l, 0, —l). We are concerned with estimating the magnitude and orientation (strike, dip, 

rake) of the moment tensor. Alternative terms for double couple moment tensors are 'fault-plane 

solution' or 'focal mechanism.' Our approach to moment tensor estimation can also be applied to 

'full' moment tensors, which contain an additional two parameters. The full moment tensor repre

sentation allows for modeling oblique opening across faults (e.g., Aki & Richards, 1980; Dufumier 

& Rivera, 1997; Minson & Dreger, 2008; Tape & Tape, 2013).

Throughout this thesis, we perform moment tensor inversion using the 'cut-and-paste' (CAP) 

method of Zhu & Helmberger (1996). CAP uses both surface waves and body waves from seis

mic waveforms filtered over relatively short periods, for example 3-10 s of Tan et al. (2006) or 

5-100 s of Zhu & Helmberger (1996). The body wave measurements are for the 'Pnl' waveform, 

which includes multiple paths that follow the arrival of the direct P (Helmberger & Engen, 1980); 

this is measured on the vertical and radial components. The surface wave measurements target 

the Rayleigh wave (vertical and radial components) and the Love wave (transverse component) 

(Figure 1.2). The best moment tensor solution is achieved by minimizing the misfit between fil

tered recorded data u and synthetics s, for different sections of seismogram (discussed in detail in 

Chapter 2):

improvements in moment tensor solutions are achieved by using more data and an improved

and Chapter 3. An application of source mechanism for explaining the tectonics of south-central

central Alaska. In Chapter 4 we make a more focused effort of understanding this observed-and-

couple moment tensor. A double couple moment tensor is a 3 x 3 symmetric matrix whose eigen-

(1.1)

1.2 Overview of Chapters

Chapter 2 aims at providing a high-quality moment tensor catalog for southern Alaska. The

2



methodology. We demonstrated that using an L1 norm in the misfit function will provide more 

stable moment tensor solutions (Silwal & Tape, 2016). We also introduce an approach for quanti

fying and visualizing the uncertainty in a double couple moment tensor solution using a proba

bilistic approach. This approach was further extended to quantify the uncertainty in full moment 

tensor solution by Alvizuri et al. (2018). The moment tensor catalog generated is available at 

ScholarWorks@UA (Silwal, 2015b).

Chapter 3 is a more focused study in which we analyze the crustal seismicity (depth < 30 km) 

in the Cook Inlet and Susitna region (Silwal et al., 2018). The active folds and faults in this region 

have the potential of generating Mw 6-7 magnitude earthquakes. Combined with the amplifica

tion of the seismic waves due to the basin, such earthquakes pose a significant hazard to nearby 

cities such as Anchorage. We select 11 historical earthquakes Mw > 5.8. We also recompute the 

locations for major historical earthquakes in the region using a non-linear least square approach 

(Lomax et al., 2018). Moment tensor inversion of smaller earthquakes and double-difference re

location suggest that the region is pre-dominantly in a thrust setting. The moment tensor catalog 

generated is available at ScholarWorks@UA (Silwal, 2018a).

For the moment tensor inversions in Chapters 2 and 3, we assumed that the material properties 

of earth vary only with depth. This is a reasonable assumption if one is interested only in the 

large scale features of earth. If we want to understand the effect on seismic waves due to the 

small-scale features such as basins, the subducting Pacific slab, the accreting Yakutat block and 

the topography, then we need to use a 3D velocity model that contains the appropriate details. 

Figure 1.3 shows the effect of basins on the seismic wavefield.

In Chapter 4 our aim is to provide a 3D reference velocity model which could be used as the 

initial model for an iterative tomographic inversion. The validation of different seismic velocity 

models is the focus of this chapter. This involves testing different meshes— such as the effects 

of topography smoothing on simulations— and testing different models— such as the effects of 

including basin and setting a minimum allowable velocity. We also perform detailed comparisons 

of minimum resolved period of the synthetics and the simulation time for different runs, both of 

which plays important roles in deciding which model to choose.

1.2.1 Contributions to published works

Here we document parts of this PhD thesis that have contributed to published manuscripts.

1. The ScholarW orks@UAcollection of Silwal (2015b) for Silwal & Tape (2016) in Chapter 2.

2. The ScholarW orks@UAcollections of Silwal (2018a) and Lomax et al. (2018) for Silwal et al.

(2018) in Chapter 3.
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3. The ScholarW orks@UA collection of Silwal (2015a) for Tape et al. (2015) (second author 

Silwal). This includes moment tensor results for 15 earthquakes in the Minto Flats fault 

zone. The similarity among moment tensors provided support for the Minto Flats fault zone 

as a left-lateral strike slip fault.

4. The ScholarW orks@U A  collection of Silwal (2018b) for Tape et al. (2018) (third author Sil

wal). This includes moment tensors results for 6 events in the Minto Flats fault zone, as well 

as a more detailed analysis of the influence of source duration and choice of bandpass on the 

moment tensor results.

5. The moment tensor inversion results for the 2012 triggered earthquake in Tape et al. (2013). 

The initial analysis of this earthquake appeared in my Master's thesis (Silwal, 2012). I pro

vided slightly revised moment tensor results for this earthquake in Tape et al. (2015) and in 

Tape et al. (2018).

6. The moment tensor inversion results in Figure B1 of Tape et al. (2017) (third author Silwal). 

This is for the 2000-02-03, Mw5.5, earthquake on the Kaltag fault.

7. Code developments used in Alvizuri et al. (2018). The polarity + waveform misfit function 

described and used in Silwal et al. (2018) was also used in Alvizuri et al. (2018) (second 

author Silwal).
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Figure 1.1: (a) Active tectonic setting of the Aleutian-Alaskan subduction zone, south-central 

Alaska. The rectangle in the middle shows the main study region. Cyan arrows shows the plate 

vectors for the subducting Pacific plate (PA) under the North American plate (NA) (Bird, 2003). 

Magenta curves are the 40 km, 60 km, 80 km, and 100 km contours of the top of the Pacific plate (Li 

et al., 2013). Yellow bounded region denotes the surface and subsurface extent of the Yakutat block 

(YK) (Eberhart-Phillips et al., 2006). Red triangles represent active volcanoes. Black dashed lines 

are inferred slows slip from various sources (Ohta et al., 2006; Wei et al., 2012; Fu & Freymueller, 

2013; Li et al., 2016). Also marked is the aftershock zone of the 1964 Mw9.2 earthquake. Labeled 

cities: Anchorage (A) and Fairbanks (F). (b) Alaska Earthquake Center (AEC) catalog: Mw > 2, 

1990-01-01 to 2017-01-01, colored by depth. The red lines are the active faults from Koehler et al. 

(2012). The blue line is the lateral extent of slab seismicity, digitized from the full AEC catalog. 

These figures are part of Silwal et al. (2018).
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Figure 1.2: Moment tensor solution and waveform comparisons for an example event in Anchor

age, April 7,2009. Waveform fit between the data (black) and the synthetics (red). The waveforms 

at each station are cut into 5 components (PV, PR, Rayleigh R, Rayleigh V, SH) and the matching is 

done by applying a different filter to body and surface waves. Number below the waveforms are, 

from top to bottom, (1) time shift required for matching the synthetics with the data; (2) maximum 

cross-correlation percentage between data and synthetics; (3) the percentage of the total misfit; (4) 

log amplitude between data and synthetics in each window. Number below the station name are 

distance and azimuth. This figure is part of Silwal & Tape (2016).

6
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Figure 1.3: Snapshots of a 3D wavefield simulation showing the influence of the Cook Inlet and 

Susitna basin on the seismic wavefield. Simulation is performed for the 2009-04-07 Anchorage 

event for which the source was obtained from (Silwal & Tape, 2016). Colors represent the vertical 

component of simulated ground velocity. Cyan circles denote broadband stations.
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Chapter 2

Seismic moment tensors and estimated uncertainties in southern Alaska1

2.1 Abstract

We present a moment tensor catalog of 106 earthquakes in southern Alaska, and we perform a 

conceptually based uncertainty analysis for 21 of them. For each earthquake, we use both body 

waves and surface waves to do a grid search over double couple moment tensors and source 

depths in order to find the minimum of the misfit function. Our uncertainty parameter or, rather, 

our confidence parameter, is the average value of the curve P (V ), where P (V ) is the posterior 

probability as a function of the fractional volume V of moment tensor space surrounding the 

minimum-misfit moment tensor. As a supplemental means for characterizing and visualizing 

uncertainties, we generate moment tensor samples of the posterior probability. We perform a 

series of inversion tests to quantify the impact of certain decisions made within moment tensor 

inversions and to make comparisons with existing catalogs. For example, using an L1 norm in 

the misfit function provides more reliable solutions than an L2 norm, especially in cases when all 

available waveforms are used. Using body waves in addition to surface waves, as well as using 

more stations, leads to the most accurate moment tensor solutions.

2.2 Introduction

The seismic moment tensor, visualized as a beachball, represents the radiation pattern for a point

source earthquake and plays an important role within the field of seismology (e.g., Isacks et al., 

1968). Moment tensors are used to interpret the style of faulting and deformation in active tec

tonic settings, they are used within seismic wavefield simulations to estimate ground motions 

in a particular region, and they are used within earthquake-based tomographic inversions that 

seek to improve seismic velocity models. Despite these fundamental purposes, there have been 

few insights into how to characterize the uncertainty of moment tensors (Riedesel & Jordan, 1989; 

Valentine & Trampert, 2012; Kaufl et al., 2014; Stahler & Sigloch, 2014). In this paper we apply a 

new approach for estimating uncertainties (Tape & Tape, 2016) to a set of 21 earthquakes in south

ern Alaska (Figures 2.1 and 2.2). We also present moment tensor solutions for an additional 85 

smaller earthquakes to form a catalog of 106 events.

We could have chosen any set of recorded earthquakes for our uncertainty analysis, but south

ern Alaska provides several advantages. First it is a region of active tectonics and high seismicity 

rates (Figure A.1) with events occurring throughout the crust and within the slab down to depths 

of 200 km. Second there is a  good network of broadband seismic stations, especially during the

^Published as: Silwal, V. and Tape, C., 2016. Seismic moment tensors and estimated uncertainties in southern Alaska, 
J. Geophys. Res. Solid Earth, 121, 2772-2797, doi:10.1002/2015JB012588.
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time period of interest. Third there are two existing moment tensor catalogs using two different 

techniques (Section 2.3.1); this allows us to compare different inversion algorithms and to com

pare the various choices made within these algorithms. Finally we are interested in better under

standing the tectonics of this region, and we are interested in using our moment tensors within a 

tomographic inversion using earthquakes, wavefield simulations, and adjoint methods (e.g., Tape 

et al., 2009). One of the most prominent tectonic features within our region of interest (Figure 2.1) 

is the Cook Inlet forearc basin, one of the largest in the world. The basin poses challenges when 

performing waveform fits between data and synthetics at the stations in and around the basin.

In our study we assume that each earthquake is a  shear dislocation that can be modeled as 

a double couple moment tensor. A double couple moment tensor is a 3 x 3 symmetric matrix 

whose eigenvalues are ( l, 0, —l) . We are concerned with estimating the magnitude and orientation 

(strike, dip, rake) of the moment tensor. Alternative terms for double couple moment tensors are 

'fault-plane solution' or 'focal mechanism.' Our approach to moment tensor estimation can also be 

applied to 'full' moment tensors, which contain an additional two parameters. The full moment 

tensor representation allows for modeling oblique opening across faults (e.g., Aki & Richards,

1980; Dufumier & Rivera, 1997; Tape & Tape, 2013).

Seismic moment tensors are routinely estimated using different approaches, which can be di

vided into two broad categories on the basis of data used:

1. high-frequency body waves measurements, such as the polarity of (first-motion) P waves or 

the amplitude ratios of S to P waves. These observations can be extracted readily from cat

alogs containing P and S arrival times. Two examples of codes that estimate double couple 

moment tensors from these data are HASH (Hardebeck & Shearer, 2002) and FPFIT (Reasen- 

berg & Oppenheimer, 1985).

2. filtered seismic waveforms. Other moment tensor inversions involve comparing filtered 

synthetic waveforms with filtered recorded waveforms. Typically some portion of the full 

waveform is used (e.g., P wave or surface wave). Examples of this approach are GCMT (Ek- 

strom et al., 2012), TDMT (Dreger et al., 1998; Dreger & Woods, 2002), CAP (Zhu & Helm

berger, 1996), and W-phase (Duputel et al., 2012).

The method of Dreger et al. (1998) is the most widely used algorithm for regional moment ten

sor determination. This method (Time Domain Moment Tensor INVersion Code, TDMT_INVC), 

which uses relatively long-period surface waves (10-50 s) has been implemented in Alaska (Ratchkovski 

& Hansen, 2002), western Canada (Ristau et al., 2007), southern California (Clinton et al., 2006),

Japan (Fukuyama et al., 1998; Fukuyama & Dreger, 2000), New Zealand (Ristau, 2008), Spain 

(Rueda & Mezcua, 2005), and Italy (Scognamiglio et al., 2009), and probably elsewhere. The al-
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gorithm constrains moment tensors to be deviatoric. The Alaska Earthquake Center (AEC) uses 

TDMT to produce their moment tensor catalog, including 21 analyzed in our study. We use the no

tation MAEC to denote a moment tensor in the AEC moment tensor catalog derived using TDMT.

An example of an algorithm that uses first-motion polarities to determine double couple mo

ment tensors is FPFIT (Reasenberg & Oppenheimer, 1985). This algorithm uses weighted sum of 

first-motion polarity differences (between observed and predicted) to find the global minimum 

and local minima. The uncertainty in each solution parameter is estimated using the 90% con

fidence interval for the normalized misfit function (0 to 1). The AEC routinely uses FPFIT to 

estimate double couple moment tensors for earthquakes, including 85 analyzed in our study. We 

use the notation M fm to denote a moment tensor from the AEC first-motion catalog derived using 

FPFIT.

The 'cut-and-paste' (CAP) method of Zhu & Helmberger (1996) uses both surface waves and 

body waves from seismic waveforms filtered over relatively short periods, for example 3-10 s of 

Tan et al. (2006) or 5-100 s of Zhu & Helmberger (1996). The body wave measurements are for the 

'Pnl' waveform which includes multiple paths that follow the arrival of the direct P (Helmberger & 

Engen, 1980); this is measured on the vertical and radial components. The surface wave measure

ments target the Rayleigh wave (vertical and radial components) and the Love wave (transverse 

component). Based on catalog comparisons in Tape et al. (2009, Appendix D), as well as our desire 

to fit as much of the seismic wavefield as possible, we chose to use CAP within this study. Details 

on CAP are presented in Sections 2.3.2-2.3.4.

Most of the inversion methods discussed above do not have a clear approach for estimating 

uncertainties in moment tensors. The most common method for estimating uncertainties involves 

'boot-strapping', which involves resampling the data and reinverting the moment tensor repeat

edly to obtain a set of possible solutions (e.g., Nayak & Dreger, 2014; Ross et al., 2015).

Part of the challenge in estimating uncertainties is that the properties of the moment tensor 

space under consideration are not obvious. The notion of uniformly distributed moment tensors, 

and the closely related notion of volumes in moment tensor space, need to be clarified. For us the 

space of moment tensors under consideration is the set of all double couples. For this set Tape & 

Tape (2015) show that uniform orientations give uniformly distributed moment tensors.

We calculate a new uncertainty curve, or rather 'confidence curve,' P (V), for each of 21 earth

quakes. The function P  (V), to be defined precisely in Section 2.4.1, describes how the posterior 

probability is concentrated around a selected reference tensor within moment tensor space. For ex

ample, P (0.1) = 0.9 means that 90% of the probability is contained within the 10% volume fraction 

around the reference moment tensor. The curve P (V ) is calculated from the posterior probabil

ity and the fractional volume in moment tensor space. The probability density p is scaled from
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a waveform difference misfit function F  as p(M) ^ exp (-F (M )). Associated with the curve P (V ) 

are two useful scalar quantities: (1) the slope of the curve at the origin. It is proportional to the 

probability density at the reference moment tensor. (2) the area P A V  under the curve, which is the 

average value of P (V ). It gives a single measure of confidence.

Our study produces a moment tensor catalog of 106 events in southern Alaska. The catalog is 

divided into two parts, as explained in Section 2.3.1: Part I (Table 2.4) and Part II (Table A.5). In 

Section 2.3 we describe our moment tensor inversion, including the estimation of uncertainties. 

Section 2.5.1 presents our uncertainty analysis for a single earthquake. Section 2.6 summarizes a 

set of comparative inversions for the 21 events. It is intended to provide insights into some of the 

choices made within moment tensor inversions.

We suggest two alternatives to reading the paper from start to finish. If you are primarily in

terested in our approach to estimating moment tensor uncertainties, then please focus on Sections 

2.4, 2.5.1, and 2.8. If you are primarily interested in our assessment of the impact of various deci

sions made within moment tensor inversions—e.g., type of norm, body waves or surface waves, 

number of stations—then please see Sections 2.3.4 and 2.6.

2.3 Methods

Our objective is to obtain the highest-quality catalog of moment tensors in southern Alaska, pri

marily for future purposes of earthquake-based seismic tomographic inversion. Our study is cen

tered on data acquired by the MOOS (Multidisciplinary Observations Of Subduction) array in 

the Kenai Peninsula region of south-central Alaska (Christensen et al., 2008). This array had up 

to 34 broadband stations active between 2007-8-15 and 2009-8-15 and provides the best coverage 

for studying earthquakes in this region. We also include all permanent broadband stations that 

were active during this time period; a map of stations is shown in Figure 2.1. All earthquakes in 

this study occurred within the bounding box of latitude [58°, 62.5°] and longitude [-154°, -146°] 

(Figure 2.2).

2.3.1 Selection of events and processing of waveforms

In addition to estimating the best possible moment tensors in southern Alaska, we are interested 

in performing comparative studies with existing catalogs. The Alaska Earthquake Center (AEC) 

maintains two moment tensor catalogs:

1. AEC moment tensor catalog. This catalog contains deviatoric moment tensors for Mw > 

4 earthquakes. The moment tensors, which we denote by M aec, are estimated using the 

TDMT code (Pasyanos et al., 1996; Dreger et al., 1998).
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2. AEC first-motion catalog. This catalog contains double couple moment tensors for Mw > 3.0 

earthquakes. The moment tensors, which we denote by M fm, are estimated using the FPFIT 

code (Reasenberg & Oppenheimer, 1985).

We use these two catalogs as a basis for selecting events in this study. The two catalogs form two 

parts of our composite catalog of 106 earthquakes:

1. Part I catalog: all 21 events from the AEC moment tensor catalog within our region (Fig

ure 2.2) and time period of interest. We perform our uncertainty analysis on these events. 

By focusing on the events in the AEC moment tensor catalog, we can perform direct compar

isons between two moment tensor inversion methods: CAP (used here) and TDMT (used by 

AEC).

2. Part II catalog: 85 events from the AEC first-motion catalog with magnitude Mw > 3.5 and 

within our region and time period of interest. For several of the smaller Part II catalog events 

we use first-motion polarity observations in order to help constrain the solution. We do 

not calculate confidence curves for the 85 events, mainly because our current formulation 

of the misfit function—and subsequent confidence curve— does not consider first-motion 

polarities. Our primary goal for the Part I events is to obtain the most reliable moment 

tensor solutions and to compare them with the solutions obtained by AEC using P-wave 

polarities only.

We acquired three-component broadband seismic waveforms from the Alaska Earthquake 

Center and from the MOOS waveform database (Christensen et al., 2008). For each event we ex

tracted 300 s of waveforms from stations within 500 km of epicentral distance (Figure 2.1). Wave

form processing, including instrument deconvolution between periods 0.04-100 s (using a 2-pole 

Butterworth bandpass filter), was performed using the GISMO Waveform Toolbox for MATLAB 

(Reyes & West, 2011). Additional bandpass filtering was applied within the moment tensor grid 

search algorithm.

2.3.2 Cut-and-paste (CAP) approach

The cut-and-paste moment tensor inversion approach of Zhao & Helmberger (1994) and Zhu & 

Helmberger (1996) is named for its cutting of sections of synthetic seismograms and pasting them 

on corresponding portions of observed seismograms. A key feature is that each section of syn

thetic seismogram is allowed to be time shifted to best match the observed seismogram. By using 

different time shifts, CAP accounts for some of the errors associated with the seismic velocity
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model that is assumed. For example, for a given station we might expect a different time shift be

tween data and synthetics for the P wave, Rayleigh wave, and Love wave. Allowing for different 

time shifts is especially important when considering a second feature of CAP: different bandpass 

filters are generally applied to body waves and surface waves.

The seismic waveforms are rotated radial, transverse, and vertical components and are divided 

into five time windows of body and surface waves:

1. PV: vertical component of the P wave

2. PR: radial component of the P wave

3. SurfV: vertical component of the Rayleigh wave

4. SurfR: radial component of the Rayleigh wave

5. SurfT: transverse component of the Love wave

Any of these time windows can be excluded based on the waveform selection criteria (Section A.2.1).

In our inversions we use three time shifts: one for PV and PR, one for SurfV and SurfR, and 

one for SurfT. For the 21 Part I events in our catalog (Table 2.4) we filtered body waves between 

1.5-4.0 s and allowed a maximum time shift of ± 2  s, and we filtered surface waves between 16-40 s 

and allowed a maximum time shift of ±10 seconds. For the 85 smaller Part II events in the catalog, 

we made adjustments to the bandpass filters and time shifts. Our goal was to fit as much of the 

wavefield as possible, both in terms of the broadest bandpass and the greatest sections of time.

2.3.3 Grid-search moment tensor inversion

In a grid search moment tension inversion, one looks for the minimum of a misfit function F  be

tween observed and synthetic seismograms. The CAP approach is distinguished by the details 

of how F  is assembled from pieces of filtered seismic waveforms. Our synthetic seismograms 

are computed using a frequency-wavenumber method based on the Thomson-Haskell Propaga

tor matrix method (Haskell, 1964; Zhu & Rivera, 2002). We use the same layered seismic velocity 

model that is used by the Alaska Earthquake Center for moment tensor inversions and for locating 

earthquakes (Table A.1). Once a misfit function is established, the approach to finding the mini

mum of the misfit function is a straightforward grid search over the space of model parameters.

We consider five model parameters: earthquake depth z, earthquake magnitude m, and mo

ment tensor orientation: strike k, rake s ,  and dip 0. We assume that the earthquakes occur as shear 

faulting without opening; hence our moment tensors are double couples. We fix the epicenter and 

origin time as those from the AEC catalog.
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The search ranges for our parameters are:

• depth z: zAEC — 35 < z < zAEC + 35, where zAEC is the depth in the AEC moment tensor catalog

• magnitude m: search within ±1 unit of the AEC moment tensor catalog magnitude

• strike k: 0° < k < 360c

• rake a: —90° < a  < 90°

• h = cos 0 :0  < h < 1, corresponding to dip 0 ranging from 0° to 90°

The use of h instead of dip angle 0 allows us to obtain uniformly distributed orientations by choos

ing k, a, and h uniformly (Kagan, 1991; Tape & Tape, 2012). Uniformly distributed orientations 

give uniformly distributed double couple moment tensors (Tape & Tape, 2015).

While our grid search involves five parameters, most of the post-processing uncertainty anal

ysis involves only the three parameters (k, a, h) that describe the moment tensor orientation. For 

each earthquake our unknown model vector is

m = (k, a, h, m, z)T. (2.1)

Our goal is to search over this parameter space to obtain the model vector m0 = (k0, a 0, h0, m0, z0) 

that minimizes the misfit F . We let M 0 be the corresponding moment tensor:

M 0 = M(k0, S0, h0, m0, z0) (2.2)

(The moment tensor M 0 is not to be confused with the scalar seismic moment, also usually denoted 

by M 0 .)

We can find M 0 either by using a regular grid of points or by using random points. The values 

of M 0 in our catalog (e.g., Table 2.4) are based on the regular grid search; the intervals are listed 

in Table A.2. Alternatively we could have found M 0 from the set of random points used in our 

uncertainty analysis. The workflow in Figure 2.3 starts by generating 100,000 random points in the 

space of k-a-h. We then choose a regular grid for searching over depth and magnitude (Table A.2). 

We evaluate the misfit function F  at the moment tensors to obtain the minimum.

Our analysis of uncertainties begins at this stage, with both the magnitude m = m0 and the 

depth z = z0 fixed; the analysis therefore only involves the moment tensor orientation, which is 

determined by (k, a, h).
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2.3.4 M isfit function

Let s(M) represent a predicted time series for a moment tensor M. We can think of s(M) as a

surface. The underlying physics is wave propagation in a simple layered medium.

Our misfit function measures the difference between recorded seismograms ('data') and mod

eled seismograms ('synthetics'). Each station records ground motions in three components, which 

are recorded on three seismograms. Let u represent a discretized time series of one component of 

the seismometer-recorded ground velocity, so uk would be the ground velocity at time tk. The goal 

is to find the M  that minimizes the difference between u and s(M).

Seismograms at each station are split into different time windows. We use i for the time win

dow index and j for the station index. We adopt the commonly used L2 norm as a measure of 

misfit between data and synthetic waveforms. The L2-norm waveform difference within a single 

time window is given by

where the matrix W j is a weighting matrix that can be thought of as an inverse data covariance 

matrix (e.g., Aster et al., 2013). For our purposes it is a diagonal square matrix with the same

We define a misfit function for each earthquake. Each earthquake is recorded by Ns stations. 

Each seismogram at each station is split into five time windows (PV, PR, SurfV, SurfR, SurfT). We 

consider two norms for the misfit function, which we refer to as L1 and L2:

Equation (2.5) is actually the square of an L2 norm and is what was implemented in the CAP code 

of Zhu & Helmberger (1996). We are not directly comparing values of these two norms, rather we 

are comparing the moment tensors that give the minima. The L1 norm is less sensitive to outliers 

than the L2 norm (Aster et al., 2013). The moment tensor that minimizes F n (M ) may be very 

different from the one that minimizes F l 2 (M), as we will see later in Section 2.6.1.

In the explanation and notation above we have omitted some details. Each waveform within a 

synthetic seismogram is time-shifted to match the data. Furthermore, the data and synthetics are 

filtered (identically) over a specified bandpass. Finally, there is a built-in weighting of waveforms

forward model that will input a moment tensor and output a time series of ground motion on the

(2.3)

weight factor wij on the diagonal. This gives the flexibility of adjusting the weights for any time 

window.

Ns 5
F l i(M) = X X f j ( M ) (2.4)

j=i i=i

(2.5)
j=i i=i
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by source-station distance that allows the more distant stations to have influence comparable to 

closer stations (Zhu & Helmberger, 1996).

2.3.5 Scaling the misfit function

We define a scaled version F  of the L1-norm misfit function by

k k Ns 5
F(M ) = — F l1(M) = — (2-6) 

ul i  u L ip l  “ 1

where uL1  is defined in terms of the observed waveforms by

Ns 5 r ,1/2
uL1 = X I  uTWijuij (2.7)

j=1 i=1

The reason we need a scale factor in the misfit function is that, as with most seismological studies, 

the errors in the data are poorly known. If we had a good estimate for errors in the data, then our 

weighting matrix for each time window, W j, could be represented by the inverse data covariance 

matrix. Furthermore, if we knew how the uncertainties varied with each source-station path, 

then we could incorporate this information explicitly within the summations in Equations (2.4) 

and (2.5). Because these quantities are unknown, we account for the lack of information with the 

scale factor k /u L1.

The constant k is the same for all events. The scaling by k / u n  does not impact our best-fitting 

moment tensors M 0 , but it does impact our uncertainty analysis; we return to this topic in Sec

tion 2.8.2.

2.4 Estimation of uncertainties

Our uncertainty analysis is summarized in Figure 2.3 and described below. The notion of distance 

in the space of moment tensors is important. The (angular) distance between two moment tensors 

X = (xij) and Y = (yij) is defined in terms of their euclidean inner product:

X Y

(Z8)

3 ______
where X ■ Y = I  xijyij and where | |X| | = v X ■ X.

i, j=1
The moment tensor for the global minimum of the misfit function is denoted by M 0 . We define 

w(M) to be the distance from M 0 to M:

w(M) = Z(M0, M) (2.9)

The angle w(M) ranges from w(M0) = 0° to w (-M 0) = 180°.
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Our moment tensor space is taken to be the set of all double couple moment tensors with fixed 

norm (i.e., fixed magnitude). We denote it by M. The probability density p on M is defined from 

the misfit function by (Tarantola, 2005)

p(M) = i e- 0(M), a = J e - ° {M)dM, (2.10)
M

where, for us, F(M ) = F(m (k, a, h, m0,z0)) and M  = M(k, a, h). The probability that the true moment 

tensor for the earthquake is in a given subset A of M is the integral of p over A:

R e-F(M)dM
P( A) = - --------------  (2.11)

R e—F(M)dM
M

We sometimes refer to the probability P as the posterior probability. The 'prior' probability would 

then be the homogeneous probability, that is, the fractional volume.

2.4.1 Quantification of uncertainty

Our confidence curve P  (V) is from Tape & Tape (2016). The curve depends on a reference moment 

tensor, which will usually be the moment tensor M0 with lowest misfit (or highest probability 

density). To define P (V ), we first let N(w) be the neighborhood of M 0 consisting of moment 

tensors within angular radius w of it. We then let P(w) and V(w) be the probability and fractional 

volume of N(w). Then P  (V) is defined to be the probability that the true moment tensor for the 

earthquake lies in the neighborhood of M 0 that has volume V. That is, as illustrated in Figure 2.4,

P  (V) = P(w) when V(w) = V (2.12)

The confidence curve P  (V) shows to what extent the probability in moment tensor space is con

centrated around the tensor M 0. For a high quality event, we would expect P (V ) to be near unity 

for some small V; equivalently, the curve P  (V) should resemble the Greek letter r.

The average value of P  (V) is

P A V = f  P  (V) dV  (2.13)
0

The closer P A V  is to unity, the better.

To calculate P (V ) from Equation (2.12), we need both V(w) and P(w). To get V(w) (approx

imately), we can construct a sequence M 1 , M2, . . . ,  Mn of uniformly distributed moment tensors 

in M; according to Tape & Tape (2015), this can be done by choosing each of the corresponding 

k;, a;, hi uniformly. Uniformity of the moment tensors Mi in M means that subsets of M having 

equal volumes should contain equal numbers of the M i. Since V(w) is the fractional volume of 

N(w), then

(2.14)
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where n(w) is the number of the Mi with Z(M0, Mi) <  w. Thus the fractional volume V(w) is found 

by counting the number of moment tensors Mi within the expanding neighborhood defined by w.

Finding P(w) is only slightly more involved. Since P(w) is the probability of the set N(w), it is 

given by Equation (2.11) with N(w) in place of A. Using M 1 ,M2, . . . , M n as before, we can replace 

the ratio of the integrals in Equation (2.11) with a ratio of sums:

N
P(w) «  X  e-F(Mi)) / £ e-F(Mi) (2.15)

Z(M0,Mi) < w i=1

Notice that if the probability P were the homogeneous probability, for which the function p would 

be constant, then Equation (2.15) would reduce to Equation (2.14), and P(w) would coincide with 

V(w).

The fractional volume V(w) depends neither on M 0 nor on the earthquake. Its derivative V'(w) 

has a mesa-like shape. Values of V'(w) are tabulated in Appendix A of Tape & Tape (2016).

2.4.2 Samples of the posterior probability

There is an alternate perspective on the calculation of P(w). It begins with the generation of a large 

number of samples of the posterior probability. This is done by starting with a set of uniformly 

distributed moment tensors and applying the rejection method (von Neumann, 1951; Tarantola, 

2005). The fraction of the resulting moment tensors M  with Z(M0 , M) <  w is then P(w). Since P(w) 

can be interpreted in terms of samples of the posterior probability, then so can P (V ). For example, 

P (0.1) = 0.8 means that 80% of the posterior samples are concentrated in only 10% of the volume 

around M 0.

We use samples of the posterior to further characterize and visualize uncertainties associated 

with our moment tensor solutions. This is best seen in the context of a  real example, described 

next.

2.5 Example waveform fits and uncertainty analyses

2.5.1 Full analysis for example event

We show the complete results for one of the 21 events in the Part I. The event occurred on 2009

04-07 just northwest of Anchorage, Alaska. Results for this event are shown in Figures 2.5-2.7. 

Results for the other 20 Part I events are in Silwal (2015).

A subset of waveform fits for our moment tensor inversion are shown in Figure 2.5; the full 

set of waveform fits are in Silwal (2015). The observed waveforms are plotted in black, and the 

synthetic waveforms are red. In this example the body waves are filtered 1.5-4.0 s and the surface
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waves are filtered 16-40 s. The synthetic seismograms have been time-shifted by the time shift 

listed beneath each seismogram pair (Section 2.3.2).

For this event the value of the scaled misfit function (Eq. 2.6) at the global minimum is F (M 0 ) = 

27.00 and the probability density (Eq. 2.10) is p(M0) = 3.30. (A related measure, variance reduction, 

is discussed in Section A.2.3.) The waveform fits in Figure 2.5 are good but not exceptional: the 

probability p(M0) = 3.30 is exactly in the middle of the 21 events listed in Table 2.4.

Figure 2.6 shows the grid search over depth for this event. The depth increment in the grid 

search is 2 km. For each depth we search over the full space of orientations and magnitudes to ob

tain the best-fitting moment tensor. For this event, the best-fitting moment tensor has magnitude 

Mw4.5 and occurs at depth 39 km; for comparison, the AEC catalog depth is 33 km, and the AEC 

moment tensor catalog depth is 45 km.

Figure 2.7 is a summary of the uncertainty analysis for the event. This analysis is performed 

after we have determined the best-fitting depth and magnitude for the event, and after we have 

evaluated the misfit function throughout the space of moment tensor orientations. Three cross 

sections of the strike-rake-dip 'brick' are shown in Figure 2.7b, with colors giving values of the 

misfit function F . Each section contains the solution M 0 (white star), which is at strike 205°, 

dip 49°, rake -8 5 ° . Also shown are contours of the angular distance w from M0 (Eq. 2.9). They do 

not correspond to distances in the brick and may at first look peculiar. For example, in the strike- 

rake cross section the two seemingly separate dark blue patches are close to each other when 

considered in moment tensor space, as shown by their small values of w. In moment tensor space, 

the two patches are parts of a single small neighborhood of M 0. The three light blue patches near 

the right edge of the strike-rake section are parts of a single small neighborhood of —M 0 when 

considered in moment tensor space. Incidentally, there are never any repeated moment tensors 

strictly inside the strike-rake-dip 'brick'; repetitions can only occur on the boundary (Tape & Tape, 

2012).

Our uncertainty analysis contains two parts. In the first part (Figure 2.7e-f and lower left of 

Figure 2.3) we calculate the confidence curve P (V) and, from it, the confidence parameter P A V : 

The fractional volume curve V(w) and the probability curve P(w) (blue and green, respectively, in 

Figure 2.7e) are calculated from Equations (2.14) and (2.15). Then P (V ) (Figure 2.7f) is calculated 

from V(w) and P(w) using Equation (2.12). The area under the confidence curve gives the average 

value of P (V ) (Eq. 2.13), which in this example is P A V  = 0.95.

The second part of our uncertainty analysis uses samples of the posterior probability, which 

we generate using the rejection method. Two hundred posterior samples are plotted in the misfit- 

vs-w plot in Figure 2.7c as green dots; they can be compared with the blue background, which 

is the corresponding plot for 'prior' samples, that is, for uniformly distributed moment tensors.
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The curves P(w) and P'(w) (green in Figures 2.7d,e) can both be interpreted in terms of posterior 

samples: For a large set of posterior samples, P(w) is the fraction of them within angular distance 

w of M 0, and P'(w) dw is the fraction of them whose angular distance from M 0 is between w and 

w+dw. A normalized histogram of values Z(M 0 , M) for posterior samples M  would therefore have 

the curve P'(w) as its upper boundary. In each of Figure 2.7c-e, the green color pertains to the 

posterior probability, and blue pertains to the prior probability, that is, to fractional volume.

A set of 2000 posterior samples is used to plot distributions of strike, dip, and rake in Fig

ure 2.7g. There are two distributions (green and black), since there are two sets of strike-rake-dip 

angles for each moment tensor. The global minimum M 0 is plotted as a beachball in (h) along with 

P-T axes for 200 posterior samples. Beachballs for 20 posterior samples are shown in Figure 2.7i. 

Stahler & Sigloch (2014) offered a similar perspective by averaging posterior beachballs to get a 

'Bayesian beach ball'.

2.5.2 Additional earthquake examples

In Figures 2.8 and 2.9 we show condensed versions of the uncertainty analysis for two events 

that are outside our region of interest and not in our catalog. These examples suggest the range 

in quality of solutions that we might expect in Alaska, and they provide some reference for the 

values of P A V . The first event, a slab earthquake beneath the Alaska Range, represents one of the 

best possible data sets for a moment tensor inversion in Alaska. For this 2014 earthquake there is 

complete azimuthal coverage, with 76 stations used in the inversion. The P (V ) curve resembles 

r ,  and P A V  = 0.98 is nearly unity (good).

The second event, a crustal earthquake in northwestern Alaska (near Noatak), has poor data 

coverage, with almost all stations situated within a 60° azimuth of the source. For this event 

the curve P (V ) is near the 45° line (Figure 2.9f), indicating that M 0 is not a reliable solution. 

This earthquake was well-recorded globally, and the GCMT solution indicated a normal-fault 

mechanism with Mw 5.7, whereas the (unreliable) solution in Figure 2.9 is a strike-slip mechanism 

with Mw 5.2. Smaller events, which, like the Noatak earthquake, are near the margins of the Alaska 

regional network, will not appear in global moment tensor catalogs. In such cases we will need to 

rely on assessing the confidence of our regional moment tensor solutions.

In Figures 2.10-2.11 we compare the moment tensor solution and waveform fits from our cata

log with those from the AEC moment tensor catalog. The moment tensor in Figure 2.10 clearly pro

vides better waveform fits, and it results in a larger variance reduction (39% versus 25%). Among 

the 21 Part I events, the event in Figure 2.10 had the largest difference (w = 54°) from the solution in 

the AEC moment tensor catalog. A visual inspection of the beachballs in Figures 2.10-2.11 shows
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that these solutions are quite different and would imply two different tectonic interpretations for 

this Mw 5.0 earthquake.

2.6 M oment tensor catalog, Part I (21 events)

There are 21 events in the AEC moment tensor catalog that occurred within our region during the 

time period of interest. For each of these events we perform a range of inversions with different 

subsets of data, in order to quantify the influence of various factors on the estimated model pa

rameters and their uncertainties. The different types of inversions and comparisons are listed in 

Tables 2.1 and 2.2. We note that the 21 events are all high-quality events: Mw > 4 recorded by 

dozens of stations at regional distances. The inferences we make in the comparisons below may 

not generalize to the smaller Part II events.

Implicit in these comparisons is our choice of the 'best' moment tensor, which we take to be 

the one whose synthetic seismograms fit the most observed seismograms (this is explained in 

Section 2.8.3). This corresponds to the M m  case in Table 2.1. We can then measure the angular 

difference between another moment tensor to M m .

We use Table 2.3 to explain the different inversions for the example event. The different subsets 

of data produce similar moment tensors, as indicated by w < 26° from M m . However two cases 

(M110 and M 101) have low values of p(M0) and P A V , and we would not consider these to be reliable 

solutions. The table also shows the distance of the two AEC catalog moment tensors, MAEC and 

Mfm, from M 1 1 1 . Table 2.3 is reproduced for the other Part I catalog events in Table A.3. The 

information in Table A.3 is presented in abridged form in Table 2.5. We will refer to these results 

while discussing the six comparisons listed in Table 2.2.

2.6.1 The effect of using bad stations

Manual review and selection of waveforms can be an extremely time-consuming part of seismo- 

logical studies. We expect there to be differences between data and synthetics. Some differences 

are due to errors in representing the earthquake source or Earth structure, while other differences 

are due to inherent errors in the observed waveforms for a particular earthquake and a particu

lar station at a particular time. We generally do not know what the estimated errors are in the 

observed waveforms, but we have some idea of errors in our synthetic seismograms due to er

rors in our assumed Earth model. For example, in our region the presence of Cook Inlet basin 

produces larger amplitudes and larger time shifts for source-station paths that interact with the 

basin. Therefore some systematic amplitude anomalies may be expected.

Our motivation for using the L1 misfit function (Eq. 2.6), rather than the L2 misfit function, 

was to reduce the effort of manually reviewing waveform comparisons (Maceira et al., 2000; Aster
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et al., 2013; Tarantola, 2005). In Figure 2.12 we show inversion results for 21 events for four cases: 

L1 with good waveforms, L1 with all waveforms, L2 with good waveforms, L2 with all wave

forms. We find that: (1) the L2 norm fails dramatically for some events (red beachballs), (2) the 

L1 norm gives stable results even when bad stations are not thrown out. Except for Figure 2.12, 

all the results presented in this study (Tables 2.4 and A.5) are based on using the L1 norm in the 

misfit function (Eq. 2.6).

2.6.2 The effect of ignoring body waves

The effect of ignoring body waves can be seen by comparing the columns of M 111 with those of 

M 0u in Table 2.5. The angular differences range from 0° (3 events) to > 50° (2 events). The two 

anomalous events here are both Mw > 5.0; one is a slab event to the west with decent station 

coverage, the other is a  crustal event to the southwest with relatively poor station coverage. A 

further analysis could provide insights into the scenarios where using body waves is particularly 

important for obtaining the correct moment tensor solution.

2.6.3 The effect of using fewer stations

The effect of using fewer stations, while using both body waves and surface waves, can be seen 

by comparing case M m  with M u2. The comparison shows that there are significant differences 

(5 events with w > 50°) in the moment tensor solution when we use fewer stations. In practice 

it is not easy to determine which station will 'pull' the solution toward the true solution. Our 

tabulation implies that using as many stations as possible is desirable. It is important to have 

good azimuthal coverage of stations, but we did not systematically investigate this.

2.6.4 Improvement over existing catalogs

We can also compare the angular difference from our preferred solution (M m ) to the moment 

tensors in the two AEC catalogs (Maec and Mfm) (Table 2.5). For the 21 Part I events the dif

ferences with the AEC moment tensor catalog are generally small (w < 30°), with one exception 

(20071003140612444: w = 54°) highlighted in Figures 2.10-2.11. We discuss catalog comparisons in 

Section 2.8.4.

2.6.5 The effect of using either body waves or surfaces waves

From Figure 2.13 we see that moment tensor solutions obtained using only surface waves (Mem) 

are consistently better than solutions obtain using only body waves (M101 ). Furthermore the con

fidence measure P A V  is higher for the surface-wave-only solutions (Table A.3).
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2.6.6 Additional comparisons

When considering only surface waves, there is a small effect of adding more stations. This can 

be seen in Figure 2.13 for the columns M 012 (few stations) and M 011 (more stations). This possibly 

justifies the practice of using a small (<10) subset of stations for surface-wave-only moment tensor 

inversion (e.g., Dreger et al., 2000; Ratchkovski & Hansen, 2002; Clinton et al., 2006).

For completeness we also compare the effect of using a different inversion code with same 

the seismograms. This is achieved by performing a CAP inversion (M01 2) using the same stations 

and same bandpass filter as those used in the AEC moment tensor catalog (Maec). Any differ

ences would arise from the minor differences (e.g., how time windows are cut, how stations are 

weighted by distance) between the CAP algorithm that we use and the TDMT algorithm that is 

used by AEC. The differences shown in the M 012 and M aec columns in Figure 2.13 are small, as 

we would hope. Note that much of the visual difference arises from comparing a double couple 

moment tensor (M012) to a deviatoric but non-double-couple moment tensor.

2.7 M oment tensor catalog, Part II (85 events)

Part I of our moment tensor catalog contains 21 events. For each event we performed a grid search 

over depth, an uncertainty analysis, and a series of comparison inversions (Section 2.6). Table 2.4 

lists the moment tensor parameters, and Silwal (2015) contains figures of waveform fits, depth 

grid searches, and uncertainty analyses.

We performed moment tensor inversions for an additional 85 events that make up Part II of our 

catalog. These events were the largest events within the AEC first-motion catalog (but not within 

the AEC moment tensor catalog) that occurred during the time period of interest (Section 2.3). For 

these smaller events we decided to use a limited number of first-motion polarity measurements 

to help guide the inversion by excluding moment tensors that fail to match the polarities. The 

moment tensor parameters are listed in Table A.5, and waveform fits are provided in Silwal (2015). 

In principle it should be possible to perform the uncertainty analyses for a misfit function that 

uses both waveform differences and first-motion polarities. It would be interesting to see the P A V  

curves for earthquakes with worse data than the high-quality events in Part I. The example in 

Figure 2.9 suggests that the uncertainty analysis could provide insights into local minima in the 

misfit function that may occur.

In the supporting materials we provide waveform fits for two Part II catalog events (Fig

ures A.5-A.7 and Figures A.8-A.10). These examples show the challenges associated with moment 

tensor inversions for events with lower signal-to-noise ratios (like smaller events): the waveform 

fits for two very different moment tensors appear to be qualitatively comparably good. An un
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certainty analysis would benefit these events, as would a detailed investigation of the inclusion of 

first-motion polarities along with the waveforms.

2.8 Discussion

2.8.1 The confidence curve P (V )

We provide several examples to elucidate the confidence curve P (V ). In all of them we are dealing 

with double couple moment tensors. The normalized eigenvalues are therefore A = (1,0, —1)/\/2, 

and the fractional volume curve V(w) takes the shape of a mesa. (The curve will change for full 

moment tensors or for a different choice of A (Tape & Tape, 2016).)

The calculation of P  (V) is shown in Figure 2.4. While the curve itself is our indicator of 

confidence, we also rely on two scalar quantities derived from it. The first is the average P A V  

of P (V ); this is the area under P (V ). The second is the slope of P (V ) at the origin, which is 

proportional to the probability density at M 0. Traditionally, an estimated moment tensor M  would 

be considered good if the curve P  (V) were steep at the origin. Our philosophy in this paper is that 

we need to look at the rest of the curve P (V ) as well; it should be T-shaped if M  is truly reliable.

We present three examples of P (V ) curves in Figures 2.7,2.8, and 2.9. Two are for high-quality 

solutions, where the curves resemble a T shape, while one is a low-quality solution, where the 

curve is close to the 45° line, P  (V) = V.

Figure 2.14 shows P A V  versus p(M0) for our 21 events and for all the cases listed in Table 2.1. 

The modest correlation seen in the figure suggests that high confidence may reasonably be ex

pected for high p(M0 ). In geometrical terms, if P (V ) starts at the origin with a high slope (high 

p(M0)), then there is a good chance that P (V ) will result in a T shape with its area near 1. Yet it is 

no guarantee, as illustrated by the Noatak event (Figure 2.9). But the main message of Figure 2.14 

is that for a given value of the misfit function at the global minimum F(M 0 )— or, more appropri

ately, the value of the probability density p(M0)—we can expect a wide range of values in P A V . 

As we might have hoped in our endeavor, P A V  provides useful information about the probability 

density that is not available from just the information at M 0.

Thus far we have chosen to calculate P  (V) for the global minimum of misfit (or highest prob

ability density) M 0. But we can calculate P (V ) for any reference tensor M, and in some cases 

it may be useful to do so. In the supporting materials we show the uncertainty analysis for our 

example event when choosing the reference moment tensor to be the maximum misfit solution 

Mx (Figure A.17) and then again when it is the opposite —M 0 of the minimum misfit solution 

(Figure A.18). For Mx the slope of P (V ) at the origin is near zero, as expected, yet the average 

confidence is P A V  = 0.66, which, although it is not good, it is not as bad as one might expect.
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One might have hoped that the worst fitting point would also have low confidence (as hinted by 

Figure 2.14), but we can understand why this is not the case. If we examine cross sections of the 

misfit function (Figure A.18b), we can see that, as expected, the misfit goes down as we look in 

any direction away from the moment tensor with maximum misfit. But Z(Mx,M 0 ) = 74°, so Mx 

'sees' the region of high probability around M 0 at an angular distance of only about 74°. The curve 

P (V ) therefore rises steeply for V w V(74°) = 0.308.

The confidence curve for —M 0 is always a 180° rotation of the confidence curve for M 0 (Tape & 

Tape, 2016). Since in this example the confidence curve for M 0 resembles a r  (Figure 2.7f), then the 

confidence curve for —M 0 resembles a backwards L. And since P AV for M 0 was 0.95, P AV for —Mo 

is only 0.05. The reason for this low value is that as we move away from —M 0 in any direction 

in moment tensor space, we do not encounter the concentrated probability near M 0 until we are 

nearly 180° from —M 0, at which point the P (V ) curve shoots up toward 1 to make the backwards 

L.

2.8.2 The misfit function scale factor k

The scale factor k (Eq. 2.6) in the misfit function F  is arbitrary, and it will systematically alter P (V ). 

If k is near zero, then the probability density will be nearly constant, P (V ) will be nearly the 45° 

line, and the moment tensor orientations (depicted in Figure 2.7h-i) will be nearly random. As 

k increases, P  (V) will sharpen toward a G shape, P AV will correspondingly increase (assuming 

that P (V ) was at least slightly favorable to begin with), and the moment tensor orientations will 

become more consistent. This is a reminder that one can only meaningfully compare P  (V) (and 

P AV) for different earthquakes when the misfit function is the same. In our study we fix k to be the 

same for all events, and then our results give a relative measure of confidence among all events in 

the catalog. A similar qualification faces any moment tensor catalog or any study that attempts to 

compare results from different catalogs (using different misfit functions).

2.8.3 Finding the 'best7 moment tensor solution

We have discussed three factors in determining the quality of a moment tensor solution:

1. the 'amount' of the wavefield that is fit within the moment tensor inversion

2. the confidence curve P  (V) and its average P AV

3. the difference between observed and synthetic waveforms

The normalized waveform difference is represented by probability density p(M0) and geometri

cally depicted by the slope P '(0) of the confidence curve for M 0. Our comparison tests in Sec
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tion 2.6, tabulated in Table A.4, show how p(M0) tends to decrease as we include more stations, 

more seismic phases (like body waves), and shorter-period waveforms in the inversion (see also 

Zahradnik & Custodio (2012)). Yet what we want is to fit more of the seismic wavefield, and we 

cannot simply assume that the moment tensor with the largest p(M0) is the better solution. Our 

guide for establishing our preferred solution M m  is to fit the most waveforms, rather than just to 

achieve the lowest waveform difference (highest p(M0)). In principle it should be possible to adapt 

the misfit function to up-weight the amount of time of seismograms used in waveform fitting.

The confidence curve provides insights into the concentration of the posterior probability near 

M 0. In the case of the Noatak earthquake (Figure 2.9), the steep slope of P (V ) at zero implies 

a high probability density (low misfit) at M 0. Yet the confidence curve reveals that M 0 is not a 

reliable solution.

2.8.4 Comparison of catalogs

The availability of two different catalogs from the Alaska Earthquake Center allows us to make 

comparisons with the solutions from our catalog. At the simplest level, we can compare the an

gular differences among moment tensors for the same event in each catalog. Figure 2.15a shows 

a comparison between the AEC moment tensor catalog (Maec) and the AEC first-motion catalog 

(Mfm) for the 21 Part I events in our study. These can be seen in Table 2.5 and in Figure 2.13 (last 

two columns), and it is clear that in some cases there are notable differences. Keep in mind that the 

techniques for estimating these moment tensors are very different: one technique uses long-period 

(T >  16 s for Mw > 4) surface waves, while the other technique uses first-motion P polarities from 

raw waveforms.

A direct comparison between our catalog and the AEC moment tensor catalog is shown in 

Figure 2.15b for 21 events. A direct comparison between our catalog and the AEC first-motion 

catalog is shown in Figure 2.15c for 85 events. We identify a small discrepancy in magnitudes 

between our moment tensors and the magnitudes in the AEC catalog (Figure 2.15d); the average 

difference 0.2 agrees with Ruppert & Hansen (2010). Figure A.19 shows these different moment 

tensor catalogs in map view.

We designed this study to provide more than just angular measures between moment tensors 

in two catalogs. Some of our tests in Section 2.6 allow us to quantify the influence of different 

choices that are made within a particular approach. To perform one-to-one comparisons, we eval

uate the AEC moment tensor (MAEC) using the same misfit function as was used to obtain our 

solution (Mcap). By design, the misfit F(M aec) will always be greater than F(M cap), since M aec 

is a point within the global grid search. Our assumption in Section 2.8.3 is that Mcap is the best
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solution because it fits the most of the seismic wavefield; therefore MAEC will be a worse solution, 

and we can quantify this difference.

2.9 Summary

We present a catalog of 106 moment tensors in southern Alaska. In order to isolate the impact of 

decisions made in moment tensor algorithms— stations, bandpass filter, seismic phases, weights, 

norm in misfit function—we perform a series of tests in Section 2.6. Our main assumption is that 

the 'best' solution (Section 2.8.3) is the one that fits the most of the seismic wavefield, in terms 

of number of stations, number of seismic phases, and broadest range of periods (notably shortest 

periods). We compare 21 of our moment tensor solutions with those in the Alaska Earthquake 

Center (AEC) moment tensor catalog, and we compare 85 with the AEC first-motion catalog. We 

have an inherent advantage over the AEC catalogs in that we use data from the MOOS deploy

ment. We nevertheless can test the influence of choices within the moment tensor inversion by 

using the same stations as those used in the AEC inversion. Our comparisons are based on the 

matrix angle between moment tensors; for example w = Z (Mcap,Maec) is the angle between our 

preferred solution derived from the CAP (Zhu & Helmberger, 1996) and the AEC moment tensor 

solution derived from TDMT (Dreger & Woods, 2002; Ratchkovski & Hansen, 2002).

When comparing two moment tensors, 'close enough' depends strongly on how one intends 

to use the information. If one is interested in understanding the tectonics of a  region, then it 

may be enough to say, for example, that an earthquake is a normal-fault mechanism. In that case 

w < 50° may be acceptable. If, however, one is performing a tomographic inversion based on am

plitude and traveltime differences, or if one is interested in calculating ground motions from a 

3D wavefield simulation, then it is important to have the best possible moment tensor; this will 

minimize the propagation of errors from the moment tensor to the seismic velocity structure, or 

to the ground motion predictions. For these purposes one might want the moment tensor to be 

w < 20° of the true solution. Our motivation for this study is to use this catalog for a tomographic 

inversion using wavefield simulations and adjoint methods (e.g., Tape et al., 2009; Lee et al., 2014). 

Our improved moment tensor catalog will allow us to more confidently associate differences in 

traveltimes and amplitudes with structural differences within a 3D reference Earth model. An ad

ditional consideration in such studies is whether to perform additional moment tensor inversions 

using the 3D reference model (Liu et al., 2004; Chen et al., 2005; Covellone & Savage, 2012; Zhu & 

Zhou, 2016).

Three summary points are as follows:

1. We present an improved catalog of moment tensors in southern Alaska. We use both body 

waves and surface waves from as many broadband stations as possible (both permanent and
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temporary). Examples in Section 2.6 show that using more stations and using body waves, 

in addition to surface waves, can substantially improve the moment tensor solutions. For 

33 (out of 106) events, our moment tensor differed from the AEC first-motion solution by 

w > 50° (Figure 2.15).

2. We demonstrate that using an L1 norm in the misfit function will provide more stable mo

ment tensor solutions (Section 2.3.4 and Section 2.6.1). This should allow for less manual 

(or automatic) thresholding of bad stations, which could be valuable in operational settings. 

The modification to the misfit function in the code is trivial.

3. We introduce an approach for quantifying and visualizing the uncertainty in a double cou

ple moment tensor solution (Section 2.4 and Figure 2.7). The confidence curve P (V ) in 

Figure 2.7f is shaped like a T for a high-quality event, and it is close to the 45° line for a 

low-quality event. The slope of P (V ) at the origin is related to the probability density at 

the best-fitting moment tensor, and the area under the curve P (V ) provides the average 

confidence (Tape & Tape, 2016). Results for 21 events are presented in Silwal (2015) and 

summarized in Table 2.4.
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Table 2.1: Moment tensor labels used in the study to distinguish among inversions using different 

subsets of waveform data. The three indices in the label Mabc represent the choice of body waves 

(a = 0,1), the choice of surface waves (b = 0,1), and the choice of stations (c = 0,1,2).  The index 

c covers three cases: c = 0 is for all available stations, c = 1 is a subset of stations that pass our 

waveform selection criteria, and c = 2 is a  smaller subset of stations used for the inversions in the 

AEC moment tensor catalog. See Section 2.6 for details.

Label Description

M m

Mon

Mioi

Mn2

M 012

Muo

using both body and surface waves at selected stations 

using only surface waves at selected stations 

using only body waves at selected stations

using both body and surface waves at stations used in AEC moment tensor catalog 

using only surface waves at stations used in AEC moment tensor catalog 

using both body and surface waves at all stations

M aec

Mfm

AEC moment tensor catalog (should be close to M 0 1 2) 

AEC first-motion catalog

Table 2.2: Examples of comparisons between different sets of moment tensors listed in Table 2.3. 

See Section 2.6 for details.

misfit function Analysis

M 111 vs Muo effect of using bad stations (for testing multiple norms)

M m vs Mon effect of ignoring body waves

M m vs M i 12 effect of using fewer stations (both body and surface waves)

M 111 vs M aec improvement over existing catalog

M 101 vs Mon effect of using either body waves or surface waves

M 012 vs Mon effect of adding more stations (only surface waves)

M 012 vs Maec effect of using a different inversion method with the same seismograms

M aec vs Mfm comparison between two catalogs (AEC moment tensor and AEC first motion)
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Table 2.3: Summary of inversions for the example event (20090407201255351) for the L1 misfit 

function using different subsets of data. w = / (M m ,M ), where M  is a different moment tensor 

solution. Previously published catalog results are included as M aec and Mfm; for these events, 

no p(M0 ) and P A V  are listed, since we did not perform the inversion. Table A.3 contains similar 

results for the other Part I events in the catalog. See Figure 2.7 (M m ) and Figures A.11-A.15 (M n0, 

M 0u , M 1 01 , M 11 2 , M 0 1 2) for the uncertainty analysis for each case Mabc.

misfit function depth Mw 00 p(M0) ^AV

(see Table 2.1) km deg

LI M m 39 4.5 - 3.30 0.95

LI Muo 39 4.4 26 0.04 0.52

LI M 011 41 4.5 9 9.26 0.98

LI M 101 39 4.6 21 2.26 0.77

LI M i 12 39 4.5 10 2.27 0.95

LI M 012 47 4.6 10 10.44 0.98

LI M aec 45 4.6 17 - -

LI Mfm 33 4.5 32 - -
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Table 2.4: Moment tensor catalog, Part I (21 out of 106 events), generated by CAP using body 

waves and surface waves. The depth is obtained from grid search and is based on variations in 

the amplitudes of waveforms (e.g., Figure 2.6). The AEC catalog depth, derived from P and S 

travel times, is listed in parentheses. The last three columns are the maximum probability density 

(p(M0)), the confidence parameter ( P AV), and the number of stations used in the inversion (Ns). 

See Table A.5 for the complete catalog of 106 events. Additional inversions with these events are 

tabulated in Table 2.5.

label eid lat Ion strike dip rake Mw depth, km P(M0) ^ A V Ns
1 20070911234634153 61.53 -151 .53 80 40 80 4.4 94 (100.9) 3.19 0.89 37

2 20070919112226549 61.38 -146 .11 225 62 - 7 0 4.5 47 (30.8) 2.35 0.92 42

3 20071003140612444 58.28 -151 .29 45 83 60 5.0 32 (45.5) 4.38 0.88 45

4 20071010180326301 59.96 -147 .41 40 87 5 4.2 27 (11.8) 1.56 0.90 44

5 20071128235703849 61.91 -151 .13 35 83 65 4.9 69 (69.6) 7.65 0.97 48

6 20080314093821771 61.07 -152 .64 265 28 90 5.1 139 (143.7) 8.28 0.94 38

7 20080327230745201 59.01 -1 5 2 .1 7 240 90 -2 5 5.1 65 (68.5) 1.66 0.90 28

8 20080828231418631 62.12 -149 .60 220 76 -3 0 4.2 54 (43.0) 4.36 0.95 33

9 20080918194353069 59.50 -152 .79 75 58 65 4.6 81 (90.2) 0.88 0.78 29

10 20081228071310738 62.35 -151 .05 90 54 50 4.6 82 (89.3) 4.28 0.95 21

11 20090124180950811 59.43 -152 .89 70 76 55 5.8 105 (97.9) 1.33 0.85 35

12 20090215193500098 61.60 -146 .33 80 40 -5 5 4.5 43 (37.2) 1.80 0.93 59

13 20090223000427175 58.92 -153 .63 60 80 75 4.9 81 (87.8) 11.76 0.94 18

14 20090317011333066 60.24 -152 .15 60 58 60 4.3 96 (90.1) 0.75 0.78 13

15 20090407201255351 61.45 -149 .74 205 50 -8 5 4.5 39 (33.0) 3.30 0.95 25

16 20090414171427415 60.16 -153 .06 145 40 75 4.3 111 (117.8) 0.89 0.83 29

17 20090430045457938 58.99 -151 .31 40 28 -4 5 4.8 40 (52.7) 5.52 0.89 41

18 20090524094004552 59.78 -153 .25 70 54 40 4.6 109 (125.5) 2.02 0.89 32

19 20090622192805162 61.94 -150 .70 25 50 -2 0 5.4 62 (64.6) 4.30 0.94 57

20 20090626164820729 61.91 -150 .64 25 35 -2 5 4.2 56 (59.5) 7.72 0.95 27

21 20090730223910267 59.93 -151 .09 220 20 15 4.6 60 (44.1) 3.62 0.94 23

Fig. 2.8 20140416202423770 62.89 -149 .91 110 69 30 4.9 72 (82.9) 1.77 0.98 76

Fig. 2.9 20140418184418152 63.93 -1 4 5 .7 7 340 86 0 5.2 20* (20) 12.29 0.61 54
* For the Noatak event the inversion was performed at the AEC catalog depth.
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Table 2.5: Angular difference w between our preferred solution (M m ) and solutions obtained 

using different waveform datasets. The column labels are described in Table 2.1. See Figure 2.13 

for the corresponding beachballs. See Table A.3 for details, including values of p(M0) and P AV.

(0 = Z(A4m, M)

Event M m Mno Mon Mioi M112 M012 M aec Mfm

20070911234634153 (1) - 0 16 0 37 15 21 12

20070919112226549 (2) - 22 18 23 20 31 34 21

20071003140612444 (3) - 13 62 119 55 61 54 67

20071010180326301 (4) - 10 7 53 41 41 19 20

20071128235703849 (5) - 29 0 12 16 0 4 77

20080314093821771 (6) - 10 50 0 53 43 32 67

20080327230745201 (7) - 0 8 68 19 8 11 19

20080828231418631 (8) - 0 10 14 19 19 14 13

20080918194353069 (9) - 19 11 56 151 10 8 27

20081228071310738 (10) - 18 26 17 21 26 25 27

20090124180950811 (11) - 10 10 52 20 10 30 29

20090215193500098 (12) - 0 12 36 17 17 25 27

20090223000427175 (13) - 10 0 110 0 10 26 25

20090317011333066 (14) - 31 0 59 55 13 17 19

20090407201255351 (15) - 26 9 21 10 10 17 32

20090414171427415 (16) - 10 27 125 50 20 24 21

20090430045457938 (17) - 0 10 118 28 16 25 65

20090524094004552 (18) - 13 24 0 43 24 29 27

20090622192805162 (19) - 0 10 24 10 10 13 13

20090626164820729 (20) - 13 19 10 14 30 25 20

20090730223910267 (21) - 28 10 29 36 30 17 28
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Figure 2.1: Broadband station coverage for the time period of this study, 2007-8-15 to 2009-8-15. 

The permanent stations in the regional network are plotted green; the MOOS stations are plotted 

magenta. Stations within 500 km of each epicenter were used for computing the moment tensor 

solution. The Tertiary basement surface of Cook Inlet basin is color-coded for depth (Shellenbaum 

et al., 2010). Labels: A = Anchorage, F = Fairbanks, PA = Pacific plate, NA = North American plate, 

YK = Yakutat block. See Figure A.1 for the seismicity distribution in the region. See Figure 2.2 for 

the moment tensor beachballs inside the study region (inner box).
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Figure 2.2: Seismotectonic setting of south-central Alaska showing the 106 moment tensor solu

tions obtained in this study. Our catalog contains all earthquakes in this region from 2007-8-15 

to 2009-8-15 with M w > 3.5 and for which an AEC first-motion solution was available. Inverted 

green triangles are the permanent stations in Alaska during this time period, and magenta are the 

temporary stations deployed during the MOOS array (Christensen et al., 2008; Li et al., 2013). The 

heavy blue line marks the lateral extent of slab seismicity and the red lines delineate the active 

faults (Koehler et al., 2012).
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A. Evaluate misfit function between observed and synthetic seismograms

Figure 2.3: Workflow for our uncertainty analysis, such as in Figure 2.7. The model parameters 

for the moment tensor inversion are the strike angle k, the rake (or slip) angle a , cosine of the dip 

angle (h = cos 0), the magnitude (m), and depth z, all with ranges as specified in Section 2.3.3. The 

uncertainty analysis (parts B and C) begins when we have determined the magnitude and depth 

of the moment tensor M 0 at the global minimum of the misfit function.
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Figure 2.4: Construction of the confidence curve P  (V) for a moment tensor M 0 . (a) The fractional 

volume and probability curves V(w) and P(w). The value P (V ) is defined in terms of V(w) and 

P(w) by requiring that P  (V) = P(w) when V(w) = V, as indicated by the arrows. The number V(w) 

is the fractional volume of the neighborhood Nm0(w) of moment tensors within angular distance 

w of M 0, and P(w) is likewise the probability of Nm0(w). Hence P  (V) is the probability that the 

true moment tensor for the earthquake lie in the neighborhood of M 0 that has volume V; large 

P (V ) for small V is desirable. (b) The confidence curve P (V ). The orange and brown trajectories 

correspond to those in (a). The area under the curve is our confidence parameter P AV. The 45° 

line (dashed) would be P (V ) if the probability had been homogeneous.
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Figure 2.5: [FOLLOWING PAGE] Moment tensor solution and waveform comparisons for the 

example event in this study. Each column is a different section of the three-component waveform: 

PV = vertical component P wave, PR = radial component P wave, SurfV = vertical component 

Rayleigh wave, SurfR = radial component Rayleigh wave, SurfT = transverse component Love 

wave. The stations are ordered by increasing epicentral distance from the top row. The observed 

waveforms are plotted in black, the synthetic waveforms are plotted in red. The body waves are 

filtered 1.5-4.0 s, and the surface waves are filtered 16-40 s. The numbers below each station name 

are the station epicentral distance (top) and station azimuth (bottom). The four numbers below 

each pair of waveforms are, from top to bottom, (1) the cross-correlation time shift AT = Tobs — Tsyn 

required for matching the synthetics s(t) with the data u(t) (a positive time-shift means that the 

synthetics arrive earlier than the data); (2) the maximum cross-correlation percentage between 

u(t) and s(t — AT); (3) the percentage of the total misfit; and (4) the amplitude ratio ln(Aobs/Asyn) in 

each time window. The four header lines are described in Silwal (2015).
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Event 20090407201255351/ Model and Depth scak_039 

FM 200 52 -9 0  Mw 4.50 ISO 0 CLVD 0 rms 9.552e-07 VR 56.2 

Filter periods (seconds): Body:1.50-4.00. Surf:16 .00-40.00 
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20090407201255351 scak h=38.9 ± 2.2 km

C O

O)

Depth, km

Figure 2.6: Grid search for the best-fitting depth for the event in Figure 2.7. The red arrow marks 

the AEC catalog depth, and the white arrow marks the depth obtained from our moment tensor 

inversion. The gray line with solid circles denotes the variance reduction (VR) for the moment ten

sor solution obtained at that particular depth (scale at right). The best solution occurs at the maxi

mum in variance reduction VRmax = 56.2. The beachballs are plotted at the value of ln(VRmax/VR), 

which gives the variance reduction relative to the maximum (scale at left). Note that the orien

tation and magnitude are free to change for each depth; for this event we see that deeper depths 

produce larger magnitude estimates (4.6 vs 4.4), as we would expect. The black dashed line is the 

best-fitting parabola, which is used for estimating the uncertainty in depth; here the best-fitting 

depth is 39 ±  2 km. The long tick marks on the x-axis mark the layer boundaries in the 1D model 

(Table A.1) used in the moment tensor inversions.
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Figure 2.7: [FOLLOWING PAGE] Summary of the moment tensor solution M 0 for an earthquake 

near Anchorage. The moment tensor M 0 is the moment tensor with minimum misfit. The set of 

moment tensors under consideration is the set of double couples. (a) Map showing the earthquake 

source and the station coverage. The stations used in calculating the misfit are identified with 

ray paths. (b) Colored map of misfit F(M ), shown on sections of strike-rake-dip space that pass 

through the strike-rake-dip point for M 0 (white star). The black curves are not contours of misfit 

F  but rather contours of w, where w(M) = Z(M0, M) is the angular distance from M 0 to M. (c) A 

two-dimensional summary of the three-dimensional plot of misfit in (b). The blue region consists 

of all pairs (w(M), F(M)). The green dots are pairs (w(M), F(M )) for 200 posterior samples. (d) The 

curves P '(w) and V'(w). (e) The curves V(w) and P(w); they are used to construct the confidence 

curve P (V ) in (f), as explained in Figure 2.4. (f) The confidence curve P (V ) for M 0 . The more 

the curve resembles the shape of a capital gamma (r), the better. The shaded area is the average 

confidence P A V . (g) Strike, rake, and dip for a set of 2000 posterior samples. There are two 

possible fault normal and slip vector pairs for a double couple; green indicates the pair having its 

coordinates in the strike-rake-dip box in (b), and black indicates its conjugate. (h) Beachball for 

M 0. The two big black dots are the P-T axes of M 0, and the small red and blue dots are the P-T 

axes of 200 posterior samples. (i) 20 posterior samples. The number above each beachball M  is its 

angular distance w(M) from M 0 , and the color of the ball gives its relative misfit, using the same 

color scale as in (b).
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Figure 2.8: Uncertainty analysis for an event with good station coverage. The figure is like the 

upper diagram in Figure 2.7, but for an earthquake near Denali, Alaska. The P  (V) curve resembles 

a r  and gives high confidence ( P AV = 0.98) for M 0. See Section 2.5.2 for details.
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Figure 2.9: Uncertainty analysis for an event with poor station coverage. The figure is like the 

upper diagram in Figure 2.7, but for an earthquake near Noatak, Alaska. Examining the curve 

P'(w), we see that the probability is widely distributed over moment tensor space, which leads to 

a low confidence ( P AV = 0.61) for M 0. The closeness of P (V )  to the 45° line (dashed) is another 

indication that M0 is not a reliable solution. See Section 2.5.2 for details.
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Figure 2.10: [FOLLOWING PAGE] Moment tensor solution and waveform fits at a  subset of 11 

stations for event 20071003140612444 (depth 32 km, Mw5.0). The angle between this solution and 

the AEC moment tensor catalog solution is 56°. See Figure A in Silwal (2015) for the waveform fits 

for the full set of 45 stations. See Figure 2.11 for the waveform fits when using the AEC moment 

tensor. See Figure 2.7 caption for details.
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Figure 2.11: Same as Figure 2.10, but showing synthetic waveforms for the moment tensor and 

depth (40 km) in the AEC moment tensor catalog. Our preferred moment tensor solution in 

Figure 2.10, obtained using both body and surface waves, provides better waveform fits (CAP 

VR = 39%; AEC VR = 25%). Here we allow the magnitude of the AEC moment tensor to vary 

in order to achieve the best possible waveform fits for this fixed hypocenter and orientation; the 

best-fitting magnitude of Mw4.6 is much lower than Mw5.0 in Figure 2.10. See Figure A.4 for the 

AEC waveform fits when the magnitude is fixed to be the AEC magnitude.
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Figure 2.12: The effect of using an L1 versus an L2 norm in the misfit function for the 21 Part I 

events. Column 1: using only the best stations (M m ) and applying the L1 norm. Column 2: using 

all stations (Mu0) and applying the L1 norm. Column 3: using only the best stations (M m ) and 

applying the L2 norm. Column 4: using all stations (M1 1 0) and applying the L2 norm. The number 

above each beachball is the angle w to the preferred beachball in column 1; if w > 50°, then the ball 

is colored red and is considered to be significantly wrong.
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EID M111 M110 M011 M101 M112 M012 Maec Mfm

20090730223910267 21) ® © © © © © © 0
20090626164820729 20) 63> (S3) 65 65 65 65 63)
20090622192805162 19) 65 65 63) 65 63) 63) 65 63)
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20071003140612444 3) 0 0 65 65 65 65 65 65
20070919112226549 2) © © 65 65 65 65 65 65
20070911234634153 1) © © © © © © © ©

Figure 2.13: Beachballs obtained using different data sets and applying an L1 norm. See Tables 2.1 

and 2.2 for comparing the differences between different columns. The solution used in our catalog 

(Table 2.4) is M m  (the first column). The last two columns show the moment tensors in the Alaska 

Earthquake Center catalogs (Maec and Mfm). A beachball is colored red if it is w > 50° from the 

M m  solution.
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Figure 2.14: Confidence parameter P AV versus probability density p(M0) for the 21 Part I catalog 

events for inversions performed with different subsets of data (see Table 2.1): M m  (black), Mem 

(red), M 1 01  (cyan), M 11 2  (green), M 012 (blue), M 110 (magenta). The plot reveals some correlation 

between P AV and log-scaled p(Me), though in general a range of P AV values are possible for any 

given p(Me). See Figure 2.13 for the set of beachballs corresponding to the dots in this figure. 

Values for the black dots (M m ) are listed in Table 2.4; the two large black dots are for the Denali 

(Figure 2.8) and Noatak (Figure 2.9) events.
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Figure 2.15: [FOLLOWING PAGE] Comparison among three moment tensor catalogs for earth

quakes in this study: (1) the Alaska Earthquake Center moment tensor catalog (Maec), (2) the 

AEC first-motion catalog (Mfm), and (3) our catalog (M cap). The difference between two moment 

tensors for the same event is quantified by the matrix angle w between the closest double-couple 

moment tensors. (Only the MAEC moment tensors allow for a non-double-couple component.) (a) 

w = Z (M cap,M aec): AEC first-motion solution vs AEC moment tensor for the 21 Part I events. 

This shows the influence of using long-period waveforms or first-motion polarities. These results 

are computed directly from the AEC catalogs. (b) CAP moment tensor vs AEC moment tensor for 

the 21 Part I events. (c) CAP moment tensor vs AEC first-motion solution for all 106 events. The 

differences are larger than those in (b), likely because the set of 106 events includes smaller events 

than the higher-quality, larger events in (b). Larger uncertainties in either the CAP solutions or the 

AEC first-motion solutions will result in larger differences between the two sets of solutions. (d) 

Differences in magnitude, mcap — maec, for all 106 events in the catalog. The average difference in 

magnitude is 0.2, indicating that our CAP magnitude estimates tend to be larger than those from 

AEC. It is possible that these differences are partly due to how the magnitudes are determined: 

Mcap is measured as moment magnitude (Mw) and maec is measured as local magnitude (Mi).
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Chapter 3

Crustal earthquakes in the Cook Inlet and Susitna region of southern Alaska1

3.1 Abstract

Several large (M > 6) earthquakes have occurred in the vicinity of Anchorage, Alaska, within 

the past century. The presence of the underlying subducting Pacific plate makes it difficult to 

determine the origin of these older earthquakes as either crustal, slab, or the subduction plate in

terface. We perform a seismological study of historical and modern earthquakes witin the Cook 

Inlet and Susitna region, west of Anchorage. We first estimate hypocenters for historical large 

earthquakes in order to assess their likelihood of origin as crustal, slab, or plate interface. We then 

examine modern crustal seismicity to better understand the style of faulting and the location of 

active structures, including within (and beneath) the Cook Inlet and Susitna basins. We perform 

double-couple moment tensor inversions using high frequency body waves (1-10 Hz) for small 

to moderate (M > 2.5) crustal earthquakes (depth < 30 km) occurring from 2007 to 2017. Our 

misfit function combines both waveforms differences as well as first-motion polarities in order to 

obtain reliable moment tensor solutions. The three focus regions— Beluga, upper Cook Inlet, and 

Susitna— exhibit predominantly thrust mechanisms for crustal earthquakes, indicating an overall 

compressive regime within the crust that is approximately consistent with the direction of plate 

convergence. Mechanisms within upper Cook Inlet have strike directions aligned with active anti

clines previously identified in Cook Inlet from active-source seismic data. Our catalog of moment 

tensors is helpful for identifying and characterizing subsurface faults from seismic lineaments and 

from faults inferred from subsurface images from active-source seismic data.

3.2 Introduction

The active tectonics of south-central Alaska is governed primarily by the northwestern subduction 

of the Pacific plate beneath the North America plate (Figure 3.1). This setting is one of the most 

seismically active regions in the world, having produced the Mw9.2 1964 earthquake. It includes 

pervasive earthquakes in the slab, down to depths of 200 km, as well as crustal seismicity span

ning a broad zone of intraplate deformation (Figure 3.2) (Page et al., 1991; Bird, 2003). Many of 

the earthquakes—both large and small—are not clearly associated with any geologically mapped 

active faults. With improved locations of earthquakes and improved characterization of the style 

of faulting from these earthquakes, we can better assess the active faults in the region. Here we 

perform a seismological study of a tectonically complex region of south-central Alaska to improve 

our understanding of active tectonics and seismic hazards in the region.

1In review at Tectonophysics: Silwal, V., Tape, C., and Lomax, A., 2018. Crustal earthquakes in the Cook Inlet and 
Susitna region of southern Alaska.
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The Pacific plate subducts to the northwest under south-central Alaska (Figure 3.1a). Attached 

to the Pacific plate to the east is the Yakutat microplate, identified as an oceanic plateau, that is 

colliding and subducting beneath Alaska (Plafker et al., 1978; Eberhart-Phillips et al., 2006; Chris- 

teson et al., 2010). The subducting Pacific/Yakutat plate is interpreted to be responsible for the 

extremely shallow angle of subduction (< 5°), far inland, as well as for the lack of volcanism 

Eberhart-Phillips et al. (2006); Rondenay et al. (2010).

We focus on the Cook Inlet and Susitna region, which spans the western margin of the Pa

cific/Yakutat plate (Figure 3.1a). The region, outlined in Figure 3.1, contains several notable tec

tonic elements. The subduction interface (Li et al., 2013) exhibits a clear kink from a westward- 

dipping slab to a northwestern-dipping slab (Ratchkovski & Hansen, 2002) (Figure 3.1a). The 

interface ranges from a depth of 40 km in the southeast, beneath the Kenai peninsula, to a depth 

of 100 km in the northwest, beneath the Alaska Range. The southeast corner also marks the ap

proximate downdip extent of the 1964 Mw 9.2 earthquake (Davies et al., 1981; Ichinose et al., 2007). 

Slow slip and tectonic tremor have been identified on the deeper sections of the interface, from 

about 40 km to 80 km (Ohta et al., 2006; Wei et al., 2012; Fu & Freymueller, 2013; Li et al., 2016). 

The crustal thickness inferred from receiver functions is ^30 km in the northern region (Veenstra 

et al., 2006), implying that these deeper slow slip events would arise from contact with subcrustal 

mantle.

The dynamics of underlying subduction provide context for characterizing crustal structures 

and crustal earthquakes, which are the target of this study. Within the Cook Inlet and Susitna re

gion are two mapped active faults: the Pass Creek fault and the Castle Mountain fault. The earliest 

reference of the Pass Creek fault (PCF) appears in Capps (1913), who reported "some thousands 

of feet" (p. 36) of displacement across the fault. Dover (1992) interpreted the PCF as a thrust fault 

but marked it as poorly constrained. Using interferometric synthetic aperture radar (IFSAR) el

evation data, Haeussler et al. (2017) inferred the PCF to be a northwest dipping thrust fault and 

that it "appears likely that the scarp is a result of at least several surface-rupturing earthquakes" 

(p. 1471). They estimated the fault has a slip-rate of ~0.5mm/yr and has the potential of producing 

a M6.9 ±  0.3 earthquake if the complete 37 km of the fault plane ruptured.

The Castle Mountain and Lake Clark fault system extends 500 km, from Lake Clark in the 

southwest and into the Talkeetna mountains to the northeast (Grantz, 1966). The fault was inter

preted as a right-lateral strike-slip fault (Grantz, 1966; Willis et al., 2007), but recent analyses have 

identified compressional structures across the fault, as well as a lack of definitive lateral offset in

dicators (Koehler & Carver, 2018). The Susitna section of the fault is the only section classified as 

active, based on geomorphic evidence (Koehler et al., 2012). A paleoseismic study by Haeussler 

et al. (2002) used data from nine trenches along the fault near Houston, Alaska. They identified
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four major earthquakes in the past 2800 years, indicating a recurrence interval of ^700 years. The 

two largest historical earthquakes in the region, in 1933 and 1943, appear to have occurred near, 

but not on, the fault (Doser & Brown, 2001). Based on the Global Centroid Moment Tensor cat

alog, which started in 1976 (Dziewonski et al., 1981; Ekstrom et al., 2012), the largest earthquake 

on the fault in the past 40 years occurred in the northeastern most section as a Mw5.8 right-lateral 

earthquake in 1984.

Physiographically the Cook Inlet and Susitna region is marked by the presence of two major 

sedimentary basins (Figure 3.3): the Cook Inlet basin south of the Castle Mountain fault, and the 

Susitna basin north of the fault (Figure 3.1b)). These basins are surrounded by mountains: the 

Talkeetna mountains to the east, the Alaska Range to the northwest, the Tordrillo mountains to 

the west, and the Kenai mountains to the south. Additional faults and folds have been identified 

within 3D active-source seismic data in Cook Inlet and Susitna basins (Bruhn & Haeussler, 2006; 

Lewis et al., 2015; Haeussler et al., 2017).

We conduct a seismological study that spans three different methods and three sets of earth

quakes in the Cook Inlet and Susitna region. First, in Section 3.3 we estimate the hypocenters of 

the largest earthquakes (Mw > 5.8) that have occurred since the start of the instrumental era in 

1904 (Gutenberg & Richter, 1954). We use globally recorded arrival times of P and S waves, in 

addition to traveltime predictions in a spherically symmetric Earth model, within a probabilistic 

inversion for hypocenter and origin time. Second, in Section 3.4 we use P waveforms and first

motion polarities to estimate focal mechanisms for crustal earthquakes Mw > 2.5. This procedure 

is challenging on account of the lack of large earthquakes that are available. Third, in Section 3.5 

we relocate seismicity (M > 1.5, 1990-2017) using arrival time data and a double-difference relo

cation algorithm (Waldhauser & Ellsworth, 2000). The results from these three analyses reveal a 

predominance of thrust faulting in the crust, consistent with structural inferences from subsur

face images, but differing from the strike-slip mechanisms previously estimated from the large 

historical earthquakes. Widespread seismicity and different styles of faulting provide challenges 

for characterizing different scenarios for future large earthquakes in this region.

3.3 Hypocenter estimation of historical earthquakes

At least 12 major events (Mw > 5.8) have occurred in the Cook Inlet and Susitna region since the 

start of instrumental era in 1904. Table 3.2 summarizes previous publications of the magnitudes for 

these earthquakes. For larger earthquakes we use the Global Centroid Moment Tensor (GCMT) 

catalog (Dziewonski et al., 1981; Ekstrom et al., 2012) for events since 1976 and the ISC-GEM 

catalog (Storchak et al., 2013; International Seismological Centre, 2018) for events before 1976. The 

ISC-GEM catalog provides relocated hypocenters (Engdahl et al., 1998; Bondar & Storchak, 2011)
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and magnitude estimates (Giacomo et al., 2015). In recent years, it has expanded its coverage of 

historical earthquakes to lower magnitudes. Doser and colleagues have estimated hypocenters, 

magnitudes, and mechanisms for many historical earthquakes in south-central Alaska (Doser, 

2006, 2005; Doser & Brown, 2001; Flores & Doser, 2005).

Depth estimates of the hypocenters and of the subduction interface provide a starting point 

for interpreting the earthquakes as either crustal, interface, or intraslab. Table 3.3 reveals a mix 

of crustal and intraslab (or interface) earthquakes. Interestingly, the occurrence of earthquakes in 

the crust versus the slab appears to have changed with time, as shown in Figure 3.4. Prior to 1950 

most earthquakes were crustal; after 1950 all four earthquakes were in the slab. This pattern was 

previously noted (Doser & Brown, 2001) and is apparent over a larger region. Doser & Brown 

(2001) speculated that stress changes from the 1964 Mw9.2 earthquake were responsible for the 

shift from crustal to slab earthquakes.

We use a nonlinear probabilistic approach to estimate the hypocenters of the 11 pre-1976 earth

quakes Mw > 5.8 in the region (Table 3.2). The code, NonLinLoc, uses an efficient global sam

pling algorithm to obtain an estimate of the probability density function (pdf) in 3D space for the 

hypocenter location (Lomax et al., 2000). The pdf (and the likelihood) is computed using the mis

fit between the observed and theoretical arrival times for teleseismic stations. Theoretical travel 

times are computed for a spherical earth with the ak135  velocity model (Kennett et al., 1995) using 

the TauP Toolkit (Crotwell et al., 1999). Recorded arrival times are obtained from the International 

Seismological Centre (International Seismological Centre, 2015).

Our full results for all 11 historical earthquakes are presented in Lomax et al. (2018); next we 

highlight three of the largest earthquakes.

3.3.1 The 1933,1943, and 1954 earthquakes

We present results from three Mw > 6 earthquakes in the Cook Inlet and Susitna region: 1933-04

27 Mw6.8, 1943-11-03 Mw7.3, and 1954-10-03 Mw6.4 (Table 3.2). These earthquakes were widely 

felt across south-central Alaska, including Kodiak, to the southwest, and at least as far north as 

Fairbanks, which is about 400 km from the epicenters. Section 3.8 summarizes felt reports of these 

earthquakes. The 1933 earthquake toppled telegraph lines around Anchorage, broke storefront 

windows in Anchorage, and shook houses off foundations in Old Tyonek. The 1954 earthquake 

produced minor landslides over the highway, damaged a section of railroad, and damaged struc

tures in Anchorage and the western Kenai peninsula. Although having the largest magnitude 

of the three earthquakes, the 1943 earthquake did not lead to any reported damage in the region. 

By comparison, the maximum shaking intensities in Anchorage—which is approximately equidis

tant from the three earthquakes—were M M I 6 (1933), M M I5 (1943), and M M I8 (1954) (Section 3.8;
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Brockman et al. (1988)). These discrepancies could arise from influences of 3D structure on ground 

motion, from source effects (radiation pattern or directivity), and from possible inconsistencies in 

the MMI values (e.g., are the MMI values from the same place in Anchorage?).

The seismicity cross sections in Figure 3.2b-c provide context for these three earthquakes. The 

plots show our maximum likelihood (MLL) hypocenters for the three earthquakes in the context 

of modern seismicity and estimated subsurface interfaces (subduction and Moho). From these 

results alone, it appears that the 1933 and 1943 earthquakes are crustal, while the 1954 earthquake 

was likely intraslab, though we cannot rule out the subduction interface as a possibility (Table 3.3). 

We discuss this further in Section 3.6.3.

Station coverage and traveltime residuals for our MLL hypocenters (and origin times) are 

shown in Figure 3.5. Figure 3.6 shows our posterior epicenters for the three earthquakes. These 

'clouds' are approximately 30 km by 40 km and convey the uncertainty associated with the epi

center estimation. For each posterior hypocenter we calculate its vertical distance to the sub

duction interface, and these differences are then plotted as histograms in the bottom row of Fig

ure 3.7. These distributions provide critical uncertainties for the interpretation of the earthquakes 

as crustal, subduction interface, or intraslab. For example, Figure 3.7c (bottom) makes the case 

for the 1954 earthquake as intraslab. (However, note that we do not have uncertainties for the 

subduction geometry models, including the one we have chosen to use (Li et al., 2013)).

3.4 M oment tensor inversions for modern crustal earthquakes

A double couple moment tensor is a 3 x 3 symmetric matrix whose eigenvalues are (l, 0, —l) . We 

are concerned with estimating the magnitude and orientation (strike, dip, rake) of the moment 

tensor, which we also refer to as the 'source mechanism'. Alternative terms for double couple 

moment tensors are 'fault-plane solution' or 'focal mechanism.' The strike, dip, and rake define 

the moment tensor orientation, as well as one of the two possible fault planes.

Three catalogs of moment tensors are summarized in Figure 3.8: (a) Doser & Brown (2001): 

large Mw > 6 historical (pre-1964) earthquakes; (b) the GCMT catalog (Dziewonski et al., 1981; 

Ekstrom et al., 2012): post-1976 earthquakes, predominantly Mw > 5.3; (c) crustal earthquakes 

from the Alaska Earthquake Center fault-plane catalog: predominantly M l > 3. We also considered 

the focal mechanism catalog of Li et al. (2013), which includes 117 earthquakes over a one-year 

period of the MOOS deployment (2007-8). Almost all of these earthquakes are within the slab or 

to the southeast of our focus region.

Within the Cook Inlet and Susitna region, we observe two historical crustal earthquakes (1933, 

1943) and zero crustal earthquakes since 1976 (GCMT: Dziewonski et al. (1981); Ekstrom et al. 

(2012)). There is one event in the GCMT catalog that is < 30 km depth, plotted as a red beachball
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near Anchorage in Figure 3.8b. The depth is listed as 15 km in the GCMT catalog, but the Alaska 

Earthquake Center (AEC) earthquake catalog, using all available regional data, lists 31 km for 

the depth, which would likely be an intraslab origin (not crustal) for the earthquake. The GCMT 

magnitude of Mw5.3 is near the completeness level for the catalog, which indicates that there is 

limited global data for estimating the moment tensor. This might explain the large discrepancy be

tween the moment tensor from GCMT and the one from the Alaska Earthquake Center, as shown 

in Figure 3.6.

Focal mechanisms for crustal earthquakes since 1990 are available from Alaska Earthquake 

Center. The mechanisms are estimated from first-motion polarities, and they vary widely across 

the region. Our primary motivation was to use enhanced methods, including waveforms, and 

enhanced station coverage from the past decade, to estimate moment tensors.

3.4.1 Event selection for moment tensor inversions

We consider earthquakes in the Cook Inlet and Susitna region shallower than 30 km and occur

ring between 2007-08-15 and 2017-01-01. From the spatial distribution of crustal seismicity (Fig

ure B.10), we identified three sub-regions to select events for moment tensor inversions: Beluga 

region, Upper Cook Inlet region, and Susitna region (Table 3.1 and Figure B.8). The time period 

of event selection, 2007-2017, spans two seismic experiments in the region: MOOS (2007-2009) 

(Li et al., 2013; Abers & Christensen, 2006) and SALMON (2015-2017) (Tape et al., 2017, 2015) and 

also includes new stations from the EarthScope Transportable Array (TA) in Alaska (2014-2019). 

Station coverage is a primary factor on the reliability of our moment tensor solutions. Events in 

2010, following the end of MOOS, have poor station coverage. Events starting in 2015 have the 

best coverage due to SALMON and TA networks.

We selected 53 events for moment tensor inversions: 9 from the Beluga region, 22 from the 

Upper Cook Inlet region, and 22 from the Susitna region. Hypocenters and origin times were 

obtained from the AEC catalog. These were fixed for the moment tensor inversions. Analyst- 

reviewed P arrival times and polarities were used for stations in the permanent network (AK, AT, 

AV). For stations in temporary networks (MOOS, SALMON, TA), we picked the P arrival times 

and assigned polarities.

3.4.2 M oment tensor inversion method

Estimating a moment tensor for an earthquake involves comparing observed waveforms with 

synthetic waveforms calculated for an assumed moment tensor for an assumed model of Earth 

structure. We use the same layered seismic velocity model used by the Alaska Earthquake Cen
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ter for moment tensor inversions and for locating earthquakes; see Table S1 of Silwal & Tape 

(2016). We use the 'cut-and-paste' approach to estimate moment tensors for earthquakes (Zhao 

& Helmberger, 1994; Zhu & Helmberger, 1996; Zhu & Rivera, 2002). In this approach, each three- 

component seismogram is cut into two body wave windows and three surface wave windows. 

Different bandpass filters are applied to the body waves and surface waves. The same procedures 

are applied to synthetic seismograms, which are then quantitatively compared with the recorded 

seismograms, via a misfit function. As demonstrated in Silwal & Tape (2016), the choices within 

the misfit function can have a significant impact on the estimated best-fitting moment tensor. Our 

previous studies (Silwal & Tape, 2016; Alvizuri & Tape, 2016) employed a simplified treatment of 

first-motion polarities that is generalized here.

Within the grid-search moment tensor inversion, the synthetic seismograms are aligned with 

the observed seismograms by applying time shifts to the synthetic waveforms that minimize the 

misfit between synthetic and observed waveforms. In many cases, this minimization can result 

in time shifts that are unreasonable, based on comparisons with a larger set of measurements. 

In these cases of cycle skipping, the synthetic waveforms are aligned on the wrong portion of 

the observed waveforms. The challenges of cycle-skipping and time shifts have been discussed 

previously Alvizuri & Tape (2016); Alvizuri et al. (2018). In our study we specify the observed P 

onset times, which effectively eliminates the need for time shifts.

Figure 3.9 shows a moment tensor inversion result for one of 22 crustal earthquakes in the 

Susitna region. Its relatively large magnitude (Mw4.2) allows us to use surface waves, in addition 

to body waves. For all the other events, only P waves (and P polarities) were used. The example 

shows the basic approach to comparing recorded waveforms (black) with synthetic waveforms 

(red) generated using a layered Earth model and a moment tensor source. Significant differences 

in shapes between data and synthetics are attributed to complexities in 3D Earth structure that 

are not modeled by the synthetics. For this event, the recorded waveforms to the southwest are 

influenced by Cook Inlet basin, as well as by Susitna basin from the source region. Some of these 

differences in structure between our assumed 1D model and real 3D Earth structure are encapsu

lated by the time shift maps shown in Figure 3.9.

3.4.3 M isfit function

Small earthquakes (Mw < 3.5) do not produce large signals at low frequencies. Therefore we are 

forced to use higher frequency waveforms, which are sensitive to 3D structural heterogeneities. 

Most regional networks do not have enough stations to capture the detailed effects of 3D structure 

on the wavefield. As used in previous studies Ford et al. (2012); Guilhem et al. (2014); Chiang et al. 

(2014); Weber (2018), first-motion polarity measurements (i.e., up or down) can be used to stabilize
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the waveform misfit function. Below we define our misfit function that combines waveforms 

differences and polarity differences.

The L1-norm waveform misfit is given by

Ns J5, r T 11/2
Fw (M) = (u ij -  Sij(M)) W ij (u ij -  Sij(M)) (3.1)

j=1 i=1

where Ns is the number of stations used, i is the window index for a seismogram, j  is the station 

index for an event, u is a discretized recorded seismogram, s(M) is a discretized synthetic seis

mogram for moment tensor M, W j is a square weighting matrix with the same dimension as the 

number of time points. As discussed in Section B.1, we choose W j to be a constant-valued diago

nal matrix with a weight factor that takes into account the duration of the time window, the width 

of the bandpass, and a user-specified weight. Recent approaches have considered non-diagonal 

weighting matrices based on estimated noise at each station Stahler & Sigloch (2016); Mustac & 

Tkalcic (2016, 2017).

The polarity misfit is given by

1 np

[j=i

where p is the observed polarity, t is the theoretical polarity for the moment tensor M, and Np is 

the number of stations at which first-motion polarity is picked. p and t can either be +1 (up) or -1 

(down), so that the polarity misfit for a station is either 0 or 1.

The total misfit is a weighted sum of the normalized waveform and polarity misfit

0(M ) = h(Ns) ( m + (1 -  m) )  (3.3)
V Np ||u| |l1 )

where the waveform misfit normalization | |u||̂ 1 is same as given in equation 7 of Silwal & Tape 

(2016), m is the weight given to the polarity misfit, and h(Ns) is the station reward factor (see 

Section B.1). Figure 3.10 shows the impact of using different weights for the polarity misfit on 

moment tensor solution. The Supporting Information includes text and figures to illustrate the 

roles of different variables in the misfit function. This misfit function was also used in Alvizuri 

et al. (2018); Alvizuri & Tape (2018) for full moment tensor inversions.

3.4.4 Results

Our moment tensor inversion results for 53 crustal earthquakes in the three sub-regions (Table 3.1) 

are presented in Tables B.2-B.4, in Figure 3.11, and in Silwal (2018). The sub-regions exhibit pre

dominantly thrust earthquake mechanisms that are consistent with the plate convergence direc

tion of 339° (N21W) (Bird, 2003). Specifically, the T axes of the mechanisms are near vertical, and
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the P axes of the mechanisms are near horizontal and point in the northwest direction of plate 

convergence.

In Figure 3.12 we compare our moment tensor results, which use P waveforms and first-motion 

polarities, with a catalog of mechanisms (AECfp) produced by the Alaska Earthquake Center that 

uses first-motion polarities only (fpfit: Reasenberg & Oppenheimer (1985)). For the time period 

2007-08-15 to 2017-01-01 and depths < 30 km, the AECfp catalog contains 46 earthquakes, 26 of 

which were examined in our study. The additional earthquakes in the AEC catalog were ones that 

were either not within our three sub-regions or were excluded by us due to low signal-to-noise 

levels for waveforms (Section 3.4.1). Therefore the comparison in Figure 3.12 is between a set of 53 

moment tensors derived from P waveforms and a set of 46 derived from P polarities. The result 

in Figure 3.12a, which includes 27 that are not in (b), is a more coherent pattern of thrust faulting, 

whereas Figure 3.12b shows predominantly strike-slip faulting. This suggests that the inclusion 

of waveforms, as in our study, may help discriminate among strike-slip and thrust mechanisms 

in cases where P polarities alone cannot isolate the mechanism. Specifically, the moment tensor 

for a north-striking thrust fault dipping 45° (west or east) can be rotated 90° about its P-axis; 

this will result in a strike-slip moment tensor that is significantly overlapping with the original 

moment tensor (as quantified by w = Z(M 1 ,M2 ) = 60°, which is much less than the maximum of 

180°). Although the mechanisms look different, they are not easily constrained by seismic data, 

and a formal assessment of uncertainties could elucidate this point (Silwal & Tape, 2016). Of 

course, better station coverage would also help discriminate between the strike-slip and thrust 

mechanisms. By examining small, shallow earthquakes, we are unlikely to have the ray path 

coverage near the center of the source mechanisms. For shallow events, the upward ray paths 

cover a small region of the surface, where we are unlikely to have a station. For small events, 

the downward ray paths have too-small signal-to-noise by the time they reach distant stations. 

Station coverage for the source mechanisms is best viewed in the beachball plots in Silwal (2018).

3.5 Hypocenter relocation of modern crustal seismicity

We apply the double-difference hypocenter relocation method of Waldhauser & Ellsworth (2000) 

to crustal seismicity in the Cook Inlet and Susitna region. The double difference method relies on 

minimizing the difference between observed and theoretical travel-times for pairs of earthquakes 

at each station. The method, especially when used in conjunction with waveform cross correla

tions, has been effective in collapsing diffuse clouds of seismicity onto strikingly sharp fault-like 

features; meanwhile other diffuse clouds remain diffuse (Hauksson & Shearer, 2005; Shearer et al., 

2005). The changes in the locations are also used to reduce the systematic errors due to the model, 

which could be used to improve the tomography models (Zhang & Thurber, 2003).
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Our work expands on the results of Ratchkovsky et al. (1998), who relocated crustal earth

quakes with ml >  2.0 and depths < 50 km in southern Alaska occurring during 1988-1996 using 

the joint hypocenter determination (JHD) method (Douglas, 1967). They classified their results 

into five regions, one of which coincides with our target region: "Shallow North American in

traplate earthquakes (0-25 km) located to the west of 149° W " (p. 96). Their results revealed 

diffuse seismicity within the crust.

We used a much larger data set, spanning from 1990-01-01 to 2017-01-01, and a more robust 

double-difference hypocenter relocation method (Waldhauser & Ellsworth, 2000). We used crustal 

events (depth < 30 km) with Ml > 1.5 occurring between 1990-01-01 and 2017-01-01 (Table 3.1). 

With these selection criteria, we started with 5726 events from the AEC catalog. The final relocated 

catalog, after removing 35 (depth > 40 km) events, contained 4748 earthquakes. The changes 

between the initial hypocenter and final hypocenter are displayed in Figures B.13 and B.12. The 

mean change in epicenter is about 5 km and the standard deviation of depth changes is about 

5.95 km.

In general, after relocation the diffuse seismicity remains diffuse (Figure 3.13). Similar results 

were obtained for relocations in the Los Angeles basin by Hauksson & Shearer (2005). Hauksson 

& Shearer (2005) explained the diffuse hypocenters as a effect of complex 3D brittle structure with 

interlaced strike-slip faults and thrust faults. The main lineament in our study region, within 

the Beluga region, is rotated toward a N-S alignment after relocation (Figure 3.13). Future efforts 

using new stations and waveform cross-correlation measurements could improve our results.

3.6 Discussion

Here we summarize our seismological results in the context of previous work within the three 

regions of interest (Table 3.1). We then discuss implications for active faults and larger earthquakes 

in the region.

3.6.1 Structures and active tectonics in the Cook Inlet and Susitna region 

Beluga region

The Beluga region (Figure 3.11a) is physiographically marked by a triangular-shaped feature 

which we describe as the Beluga "interlowland region" (BILR), after Saltus et al. (2016). The BILR 

comprises four small mountains, each on the order of 1000 m in elevation: Mount Susitna, Little 

Mount Susitna, unnamed (south of Wolf Lakes), and Beluga Mountain. The BILR is bounded to 

the northeast by the Susitna basin and the Beluga Mountain fault, to the south by Castle Moun
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tain fault and the Cook Inlet basin, and to the west by a north-south physiographic low that is the 

drainage for the Talachulitna river, which flows north.

The Beluga region (Figure 3.11a) contains a seismic lineament named the Talachulitna seismic 

zone (TSZ) by Flores & Doser (2005). The TSZ is approximately aligned with the western margin 

of the BILR, near the Talachulitna river. Flores & Doser (2005) interpreted the TSZ to be dipping 

steeply to the northeast (their Fig. 4c). The scatter in their results— and ours (Figure 3.11a)— 

prevents us from identifying any alignment with depth.

Earthquake mechanisms are challenging to estimate for the TSZ. Flores & Doser (2005) tab

ulated one focal mechanism in this zone (AF2; their Table 2), from the AEC focal mechanism 

catalog, but the current AEC catalog has only five events (Figure 3.12b), none of which pre-date 

2005. We present moment tensors for 9 events, all of which are shallower than 12 km (Table B.2). 

The mechanisms have considerable variation, with a predominance of thrust faulting consistent 

with east-west compression (Figure 3.11a).

Regional geophysical data and geological data provide context for the active seismicity. The 

BILR is mainly composed of Cenozoic and Mesozoic intrusive rocks (Ridgway et al., 2012; LePain 

et al., 2015) that are adjacent to Cenozoic sedimentary basins to the north (Susitna), west (Beluga), 

and south (Cook Inlet) (Figure 3.1b). Hackett (1977) and Saltus et al. (2016) used gravity data 

and magnetic data to identify the Beluga Mountain fault on the northern front of the BILR as 

a thrust fault dipping southwest; however recent fault kinematic data do not support a thrust 

interpretation Gillis et al. (2015). The Beluga Mountain fault does not appear to be seismically 

active or connected with the Talachulitna seismic zone.

Examining Figure 3.11a, we speculate that the Talachulitna seismic zone represents a north- 

striking, east-dipping thrust fault system that may represent some weakness within the crustal 

block north of the Castle Mountain fault and west of Susitna basin. This weakness, aligned with 

the western margin of the BILR, could accommodate some regional compression and contribute 

to uplift of the BILR.

Upper Cook Inlet region

Earthquakes in the Upper Cook Inlet region occur beneath Cook Inlet basin, a large, long-lived 

forearc sedimentary basin whose Tertiary strata have a maximal thickness of 7.6 km and overlie a 

Mesozoic section of approximately 8 km (Fisher & Magoon, 1978; Shellenbaum et al., 2010; LePain 

et al., 2013). It is bounded by the Aleutian Range to west, the Alaska Range and Talkeetna Moun

tains to the north, and the Kenai and Chugach Mountains to the east (see Figure 3.1). The Castle 

Mountain Fault to the north separates the Cook Inlet basin from the adjoining Susitna basin. The
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similarities in structures of Cook Inlet and Susitna basins suggests that their histories are linked 

(LePain et al., 2013).

The 22 events in our study (Figure 3.11b, Table B.3) mostly have depths in the 10-20 km range, 

placing them either within the Mesozoic strata or the crystalline basement. The crust within Upper 

Cook Inlet (north of West Foreland) is more seismically active than the Lower Cook Inlet; this is 

possibly related to the underlying subduction of the Yakutat microplate (Eberhart-Phillips et al., 

2006; Haeussler, 2008).

Folds in Cook Inlet are complex, discontinuous structures with variable shape and vergence 

that probably developed by right-transpressional deformation on oblique-slip faults extending 

downward into the Mesozoic strata beneath the Tertiary basin (Haeussler et al., 2000). A discus

sion of the complex folding and faulting structures in the basin can be found in Fisher & Magoon 

(1978); Haeussler & Saltus (2011).

Our moment tensor inversions for 22 events reveal thrust fault mechanisms whose strike an

gles are generally aligned with the Cook Inlet anticlines (Haeussler et al., 2000; Koehler et al., 2012) 

(Figure 3.11b). The simplest explanation is that the anticline structures, identified within active- 

source seismic data, arise from NW-SE thrust faulting identified from modern earthquakes.

Susitna region

The Susitna region exhibits diffuse seismicity with the larger earthquakes (22 in this study) ex

hibiting thrust fault mechanisms (Figure 3.11c, Table B.4). These mechanisms, with NW-SE P

axes, are consistent with the convergence direction of N21W (Bird, 2003) between the Pacific and 

North America plates. They are also consistent with the interpretation of subsurface compres- 

sional structures in the region Saltus et al. (2016).

The earthquakes in the Susitna region occur within a tectonically complicated region. The re

gion is marked by the Susitna basin (Figure 3.3b) Kirschner (1988); Wilson et al. (2009), which is 

bounded by the Alaska Range to the north, the Talkeetna Mountains to the east, the BILR (and 

Beluga Mountain fault) to the west, and the Castle Mountain fault to the south. The crustal earth

quakes are vertically bounded by the overlying Susitna basin and the underlying subducting Pa

cific plate. The Pacific plate exhibits two transitions in this region: (1) a kink in its geometry (e.g., 

Figure 3.6), from western dipping to more northwestern dipping (Ratchkovski & Hansen, 2002) 

and (2) an interpreted transition from normal subducting crust in the west to overthickened Pa

cific/Yakutat crust in the east (Figure 3.1a). It is possible that either of these slab-related features 

contributes to the concentration of crustal seismicity in the eastern part of the Susitna region.

Comparison between the crustal earthquakes and the basement surface (Figure B.11c) reveals 

several earthquakes below the deepest part of Susitna basin and within the uppermost 10 km. It
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is possible that these earthquakes occur on deeper extensions of the structures mapped within the 

subsurface basin structures (Lewis et al., 2015; Haeussler et al., 2017). The diffuse seismicity in 

the eastern portion of the Susitna region underlies the shallowest portion of the basin and are not 

associated with any previously identified subsurface structures.

3.6.2 Implications of minor earthquakes for active faults

From our perspective, seismic evidence for an active fault includes: (1) alignment of seismicity 

into a lineament (2) occurrence of moment tensors with one of its two possible fault plane parallel 

to the lineament (3) occurrence of large (M > 6) earthquakes. This seismic evidence should be 

assessed alongside geological evidence, whether in the form of slip rates inferred from dated offset 

units at the surface, from structural offsets inferred from seismic imaging and potential field data, 

and from paleoseismic evidence of past large earthquakes (Haeussler et al., 2002; Koehler et al., 

2012; Saltus et al., 2016; Koehler & Carver, 2018).

Our presentation in Figure 3.11 displays these three types of seismic evidence: relocated hypocen

ters of modern earthquakes, source mechanisms for the largest modern earthquakes, and esti

mated epicenters of the largest two historical earthquakes, in 1933 and 1943. We also superimpose 

previously published faults, and here we discuss the possible connections between faults identi

fied from surface and subsurface geological data with seismic activity at depth.

Most of the relocated seismicity does not exhibit seismic lineaments (Section 3.5). The only 

lineament we are confident about is the previously identified Talachulitna seismic zone (Fig

ure 3.11a). It is possible that this seismic zone is an expression of a single fault, but the source 

mechanisms are variable, and the structure does not have definitive evidence for hosting any mod

erate or large earthquake. To the northeast, within the Susitna region (Figure 3.11c), the seismicity 

is diffuse but the mechanisms are more consistent, exhibiting thrust faulting. Deformation within 

the crust appears to be broadly distributed, rather than concentrating on a few discrete faults. 

The same pattern is true to the south, within the Upper Cook Inlet region (Figure 3.11c): diffuse 

seismicity with consistent thrust fault mechanisms. In both the Susitna region and the Upper 

Cook Inlet region, there are subsurface fault and fold structures identified from modeling seismic 

reflection data and potential field data (gravity, magnetics). If these shallowly-identified faults 

penetrate below the sedimentary basements (Figure 3.3b), then it seems reasonable to ascribe the 

style of faulting inferred from the earthquake mechanisms to the style of faulting occurring near 

the surface. Therefore we would ascribe thrust faulting to the active folds in Cook Inlet basin 

(Bruhn & Haeussler, 2006) and thrust faulting to the structures in Susitna basin (Lewis et al., 2015; 

Haeussler et al., 2017). This is in contrast to the existing catalog of earthquake mechanisms, which 

favors strike-slip faulting in these regions (Figure 3.12).
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3.6.3 Structures responsible for 1933, 1943, and 1954 earthquakes

Large earthquakes rupture along faults with dimensions of tens of kilometers. Previous studies of 

large sets of earthquakes provides scaling between magnitude and fault dimensions. Assuming a 

circular fault (radius r, fault dimension 2r) and a stress drop between 0.2 MPa and 20 MPa (Shearer 

et al., 2006), the corresponding fault dimension would be

• 10-44 km for the 1954 Mw 6.4 earthquake

• 15-70 km for the 1933 Mw 6.8 earthquake

• 27-125 km for the 1943 Mw 7.3 earthquake

The empirical relationships of Mai & Beroza (2000) are also within these ranges. These dimensions 

should be kept in mind when examining Figures 3.6 and 3.11.

Our probabilistic hypocentral estimations for the 1933,1943, and 1954 earthquakes (Figure 3.6, 

Section 3.3.1) provide a starting point for interpreting the structures responsible (and not respon

sible) for these earthquakes. The 1933 earthquake (Figure 3.6) occurred within the region of the 

concentration of modern earthquakes in the Upper Cook Inlet region (Figure 3.11b). It seems pos

sible that one of the northeast-striking thrust faults could have hosted the 1933 earthquake. The 

1943 earthquake (Figure 3.6) maximum likelihood epicenter is on the Beluga Mountain fault (Fig

ure 3.11c), yet the uncertainty in the epicenter also covers the north-striking faults in Susitna basin, 

as well as the Talachulitna seismic zone (Figure 3.11a).

Reliable source mechanisms for historical earthquakes would provide valuable constraints on 

the (unknown) host faults. Here we summarize results, and challenges, from Doser & Brown 

(2001), who estimated source mechanisms for the 1933, 1943, and 1954 earthquakes, among oth

ers. They used limited teleseismic data to estimate the source mechanisms: P, PP, and S waveforms 

for 13 global stations, as well as first-motion polarities, where available. (By comparison, there are 

>100 global stations providing arrival times used in Figures 3.6 and 3.5.) They present waveform 

comparisons for all events in their Figure A2, offering the reader the chance to assess the reliabil

ity of the results. The numbers of stations and waveforms used for each event were as follows: 

3 stations (8 waveforms) for 1933, 5 stations (9 waveforms) for 1943, 6 stations (11 waveforms) 

plus first-motion polarities for 1954. Surface waves were not used, though they provide stable 

constraints for global moment tensor inversions Dziewonski et al. (1981); Duputel et al. (2012), 

mainly owing to the insensitivity of their long periods to 3D structural heterogeneities in Earth.

The picture of faulting from the 1933 and 1943 mechanisms Doser & Brown (2001) is one of 

strike-slip faulting (Figure 3.6), either right-lateral on a northeast-striking fault or left-lateral on 

a northwest-striking fault. Based on the points above, and from our own experience examining
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moment tensor uncertainties with modern regional earthquakes (Silwal & Tape, 2016), we would 

advise caution in basing any interpretation on the historical mechanisms. For example, rotation of 

these beachballs by 90° about their P-axes would lead to a north-striking thrust fault that would 

satisfy some of the historical seismic waveforms and first-motion polarities.

The Castle Mountain fault—the principal active fault within the Cook Inlet and Susitna region— 

was not responsible for the 1933 or 1943 earthquakes (Figure 3.6), corroborating Doser & Brown 

(2001). Two modern earthquakes, each well-recorded by regional stations, provide support for the 

Castle Mountain fault—or at least the eastern portion— as a right-lateral strike-slip fault. These 

earthquakes occurred just east of the Cook Inlet and Susitna region, as 1984-08-14 Mw5.8 (depth 

15 km) and 1996-11-11 M l4.6 (depth 17 km). A detailed study of the 1984 earthquake was pre

sented in Lahr et al. (1986).

The 1954 earthquake likely occurred within the subducting Pacific plate, rather than on the 

subduction interface or within the lower overriding crust. The depth distribution of modern seis

micity in this region is nearly continuous (Figure 3.7c, Figure 3.1b), making it challenging to dis

criminate among the three possibilities. This event has the benefit of better data than the older 

events, and therefore the mechanism should be more reliable. Two source mechanisms from pre

vious studies are shown in Figure 3.6 and reveal strike-slip faulting, not low-angle thrust faulting 

that would be expected for the subduction interface.

3.7 Summary

We present a seismological study of the tectonically complex region of Cook Inlet and Susitna, 

west of Anchorage, Alaska (Figure 3.1), with emphasis on crustal earthquakes. Using arrival time 

data, we estimate hypocenters of all 11 historical earthquakes Mw > 5.8 that have occurred in the 

Cook Inlet and Susitna region. Using waveforms from modern earthquakes, we estimate source 

mechanisms for 53 crustal earthquakes (Mw 2.5 to 4.8). Using arrival time data, we relocate a 

catalog of 5726 earthquakes (Ml > 1.5). We examine these seismological results in the context 

of regional tectonics, regional structures (basins, faults, folds), and previously published source 

mechanisms of older (and larger) earthquakes.

Here we summarize our main findings:

1. Within the Cook Inlet and Susitna region, we can generalize the earthquake patterns into 

two time periods (Figure 3.4). In the last several decades there have been small-magnitude 

thrust events in the crust and larger events in the slab. Prior to 1950 or so there have been 

large-magnitude crustal earthquakes that were possibly strike-slip.
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The existence of two crustal earthquakes (1933 Mw 6.8 and 1943 Mw 7.3) motivates our exam

ination of modern crustal earthquakes and geological structures. The crust has not produced 

notable earthquakes in the recent decades of high-quality seismic data: there are zero crustal 

earthquakes in the GCMT catalog ((Dziewonski et al., 1981): 1976-) within our three focus 

regions (Figure 3.8b).

2. Our source mechanisms favor an interpretation of thrust faulting (Figure 3.12a) over strike- 

slip faulting (Figure 3.12b). Uncertainties in the source mechanisms are considerable, ow

ing to the small magnitudes (which limits the inclusion of surface waves) and the extreme 

crustal heterogeneity (notably basins: Figure 3.3b), which was not accounted for in modeling 

synthetic seismograms.

3. Seismicity in the Susitna region (Figure 3.11c, Figure 3.13) is diffuse (Ratchkovsky et al., 

1998) and may be related to slab dynamics (Section 3.6.1).

4. The 1933 Mw 6.8 earthquake occurred beneath Cook Inlet basin, in a region exhibiting northeast- 

striking thrust fault source mechanisms (Figure 3.11b) that are aligned with the strike of 

active fold anticlines (Bruhn & Haeussler, 2006). It is possible that the 1933 earthquake rup

tured as a thrust fault, though the previously published source mechanism (using 3 stations)

is a strike-slipe mechanism.

5. The 1943 Mw 7.3 Susitna earthquake is the fourth largest earthquake ever to occur in main

land Alaska, following 1964 Mw9.2 megathrust, 2002 Mw7.9 Denali fault, and 1979 Mw7.4 

Wrangell-St. Elias. Its hypocenter was beneath the Susitna basin, possibly on a structure 

associated with the Beluga Mountain fault or the Talachulitna seismic zone (Figure 3.11a). 

Moment tensors of crustal events closest to the 1943 epicenter exhibit thrust mechanisms, 

consistent with inferred subsurface structures (Lewis et al., 2015; Saltus et al., 2016).

6. The 1954 Mw 6.4 earthquake beneath the Kenai peninsula was likely an intraslab earthquake.

It produced the strongest shaking (MMI 8) ever documented on the western Kenai peninsula 

(Section 3.8). The subducting Pacific slab has produced much larger earthquakes, such as 

the deeper and more distant Mw7.1 earthquake on 2016-01-24. For scenario earthquakes, it 

is worth considering a Mw 7.0 earthquake in the 1954 hypocentral region.

7. There appears to be a concentration of active seismicity and also large historical earth

quakes (1933, 1943) beneath the deepest sedimentary basins (Cook Inlet and Susitna: Fig

ure 3.3b). It is possible that the dynamical processes that influence basin development— 

over the past millions of years—are also responsible for modern earthquakes. Alternatively, 

modern earthquakes could arise from reactivation of ancient faults.
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3.8 Summary of felt reports for 1933,1943, and 1954 earthquakes

Here we summarize the entries for the 1933,1943, and 1954 earthquakes within the annual earth

quake volumes of the U.S. Coast and Geodetic Survey (Neumann, 1935; Bodle, 1945; Murphy & 

Cloud, 1956). See felt report locations on maps in Figure B.14.

1933-04-27 Mw 6.8

The complete entry in Neumann (1935):

April 26: 16:36*. Instrumental epicenter 62° north, 151° west. Anchorage, VI. Telegraph 

lines were down for a distance of 50 miles from Anchorage. The shock lasted about 3 

minutes. Plate glass windows in several stores were broken and stocks of good tum

bled from their shelves. This earthquake was considered by residents as the worst in 

30 years.

The quake was felt strongly on Kodiak Island and along the Aleutian Islands. It was 

felt strongly at Curry, McGrath, Seward, and Wasilla; Dillingham (Kanakanak), IV; 

reported light at Healy. The shock was felt at College, Fairbanks, Susitna, Valdez, and 

Whale Island.

Because of the difficulty in correlating the times of occurrence of the following after

shocks it has been considered best to list them all as individual shocks, even though it 

is evident that this is not always true.

April 26: Homer; earthquake and following tremors.

April 26: Kasliof;

April 26: Big Susitna River District, VII.

April 26: Old Tyonek, VII. Houses shaken off foundations.

1943-11-03 Mw 7.3

The complete entry in Bodle (1945):

Novem ber 3: 04:32.3.* Anchorage. Sharp shock with abrupt heaving motion made 

doors swing and windows rattle. Generally felt. A light after-shock occurred at 05:40. 

Several slight tremors were felt at intervals until about 07:30. Pen on recording rain 

gage made mark about | inch wide at time of main shock. Similarmarks were recorded 

on the barograph traces. Epicenter probably near 62° north, 151° west.

Felt at McGrath 04:33. Slight shock reported by Weather Bureau Observer as contin

uing for about fifteen seconds. "Wall clocks in the Civil Aeronautics Administration
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and Weather Bureau Offices were stopped. The baragraph trace showed no indication 

of the quake . . . "

Felt at Bethel 04:37. Tremors lasting 20 seconds were felt by several. Faint rumbling 

underground and moderately loud cracking of ice was heard. Building swayed. "The 

noise moved down the river quickly and then seemed to pass under the station making 

the earth tremble comparable to a locomotive passing. The ice in the river made a 

cracking noise for about an hour after the tremors, which lasted about 20 seconds."

Following Bodle (1945), Brockman et al. (1988) lists only three felt reports (Anchorage, Mc

Grath, and Bethel), but we found 10 additional felt reports within the monthly weather records. 

Furthermore, p. 4 of the 1943-11-03 Fairbanks Daily News-Miner had an articles headlined "Big 

Quake Felt Here This Morn". We speculate that the shortage of reports in Bodle (1945) was due 

to the national focus on WWII, which may have limited other duties such as earthquake compila

tions.

1954-10-03 Mw 6.4

The complete entry in Murphy & Cloud (1956):

October 3: 01:18:46*. Epicenter 60 j  north, 151° west, Kenai Peninsula, W. VIII. A 

sharp earthquake rocked a 1,000 square mile area of the lower Alaska mainland. Con

crete walls cracked; plaster showered down; plate glass windows shattered; merchan

dise toppled from shelves at Anchorage, Homer, Kenai, Seward, Sterling, and Valdez. 

Minor landslides spilled down on the Seward-Anchorage highway. More than 140 feet 

of railroad tracks were knocked out of commission just north of Potter. Residents on 

top floors in Anchorage's two 14-story "skyscrapers" fled into the streets when the vi

olent rocking broke water connections. At the Denali Theater, where a midnight show 

was in progress, some 850 patrons rushed toward the exists [sic], climbing over seats in 

a frenzy to escape. Three persons were reported injured slightly in the rush. Motorists 

driving cars at the time of the quake said it felt "like moving along on a flat tire." It 

was also felt at Cordova, Eklutna, Fairbanks, Kasilof, Kodiak, Latouche, Mantanuska 

[sic] Agricultural Experiment Station, Moose Pass (severe enough to shake things from 

the shelves), Palmer, Puntilla, and Yakutat. Five aftershocks of a few seconds duration 

followed the main quake at 02:43, 05:21, 05:34, 06:18, and 07:26.

The MMI VIII shaking intensity for the 1954 Mw 6.4 earthquake was the largest ever reported on 

the western Kenai Peninsula (Homer, Kenai, Sterling)— even exceeding the MMI VII of the 1964 

Mw9.2 earthquake (Brockman et al., 1988).
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Table 3.1: Earthquake selection for three target sub-regions and for the full region. Ne is the num

ber of earthquakes analyzed in each region for a particular method.

Region

longitude 

m in max

(°) (° )

latitude 

m in max

(°) (°)

m ethod N e

max

depth

(km )

min

m ag

date

range

Beluga region -151.50 -151.10 61.25 61.90 m om ent tensor 9 30 M i 2.5 2007-08-15

2017-01-01

U pper C ook Inlet region -151.50 -150.60 60.60 61.25 m om ent tensor 22 30 M i 2.5 2007-08-15

2017-01-01

Susitna region -151.10 -149.90 61.50 62.50 m om ent tensor 22 30 3.0 2007-08-15

2017-01-01

C ook Inlet and Susitna region -151.75 -149.50 60.50 62.50 historical 12 200 M w 5.8 1904-01-01

2017-01-01

-152.00 -149.00 60.50 62.50 double differ

ence

5726 30 M i 1.5 1990-01-01

2017-01-01
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Table 3.2: Earthquakes M  >  5.8 in the Cook Inlet and Susitna region (Table 3.1) of south-central 

Alaska since the start of the instrumental era in 1904. The events are selected from the ISC-GEM 

catalog (before 1976-01-01) and GCMT catalog (after 1976-01-01). ISCG = ISC-GEM 5.0 Storchak 

et al. (2013), GCMT = Global Centroid Moment Tensor catalog Dziewonski et al. (1981); Ekstrom 

et al. (2012). NA means that the earthquake was outside the time interval of a particular study.
origin time ref. mag. ref. GR A be EV DB

G u tenberg  &  Richter (1954) A be (1981) Engdahl &  V illasenor (2002) D oser &  Brow n (2001)

M w M M s , Mw Mw
1933-04-27 02:36:07 ISCG 6.78 ISCG 7.0 6.9, 7.1 6.90 7.0

1933-06-12  15:23:41 ISCG 5.82 ISCG - - - -

1933-06-13 22:19:51 ISCG 5.97 ISCG 6.25 - - -

1933-06-1918:47 :46 ISCG 5.85 ISCG 6.0 - - -

1934-06-18 09:13:52 ISCG 5.97 ISCG 6.75 - 6.60 6.1

1936-10-23 06:24:21 ISCG 6.82 ISCG - - - -

1941-07-30 01:51:29 ISCG 6.39 ISCG 6.25 - - 6.3

1943-11-03 14:32:20 ISCG 7.34 ISCG 7.3 7.4, 7.1 7.20 7.0

1954-10-0311:18 :48 ISCG 6.36 ISCG NA - - 6.6

1974-12-29 1 8:25:01 ISCG 5.92 ISCG NA - - NA

1975-01-01 03:55:13 ISCG 5.92 ISCG NA - 7.40 NA

1991-05-01 07:18:46 G C M T 6.30 G C M T NA NA 6.2 NA
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Table 3.3: Estimated depths, with uncertainties, for the earthquakes in Table 3.2. The depths 

from NonLinLoc (NLL) are for the maximum likelihood; Figure 3.7 shows examples of the depth 

distribution of all posterior hypocenters. The right three columns list the vertical distance from 

the ISC-GEM epicenter to the subduction interface, for three different interface models. Events 

marked as * are likely slab events. For the Engdahl catalog, DEQ means that depth is a free 

parameter, and FEQ means that depth is fixed based on independent information.
NLL 

(this study)
GR

Gutenberg & Richter (1954)
DB

Doser & Brown (2001)
EV

Engdahl & Villasenor (2002)
ISCG

Storchak et al. (2013)
JB10

Jadamec & Billen (2010)
H12

Hayes et al. (2012)
L13

Li et al. (2013)
1933-04-27
1933-06-12
1933-06-13
1933-06-19
1934-06-18* 
1936-10-23 
1941-07-30 
1943-11-03 
1954-10-03*
1974-12-29*
1975-01-01*

0.33
0.65
12.71
16.29
49.20
0.33
0.33
17.27
55.88
68.10
64.03

0
0

N/A
N/A
N/A

27 ± 4 
60 ± 10
N/A
N/A

35 (FEQ)

50 (DEQ)

35 (FEQ) 
64

15 ± 4 
15 ± 9 
15 ± 9 
15 ± 7 
60 ± 9 
15 ± 14 
35 ± 14 
15 ± 4
62 ± 5 
65 ± 5
63 5

54
71
85
64
63
56
49
73
40
56
43

68
77
87
71
72 
68 
64 
75 
52 
64 
57

63
73
82
66
66
63
59
71
45
57
48

GCMT AEC
114 (DEQ)

94

1991-05-01
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Figure 3.1: (a) Active tectonic setting of the Aleutian-Alaskan subduction zone, south-central 

Alaska. The rectangle in the middle shows the main study region. Cyan arrows shows the plate 

vectors for the subducting Pacific plate (PA) under the North American plate (NA) (Bird, 2003). 

Magenta curves are the 40 km, 60 km, 80 km, and 100 km contours of the top of the Pacific plate 

(Li et al., 2013). Yellow bounded region denotes the surface and subsurface extent of the Yaku- 

tat block (YK) (Eberhart-Phillips et al., 2006). Red triangles represent active volcanoes. Black 

dashed lines are inferred slow slip events from various sources (Ohta et al., 2006; Wei et al., 2012; 

Fu & Freymueller, 2013; Li et al., 2016). Also marked is the aftershock zone of the 1964 Mw9.2 

earthquake. Labeled cities: Anchorage (A) and Fairbanks (F). (b) Physiographic map of the Cook 

Inlet and Susitna region, south-central Alaska. Active faults are plotted in red and include Cas

tle Mountain, Pass Creek (PCF) and the western Denali fault (WDF) at upper left (Koehler et al., 

2012). Other active faults (Haeussler et al., 2017) and folds (Koehler et al., 2012) are marked in 

black. Sedimentary basins are labeled: Cook Inlet, Susitna, Yentna, and Beluga. Cook Inlet basin 

underlies Cook Inlet and the western Kenai peninsula (Shellenbaum et al., 2010). Black dashed 

lines are the boundaries of Susitna basin from Kirschner (1988).
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Figure 3.2 [FOLLOWING PAGE]:

Seismicity in south-central Alaska. (a) Alaska Earthquake Center (AEC) catalog: Mw > 2,1990-01-01 

to 2017-01-01, colored by depth. The box, containing Anchorage (A), is the focus region of this 

study; the two profiles are shown in (b) and (c). The red lines are the active faults from Koehler 

et al. (2012). The blue line is the lateral extent of slab seismicity, digitized from the full AEC cat

alog. (b) S-N  cross-section of (a) along the longitude line of —150.75°. Seismicity within 20 km 

of the profile is shown. Three large earthquakes of interest are projected onto the profile: 1933 

Mw6.78, 1943 Mw7.34, and 1954 Mw6.36; the hypocenters are estimated from NonLinLoc. Geo

metric boundaries shown are the plate interface (Li et al., 2013), the Moho (Wang & Tape, 2014), 

and topography (Amante & Eakins, 2009) exaggerated by a factor of 20. (c) SE-NW  cross-section 

of (a) between Anchorage (x = 0 km) and the 1943 earthquake.
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Figure 3.3: Gravity data and estimated basement depths for the Cook Inlet and Susitna region; see phys
iographic map in Figure 3.1b for comparison. Faults and folds plotted include active faults (Koehler et al., 
2012), active folds in Cook Inlet (Bruhn & Haeussler, 2006; Koehler et al., 2012), and faults in the Susitna 
basin (Lewis et al., 2015; Haeussler et al., 2017). (a) Bouguer gravity data (Saltus et al., 2016). (b) Maps of 
depth to Tertiary basement for Cook Inlet basin (Shellenbaum et al., 2010), as well as basement surfaces for 
Susitna basin (Wilson et al., 2009), Yentna basin, and Beluga basin (Stanley et al., 2013). The dashed outline 
is the basin-bounding region of Kirschner (1988); Meyer Jr. (2005).
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Figure 3.4: All 12 major earthquakes (Mw > 5.8) in the Cook Inlet and Susitna region (see Table 3.1) 

Earthquakes are selected from the ISC-GEM catalog for the time interval 1904-01-01 to 2017-01-01. 

(a) Map showing epicenters, colored by depth. (b) Plot of height above subduction interface (Li 

et al., 2013) as a function of origin time, for the 12 earthquakes in (a). The checkered shading at 

the year of 1950 accentuates the pattern of early crustal earthquakes and later (more recent) slab 

earthquakes.
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(a) 1933 (b) 1943 (c) 1954

S traveltime residual, s S traveltime residual, s S traveltime residual, s

Figure 3.5: Station coverage for P arrival times (top) and S arrival times (bottom) used in esti

mating the epicenters for the 1933,1943, and 1954 Alaska earthquakes. The maximum likelihood 

epicenter for each earthquake is marked by red circle at the center. The arrival times of the phases 

were obtained from ISC (International Seismological Centre, 2015). The stations are marked by in

verted triangles and colored by the difference between the ISC arrival time and synthetic obtained 

using the ak13  5 velocity model (Kennett et al., 1995). Circles show epicentral distances of A = 30°, 

60°, 90°, 120°, and 150°. The posterior epicenters for each earthquake are shown in Figure 3.6. For 

details of the results, see Lomax et al. (2018). (a) 1933 Mw6.78 earthquake. There are 174 P arrival 

times and 158 S arrival times recorded by 179 stations. (b) 1943 Mw 7.34 earthquake. There are 

137 P arrival times and 136 S arrival times recorded by 137 stations. (c) 1954 Mw 6.36 earthquake. 

There are 346 P arrival times and 223 S arrival times recorded by 263 stations.
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" 153° - 152° - 151° - 150° - 149° - 148°

Figure 3.6: Estimated epicenters for the 1933, 1943, and 1954 earthquakes; see Lomax et al. (2018) 

for details. Each cloud of colored dots represents the posterior epicenters, which are centered on 

a maximum likelihood epicenter (star). Other stars show epicenter estimates from other studies 

(Table B.1: Engdahl & Villasenor (2002); Doser & Brown (2001); Gutenberg & Richter (1954); Stor- 

chak et al. (2013)). See Figure 3.7 for information regarding the depths of the posterior samples 

relative to the underlying subduction interface. Also shown are active faults and folds (Koehler 

et al., 2012; Haeussler et al., 2017) and contours of the top of the subducting Pacific plate (40 km, 

60 km, 80 km, 100 km) (Li et al., 2013). The beachballs show source mechanisms for 1933 Doser 

& Brown (2001), 1943 Doser & Brown (2001), 1954 Doser & Brown (2001); Wickens & Hodgson 

(1967), 1984 Dziewonski et al. (1981), 1996 (AEC), and 1997 (AEC, Dziewonski et al. (1981)). The 

1984,1996, and 1997 epicenters are from the AEC catalog.
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(a) 1933 (b) 1943 (c) 1954
AEC depths at (-151.06, 61.10): 19330427 ISCGEM AEC depths at (-151.00, 61.79): 19431103 ISCGEM AEC depths at (-150.39, 60.65): 19541003 ISCGEM

LOMAX posterior depths: 19330427 LOMAX posterior depths: 19431103 LOMAX posterior depths: 19541003
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Figure 3.7: Estimated depth to slab for three historical earthquakes. Each hypocentral estimation 

using NonLinLoc provides a cloud of posterior hypocenters; see Figure 3.6 for a map view. For 

each posterior hypocenter we evaluate the vertical distance to the subduction interface models of 

Jadamec & Billen (2010) (cyan), Hayes et al. (2012) (blue), and Li et al. (2013) (black). (a) 1933-04

27 Mw 6.8 earthquake. (top) Distribution of depths of modern microseismicity (M > 0, 2000-2018) 

whose epicenters are within a 40 km of the ISC-GEM epicenter. (middle) Distribution of depths 

of posterior hypocenters. Also shown are our maximum-likelihood estimate from NonLinLoc 

(magenta) and the depth estimates, with uncertainties, from ISC-GEM (Storchak et al., 2013) (red) 

and DB2001 (Doser & Brown, 2001) (green). (bottom) Distribution of vertical distances between 

our posterior hypocenters and the underlying subduction interface from Li et al. (2013). Distribu

tions to the left favor a crustal interpretation for the earthquake; distributions to the right favor an 

intraslab interpretation. (b) 1943-11-03 Mw7.3 earthquake. (c) 1954-10-03 Mw6.4 earthquake.
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Figure 3.8: Moment tensor solutions from previous studies. (a) Major historic events (1920-1964), from 
Doser & Brown (2001). The three earthquakes near longitude -150° are, from north to south, the 1943, 
1933, and 1954 earthquakes. (b) All events from the GCMT catalog, 1976-2017 (Dziewonski et al., 1981; 
Ekstrom et al., 2012). (c) All crustal (depth < 30 km) events (1990-01-01 to 2017-01-01) from the Alaska 
Earthquake Center fault-plane catalog. These focal mechanisms are derived from P polarity observations. 
See Section 3.3 for more information on major historic events. See Figure 3.11 for our new moment tensor 
solutions.
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Figure 3.9: (top) Waveform fits at subset of stations used for a Mw4.2 crustal earthquake in the 

Susitna region. See Table B.4 for source parameters. Waveform fits for all stations, and for all 

events, are available (Silwal, 2018). (bottom) Map of time shifts between observed and synthetic 

waveforms for the P waves (left) and Rayleigh waves (right). Open triangles denote stations with 

available waveforms that were not used in the inversion. Station names are listed if either the 

waveform or first-motion polarity was used. Note the large positive time shift for Rayleigh waves 

traveling to the southwest, through basins. This indicates that along these paths the assumed 1D 

model is too fast relative to the actual Earth structure.



(a) Waveforms only (b) Polarity weight = 0.5 (b) Polarity weight = 0.9

Figure 3.10: Impact of using different weights for the polarity misfit, shown for an example earth

quake in Cook Inlet (eid 20150727022154395). Each beachball shows the best-fitting moment tensor 

for a given m in Eq. 3.3. Triangles denote lower-hemisphere piercing points for each ray path from 

source to station; these are calculated using an assumed 1D Earth model. Upward triangles denote 

upward polarity observations; downward triangles denote downward polarity observations. The 

color indicates agreement or not with predicted polarities: red (up or down) indicates mismatch, 

while green (up) and blue (down) indicate agreement. See Section 3.4.3 for details on the misfit 

function. (a) Waveforms only. Note that a large number of polarity mismatches occur. See Fig

ure B.5 for waveform fits. (b) Waveforms plus polarities with weight factor 0.5. Here only three 

polarity measurements are mismatched. See Figure B.6 for waveform fits. (c) Waveforms plus 

polarities with weight factor 0.9. All observed polarities are fit, except one (in red). See Figure B.7 

for waveform fits.
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(a) Beluga region (b) Upper C ook Inlet region

(c) Susitna region
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Figure 3.11: Our double couple moment tensor solutions for crustal earthquakes (depth < 30 km) 

between 2007-08-15 and 2017-01-01 in three focus regions (Table 3.1). The displayed regions are 

slightly larger than the bounding regions listed in Table 3.1. Beachballs are colored by depth and 

sized by earthquake magnitude. Also shown are relocated seismicity (Figure 3.13) and previously 

published epicenters for the 1933 and 1943 earthquakes, plotted as stars (Table B.1). Text labels: 

CMF = Castle Mountain fault, BMF = Beluga Mountain fault, BM = Beluga Mountain, LMS = Little 

Mount Susitna, MS = Mount Susitna. (a) Mw > 2.5 in the Upper Cook Inlet region. (b) Mw > 2.5 

in the Beluga region. (c) Mw > 3.0 in the Susitna region. See Figure B.11 for an alternative version 

of this figure that includes the basement surface.
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(a) Moment tensor (this study) (b) AEC fault-plane solutions

-152 ' -151" -150° -149" -152° -151° -150° -149"

Figure 3.12: Comparison between moment tensors in this study and an existing catalog. All earthquakes 
shown are for depth < 30 km and between 2007-08-15 to 2017-01-01. (a) Moment tensors estimated in this 
study: 53 total, 26 of which are in (b), 27 which are new. These mechanisms are estimated from waveforms 
and first-motion polarities. (b) Moment tensors in the Alaska Earthquake Center fault-plane catalog: 46 
total, 26 of which are in (a), 20 of which we do not examine). These mechanisms are estimated from first
motion polarities.
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Figure 3.13: Relocation of hypocenters using a double-difference approach. The crustal earth

quakes considered have depth < 30 km, Mw > 1.5, and occurred between 1990-01-01 and 

2017-01-01. See Section 3.5 and Figure B.13 for details.
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Chapter 4

Seismic wavefield simulations within a three-dimensional seismic velocity model for Alaska1

4.1 Abstract

We a present a three-dimensional seismic velocity model for mainland Alaska, in preparation for 

an iterative tomographic inversion using spectral-element and adjoint methods. The crustal and 

upper mantle tomographic model is from the body-wave model of Eberhart-Phillips et al. (2006), 

but modified by including topography and bathymetry, by removing the uppermost slow layer, 

and then embedding sedimentary basin models for Cook Inlet basin, Susitna basin, and Nenana 

basin. We select a set of 60 earthquakes (Mw = 4.0-7.1, 2000-2017) to investigate the accuracy of 

the tomographic model. We first estimate a moment tensor for each earthquake by comparing 

observed waveforms (body and surface waves) with synthetic waveforms computed in a layered 

model. We then use the moment tensors within wavefield simulations to generate full-length, 

three-component synthetic seismograms for comparison with observed seismograms. To maxi

mize the fraction of usable stations per earthquake, we establish three regions for simulations— 

south-central Alaska, central Alaska, and eastern Alaska— with 20 earthquakes in each region. 

The depth of each simulation region is 400 km in order to accommodate the deepest earthquakes, 

which occur within the subducting Pacific plate. Each simulation region has a tomographic model 

defined on a hexahedral finite-element mesh. We perform simulations on two different resolution 

meshes in order to quantify the minimum resolvable period for each simulation region. An auto

mated window selection tool is used to quantify the misfit between observed and synthetics seis- 

mograms over two period ranges: 3-10 s and 10-30 s. Sufficient agreement between waveforms 

provides a basis for initiating an iterative tomographic inversion using a larger set of earthquakes.

4.2 Introduction

Alaska is a prime target for seismic imaging, due to its pervasive slab and crustal seismicity, as 

well as its complex subsurface structure, which provides a partial record of its complex tectonic 

evolution. The structural complexity warrants application of sophisticated techniques for seismic 

imaging, such as the application of three-dimensional seismic wavefield simulations (Liu et al., 

2004; Tape et al., 2009), which require minimal approximations and also allow for the inclusion of 

full-length seismic waveforms. In this study we perform wavefield simulations to investigate a 

three-dimensional velocity model covering mainland Alaska (Figure 4.1).

The southern Alaska margin has experienced convergence in the form of subduction, colli

sion, and accretion for the past 160 Ma (Jarrard, 1986). The most recent perturbation to oceanic

■^Prepared for submission to Geophys. J. Int.: Silwal, V., Tape, C., and Casarotti, E., 2018. Seismic wavefield simula
tions within a three-dimensional seismic velocity model for Alaska.
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subduction began with the arrival of the Yakutat block approximately 30 Ma. This wedge of over

thickened crust, presumably an oceanic plateau, is considered to be responsible for the uplift of the 

Alaska Range, the rapid uplift and remarkable relief of the coastal St. Elias mountains, the prop

agation of intraplate deformation several hundred km from the trench, the broad flattening of 

the subducting slab, the formation of the Northern Foothills fold-and-thrust belt, the extinguish

ing of the eastern Aleutian arc, the activity of the Wrangell volcanic arc, the lateral flow at the 

edge of the Pacific/Yakutat slab, and rupturing of the oceanward Pacific crust (Mw >  7.8 events in 

1987-1992) (Plafker et al., 1978; Hwang & Kanamori, 1992; Eberhart-Phillips et al., 2006; Bemis & 

Wallace, 2007; Ridgway et al., 2002, 2007; Fuis et al., 2008; Haeussler, 2008; Jadamec & Billen, 2010; 

Christensen & Abers, 2010; Christeson et al., 2010).

The tectonic evolution of Alaska is partly recorded within surface geology and subsurface 

structures. The subsurface structure of Alaska is inferred from six major data sets: (1) land-based 

and air-based gravity and magnetic surveys covering most of the state (Saltus et al., 1999, 2001, 

2007, 2008); (2) the Trans-Alaska Crustal Transect (TACT: Fuis et al., 1991, 2008); (3) numerous 

marine seismic surveys in southern Alaska (e.g., Moore et al., 1991; Wolf et al., 1991; Ye et al., 

1997; Gulick et al., 2007; Christeson et al., 2010); (4) P and S body-wave traveltimes, either from 

local or global events (Kissling & Lahr, 1991; Zhao et al., 1995; Eberhart-Phillips et al., 2006; Qi 

et al., 2007a,b); (5) surface waves, derived from earthquakes (Wang & Tape, 2014) or ambient 

noise (Ward, 2015); and (6) crustal reverberations from teleseismic body waves (Ferris et al., 2003; 

Veenstra et al., 2006; Rondenay et al., 2010). TACT provided a detailed 2D crustal model spanning 

the entire state. However, it is difficult to extrapolate a 2D model into a 3D model. Eberhart

Phillips et al. (2006) used traveltimes recorded from shots of the TACT experiment, in addition to 

earthquake traveltimes from both the permanent network and the 1999-2000 BEAAR PASSCAL 

array (Ferris et al., 2003). They derived a Vp and Vs model using local-earthquake tomography.

Our study establishes a first step toward an iterative tomographic inversion in Alaska using 

seismic wavefield simulations. Our target region is southern and central Alaska, where station 

coverage is maximal, on account of the road system and previous temporary deployments. We 

establish three simulation regions in order to maximize the amount of well-recorded data within 

the region (Section 4.3): (1) Cook Inlet in southern Alaska, (2) Interior in central Alaska, and 

(3) Wrangell in south-eastern Alaska. Using body waves and surface waves, we estimate mo

ment tensors for 20 earthquakes within each region (Section 4.4). In Section 4.5 we describe the 

construction of the three-dimensional (3D) seismic velocity model, which is based on Eberhart

Phillips et al. (2006), but with topography and embedded sedimentary basins.

For each simulation region, we generate different hexahedral finite-element meshes and dif

ferent velocity models (Section 4.6), in order to perform a series of tests (Section 4.7): (1) quantifi
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cation of the minimum resolvable period; (2) computational effect of smoothing the topography; 

(3) influence of the minimum shear wave velocity; and (4) influence of embedded sedimentary 

basins Finally in Section 4.8 we compare observed waveforms with synthetics generated using 

our preferred model and mesh.

Seismic wavefield simulations have been widely used to model seismic wave propagation in 

complex tectonic settings, such as those with basins. Our study presents the first simulations for 

earthquakes in Alaska. In comparison to previous work in California (Liu et al., 2004; Rodgers 

et al., 2008), Alaska offers the advantage of more earthquakes and also deeper earthquakes due 

to the underlying subducting slab. These earthquakes allow us to better sample the 3D tomo

graphic models with a wide range of frequencies, offering a promising foundation for a future 

tomographic inversion.

4.3 Three target regions of mainland Alaska

We partition our target region of mainland Alaska into three regions. Because the computational 

cost of our technique scales with the number of events, it is in our interest to maximize the num

ber of measured waveforms for each simulation. For a smaller region, the most distant stations 

will have a better signal-to-noise ratios than the most distant stations in a larger region. Thus 

we are able to maximize the number of time steps in the simulation during which the synthetic 

wavefield is in good enough agreement with the observed wavefield (at discrete station points) 

to make measurements. We select three regions on the basis of: (1) availability of broadband sta

tions; (2) availability of local earthquakes; (3) signal-to-noise ratios for moderate (Mw = 3.5 — 5.5) 

events; and (4) presence of tectonically interesting targets. Earthquakes and broadband stations 

are well distributed among the three regions. Each region is structurally and tectonically differ

ent (Table 4.2). This is appealing from a scientific standpoint, as well as from a computational 

standpoint, since we will be testing the tomographic inversion in different settings.

The first simulation region is the subduction setting of southern Alaska (Figure 4.2). Here the 

Cook Inlet forearc basin is a dominant feature, with dimensions 200 km by 50 km by 7.5 km deep. 

The basin directly overlies an extremely seismically active slab; several moment tensors of these 

events are shown in Figure 4.2. The region contains Anchorage, with 300,000 people, as well as 

several recently active volcanoes (Spurr, Redoubt, Augustine). The MOOS (Li et al., 2013) and 

SALMON (Tape et al., 2017) networks provide enhanced data coverage in this region (Table C.1).

The second simulation region is for interior Alaska, whose crust is broadly deforming within 

several scales of strike-slip fault systems (Page et al., 1995), in response to forces of collision and 

subduction. The profile in Figure 4.1 reveals seismicity throughout much of the crust, both lat

erally and vertically. Figure 4.2 shows the source and station distribution, in addition to Nenana
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basin (Van Kooten et al., 2012; Tape et al., 2015), Denali fault, Kaltag-Tintina fault, and the Minto 

Flats fault zone. The BEAAR (Ferris et al., 2003) and FLATS (Tape et al., 2018) networks provide 

enhanced data coverage in this region.

The third region is the collisional setting of the Yakutat block in southeastern Alaska (Fig

ure 4.2). We refer to this region as Wrangell in this study. The seismicity is predominantly crustal 

and dominated by aftershocks of the Mw 7.9 Denali fault earthquake. A weakly defined Wrangell 

Benioff zone exists but does not seem to produce moderate (Mw > 4) earthquakes (Stephens et al., 

1984).

4.4 Earthquake sources for simulation

We select 20 events in each region for estimating moment tensors and performing wavefield sim

ulations. Our selection criteria are motivated by our future application of a simulation-based 

inversion (e.g., Tape et al., 2009), in which the computational cost scales with the number of earth

quakes and is unrelated to the number of stations. Therefore we seek events that are well-recorded 

at the largest number of stations and that provide the most complete coverage (laterally and with 

depth) of the simulation regions.

4.4.1 Event selection

Our event selection for moment tensors starts with the Alaska Earthquake Center (AEC) catalog, 

which provides hypocenters, origin times, and local magnitudes (M l). We compare the earthquake 

catalog with the number of seismic stations active within the simulation region, which varies as a 

function of time on account of numerous temporary seismic deployments (Table C.1).

Our event selection for each region takes the following steps:

1. Select all events Mw > 3.5 recorded by at least 30 stations. The minimum magnitude is speci

fied since we require sufficient signal-to-noise levels for in the period range 2-30 s (in partic

ular the longer periods), which is needed for estimating moment tensors and for wavefield 

simulations.

2. Exclude events within 20 km from the simulation boundary. Events near the boundary re

quire longer propagation distances to stations within the region; furthermore the events are 

more influenced by imperfect absorbing boundary conditions in simulations.

3. Perform declustering in order to achieve a more uniform distribution of events. This in

volves dividing the simulation region into "bricks," and within each brick we keep a fixed 

number of events. The parameters controlling the brick size and the number of events kept
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per brick can be adjusted such that the resultant number of events is close to some desired 

number (in our case, 20).

Our selection parameters, and resultant events, are summarized in Table 4.1 and illustrated in 

Figures C.1-C.3.

4.4.2 M oment tensor inversion

We use all broadband (channels HH* and BH*) seismic waveforms available at the IRIS Data Man

agement Center. Using ObsPy (Beyreuther et al., 2010; Krischer et al., 2015), we extract and pro

cess waveforms from IRIS for all 60 earthquakes. We perform moment tensor inversion using the 

'cut-and-paste' approach (Zhu & Helmberger, 1996; Silwal & Tape, 2016) for the events selected 

above. In this approach, each three-component seismogram is cut into two body wave windows 

and three surface wave windows. Different bandpass filters are applied to the body waves and 

surface waves. The same procedures are applied to synthetic seismograms, which are then quan

titatively compared with the recorded seismograms, via a misfit function.

Synthetic seismograms are computed using the same 1D velocity model (scak ) as is used by 

the Alaska Earthquake Center for locating earthquakes. See Figure 4.2 and Tables C.2-C.4 for 

moment tensor inversion solutions for events in each region.

4.5 Construction of seismic velocity model

A 3D seismic wavefield simulation is performed within a 3D seismic model that defines Vp, Vs, 

and density at all points within the domain. Next we describe how our 3D seismic velocity model 

is constructed from existing components.

Each simulation region extends from 400 km depth to the topographic surface. We fill the 

simulation volumes with values derived from Eberhart-Phillips et al. (2006) (E2 006), which is 

derived from body waves from local earthquakes and active sources. This model is described by 

20 x 23 x 14 nodes of Vp and Vs values (Figure 4.3). The coarse sampling of this model requires 

a procedure for interpolation and extrapolation, the result of which is illustrated in Figure 4.3. 

Density is obtained from Vp by using the empirical scaling relationship of Brocher (2005). Inside 

SPECFEM3D, there will be a further interpolation to compute the velocity and density values at 

the Gauss-Lobatto-Legendre (GLL) points.

Within the interpolated model of Eberhart-Phillips et al. (2006), we embed several sedimentary 

basin models. From inspection of recorded seismic waveforms—in Alaska and elsewhere—we 

know that these basins have a strong influence on the seismic wavefield within our target period 

range of interest (3-30 s). The Cook Inlet basin of southern Alaska has a maximal depth of 7.5 km,
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and the basement geometry is provided by Shellenbaum et al. (2010). The largest basin in central 

Alaska is the Nenana basin, which has a maximal depth of 6 km (Van Kooten et al., 2012; Tape et al.,

2015). We use the empirical relationships of Brocher (2005, 2008) to construct depth-dependent 

velocity and density models for the Nenana and Cook Inlet basins. These relationships allow us 

to "produce" a basin model that had the best-known geometry and low-enough wave speeds to 

produce amplification and resonance within the wavefield simulations. The offshore sedimentary 

sequence on the Yakutat block is up to 9 km thick (Christeson et al., 2010; Worthington et al., 2010); 

we have not yet implemented this unit into the model in Figure 4.2.

The top-most layer in the E2 006 model is at 1 km above sea level, and the second layer is at 

2 km below the sea level. We remove the top-most layer and extrapolate the model upwards. We 

also test the effect of applying a velocity threshold of vs = 1000 m/s (Section 4.7).

4.6 Meshing

Topography can have a significant effect on the seismic wavefield, as demonstrated with prior 

wavefield simulations (Ma et al., 2007; Lee et al., 2008). We use 1 arc-minute (1.8 km) topography 

and bathymetry model, ETOPO1 (Amante & Eakins, 2009), for building the mesh. We interpolate 

the ETOPO1 data to 1 km grid spacing using bilinear interpolation ( in te r p 2  function of MATLAB). 

All three meshes use the same UTM zone 6V. We use GEOCUBIT (Casarotti et al., 2008; Peter et al., 

2011) to prepare unstructured hexahedral meshes for three target regions in Alaska.

The three meshes are constructed with input parameters similar to the ones used for hundreds 

of simulations in southern California (Tape et al., 2011). All three meshes are of the same dimen

sions: 400 km by 500 km. The meshes have ~1.25 km element sizes at the surface and ~18 km 

sizes below the Moho, with two refinement layers in between; these are visible in Figure 4.4 and 

Figure 4.5. Table 4.2 lists comparisons between the southern California simulation regions and 

the three Alaska regions. Each of the three Alaska regions is comparable in size to the south

ern California region. Both Alaska and California have strong topographic gradients, which pose 

challenges for meshing. Figure 4.4 shows a comparison of a mesh with topography and a mesh 

with smoothed topography in the vicinity of Denali. It is essential to accurately model wave prop

agation through such topography.

Each mesh is unique in its tectonic settings. Cook Inlet is the most diverse mesh in terms of the 

geophysical features. It is in subduction setting with the Cook Inlet forearc basin and volcanoes 

of the Aleutian arc. We also include two other smaller basins, Susitna and Yentna basin into our 

3D model. It also has two major mountain ranges: the western Alaska range and the Talkeetna 

mountains. Silwal et al. (2018) showed the strong effect of Sustina basin on waveforms when 

performing moment tensor inversion. Wrangell has accreting Yakutat plate and the crust under
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Peninsular and Wrangell terrane is about 50-60 km thick (Fuis et al., 2008). Slab-tears prevent the 

subducting Pacific plate from reaching the Wrangell mesh, which makes it difficult to get deep 

events for testing our 3D model (Section 4.4.1). The Interior mesh has the central Denali fault and 

Denali. Most of the Interior lies in a strike-slip system between the central Alaska range and the 

Tintina fault. Interior also has a transtensional Nenana basin in the strike-slip Minto Flats fault 

zone. Also, the subducting Pacific plate extends all the way to the Interior Alaska.

4.6.1 Topography smoothing

We also test the effect of topographic smoothing on wavefield simulation. For this we apply a 

symmetric 2D median filter (m edian2 function of MATLAB). See Figure C.14 and Figure C.15 for 

difference due to smoothing the topography.

4.7 Wavefield simulations and minimum resolvable period

We use the latest version of SPECFEM3D for seismic wave propagation (Komatitsch et al., 2004; 

Peter et al., 2011). We visualize the propagating waves on the topographic surface at different 

time-stamps, which provides insight into the model, mesh, and source. For example, in Figure 4.6 

we can see the effect of the Cook Inlet basin on the propagating waves.

Before running the simulations for the selected events we need to decide what mesh (includ

ing the choice of topography) and velocity model we are going to use for our final run. This 

includes deciding whether to use smoothed or unsmoothed topography for the mesh. For the ve

locity model, we use E 2006 model with or without basin, and also analyzing the effect of velocity 

thresholding. The results of the following tests are summarized in Table C.5 and Table C.6.

• Maximum allowable time-step Theoretical maximum allowable time-step, dt, estimated by 

SPECFEM is computed using CFL (Courant-Friedrichs-Lewy) condition.

_ uAt
~ A t  max y*'1/

This takes into account only the mesh dimensions and not the model used.

The 'actual' usable time-step (dt) is generally smaller than the theoretical estimate. This is 

opposite to the mesh used in southern California (Tape et al., 2010) for which the usable was 

larger than the theoretical dt. The usable time-step also seems to depend only on the mesh 

discretization, and not on the velocity model. Note that smoothing the topography changes 

the mesh discretization.

Allowable time-steps were tested using 0.001 s discretization. Same allowable time-step for 

smoothed and unsmoothed topography mesh, as in the case of Cook Inletand Interior, does
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not imply that there would be no differences had the smaller time discretization been used

for testing (lower order differences). This could be seen by comparing the corresponding

results.

• Minimum resolvable period

Here we try to estimate the 'acceptable' minimum resolvable period, above which data and 

synthetics can be compared, and window selection for adjoint source estimation can be de

formed. This requires running simulations with coarse (NGLL5 = five GLL interpolation 

points) and fine (NGLL7 = seven GLL interpolation points) meshes, and estimating the pe

riod below which the synthetics do not match (see Figure 4.7). Since we are only interested 

in body and surface waves, our acceptable measure of minimum resolvable period is based 

on waveform fit for ~200 seconds from the P arrival.

Theoretical estimates of minimum resolvable period depend only on the mesh discretization, 

and is given by the cumulataive estimate of the minimum resolvable period of individual 

mesh elements Figure 4.4. Actually minimum resolvable is much lower than the theoretical 

value.

We use the root-mean-square as the measure of misfit between the waveforms:

where u and v represents the waveforms generated using the coarse and fine meshes, re

spectively.

The minimum resolvable period is estimated manually by comparing the NGLL5 and NGLL7 

synthetics at varying lowpass period for the worst fitting station. Only the first 100 seconds 

of the synthetics were used for estimating the minimum resolvable period, in order to avoid 

the differences in the coda. Also, this window has the major arrivals, which will be used in 

tomographic inversion. See Figure 4.8 for variation of minimum resolvable period across all 

station in Cook Inlet mesh.

• Effect of using smoothed topography

Use of smoothed topography is justified if it reduces the simulation time, and the synthetics 

generated using unsmoothed and smoothed topography must match below the minimum 

resolvable period for the unsmoothed mesh. We expect the topography effect to be severe for 

the Interior and Wrangell meshes due to the high relief of the Alaska range, St. Elias range,

theoretical dt values that differ at order of 1e-5 s. Using NGLL7 gives a better estimate of 

theoretical allowable time-step that is closer to the actual value, as compared to the NGLL5

(4.2)
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and the Wrangell volcanoes. See Figure 4.4 for effect of smoothing near Denali. Figure 4.5 

shows the effect of topography smoothing on the Interior mesh. We can see that the effect is 

more visible in the Alaska range and at periods lower than 4 seconds. See Figure C.16 and 

Figure C.17 for effect of topography smoothing on the Wrangell mesh.

• Embedding basin and velocity threshold

Grid sampling in the E2 0 06 model is very sparse and it fails to represent basins and other 

smaller scale features (Figure 4.3). Therefore, the basins also do not appear in the interpolated- 

extrapolated E 2006 model. We embed the velocity models for major basins into the E2006 

model to investigate the effect of basin on propagating wavefield (Figure 4.9). See Section 4.5 

for more information.

Also, when adding the topography the shallow low-velocity layer gets extended upwards. 

This can create non-real seismic phases since the topographic features (mountains) are com

posed of rocks having higher seismic velocity than basins and shallow soil layer. In order to 

avoid such ringing signals we apply a minimum shear wave velocity threshold of 1000 m/s. 

Applying velocity thresholding is not required when not including a basin because the min

imum vs is above 1000 m/s.

See Figure C.20 and Figure C.21, respectively, for effects of velocity thresholding on wave

forms in the absence and presence of major basins in Cook Inlet mesh. The map in Fig

ure C.22 shows the difference across all stations. See Figure C.18 and Figure C.19 for the 

effects of velocity thresholding in absence and presence of basin in Interior mesh.

4.8 Wavefield simulations and comparison with data

From this point onwards we use mesh with non-smoothed topography, and the 3D model with 

basin and velocity thresholding.

4.8.1 1D -3D  comparison

We start by performing the data-synthetic comparisons for 1D and 3D velocity models. The 

1D model, s c a k , is the same that was used for moment tensor inversion (Section 4.4.2). Silwal 

& Tape (2016); Silwal et al. (2018) also used the same model for estimating moment tensors in 

southern Alaska and reported that the synthetic 1D model was faster by ~10 s for 16-40 seconds 

surface waves. However, for moment tensor inversion the synthetics were computed using the 

frequency-wavenumber integration method (Zhu & Rivera, 2002). The synthetics computed us

ing SPECFEM3D confirm their findings (Figure 4.10). And as anticipated, the data-synthetic fits 

were considerably better when using the 3D velocity model.
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4.9 Discussion

4.9.1 Minimum resolvable period test

Table C.5 and Table C.6 summarize the results from different simulations. We use quantities such 

as minimum resolvable period, simulation time, and required time-step, to compare the effects of 

topography and velocity model on different simulations.

1. Adding a low-velocity basin increases the minimum resolvable period. The acceptable min

imum resolvable period increases from 3.5 sec to 4 sec after adding the Cook Inlet basin, 

however, the theoretical min resolvable period stays same at 6.4 sec. When estimating the 

minimum resolvable period, we only consider the first ~100 sec of the waveforms that will 

be used for time-window selection for computing adjoint source.

2. We also found that the actual usable time-step is systematically lower than the theoretical 

time-step for all test runs.

3. One way to increase the time-step is by smoothing the topography. For the Wrangell mesh 

smoothing the topography increased the dt from 0.014 s to 0.015 s.

4. We don't see any systematic effect on simulation time from topography smoothing and vary

ing the model. For the Cook Inlet mesh, applying velocity thresholding tends to increase the 

simulation time, for both the smoothed and unsmoothed topography case. However, for the 

Interior mesh, velocity thresholding tends to reduce the simulation time. The major differ

ence in these two meshes are: the presence of slab and a larger deeper basin in the Cook Inlet 

mesh, whereas the Interior mesh has higher topographic relief because of Denali. We also 

noted that for all simulations in the Cook Inlet and Wrangell meshes topography smooth

ing took more time than the unsmoothed mesh. Also, adding the basin and not applying 

velocity thresholding increased the simulation time.

5. Since topography smoothing does not significantly reduce the simulation time, we use non

smoothed topography for the rest of the tests when comparing data with synthetics for 20 

events in each mesh.

4.9.2 Effect of 3D structure on seismic waveforms

Our final set of simulations for all events was performed on non-smoothed topography, with 

basins present and velocity thresholding. Figure 4.11 shows the effect of basins on seismic wave

forms. We can see that even a slight change in azimuth can significantly perturb the recorded
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waveforms. This effect due to the basin is less pronounced for slab events since most of the ray- 

paths coming from below do not transect through the basin.

We also found out that our synthetic 3D model does not accurately represent the Wrangell 

mountains region (Figure 4.12). The effects of topography are also most prominent in the Wrangell 

mesh.

Among all three meshes, the 3D velocity model for the Interior is closest to the actual velocity 

model (Figure 4.13). The effect of Denali could not be seen because it lies close to the boundary of 

the mesh.

4.10 Summary

1. We perform seismic wavefield simulations in three different regions: Cook Inlet, Interior, 

and Wrangell. For each simulation region we use the real topographic surface, which is part 

of an unstructured hexahedral mesh of finite elements. Each simulation region—namely the 

3D seismic velocity model defined on the mesh—produces synthetic seismograms that are 

numerically accurate to a minimum period of about 3 seconds, and this minimum period 

varies throughout each region.

2. We estimate moment tensors for 20 earthquakes in each region. These moment tensors are 

used to assess the accuracy of the tomographic model for each region by comparing ob

served seismograms with synthetic seismograms. We find that the Interior model provides 

the best fit, while the Wrangell model provides the worst fit.

3. For the periods of interest (3-30 s), sedimentary basins have a strong influence on the seismic 

wavefield and are necessary to fit arrival times and amplitudes of surface waves at stations 

within and adjacent to these basins.

Table 4.1: Parameters for selecting earthquakes within the three subregions.

region

minimum 

# of 

stations

time range minimum

magnitude

Mw

declustering 

nx ny zcut 

(km)

boundary

buffer

(km)

Cook Inlet 30 2007-01-01 2018-05-02 4.5 9 8 30 20

Interior 30 1999-01-01 2018-05-02 4.0 10 10 30 20

Wrangell 30 2002-12-01 2018-05-02 4.1 10 10 30 20
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Table 4.2: Comparison among the three simulation regions of Alaska and the simulation region 

of southern California (Tape et al., 2009, 2010). The minimum period is the minimum resolvable 

period for the surface layers of the hexahedral mesh. The number of moment tensors for the 

Alaska regions is from the AEC catalog (Ratchkovski & Hansen, 2002); for southern California it is 

the catalog of Tape et al. (2009); Liu et al. (2009). The min/max values of topography are extracted 

from ETOPO1, which has a sampling interval of approximately 1.8 km (Amante & Eakins, 2009). 

The max number of stations lists the number of total broadband stations over the time interval 

1999-2011; the permanent number of active stations is listed in parentheses.

Cook Inlet Interior Wrangell

southern

California

width (east-west), km 500 400 400 640

length (north-south), km 400 500 500 505

depth, km 400 400 400 60

minimum period, s 4.0 2.0 1.5 2.0

tectonic setting subduction strike-slip collision strike-slip

deepest seismicity 144 144 42 36

major basins Cook Inlet, 

Susitna, Yentna

Nenana Copper River, 

offshore

Los Angeles, 

Ventura, Santa 

Maria, Salton 

trough

major mountains Talkeetna, east

ern Alaska 

Range

Denali, central 

Alaska Range

Wrangell 

Mountains, 

western Alaska 

Range

San Gabriel, 

southern Sierra 

Nevada, Coast 

Ranges

major faults Castle moun

tain, western 

Denali fault

Minto Flats 

fault zone, 

central Denali 

fault

eastern De

nali fault, 

Totschunda

San Andreas, 

San Jacinto, 

Garlock

major volcanoes Aleutian Arc 

volcanoes

none Wrangell volca

noes

none

highest topography, km 3.6 5.64 5.43 4.0

lowest topography, km -0.3 0.04 -0.46 -4.2

highest moho, km -16.2 -19.3 -11.8 -9.8

lowest moho, km -48.2 -43.6 -48.2 -39.7

number of moment tensors 20 20 20 234

max number of stations 140 127 128 210
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Figure 4.1: Active tectonic setting of the Aleutian-Alaskan subduction zone. (a) Seismicity (M > 

3, 1990-2010), major active faults, active volcanoes, and aftershock zones of major (M = 7.5-9.2) 

earthquakes of the past 100 years. Location labels: F = Fairbanks, N = Nenana, D = Denali, A = 

Anchorage, K = Kenai, RV = Redoubt volcano, WV = Wrangell volcano, E = Mt. St. Elias. Plate 

labels: NA = North America, PA = Pacific, YK = Yakutat block; arrows indicate PA motion relative 

to NA (Bird, 2003). Each block denotes a simulation region: Cook Inlet, Interior, and Wrangell, 

which are expanded in Figure 4.2. (b) Seismicity profile along the dashed line in (a), with vertical 

exaggeration of 4:1. Upright triangle denotes Jumbo Dome and Buzzard Creek volcanic centers.
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(a) Cook Inlet

Figure 4.2: Three simulation regions, plus moment tensor solutions for 20 earthquakes in each 

region. See Section 4.4.1 for event selection criteria and Section 4.4.2 for the inversion methodol

ogy. (a) Cook Inlet region. See also Table C.2. (b) Wrangell region. See also Table C.4. (c) Interior 

region. See also Table C.3.
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Figure 4.3: Horizontal cross section of VP at 2 km depth, from the tomographic model of Eberhart

Phillips et al. (2006). The circles show the nodes in the original model; the rectangle shows the 

interpolated and extrapolated version used in the simulation region. The red feature at the center 

denotes the (slow) Nenana basin, which we embedded into the interpolated tomographic model. 

See Figures C.6-C.12 for VP and VS at the nodes, for a range of depths.
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Figure 4.4: Effect of topographic smoothing near Denali and colored by theoretical minimum 

resolvable period (in seconds) for each mesh element. We can also see that minimum resolvable 

period roughly scales with the size of the elements and is higher for larger mesh elements, and is 

worst for tripling elements.
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Figure 4.5: Effect of topographic smoothing on the Interior mesh. (c) Map subplots shows that 

the rms misfit is significantly larger (in red) for the stations on the Alaska range. (b) Comparisons 

between waveforms generated using smoothed (red) and unsmoothed topography (blue). Wave

forms are shown for an example station (AK.HIWA.Z) and filtered at varying low-pass periods. 

The simulation time for both the runs is comparable (Table C.6). See Figure C.16 and Figure C.17 

effects of topographic smoothing on Wrangell mesh.

123



t=1 0 «iPrnnd1;

Figure 4.6: Snapshots of a 3D wavefield simulation showing the influence of the Cook Inlet and 

Susitna basins on the seismic wavefield. The simulation is performed for the 2009-04-07 Anchor

age event for which the source was obtained from (Silwal & Tape, 2016). Colors represent the 

vertical component of simulated ground velocity. Cyan circles denote broadband stations.
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Figure 4.7: Estimating minimum resolvable period for single synthetic seismogram in the Cook 

Inlet mesh. Synthetics are generated using a coarse mesh (NGLL5) and a fine mesh (NGLL7), and 

then filtered at varying low-pass periods. Both sets of synthetics are generated using E 2006 with 

embedded basins: Cook Inlet, Susitna, and Yentna. NGLL5 (blue) and NGLL7 (red) waveforms 

for an example station (YV.COOK.Z) shows that the differences are significantly large at higher 

frequencies. See Figure 4.8 for the waveform difference across all stations.
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Figure 4.8: Estimating minimum resolvable period for a simulation in Cook Inlet mesh. Stations 

are colored by the root mean-square (rms) difference between waveforms generated using coarse 

mesh (NGLL5) and fine mesh (NGLL7). Each subplot shows the rms difference for waveforms 

filtered at different low-pass periods. See Figure 4.7 for an example set of waveforms at one of 

the stations (YV.COOK.Z). For this run our preferred minimum resolvable period is 4.0 s, whereas 

the theoretical estimate is 6.4 s. See Table C.5 for minimum resolvable period for all simulations. 

Our goal is to find the approximate period above which difference between coarse and fine mesh 

waveforms is negligible, i.e., all stations are colored green.
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(a)

Figure 4.9: Effect of including basin on seismic waveforms. 1D velocity models for three basins 

are embedded into the 3D velocity model: Cook Inlet, Susitna and Yentna basin. (a) Surface view 

of velocity model with low velocity basins (blue). Blue circles denote broadband stations in the 

region. (b) Comparisons between waveforms generated with basin (red) and without basin (blue), 

and filtered at varying low-pass periods. (c) Map subplots shows that the rms misfit between 

waveforms is significantly large at the basin station even at -8  seconds.
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(a) (b)

(c) (d)

YV.BIGB. (345, 16 km) 

AT.PMR. (64, 36 km) 

AK.RC01. (179, 41 km) 

YV.HOPE. (173, 65 km) 

YV.TUPA. (157, 78 km) 

AK.SAW. (61, 84 km) 

YV.LSUM. (170, 88 km) 

V.DEVL. (175, 101 km) 

V.BLAK. (136, 104 km) 

V.RUSS. (188, 109 km) 

YV.LSKI. (200, 1 15 km) 

YV.AVAL. (169, 122 km) 

YV.PERI. (129, 127 km) 

V.HEAD. (173, 162 km) 

,T.SVW2. (265, 316 km)

2009-04-07 20:12:05 + 250.00 s; BIGB max -2.01e-05 Counts at t = 10.7 s 
BHZ [ Counts, T = 3.0-30.0 s (0.03-0.33 Hz)] 

event 2009040720125535 (2009-04-07, M4.6, -149.7, 61.5, z = 33.0 km)
15 /  15 seismograms (15 stations) ordered by distance, norm — > max(abs(d_i))

YV.BIGB. (345, 16 km) 

AT.PMR. (64, 36 km) 

AK.RC01. (179, 41 km) 

YV.HOPE. (173, 65 km) 

YV.TUPA. (157, 78 km) 

AK.SAW. (61, 84 km) 

YV.LSUM. (170, 88 km) 

V.DEVL. (175, 101 km) 

'V.BLAK. (136, 104 km) 

V.RUSS. (188, 109 km) 

YV.LSKI. (200, 115 km) 

V.AVAL. (169, 122 km) 

V.PERI. (129, 127 km) 

V.HEAD. (173, 162 km) 

T.SVW2. (265, 316 km)

2009-04-07 20:12:05 + 250.00 s; BIGB max -2.01e-05 Counts at t = 10.7 s 
BHZ [ Counts, T = 3.0-30.0 s (0.03-0.33 Hz)] 

event 2009040720125535 (2009-04-07, M4.6, -149.7, 61.5, z = 33.0 km)
15 /  15 seismograms (15 stations) ordered by distance, norm - -  > max(abs(d_i))

Figure 4.10: Comparison between waveforms generated using 1D and 3D velocity model. The 

same 1D model (a), s c a k , was also used for moment tensor inversion; (b) the 3D model is the 

interpolated E2 0 06 model with 1D basin and velocity thresholding (vsmin = 1000 m/s). (c-d) 

Data (blue) and synthetics (red) comparisons at multiple stations. Stations are sorted by distance 

and waveforms are normalized by the maximum amplitude of synthetics. We can see that the 1D 

model is relatively faster than the data and the 3D model. Also, the data-synthetics fit at farther 

stations is much worse for 1D model, compared to the 3D model.

50 100
Time (s)
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(c) 10-30 seconds (b) 3-10 seconds

Figure 4.11: Effect of a basin on waves traversing through the basin. Observed (black) and syn

thetics (red) waveforms are shown at basin (YV.MPEN.T) and non-basin (YV.RUSS.T) sites. Also 

shown is the cross-correlation misfit measure between the observed and synthetics at (a) 10-30 s, 

and (b) 3-10 s.
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Figure 4.12: Radial, transverse, and vertical components for two stations in the Wrangell mesh. 

The data-synthetic fits for waves going to the east and getting recorded at the TA.HARP station 

are much better than the waveforms recorded at AK.BARN. A similar pattern was observed at 

other sites to south. This perhaps is due to the thick crust (upto 50 km) beneath Wrangells.
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(a)

(b)

Figure 4.13: The data-synthetics fits are best for the Interior mesh. This perhaps is due to the lack 

of any large basin. Also the topography effects are minimal, compared to the Wrangell mesh, since 

the central Alaska range is at the edge of mesh.
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Chapter 5 

Conclusion

We perform moment tensor inversions in Alaska using body waves and surface waves. In Chap

ter 2 we showed that using more stations and using body waves in addition to surface waves can 

improve the moment tensor solution. Further improvement in the inversion technique included:

• Implementing an L1-norm misfit function and demonstrating that it results in a more stable 

solution (Chapter 2). This was applied and tested in a range of tectonic settings: subduction 

(Silwal & Tape, 2016; Silwal et al., 2018), strike-slip (Tape et al., 2015,2018), volcanic (Alvizuri 

& Tape, 2016), and nuclear events (Alvizuri et al., 2018).

• A new probabilistic approach for quantifying the uncertainty in moment tensor inversion 

(Chapter 2). This was applied to double couple moment tensor solutions (Silwal & Tape,

2016) and later applied to full moment tensors (Alvizuri et al., 2018). The theoretical de

scription of uncertainty estimation is provided in Tape & Tape (2016).

• Introducing a generalized misfit function that combines waveform misfit and first-motion 

polarity misfit (Chapter 3). The misfit function also takes into account number of stations, 

bandpass used for filtering, and length of time window to be used for data-synthetics com

parison, such that the final misfit measurement rewards the use of more of the recorded 

seismic wavefield. This was applied and tested on crustal earthquakes (Silwal et al., 2018) 

and full moment tensor solutions in range of tectonic settings (Alvizuri et al., 2018).

The improvement in the moment tensor inversion technique is an ever-evolving process, and 

the improvements depend on the sources under investigation. The improvements in Chapter 3 

arose from the need to determine stable solutions for small-to-intermediate magnitude crustal 

earthquakes.

Chapter 3 is a  focused study on crustal earthquakes in the Cook Inlet and Susitna region of 

south-central Alaska (see Figure 5.1 for comparison with Chapter 2 sources). We performed mo

ment tensor inversion for 53 modern crustal earthquakes using high-frequency body waves (1

10 Hz) and first-motion polarities, and the predominance of thrust faulting solutions suggest a 

compressive regime in the region. Since there were no crustal earthquake in the GCMT catalog 

(1976-), we looked in other historical catalogs and found 11 major earthquakes (Mw > 5.8) since 

1904 in Cook Inlet and Susitna region. Probabilistic hypocenter estimation using P-arrival times at 

numerous teleseismic stations for these 11 earthquakes showed that several were indeed crustal. 

The absence of large crustal earthquakes after the 1950's could perhaps be due to the extensional 

stress perturbation in southern Alaska after the 1964 earthquake, as suggested by Doser & Brown

139



(2001). We also performed hypocenter relocation using the double-difference algorithm and re

confirmed seismicity is diffuse under Susitna basin. However, the seismicity under the Cook Inlet 

basin is clustered under the deepest part of the basin, and the source mechanisms align with pre

viously identified anticlines.

Chapter 3 can also be seen as a connecting link between Chapter 2 and Chapter 4. Chapter 2 

presents a misfit function to obtain a reliable solution for intermediate-magnitude earthquakes. In 

Chapter 3 we modified the misfit function by including polarity misfit to obtain reliable solutions 

for crustal earthquakes in the presence of basins. In Chapter 4 we use a 3D velocity model and 

investigate the effect of structure (basin, topography, heterogeneity), using the moment tensors 

determined in Chapter 2.

For moment tensor inversions of smaller earthquakes using the 1D velocity model in Chap

ter 3, we mostly used high-frequency body waves, since there was poor signal-to-noise for surface 

waves. We were able to do this by only allowing the first pulse of data and synthetics to match. 

The effects of basin, topography, subducting pacific plate, and other local heterogeneties were 

so severe, that reliable fits between data and synthetics—even at longer periods—could not be 

achieved. Chapter 4 tries to investigate these factors. We interpolated a published 3D velocity 

model of Alaska Eberhart-Phillips et al. (2006) and added the basin and topography to it. After 

testing different variations in topography and the velocity model, we present a 3D reference ve

locity model that will be used as a starting model for adjoint tomography in Alaska. This reference 

model is the interpolated Eberhart-Phillips et al. (2006) model, embedded with major basins, and 

including topography.

5.1 Code Development

Code development and creating reproducible workflows have been a focus of our efforts. Most of 

the codes used are publicly available (or available upon request), and are used by multiple users 

that helps in faster bug detection and resolution. The following list contains the primary codes 

that were developed as part of the thesis:

1. pysep

https: / / github.com/uafseismo/pysep

A python based package for extracting waveforms from IRIS and processing them using 

obspy to get them ready for moment tensor inversion ca p u a f or adjoint seismogram ex

traction and processing package.

Contributors (alphabetical): Celso Alvizuri, Lion Krischer, Vipul Silwal, Kyle Smith, Carl 

Tape.
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2. capuaf

https: / / github.com/uafseismo/capuaf

Seismic moment tensor inversion code using "cut-and-paste" approach developed at UAF. 

The official version of CAP is available for download from the website of Lupei Zhu 

http://www.eas.slu.edu/People/LZhu/home.html.

Contributors (alphabetical): Celso Alvizuri, Vipul Silwal, Carl Tape.

3. w fdiff

https: / / github.com/vsilwal/wfdiff

A python based waveform difference package for synthetic-synthetic waveform difference. 

Typically this is used for estimating minimum-resolvable period, however, it can also be 

used for visualizing the effect of topography or basin (Section 4.7), and for data-synthetics 

comparisons.

Contributors (alphabetical): Lion Krischer, Vipul Silwal, Carl Tape.

5.2 Future work

1. Throughout this study we used a 1D velocity model for moment tensor estimation. Previous 

authors have examined the role of 3D vs 1D structure on estimating moment tensors (e.g., 

Liu et al., 2004; Zhao et al., 2006; Covellone & Savage, 2012; Nayak & Dreger, 2018). Our 

future efforts are guided towards building a python based package that allows use of 3D 

synthetics for full moment tensor and uncertainty estimation.

2. It is common to use a time shift when performing waveform based moment tensor inversion 

to account for structures not present in the velocity model used to generate the synthetics. In 

Chapter 2 and Chapter 3 we note the time shifts between the data and synthetics. We believe 

that the source of this time shift was the use of the 1D velocity model that is faster than the 

actual earth structure. The time shifts were reduced for synthetics generated using the 3D 

velocity model (Figure 4.10). More work needs to be done for analyzing the impact of 1D 

model on moment tensor solution and the time shifts.

3. In Chapter 2 we showed that one should be cautious in using the time shifts since this could 

lead to a solution that is a local minimum. This local minimum is in fact the completely 

opposite moment tensor (—M 0) to the global solution (M0). Recent work by Alvizuri et al. 

(2018) also documented the same feature for full moment tensor inversions. The inclusion 

of first-motion polarities helps resolve this issue.
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4. I performed moment tensor inversions for 240 earthquakes in this thesis. This involved 

manually selecting waveforms for which the data-synthetics fits are good. A total of 74,775 

unique waveforms were used for this purpose. A future approach should try to adopt a 

machine-learning algorithm for automating this process so that it can be applied on a larger 

set of earthquakes.

5. Adjoint tomography in Alaska is in progress. The moment tensor catalog from Chapter 2 

will form part of the sources to be used in southern Alaska. More sources will be computed 

for recent earthquakes in each region, to benefit from increased station coverage due to the 

temporary arrays of TA, SALMON, and FLATS.

(a) Depth distribution of moment tensors (b) Magnitude distribution of moment tensors
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Figure 5.1: Comparison of depth and magnitude distribution of moment tensors estimated in 

Silwal et al. (2018) (gray) and those in Silwal & Tape (2016) (red).
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Appendix A

Supplemental Information for Chapter 2 (Seismic moment tensors and estimated

uncertainties in southern Alaska) 

A.1 ScholarWorks@UA collection

Our moment tensor catalog of 106 events is available in the text file in Table A.5. We provide 

the complete results of our analysis in Silwal (2015), which includes the following files:

• s c h o la rw o rk s  . pd f Description of the figures in the collection.

• P a r t I _ i n v . p d f Waveform fits for 21 Part I catalog events (Table 2.4). The waveform match 

is shown for moment tensor M 1 1 1  obtained when using body waves and surface waves at the 

good stations. (See Section A.2.1 for waveform selection criteria and Table 2.1 for description 

of moment tensor notations.)

• P a r tI_ d e p  . p d f Depth grid search results for the M m  moment tensor inversion for Part I 

events.

• P a r t I_ u n c  . p d f Uncertainty analysis for the M m  moment tensor inversion for Part I events.

• P a r t  I  I _ i n v . p d f Waveform fits for all 85 events in Part II catalog.

• in p u t _ w e ig h t _ f i le s  . z ip  Input weight files for all 21 Part I catalog events.

A.2 Methods 

A.2.1 Waveform selection criteria

As we demonstrated in Section 2.3.4 and Figure 2.12, the use of the L1 norm in the misfit func

tion greatly reduces the need to exclude bad waveforms. (By "bad," we mean that there are errors 

associated with data gaps or station metadata. Waveforms that are complex due to 3D structure 

are not considered bad.) For all inversions (except for case M u 0, for which all waveforms were 

used) we use waveform selection criteria based on amplitude anomalies, ln(Aobs/Asyn), where A 

is the maximum value of the waveform within the time window, either for data or synthetics. 

The five time windows are vertical P (PV), radial P (PR), vertical Rayleigh (SurfZ), radial Rayleigh 

(SurfR), and transverse Love (SurfT). Our criteria were:

1. Turn off PV and PR if the amplitude ratio of either one exceeds 2.5.

Both PV and PR need to be either ON (weight=1) or OFF (weight=0) together. In other 

words, we prefer not to to use any P waveform if we can only fit it on a single component.
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2. Turn off SurfV and SurfR if the amplitude ratio of either one exceeds 1.5.

Both SurfV and SurfR need to be either ON (weight=1) or OFF (weight=0) together. In other 

words, we prefer not to to use any Rayleigh waveform if we can only fit it on a single com-

ponent.

3. Turn off SurfT if the amplitude ratio exceeds 1.5.

Figure A.2 shows how we established the threshold amplitude ratio values. Our motivation was to 

remove the largest amplitude outliers, since it is possible that these could influence the outcome of 

the inversions, which use a waveform difference (i.e., based on amplitudes) for the misfit function.

A.2.2 Time shifts

Time shifts between data and synthetics are useful in assessing the quality of the 1D velocity 

model. The maximum allowable time shift is ± 2  s for body waves and ±10 s for surface waves; 

we assume that any measured time shift outside these limits is an artifact due to cycle skipping 

between data and synthetics. The measured time shifts can be represented on a spatial map, with 

each source-station path colored according to the time shift (Figure A.3). In Figure A.3 we see a 

systematic variation in time shifts as a function of station azimuth. Similar plots of time shifts for 

other time windows (PV, PR, SurfT) and cross-correlation values for all time windows are useful 

in assessing the quality of the waveform fits between data and synthetics.

A.2.3 Variance Reduction

In our study we use probability density p(M) (Eq. 2.10) as part of our assessment of the quality 

of our moment tensor solutions. In the published literature, moment tensor solutions are often 

assessed in terms of their variance reduction. The CAP code of Zhu & Helmberger (1996) uses a 

misfit function based on an L2 norm (Eq. 2.5). In our study we use an L1 norm (Eq. 2.4). For each 

of these norms we calculate variance reduction as:

VRl2(M) (A.2)

where

Ns 5 r
uL1 = X X  uJ  Wj  uj (A.3)

j=1 i=1
Ns 5

uL2 = X X uT W ij u ij
j=1 i=1

(A.4)
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VR is represented as a percentage and varies from —¥  to 100%, with 100% being a perfect fit 

between data and synthetics. A negative variance reduction can occur when the misfit norm in 

the numerator is larger than the data norm in the denominator.

A.3 Results 

A.3.1 Extended analysis for the example event

For the example event 20090407201255351 we performed a suite of inversions for different sub

sets of data ((M m , M 110 , M 0 11, M 10 1, M 1 12 , M 012); see Table 2.1 for description). The uncertainty 

analysis for M 1 1 1  (obtained using body and surface waves at selected stations) is shown in Fig

ure 2.5; for the rest see Figures A.11-A.15. These figures show how the confidence measure P AV 

changes with the choice of data used.

See Tables A.3 and A.4 for the summarized results of a similar analysis of all 21 Part I catalog 

events.

A.3.2 Two small events

Among the 85 Part II events, 20081118195651180 had the largest difference (w = 70°) from the 

solution in the AEC first-motion catalog (see Figures A.5-A.7). For the identical misfit function 

(same set of waveforms), the variance reduction is higher for the CAP solution than for the AEC 

solution (60 vs 29). This shows that either the body waves or the MOOS stations—neither of 

which were used in the AEC first-motion solution—are probably very important in estimating 

this moment tensor. Our magnitude estimate of Mw4.0 is much higher than the magnitude from 

the AEC catalog (Mw3.5).

Figures A.8-A.10 provides a second example of a small event. The difference between our 

preferred CAP solution and the AEC first-motion solution is w = /(M m ,M fm) = 68°. The vari

ance reduction is better for the CAP solution (38 vs 31), and the body waves fit better. However 

the comparison shows the challenges associated with moment tensor inversions for events with 

lower signal-to-noise ratios (like smaller events): the waveform fits for two very different moment 

tensors appear to be qualitatively comparably good. An uncertainty analysis would benefit these 

events, as would a detailed investigation of the inclusion of first-motion polarities along with the 

waveforms.

A.3.3 Comparison between moment tensor catalogs

Figure A.19 shows maps of different moment tensor catalogs. Figure A.20 compares our mo

ment tensors M cap with those from the AEC moment tensor catalog M aec. The x-axis shows the
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decrease in variance reduction for MAEC relative to MCAP. To make the comparison as fair as pos

sible, we allowed the magnitude « a e c  to vary when calculating VR; these are the blue points in 

Figure A.20. The plot shows a correlation between the decrease in variance reduction and the an

gular difference w = Z (Mcap,M aec), with one event having w = 55° and DVR = 25 (see Figures 2.10 

and 2.11).
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Table A.1: 1D structural model s c a k  used for generating Green's functions for the moment tensor 

inversions (Matumoto & Page, 1964; Lahr, 1975).

top of 

layer, km

bottom of 

layer, km

thickness

km

k s

m/s

k P

m/s

density

kg/m3
Qs Qp

0 4 4 3010 5300 2520 300 600

4 9 5 3180 5600 2610 300 600

9 14 5 3520 6200 2780 300 600

14 19 5 3920 6900 2970 300 600

19 24 5 4200 7400 3120 300 600

24 33 9 4370 7700 3200 300 600

33 49 16 4490 7900 3260 300 600

49 66 17 4600 8100 3320 300 600

66 - - 4720 8300 3370 300 600

Table A.2: Discretized grid for moment tensor grid search. NPTS is the number of search points 

for each interval. Maec is the magnitude listed in the AEC seismicity catalog. By using the cosine 

of dip 0 we achieve uniform orientations. The depth range listed is representative; when needed, 

we used a wider search range and a finer (1 km) increment (see Silwal, 2015).

parameter min max interval NPTS

(m varies) (m fixed) (m varies) (m fixed)

depth z zaec -  20 zaec + 20 2 km - 21 0

magnitude m ?»aec -  0.5 ?»aec + 0.5 0.1 - 11 0

strike k 0° 360° 10 5 36 72

rake s i VO o 0 90° 10 5 19 37

cos(dip) h = cos0 0 1 0.1 0.05 9 18

total number of points (magnitude and depth fixed) 1,422,036 47,952
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Table A.3: Summary of inversions for 21 high-quality events when the inversion is performed 

using the L1 norm. The subtable for 20090407201255351 is in Table 2.3. The number w is the an

gular distance of the corresponding moment tensor from M m . Since Maec and Mfm are obtained 

from the AEC catalog, neither a waveform match (VR) nor an uncertainty analysis ( P AV) was

performed.

Misfit depth Mw CO p(M0) MAV
(see Table 2.1) k m deg
Event 20070911234634153(1)
LI Mm 94 4.4 - 3.19 0.89
LI Mno 94 4.4 0 0.12 0.56
LI Mon 90 4.4 16 10.85 0.99
LI Mioi 94 4.4 0 1.31 0.80
LI M112 122 4.5 37 2.80 0.85
LI Moi2 100 4.4 15 10.04 0.98
LI M a e c 100 4.4 21 - -
LI Mfm 101 4.4 12 - -
Event 20070919112226549 (2)
LI Mm 47 4.5 - 2.35 0.92
LI Mno 39 4.4 22 0.12 0.61
LI Mon 45 4.5 18 5.72 0.97
LI Mioi 39 4.6 23 0.93 0.87
LI Mll2 57 4.6 20 3.67 0.92
LI Moi2 51 4.5 31 4.52 0.97
LI M a e c 35 4.4 34 - -
LI Mfm 31 4.4 21 - -
Event 20071003140612444 (3)
LI Mm 32 5.0 - 4.38 0.88
LI Mno 32 5.0 13 2.57 0.83
LI Mon 38 5.0 62 4.46 0.95
LI Mioi 36 5.1 119 3.16 0.68
LI Mll2 26 4.9 55 5.52 0.95
LI Moi2 46 5.1 61 10.43 0.98
LI M a e c 40 5.2 54 - -
L1 Mfm 45 5.0 67 - -

Misfit depth Mw CO p(M0) MAV
(see Table 2.1) k m deg
Event 20071128235703849 (5)
LI Mm 69 4.9 - 7.65 0.97
LI Mno 83 4.9 29 1.02 0.80
LI Mon 73 4.9 0 19.03 0.98
LI Mi oi 61 4.9 12 3.53 0.84
LI Mll2 71 4.9 16 9.76 0.98
LI Moi2 77 4.9 0 37.40 0.99
LI M a e c 75 4.8 4 - -
LI Mfm 70 5.0 77 - -
Event 20080314093821771(6)
LI Mm 139 5.1 - 8.28 0.94
LI Mno 143 5.0 10 1.66 0.84
LI Mon 141 5.0 50 23.07 0.99
LI Mi oi 139 5.1 0 6.93 0.94
LI Mll2 137 5.1 53 3.38 0.91
LI Moi2 145 5.1 43 14.12 0.95
LI M a e c 165 5.0 32 - -
LI Mfm 144 4.9 67 - -
Event 20080327230745201(7)
LI Mm 65 5.1 - 1.66 0.90
LI Mno 67 5.1 0 0.82 0.81
LI Mon 75 5.2 8 9.15 0.98
LI Mi oi 65 5.5 68 0.51 0.58
LI Mll2 63 5.0 19 1.98 0.90
LI Moi2 71 5.1 8 9.69 0.98
LI M a e c 75 5.3 11 - -
L1 Mfm 69 5.3 19 - -
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Table A.3 [CONTINUED]:
Misfit depth Mw CO p{M0)

(see Table 2.1) k m deg

Event 20071010180326301 (4)
LI Mm 27 4.2 0 1.56 0.90
LI Mno 25 4.2 10 0.23 0.63
LI Mon 37 4.3 7 8.07 0.99
LI Mi oi 29 4.4 53 2.85 0.77
LI Ml 12 45 4.3 41 4.80 0.95
LI Moi2 45 4.3 41 11.53 0.99
LI M a e c 15 4.1 19 - -
LI Mfm 12 4.0 20 - -
Event 20080918194353069 (9)
LI M m 81 4.6 - 0.88 0.78
LI M n o 89 4.6 19 0.08 0.54
LI M o n 93 4.6 11 2.67 0.92
LI M i oi 79 4.7 56 0.88 0.71
LI M l 12 85 4.6 151 0.93 0.51
LI M o i2 77 4.6 10 13.55 0.96
LI M a e c 85 4.5 8 - -
LI Mfm 90 4.7 27 - -
Event 20081228071310738 (10)
LI Mm 82 4.6 - 4.28 0.95
LI Mno 76 4.5 18 0.16 0.60
LI Mon 84 4.5 26 24.92 0.99
LI Mi oi 90 4.7 17 3.59 0.91
LI Ml 12 92 4.6 21 4.42 0.97
LI Moi2 88 4.5 26 32.69 0.99
LI M a e c 80 4.4 25 - -
LI Mfm 89 4.5 27 - -
Event 20090124180950811 (11)
LI Mm 105 5.8 - 1.33 0.85
LI Mno 117 5.7 10 0.71 0.72
LI Mon 103 5.7 10 14.86 0.98
LI Mi oi 109 6.0 52 0.31 0.68
LI Ml 12 97 5.7 20 2.14 0.93
LI Moi2 97 5.7 10 9.56 0.98
LI M a e c 95 5.7 30 - -
LI Mfm 98 5.9 29 - -

Misfit depth Mw CO p(M0) <̂ AV
(see Table 2.1) k m deg

Event 20080828231418631 (8)
LI Mm 54 4.2 - 4.36 0.95
LI Mno 48 4.1 0 0.08 0.56
LI Mon 56 4.2 10 16.03 0.99
LI Mioi 40 4.3 14 5.82 0.92
LI M112 56 4.2 19 13.52 0.96
LI Moi2 56 4.2 19 28.88 0.99
LI M a e c 50 4.1 14 - -
LI Mfm 43 4.1 13 - -
Event 20090223000427175(13)
LI M m 81 4.9 - 11.76 0.94
LI M n o 83 4.9 10 13.38 0.95
LI M o n 85 5.0 0 28.26 0.99
LI M io i 103 5.3 110 130.61 0.89
LI M 112 83 4.9 0 21.56 0.99
LI M o i2 95 5.0 10 41.25 0.99
LI M a e c 85 4.9 26 - -
LI Mfm 88 4.8 25 - -
Event 20090317011333066(14)
LI Mm 96 4.3 - 0.75 0.78
LI Mno 96 4.3 31 0.04 0.52
LI Mon 98 4.3 0 9.41 0.98
LI Mioi 120 4.5 59 0.72 0.59
LI Mll2 120 4.3 55 0.23 0.57
LI Moi2 92 4.3 13 6.17 0.96
LI M a e c 90 4.2 17 - -
LI Mfm 90 4.0 19 - -
Event 20090414171427415(16)
LI Mm 111 4.3 - 0.89 0.83
LI Mno 101 4.2 10 0.06 0.56
LI Mon 107 4.3 27 2.56 0.96
LI Mioi 115 4.6 125 6.43 0.67
LI Mll2 121 4.2 50 0.24 0.60
LI Moi2 113 4.3 20 31.20 0.99
LI M a e c 105 4.3 24 - -
LI Mfm 118 4.1 21 - -
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Table A.3 [CONTINUED]:
Misfit depth Mw CO p(M0) <̂ AV

(see Table 2.1) k m deg
Event 20090215193500098 (12)
LI Mm 43 4.5 - 1.80 0.93
LI Mno 43 4.5 0 0.86 0.84
LI Mon 45 4.5 12 4.14 0.97
LI Mi oi 55 4.5 36 1.09 0.77
LI Ml 12 51 4.6 17 2.61 0.95
LI Moi2 43 4.5 17 7.26 0.98
LI M a e c 35 4.5 25 - -
LI Mfm 37 4.3 27 - -
Event 20090524094004552 (18)
LI Mm 109 4.6 - 2.02 0.89
LI Mno 123 4.6 13 0.13 0.58
LI Mon 125 4.7 24 9.84 0.98
LI Mi oi 107 4.6 0 1.12 0.82
LI Ml 12 125 4.7 43 2.88 0.84
LI Moi2 129 4.7 24 5.47 0.90
LI M a e c 125 4.6 29 - -
LI Mfm 125 4.7 27 - -
Event 20090622192805162 (19)
LI Mm 62 5.4 - 4.30 0.94
LI Mno 64 5.4 0 2.45 0.89
LI Mon 62 5.4 10 14.97 0.99
LI Mi oi 52 5.6 24 3.04 0.66
LI Ml 12 60 5.4 10 6.61 0.96
LI Moi2 60 5.4 10 16.27 0.99
LI M a e c 80 5.5 13 - -
LI Mfm 65 5.5 13 - -

Misfit depth Mw CO p(Mo) ^AV
(see Table 2.1) k m deg
Event 20090430045457938(17)
LI Mm 40 4.8 - 5.52 0.89
LI Mno 40 4.8 0 3.88 0.85
LI Mon 48 4.9 10 5.18 0.96
LI Mioi 62 4.6 118 0.59 0.63
LI M112 44 4.8 28 8.80 0.91
LI Moi2 50 4.9 16 4.48 0.92
LI M a e c 40 4.9 25 - -
LI Mfm 53 4.9 65 - -
Event 20090626164820729(20)
LI Mm 56 4.2 - 7.72 0.95
LI Mno 50 4.1 13 0.05 0.53
LI Mon 54 4.2 19 11.65 0.98
LI Mioi 50 4.2 10 6.74 0.75
LI M112 58 4.3 14 10.03 0.97
LI Moi2 56 4.2 30 25.28 0.98
LI M a e c 60 4.2 25 - -
LI Mfm 59 4.2 20 - -
Event 20090730223910267(21)
LI Mm 60 4.6 - 3.62 0.94
LI Mno 54 4.5 28 0.04 0.52
LI Mon 60 4.6 10 7.35 0.97
LI Mioi 60 4.7 29 4.33 0.89
LI Mll2 58 4.5 36 4.56 0.97
LI Moi2 58 4.5 30 2.52 0.96
LI M a e c 30 4.4 17 - -
LI Mfm 44 4.6 28 - -
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Table A.4: An abridged version of the information in Table A.3 (and Table 2.3). Here we exclude 

the depths and magnitudes and also the values for the AEC moment tensors. We take M m  to be 

the best solution, in the sense that it fits the most waveforms; w is measured with respect to the 

M m  moment tensor. The column labels are described in Table 2.1. The data in this table were

used in making Figure 2.14.
p(M 0 ) CO .S^AV

111 110 011 101 112 012 111 110 011 101 112 012 111 110 011 101 112 012

1 3.19 0.12 10.85 1.31 2.80 10.04 - 0 16 0 37 15 0.89 0.56 0.99 0.80 0.85 0.98

2 2.35 0.12 5.72 0.93 3.67 4.52 - 22 18 23 20 31 0.92 0.61 0.97 0.87 0.92 0.97

3 4.38 2.57 4.46 3.16 5.52 10.43 - 13 62 119 55 61 0.88 0.83 0.95 0.68 0.95 0.98

4 1.56 0.23 8.07 2.85 4.80 11.53 - 10 7 53 41 41 0.90 0.63 0.99 0.77 0.95 0.99

5 7.65 1.02 19.03 3.53 9.76 37.40 - 29 0 12 16 0 0.97 0.80 0.98 0.84 0.98 0.99

6 8.28 1.66 23.07 6.93 3.38 14.12 - 10 50 0 53 43 0.94 0.84 0.99 0.94 0.91 0.95

7 1.66 0.82 9.15 0.51 1.98 9.69 - 0 8 68 19 8 0.90 0.81 0.98 0.58 0.90 0.98

8 4.36 0.08 16.03 5.82 13.52 28.88 - 0 10 14 19 19 0.95 0.56 0.99 0.92 0.96 0.99

9 0.88 0.08 2.67 0.88 0.93 13.55 - 19 11 56 151 10 0.78 0.54 0.92 0.71 0.51 0.96

10 4.28 0.16 24.92 3.59 4.42 32.69 - 18 26 17 21 26 0.95 0.60 0.99 0.91 0.97 0.99

11 1.33 0.71 14.86 0.31 2.14 9.56 - 10 10 52 20 10 0.85 0.72 0.98 0.68 0.93 0.98

12 1.80 0.86 4.14 1.09 2.61 7.26 - 0 12 36 17 17 0.93 0.84 0.97 0.77 0.95 0.98

13 11.76 13.38 28.26 130.61 21.56 41.25 - 10 0 110 0 10 0.94 0.95 0.99 0.89 0.99 0.99

14 0.75 0.04 9.41 0.72 0.23 6.17 - 31 0 59 55 13 0.78 0.52 0.98 0.59 0.57 0.96

15 3.30 0.04 9.26 2.26 2.27 10.44 - 26 9 21 10 10 0.95 0.52 0.98 0.77 0.95 0.98

16 0.89 0.06 2.56 6.43 0.24 31.20 - 10 27 125 50 20 0.83 0.56 0.96 0.67 0.60 0.99

17 5.52 3.88 5.18 0.59 8.80 4.48 - 0 10 118 28 16 0.89 0.85 0.96 0.63 0.91 0.92

18 2.02 0.13 9.84 1.12 2.88 5.47 - 13 24 0 43 24 0.89 0.58 0.98 0.82 0.84 0.90

19 4.30 2.45 14.97 3.04 6.61 16.27 - 0 10 24 10 10 0.94 0.89 0.99 0.66 0.96 0.99

20 7.72 0.05 11.65 6.74 10.03 25.28 - 13 19 10 14 30 0.95 0.53 0.98 0.75 0.97 0.98

21 3.62 0.04 7.35 4.33 4.56 2.52 - 28 10 29 36 30 0.94 0.52 0.97 0.89 0.97 0.96

Table A.5: [AVAILABLEONLINE] h t t p s  : //s c h o la rw o rk s  . a l a s k a . ed u / han d le/ 11122/6 0 2 5 . 

Text file version of our moment tensor catalog of 106 events, including Part I (Table 2.4) and 

Part II. Details can be found within the header lines, which also refer to Kanamori (1977); Silver & 

Jordan (1982); Tape & Tape (2012).
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Figure A.1: Seismicity in southern Alaska for M w > 3.0 between 1990-2014 (source: Alaska Earth

quake Center catalog). For caption details, see Figure 3.5, which also shows the Cook Inlet base

ment surface (but no seismicity).
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Figure A.2: Waveform amplitude ratios between observed data and synthetics, ln(Aobs/Asyn)/ 

where A  is the max value of the waveform within the time window. Each row represents a dif

ferent time window used in the moment tensor inversions: P wave vertical component (PV), P 

wave radial component (PR), Rayleigh wave vertical component (SurfV), Rayleigh wave horizon

tal component (SurfR), and Love wave transverse component (SurfT). The y-value is the amplitude 

ratio for a given time window for a given station, averaged over all 21 events (Part I catalog). The 

x-value is a station index; for the purposes here, what matters is that certain stations are consis

tent outliers. We use these amplitude ratios to determine threshold levels (red dashed lines) for 

waveform selection, which are chosen as 2.5 for^body waves and 1.5 for surface waves. Waveform 

selection criteria are listed in Section A.2.1.



CAP results for eid 20090407201255351, depth 39 km (catalog 33.0 km)

model scak_039 (strike 200, dip 52.011387, rake -9 0 ) Mw 4.50 VR 54.5

Figure A.3: Source-station paths used for event 20090407201255351. The ray paths are colored 

by the cross correlation time-shift values for the Rayleigh waves (SurfV and SurfR). Notice the 

large systematic time-shifts (up to +8 seconds) at large distances. Positive time-shifts mean that 

the synthetic is arriving before the data, i.e., the assumed 1D velocity model is faster than the true 

Earth model. Notice that the time-shifts to stations toward the southwest, in Cook Inlet basin, are 

larger than paths in other directions having comparable distances.
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E v e n t  2 0 0 7 1 0 0 3 1 4 0 6 1 2 4 4 4 /  M o d e l  a n d  D e p t h  s c a k _ 0 4 0  

F M  5 0  8 2  8  M w  5 . 2 0  I S O  0  C L V D  0  r m s  1 . 2 7 1 e - 0 5  V R  - 6 4 1 . 7  

F i l t e r  p e r i o d s  ( s e c o n d s ) :  B o d y : 1 . 5 0 - 4 . 0 0 .  S u r f : 1 6 . 0 0 - 4 0 . 0 0  

#  n o r m  L 1  #  P w i n  1 5  S w i n  1 2 0  #  N  1 1  N p  2 2 0  N s  2 9

KDAK_II
94.7
234.6

OHAK_AT
167.7
226.1

RC01_AK
324.6
14.9

PMR_AT
387.9
17.2

EYAK_AK
403.0
48.9

INDI_YV
319.2
17.7

HOPJ_YV
297.1
20.0

HOPE_YV
304.0
17.6

LSKI_YV
249.6
10.5

USKI_YV
250.5
13.9

DIVI_YV
245.9
25.8

Figure A.4: Waveform fits for event 20071003140612444 using the AEC moment tensor solution 

(fixed orientation, depth, and magnitude Mw 5.2). It is not too surprising that there are poor fits to 

the body waves, since only long period surface waves were used by AEC for finding their solution. 

See Figure 2.10 for our solution obtained using both the body and surface waves, and Figure 2.11 

for waveform fits when we allow the AEC solution to search over magnitude.
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Event 20081118195651180 Model and Depth scak_016 

FM 240 52 -1 0  Mw 4.00 ISO 0 CLVD 0 rms 1 .412e -07  VR 56.7 

Filter periods (seconds): B ody:1 .00-2 .00 . S urf:16 .67-33 .33  

#  norm  L1 #  Pwin 10 Swin 150 #  N 14 Np 17 Ns 36

KAKN_AV 
64.7/-0.75 1.90 
267.1 70

4.41 
-0.04

KDAK_II
101.7

BRLK_AK 
236.2/3.88 0.8 
46.6 80

5.97 
1.43

HEAD_YV
320.4
52.4

P R S urf V

SWD_AK
324.5
50.6

0.84
52
1.02
-0.41

ALPI_YV
408.5
35.5

PERI_YV
430.9
49.5

PMR_AT
452.4
34.5

•1.58
10
1.82
0.08

Figure A.5: Moment tensor solution and waveform fits for a small magnitude event

20081118195651180 (Table A.5). Our magnitude estimate (Mw4.0) is significantly higher than the 

AEC catalog (Mw3.5). See Figure A.6 for the waveform fits for the AEC first-motionsolution.
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Figure A.6: Waveform fits for event 20081118195651180 using the solution from the AEC first

motion catalog. Here we allow the magnitude to vary in order to achieve the best possible wave

form fits for this fixed hypocenter and orientation. The magnitude obtained (Mw3.9) is signif

icantly higher than the AEC catalog magnitude (Mw3.5). Figure A.7 shows the waveform fits 

when the magnitude is fixed to be the magnitude in the AEC catalog. See Figure A.5 for compari

son with our solution.
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Event 20081118195651180 Model and Depth scak_016 

FM 32 78 -1 6  Mw 3.60 ISO 0 CLVD 0 rms 1 .888e -07  VR 22.6 

Filter periods (seconds): B ody:1 .00-2 .00 . S urf:16 .67-33 .33  

#  norm  L1 #  Pwin 10 Swin 150 #  N 14 Np 17 Ns 36

KAKN_AV 
64.7/-0.75 1.94 
267.1 76

2.87 
0.38

KDAK_II
101.7

PERI_YV
430.9
49.5

PMR_AT
452.4
34.5

1.22
73
1.54
2.67

1.22
69
1.05
2.49

Figure A.7: Waveform fits for 20081118195651180 at AEC first-motion solution and at their magni

tude estimate (see Figure A.6 for waveform fits when allowed to search over magnitude). Smaller 

amplitude of synthetics shows that the magnitude have been underestimated. The use of long 

period surface waves for more accurate estimate of magnitude have been known for quite some 

time now. Magnitude used in this case is Mw3.6 which is obtained using the first-motion polarity 

match only, which is much smaller than our estimate of M w4 obtained using both the body and 

surface waves match (see Figure A.5).
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Event 20090210074254600 Model and Depth scak_068 

FM 120 30 -5 0  Mw 3.60 ISO 0 CLVD 0 rms 5.827e-08 VR 38.2 

Filter periods (seconds): Body:1.00-2.00. Surf:15 .38-25.00 

# norm L1 # Pwin 10 Swin 120 # N 12 Np 24 Ns 32

Surf V

SKN_AK
28.4
319.9

SSN_AK
42.7
147.0

S PCG _AV
70.9
219.4

Surf R

0.42
96

1.44

78
2.06
0.16

—yflftA-----
0.76 0.68
16 91

1.57 0.22
.  0.40 A -0 .0 4

0.42
52
1.78
1.29

0.68
21
0.80
-0 .0 7

-0
61
4.24
0.38

LSUM_YV

154.2

142.9

DEVL_YV
162.0
147.4

-0 .6 4
72
3.21
0.08

0.48
79

3.39
0.13

DHY_AK
243.5
52.2

0.86
79
4.04
0.50

67
2.98

0.14 0.39

- 0 ^ ^  3 W
46 94

3.10 0.68
-0 .4 3  0.84

73
0.94
0.80

3.74
72
0.57
0.09

77

1.98
-0 .1 4

46

1.06
1.39

53
3.04
-0 .5 4

73
1.00
1.01

Surf T

8.00
60

0.52
0.08

-8 .0 0
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-8 .0 0
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64
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24
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-8 .0 0
47
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Figure A.8: Waveform fits for subset of stations for a small magnitude event (20090210074254600, 

depth 68 km, Mw3.6) when inversion is performed using body and surface wave fitting (CAP). 

Omega difference from AEC first-motion solution (Figure A.9) is 68°. See figure header for details 

about the moment tensor inversion.

40 secs

88

162



Event 20090210074254600 Model and Depth scak_068 

FM 197 72 -4 2  Mw 3.70 ISO 0 CLVD 0 rms 6.139e-08 VR 31.4 

Filter periods (seconds): Body:1.00-2.00. Surf:15 .38-25.00 

# norm L1 # Pwin 10 Swin 120 # N 12 Np 24 Ns 32

P R Surf V
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82
5.96

1.38

0.76
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1.17
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S PCG _AV
70.9
219.4
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TUPA_YV
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3.20

76
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0 4 0 - ' ' ^ '
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Figure A.9: Waveform fits for subset of stations for a small magnitude event 20090210074254600, 

at AEC first-motion solution and variable magnitude search. The solution used here is obtained 

using first-motion polarity information only. See Figure A.10 for waveform fits when fixed at AEC 

magnitude, and Figure A.8 for our solution obtained from CAP (obtained using body and surface 

waves). Magnitude obtained in this case is Mw 3.7. See figure header for details about the moment 

tensor inversion.
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Event 20090210074254600 Model and Depth scak_068 

FM 197 72 -4 2  Mw 3.50 ISO 0 CLVD 0 rms 6.349e-08 VR 26.6 

Filter periods (seconds): Body:1.00-2.00. Surf:15 .38-25.00 

; norm L1 # Pwin 10 Swin 120 # N 12 Np 24 Ns 32

SKN_AK

28.4
319.9
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0.49
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Figure A.10: Waveform fits for subset of stations for a small magnitude event 20090210074254600, 

at AEC first-motion solution and fixed magnitude. See Figure A.9 for waveform fits when search

ing over magnitude, and Figure A.8 for our solution obtained from CAP. Magnitude used in this 

case is Mw3.5. See figure header for details about the moment tensor inversion.
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Figure A.11: Same as Figure 2.7, but for a different subset of data (M110; see Table 2.1). Each of the

six data subset choices is used in Figure 2.7 (M ^^and Figures A.11-A.15 (Muo, M 011, M 101, M 112,

M 012), respectively.
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Figure A.12: Same as Figure 2.7, but for a different subset of data (Mon; see Table 2.1). Each of the

six data subset choices is used in Figure 2.7 (M ^^and Figures A.11-A.15 (M ii0, M 011, M 101, M 112,

M 012), respectively.
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Figure A.13: Same as Figure 2.7, but for a different subset of data (M101; see Table 2.1). Each of the
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EID M111 M110 M011 M101 M112 M012 Maec Mfm

20090730223910267 21) ® © © © © © © 0
20090626164820729 20) ($5 63> (S3) 65 65 65 65 63)
20090622192805162 19) 65 65 63) 65 63) 63) 65 63)
20090524094004552 18) 0 0 0 65 65 65 65 65
20090430045457938 17) © © © 65 0 05 65 65
20090414171427415 16) © © CD 65 65 65 © 65
20090407201255351 15) © © © 65 65 65 © 05
20090317011333066 14) © © © 65 65 65 65 65
20090223000427175 13) 0 0 65 Q 65 65 65 65
20090215193500098 12) © © 65 65 65 65 © 65
20090124180950811 11) © © 65 © 65 65 65 65
20081228071310738 10) 0 (35 65 65 65 65 65 65
20080918194353069 9) 0 0 65 65 65 65 65 65
20080828231418631 8) 65 (2$ 65 65 65 65 65 65
20080327230745201 7) 0 ® 65 65 65 65 65 65
20080314093821771 6) © 0 65 65 65 65 65 65
20071128235703849 5) 0 65 65 65 65 65 ©
20071010180326301 4) $5 65 65 65 65 65 65
20071003140612444 3) 0 0 65 65 65 65 65 65
20070919112226549 2) © 0> 65 65 65 65 65 65
20070911234634153 1) © © © © © © © ©

Figure A.16: Same as Figure 2.13 but using the L2 norm instead of the L1 norm. Solutions in 

the first column should be close to solutions in the first column of Figure 2.13 since only good 

stations are used in both cases. A comparison between L1 and L2 results for four cases is shown 

in Figure 2.12.

170



/v\
180

- 1 5 4 "  - 1 5 2 "  - 1 5 0 "  - 1 4 8 "  - 1 4 6

(b) (g)
3 6 0  - I

20090407201255351_L1_M111 
Strike 40 Dip 86 Rake 0 
Strike 310 Dip 90 Rake 176 
Mw 4.5 Depth 39 km

(h)

(i)

1 8 0  3 6 0

strike

Figure A.17: Same as Figure 2.7, except here we have chosen the reference moment tensor to be the 

maximum misfit solution Mx rather than the minimum. (a) Beachball for Mx (strike 40°, dip 8 6 °, 

rake 0°) and w = Z(Mo,Mx) = 74°. See Figure 2.7 for analysis when global minimum Mo is chosen 

as Mref, and see Section 2.8.1 for discussion.
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Figure A.18: Same as Figure 2.7, except here we choose the reference moment tensor to be — M 0, 
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(a) GCMT catalog (b) AEC moment tensor

(c) AEC first-motion (same events as in Figure 2.2) (d) CAP Part I (same events as in (b))

Figure A.19: Moment tensor catalogs for the time period of the MOOS deployment (2007-08-15 to 

2009-08-15). (a) GCMT catalog (Ekstrom et al., 2012). (b) AEC moment tensor catalog (21 events: 

same as Part I catalog) (Ratchkovski & Hansen, 2002). (c) Subset of Figure 2.2 events in the AEC 

first-motion catalog. Figure 2.2 shows our moment tensors for the same events. (d) Our moment 

tensor solutions for the events shown in (b) (Part I catalog).
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Figure A.20: Improvement in waveform fits between our solutions (M cap) and AEC moment 

tensor solution (M aec) for the 2 1  Part I events, measured in terms of V R cap — V R aec and 

w = Z(M cap,M Aec), where the prime notation indicates the closest double couple to M aec- The 

improvement in V R  for CAP is measured for two separate cases: (red) AEC moment tensor with 

the AEC magnitude; (blue) AEC moment tensor free to search over magnitude. The blue points are 

necessarily to the left of (or on top of) the red points. For the highest w event, 20071003140612444 

(uppermost blue point), V R  worsens severely when magnitude is fixed; the red point for that event 

is off the plotting scale at D V R  = 207.
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Appendix B

Supporting Information for Chapter 3 (Crustal earthquakes in the Cook Inlet and Susitna

region of southern Alaska)

B.1 M isfit reward factors

This section supports Section 3.4.3.

As summarized in Section 7.3 of Silwal & Tape (2016), while fitting observed and synthetic 

waveforms, we frequently encounter cases where the total normalized misfit when using more 

data (larger time-windows, wider bandpass, and more stations) is larger than the one obtained 

when using fewer data. In essence, overfitting can occur when using fewer waveforms: the syn

thetic waveforms may result in a low misfit, yet the moment tensor solution may be incorrect.

This happens because it is much easier to fit a single waveform (or waveforms for fewer sta

tions) and could result in a lower misfit for a wrong solution (Figure B.2). We address this by 

modifying our misfit function to include scale factors that reward the use of:

1. a longer time window for Pnl and surface waves

2. a broader bandpass for Pnl and surface waves

3. more stations

This weighting has been used for full moment tensor inversions in Alvizuri et al. (2018) and 

Alvizuri & Tape (2018).

B.1.1 Waveform reward factor for longer time windows and a broader bandpass

For each station j and each time window i, we consider a weighting matrix in Equation (3.1). 

Our choice is a constant-valued diagonal matrix

wij
w ” - ^ 1 (R1) 

where Wij is the user-specified weight for the ijth time window, dj is the length of window in 

seconds, and bij is the length of bandpass in Hertz. In our study, Wij = 1 always, but there may 

be reason to test weighting body waves and surface waves differently (Alvizuri & Tape, 2016) 

or to emphasize or demphasize a particular time window. The longer time windows and wider 

bandpass will lead to smaller values of the diagonal of W j, resulting in lower misfit values (Eq. 3.1) 

and larger VR values.

B.1.2 Station reward factor for using more stations
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The final scaled misfit function (Eq. 3.3)

F(M , Ns) = h(Ns) x F(M ), (B.2)

is scaled by a weighting function h(Ns) so that the total misfit F(M ) is rewarded for using more 

stations. We define this weighting function as

h(Ns) = 0.5 +1.5 e-Ns/C (B.3)

where Ns is the number of stations and C  represents a reference number of stations and governs 

the shape of the weighting function (see Figure B.1). When Ns = C, h(Ns) = 0.5 + 1.5e- 1  w 1. As Ns 

increases, h(Ns) decreases, leading to a lower misfit function (i.e., reward). As Ns decreases, h(Ns) 

increases, leading to a higher misfit function (i.e., penalty). The constant 0.5 is included to prevent 

the misfit from going to zero for the cases where large number of stations are used.

We show an example of the impact of Equation (B.3) for an example event. With Ns = 3 and 

C = 7, we have h(Ns) w 1.5, which increases the misfit function and leads to a very low VR value, 

in spite of the appearance of well-fitting waveforms (Figure B.2a). With Ns = 5, we have a different 

h(Ns) and also a different best-fitting moment tensor (Figure B.2b). Our preferred solution uses 

Ns = 9 and is shown in Figure B.3. Figure B.4 demonstrates that using more stations will not 

always results in lower misfit (and higher VR). Here we had a 10th station that is a clear outlier. 

Thanks to the use of an L1-norm in the misfit function, we are able to still obtain the same best

fitting moment tensor (Figure B.3), but the VR value is now muc lower (26.2 vs 51.8), despite 

having a lower penalty factor for using more stations. If the 10th station had comparable or better 

waveform fits than the other stations, then we would expect the lower penalty factor to result in 

lower misfit and higher VR.
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Table B.1: Source location and origin time for 1933, 1943 and 1954 earthquakes from various 

sources. See Figures 3.6 and 3.11 for locations on a map.

label origin time lat Ion depth reference

L33

133

G33

E33

D33

1933-04-27 02:36:07.115 

1933-04-27 02:36:07.770 

1933-04-27 02:36:04 

1933-04-27 02:36:11.510 

1933-04-27 02:36

61.00

61.10

61.25

60.99

61.11

-151.07

-151.06

-150.75

-151.00

-150.85

0

15 ± 4  

0

35

9 ± 4

this study 

Storchak et al. (2013) 

Gutenberg & Richter (1954) 

Engdahl & Villasenor (2002) 

Doser & Brown (2001)

L43

143

G43

E43

D43

1943-11-03 14:32:22.982 

1943-11-03 14:32:20.840 

1943-11-03 14:32:17 

1943-11-03 14:32:24.120 

1943-11-03 14:32

61.66

61.79

61.75

61.63

61.74

-151.00

-151.00

-151.00

-151.00

-150.80

17 

15 ± 9  

0

35 

27 ± 4

This study 

Storchak et al. (2013) 

Gutenberg & Richter (1954) 

Engdahl & Villasenor (2002) 

Doser & Brown (2001)

L54

154

E54

D54

1954-10-03 11:18:49.136 

1954-10-03 11:18:48.530 

1954-10-03 11:18:47 

1954-10-03 11:18

60.52

60.65

60.70

60.68

-150.51

-150.39

-150.30

-150.45

56 

62 ± 5  

64 

60 ± 1 0

This study 

Storchak et al. (2013) 

Engdahl & Villasenor (2002) 

Doser & Brown (2001)

Table B.2: Double couple moment tensor solutions for 9 crustal earthquakes in the Beluga region 

(Table 3.1).

label eid lat Ion strike dip rake Mw depth Nstn

1 2008-01-26 04:29:42 61.56 -151.23 141 50 67 3.0 1 1 . 0 19

2 2008-02-05 03:51:42 61.55 -151.28 46 54 58 2 .6 2 .0 14

3 2009-05-16 01:51:04 61.66 -151.25 61 49 68 2.9 7.0 1 0

4 2010-03-28 16:05:36 61.69 -151.34 326 70 -29 3.0 5.0 6

5 2012-03-06 06:12:58 61.54 -151.25 63 84 9 2 .6 1 2 .0 1 2

6 2012-06-29 11:07:39 61.62 -151.30 168 38 85 2.5 8.0 7

7 2014-01-24 12:07:03 61.65 -151.26 342 50 -33 3.0 8.0 9

8 2014-07-14 06:04:10 61.59 -151.29 165 37 70 3.0 1 1 . 0 14

9 2016-04-18 18:02:12 61.61 -151.22 8 44 82 2 .6 7.0 1 0
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Table B.3: Double couple moment tensor solutions for 22 crustal earthquakes in the Upper Cook

Inlet region (Table 3.1).

label origin time latitude longitude strike dip rake Mw depth stations

1 2008-04-08 17:16:30 61.06 -150.85 229 48 71 2 .6 16.0 32

2 2008-04-15 08:42:17 60.97 -151.13 135 41 70 2 .8 13.0 30

3 2008-10-06 18:24:38 61.15 -150.76 147 60 38 2 .6 13.0 16

4 2008-11-22 05:30:47 60.99 -151.16 156 54 72 2.9 1 0 .0 15

5 2009-05-02 09:50:52 60.88 -150.93 152 46 33 2 .6 5.0 16

6 2009-09-05 01:52:36 60.94 -151.08 6 65 90 2.9 15.0 9

7 2010-06-18 08:10:34 61.09 -151.10 49 58 58 2 .6 7.0 6

8 2010-10-13 14:45:37 61.08 -150.94 14 83 35 2 .8 1 1 . 0 1 1

9 2010-12-28 23:08:30 61.00 -150.94 2 1 34 60 2 .8 13.0 7

1 0 2012-02-13 17:40:33 60.93 -151.09 311 42 29 2.5 1 0 .0 8

1 1 2012-03-08 10:57:43 61.01 -150.91 154 44 54 4.0 1 0 .0 1 1

1 2 2012-08-02 06:11:38 60.82 -151.02 208 31 84 2.9 18.0 1 2

13 2013-03-24 15:24:30 60.92 -150.83 348 40 46 2.7 1 2 .0 1 2

14 2013-03-26 04:30:06 60.93 -150.86 253 62 -81 2.9 1 0 .0 13

15 2014-02-03 00:03:07 60.92 -151.13 1 1 32 79 2.9 15.0 17

16 2014-11-15 03:01:00 60.76 -151.07 214 58 85 2.5 2 0 .0 23

17 2014-12-11 00:48:39 60.74 -151.03 33 35 -70 3.0 2 0 .0 2 2

18 2014-12-28 17:00:32 60.95 -150.87 320 16 58 3.1 2 0 .0 23

19 2015-03-15 08:56:11 61.03 -150.79 284 34 50 2.5 15.0 2 1

2 0 2015-07-27 02:21:54 60.98 -150.94 319 50 24 3.5 16.0 42

2 1 2015-08-30 21:27:12 61.00 -150.96 151 37 48 2 .6 15.0 31

2 2 2015-11-24 21:25:57 60.94 -150.82 152 53 35 2.7 2 0 .0 32
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Table B.4: Double couple moment tensor solutions for 22 crustal earthquakes in the Susitna region 

(Table 3.1).

label eid lat Ion strike dip rake Mw depth Nstn

1 2007-12-19 21:58:56 62.23 -150.13 166 58 62 3.2 8 .0 16

2 2008-04-18 04:14:58 62.05 -150.50 331 8 -81 3.2 3.0 1 0

3 2008-06-02 17:27:40 61.88 -150.10 172 37 65 3.6 6.0 23

4 2010-07-08 03:15:49 61.81 -150.50 41 30 77 4.8 15.0 9

5 2010-12-01 23:19:44 62.30 -150.11 355 59 61 3.2 1 0 .0 9

6 2010-12-14 02:22:37 62.28 -150.27 3 24 73 3.6 2 1 .0 8

7 2011-04-05 18:30:24 62.31 -150.03 24 54 68 3.4 1 2 .0 9

8 2011-04-16 06:01:41 62.31 -149.99 24 54 68 3.1 1 1 . 0 1 2

9 2011-10-21 17:09:40 61.90 -150.25 162 47 66 3.7 3.0 1 2

1 0 2011-12-03 09:33:58 61.97 -150.93 17 82 88 4.1 6.0 17

1 1 2012-01-27 17:10:28 61.80 -150.18 327 54 76 3.1 1 0 .0 15

1 2 2012-04-29 10:57:57 62.07 -149.99 131 42 67 3.2 6.0 16

13 2013-01-20 21:56:58 62.19 -150.40 1 2 31 86 3.4 15.0 1 2

14 2013-09-23 09:21:18 61.63 -150.65 186 42 74 3.7 6.0 17

15 2013-09-30 06:32:02 61.92 -150.90 163 48 84 3.2 1 0 .0 17

16 2014-01-21 14:29:20 62.09 -150.37 192 38 72 3.1 16.0 17

17 2015-01-19 10:36:11 62.19 -150.57 25 50 76 4.0 1 0 .0 23

18 2015-05-18 15:49:10 61.94 -150.45 6 40 89 4.2 2 1 .0 17

19 2016-01-18 04:05:56 62.10 -150.64 156 80 39 4.5 1 0 .0 28

2 0 2016-05-29 23:49:37 61.87 -150.28 168 71 30 3.1 16.0 24

2 1 2016-12-01 23:55:55 61.86 -150.27 354 53 31 3.0 18.0 27

2 2 2016-12-04 13:15:44 61.97 -150.90 117 42 38 4.2 8 .0 27
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Figure B.1: Plotting the station reward factor h(Ns) (Eq. B.3), which is used in the misfit function 

(Eq. 3.3). Our chosen function is for C = 7 (thick black line). The function h(Ns) is approximately 

the same for Ns = C, and it will increase (penalty) for fewer stations and decrease (reward) for 

more stations.
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Figure B.2: The effect of the number of stations on moment tensor solutions. Best-fitting moment 

tensor and waveform fits when using (a) 3 stations and (b) 7 stations. Notice the increase in VR 

(and the decrease in the RMS misfit) as we increase the number of stations; this is due to the station 

reward factor (Eq. B.3). Also compare the beachballs with the preferred solution in Figure B.3.
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Figure B.3: Waveform fits when using 9 stations instead of fewer stations (Figure B.2). Here the 

VR is higher due to the station reward factor (Eq. B.3).
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Figure B.4: Waveform fits when using 10 stations. There are more stations than in Figure B.3, 

which will lead to a lower value of h(Ns) (greater reward). However, waveforms from the newly 

added station, AV.AUL, are clearly bad, which results in a VR that is lower than in Figure B.3, 

despite having more stations. The anomalous amplitude of AV.AUL causes the other waveforms 

not to be visible on this plotting scale; however, they are expected to be very similar to those in 

Figure B.3. Note that the best-fitting moment tensor is similar to what is obtained in Figure B.3; 

this is due to the use of an L1 misfit function that is insensitive to outliers.
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Event 20150727022154395 Model scak Depth 16

FM 344 74 80 Mw 3.50 g 0 5 0 rms 6.726e-01 VR 54.8 pol_wt 0.00
Filter periods (seconds): Body:0.12-0.33. Surf:14.29-25.00 duration: 0.10/0.05 s

# norm L1 # Pwin 1.5 Swin 60 # N 15 Np 30 Ns 0

P R Surf V Surf R Surf T

ZE.WHIP..HH____
16 km 2.42
95° 45
2.3 s 3.11
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Figure B.5: Waveform fits using polarity weight m = 0.0. See Figure 3.10.
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Event 20150727022154395 Model scak Depth 16

FM 144 46 28 Mw 3.50 g 0 5 0 rms 3.891e-01 VR 84.9 pol_wt 0.50
Filter periods (seconds): Body:0.12-0.33. Surf:14.29-25.00 duration: 0.10/0.05 s
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Figure B.6: Waveform fits using polarity weight m = 0.5. See Figure 3.10.
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Event 20150727022154395 Model scak Depth 16

FM 327 44 32 Mw 3.50 g 0 5 0 rms 1.637e-01 VR 97.3 pol_wt 0.90
Filter periods (seconds): Body:0.12-0.33. Surf:14.29-25.00 duration: 0.10/0.05 s
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Figure B.7: Waveform fits using polarity weight m = 0.9. See Figure 3.10.
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2007-08-15 to 2017-01-01; M >= 1.5; depth <= 30km
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Figure B.8 : Event selection for moment tensor inversion. AEC catalog with Ml > 1.5, depth < 

30 km, from 2007-08-15 to 2017-01-01. Events are colored by depth, with deeper events (green) 

plotted on top. Red stars are events that were selected for moment tensor inversion. See Table 3.1 

for region-specific selection criteria.
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Figure B.9: Depth distribution of events Ml > 1.5 between 1990-01-01 and 2017-01-01 and within 

the Cook Inlet and Susitna region (Table 3.1). Above a depth of 30 km, there is a subset of 5726 

earthquakes that were used for relocation with hypodd.
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Figure B.10: Variation in seismicity with depth for events from 1990-01-01 to 2017-01-01 with magnitude 
Mi > 1.5. Earthquakes (in red) are for depth ranges (a) < 10 km, (b) 10-20 km, (c) 20-30 km, and (d) 30
40 km. The colored contours are for the subduction interface (Li et al., 2013) at depths 30,40, 50, 60, and 70 
km. The black dashed line represents the boundary of Susitna basin (Kirschner, 1988).
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(a) Beluga region (b) Upper Cook Inlet region

(c) Susitna region

- 151.2 ” - 150 .8 ” - 150 .4 ” - 150 “ - 149 .6 “

Figure B.11: Same as Figure 3.11, but plotted with an underlying basement surface instead of 

gray-shaded topography.
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Figure B.12: Changes in epicenters due to relocation. (a) Map view representing the azimuth from the 
initial epicenters to the relocated epicenter for earthquakes < 20 km. Red dots indicate relocations toward 
the north, dark blue toward the south, cyan toward the west, and green toward the east. (b) Same as (a) 
but for earthquakes > 20 km. (c) Distribution of the azimuths from the the initial epicenters to the relocated 
epicenters for all 4748 crustal earthquakes. (d) Distribution of horizontal distances between original and 
relocated epicenters; the mean difference is 4.87 km.
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(a) (b)

Figure B.13: Changes in depths due to relocation. (a) Distribution of changes in depth; the mean and 
standard deviation are 1.20 km and 5.95 km respectively. (b) Initial depth vs relocated depth. Red dashed 
line indicates that the relocated depth is same as the final depth. Points above the red dashed line represent 
events that are relocated to a deeper depth, whereas, for points below the line the events are relocated to a 
shallower depth.
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(a) 1933-04-27 (b) 1943-11-03

(c) 1954-10-03

Figure B.14: Felt reports from Brockman et al. (1988) for the 1933,1943, and 1954 earthquakes. Note that 
there are felt reports outside the plotted region for all three earthquakes, and there are felt reports that are 
not listed in Brockman et al. (1988) (e.g., Appendix 3.8). Also shown for each earthquake is the maximum 
likelihood epicenter (star) and epicenters of the posterior distribution obtained from NonLinLoc (Lomax 
et al., 2000). See Lomax et al. (2018) for results from other events in Table 3.2.
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Appendix C

Supporting Information for Chapter 4 (Seismic wavefield simulations within a 

three-dimensional seismic velocity model for Alaska)

Overview

This supplement contains:

1. Table of the seismic networks used in this study

2. Tables of moment tensors for each of the three regions

3. Tables comparing resolvable period, time-step, and simulation time for different meshes and 

models

4. Figures illustrating event selection

5. Figures of the tomographic model of Eberhart-Phillips et al. (2006)

6 . Figures related to topographic smoothing

7. Figures related to testing the presence of basin and the implementation of a minimum shear 

wavespeed

8 . Figures showing the effect of smoothing the topography
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Table C.1: Permanent (top) and temporary (bottom) seismic networks for which seismograms 

were extracted.

code Networks active period

AK

AT

CN

II

IU

US

Alaska Regional network

National Tsunami Warning Center Alaska Seismic Network

Canadian National Seismic Network

IRIS/IDA

IRIS/USGS

US National Seismic Network

TA

XE

XR

XZ

YV

XV

ZE

UArray Transportable Array

BEAAR - Broadband Experiment Across Alaska Range

ARCTIC - Alaska Receiving Cross Transect of the Inner Core

STEEP - St. Elias Erosion/Tectonics Project

MOOS - Multidisiplinary Observations of Subduction

FLATS

SALMON

2016-2019

1999-2001

2004-2007

2005-2012 

2007-2009

2014-2019

2015-2017
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Table C.2: Double couple moment tensor solutions for 20 earthquakes in the Cook Inlet mesh

region.

origin time latitude longitude strike dip rake Mw depth

(km)

# of 

stations

1 2007-11-28 23:57:03 61.91 -151.13 44 75 65 4.8 70.0 67

2 2008-03-14 09:38:21 61.07 -152.64 89 58 81 5.0 144.0 55

3 2008-09-12 19:50:39 62.15 -149.43 290 77 -30 4.1 44.0 39

4 2008-11-09 23:36:57 60.00 -153.02 63 53 56 4.4 127.0 30

5 2008-12-13 19:55:44 60.89 -150.86 26 80 63 4.1 46.0 47

6 2009-01-24 18:09:50 59.43 -152.89 71 64 38 5.6 98.0 27

7 2009-04-07 20:12:55 61.45 -149.74 218 49 -81 4.5 34.0 2 0

8 2009-06-22 19:28:05 61.94 -150.70 25 51 -23 5.4 65.0 50

9 2012-12-04 01:42:48 61.24 -150.77 92 36 38 5.6 64.0 69

1 0 2014-05-05 04:59:44 60.65 -149.56 80 71 -61 4.4 38.0 79

1 1 2014-05-10 14:16:10 60.01 -152.13 247 40 54 5.7 89.0 47

1 2 2014-09-25 17:51:17 61.94 -151.82 47 68 17 6.3 109.0 74

13 2014-09-27 03:53:11 62.01 -149.82 173 66 -77 4.7 47.0 97

14 2014-11-29 21:06:48 62.54 -148.06 123 62 - 2 1 4.6 62.0 105

15 2015-06-24 22:32:21 61.66 -151.96 90 40 68 5.8 114.0 82

16 2016-01-18 04:05:56 62.10 -150.64 154 77 28 4.4 1 0 .0 137

17 2016-01-24 10:30:29 59.62 -153.34 63 64 44 7.1 126.0 47

18 2017-03-02 02:11:30 59.58 -152.65 52 54 37 5.3 78.0 65

19 2017-05-07 04:25:19 60.18 -151.68 50 63 16 5.1 67.0 75

2 0 2017-05-30 02:18:45 60.83 -151.82 194 72 -81 5.1 81.0 115
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Table C.3: Double couple moment tensor solutions for 20 earthquakes in the Interior mesh region.

origin time latitude longitude strike dip rake Mw depth

(km)

# of 

stations

1 2000-09-01 05:04:40 63.19 -150.53 13 78 -62 4.8 137.0 32

2 2000-11-09 16:25:15 64.69 -152.23 288 64 9 4.5 34.0 20

3 2000-11-29 10:35:47 63.90 -150.35 107 82 31 5.5 16.0 17

4 2001-03-25 11:34:50 64.63 -149.25 130 75 -33 4.3 2 2 .0 15

5 2001-06-04 18:42:36 64.70 -152.40 295 72 17 5.0 23.0 16

6 2001-06-07 06:28:32 6 6 .0 1 -150.79 127 51 28 4.1 1 0 .0 2 0

7 2001-06-19 12:42:09 64.00 -147.41 288 82 -41 4.0 5.0 17

8 2009-09-20 11:57:39 63.65 -149.90 75 76 - 1 2 4.2 144.0 40

9 2013-02-26 09:32:18 64.10 -149.31 2 1 0 32 -72 4.7 139.0 53

1 0 2013-05-25 08:29:29 66.28 -149.56 2 0 2 81 17 4.3 1 2 .0 32

1 1 2014-06-20 01:06:22 63.13 -149.31 1 1 2 74 30 4.3 82.0 78

1 2 2014-06-29 06:58:43 63.46 -148.56 233 78 81 4.2 7.0 39

13 2014-08-31 03:06:57 65.15 -149.04 2 0 0 73 -16 5.0 17.0 51

14 2015-05-11 09:25:42 63.08 -148.25 126 78 5 4.5 67.0 95

15 2016-05-15 05:51:00 63.08 -150.95 55 59 70 5.3 132.0 103

16 2016-05-18 03:25:48 65.25 -151.07 352 51 -7 4.2 15.0 75

17 2016-07-11 20:05:57 63.81 -149.23 103 43 51 4.2 123.0 138

18 2017-04-29 11:15:48 63.12 -151.17 319 31 13 4.8 1 2 .0 139

19 2017-09-21 22:15:20 62.78 -148.88 194 57 56 4.1 2 0 .0 67

2 0 2017-12-30 11:43:16 63.80 -149.02 47 62 28 4.0 7.0 140
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Table C.4: Double couple moment tensor solutions for 20 earthquakes in the Wrangell mesh re

gion.

origin time latitude longitude strike dip rake Mw depth

(km)

# of 

stations

1 2007-09-19 11:22:26 61.38 -146.11 227 63 -85 4.4 31.0 67

2 2007-10-10 18:03:26 59.96 -147.41 213 86 -13 4.0 1 2 .0 71

3 2008-08-05 19:48:07 61.54 -141.37 139 84 50 3.8 11.0 42

4 2008-10-08 09:53:01 60.71 -143.72 191 50 -17 4.9 8.0 54

5 2009-02-15 19:35:00 61.60 -146.33 85 40 -54 4.4 37.0 52

6 2009-02-24 16:20:23 62.88 -143.80 346 67 -29 3.9 6.0 55

7 2009-07-25 07:46:07 61.36 -147.42 66 37 -42 4.0 23.0 54

8 2010-02-25 14:01:18 61.92 -141.47 103 73 -75 3.9 8.0 36

9 2010-06-20 17:28:08 60.78 -146.81 188 73 -77 4.5 11.0 51

1 0 2010-09-05 10:41:26 63.35 -145.09 248 88 76 4.2 3.0 44

1 1 2011-08-03 06:08:37 62.11 -141.28 58 86 15 4.2 13.0 44

1 2 2011-12-09 01:25:42 62.25 -145.65 1 0 0 28 57 4.5 16.0 62

13 2012-10-31 02:57:43 62.05 -146.55 240 73 7 4.1 42.0 61

14 2012-12-25 03:43:32 61.30 -147.44 59 37 -73 4.3 37.0 70

15 2013-07-14 08:15:15 61.57 -141.08 250 49 58 4.3 8.0 52

16 2014-09-24 07:30:57 61.35 -146.78 26 30 -81 4.3 27.0 1 0 2

17 2016-08-19 17:36:28 61.60 -146.34 48 74 -67 4.2 23.0 161

18 2017-02-13 07:17:12 62.51 -142.75 231 81 5 5.2 8.0 1 2 1

19 2017-11-13 16:00:37 60.56 -142.66 264 8 78 4.3 2 0 .0 104

2 0 2017-11-27 22:18:30 60.56 -147.43 2 1 1 73 -70 5.1 17.0 138
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Table C.5: Expected and actual minimum resolvable periods for various mesh and model combi

nations. The effect of model is documented in two ways: (1) embedding a low-velocity basin into 

the 3D model, and (2) applying a velocity threshold (vsmin = 1000 m/s). Also shown is the actual 

usable time step that is systematically lower than the theoretically expected time step.

region basin

smoothed

topo

vsmin

(m/s)

minimum res. 

period (s)

time-step, dt (s)

NGLL5 NGLL7

expected actual actual expected actual expected

cook No No 822.5 6.4 3.5 0.015 0.0164 0.007 0.0080

cook Yes No 778.9 6.4 4.0 0.015 0.0164 0.007 0.0080

cook Yes No 10 0 0 .0 6.4 4.0 0.015 0.0164 0.007 0.0080

cook No Yes 822.5 6.4 4.0 0.015 0.0164 0.007 0.0081

cook No Yes 10 0 0 .0 6.4 4.0 0.015 0.0164 0.007 0.0081

cook Yes Yes 778.9 6.4 4.0 0.015 0.0164 0.007 0.0081

cook Yes Yes 10 0 0 .0 6.4 4.0 0.015 0.0164 0.007 0.0081

interior No No 1620.0 5.9 2 .0 0.015 0.0168 0.007 0.0083

interior No No 10 0 0 .0 5.9 2 .0 0.015 0.0168 0.007 0.0083

interior Yes No 655.4 5.9 2 .0 0.015 0.0168 0.007 0.0083

interior Yes No 10 0 0 .0 5.9 2 .0 0.015 0.0168 0.007 0.0083

interior No Yes 1620.0 5.9 2 .0 0.015 0.0168 0.007 0.0083

interior No Yes 10 0 0 .0 5.9 2 .0 0.015 0.0168 0.007 0.0083

interior Yes Yes 655.4 5.9 2 .0 0.015 0.0168 0.007 0.0083

interior Yes Yes 10 0 0 .0 5.9 2 .0 0.015 0.0168 0.007 0.0083

wrangell No No 822.8 6.3 2 .0 0.014 0.0162 0.006 0.0080

wrangell No No 10 0 0 .0 6.3 1.5 0.014 0.0162 0.006 0.0080

wrangell No Yes 822.8 6.0 2.5 0.015 0.0164 0.007 0.0081

wrangell No Yes 10 0 0 .0 6.0 2 .0 0.015 0.0164 0.007 0.0081
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Table C.6 : Comparison of computational costs for various meshes and models.

region basin smoothed

topo

vsmin

(m/s)

cores

NGLL5 NGLL7

DT

(s)

NSTEP simulation

time

hh:mm:ss

DT

(s)

NSTEP simulation

time

hh:mm:ss

cook No No 822.5 72 0.015 20 0 0 0 00:32:54 0.007 43000 04:28:15

cook No No 10 0 0 72 0.015 20 0 0 0 00:38:42 0.007 43000 04:20:58

cook Yes No 778.9 72 0.015 20 0 0 0 00:33:14 0.007 43000 04:19:49

cook Yes No 10 0 0 72 0.015 20 0 0 0 00:38:35 0.007 43000 04:19:26

cook No Yes 822.5 72 0.015 20 0 0 0 00:33:29 0.007 43000 04:26:49

cook No Yes 10 0 0 72 0.015 20 0 0 0 00:39:05 0.007 43000 04:28:40

cook Yes Yes 778.9 72 0.015 20 0 0 0 00:34:52 0.007 43000 04:24:21

cook Yes Yes 10 0 0 72 0.015 20 0 0 0 00:39:05 0.007 43000 04:03:11

interior No No 1620 72 0.015 20 0 0 0 00:33:21 0.007 43000 04:22:32

interior No No 10 0 0 72 0.015 20 0 0 0 00:33:19 0.007 43000 04:00:56

interior Yes No 655.4 72 0.015 20 0 0 0 00:33:32 0.007 43000 04:24:44

interior Yes No 10 0 0 72 0.015 20 0 0 0 00:33:19 0.007 43000 04:24:34

interior No Yes 1620 72 0.015 20 0 0 0 00:33:45 0.007 43000 04:26:13

interior No Yes 10 0 0 72 0.015 20 0 0 0 00:33:14 0.007 43000 04:24:35

interior Yes Yes 655.4 72 0.015 20 0 0 0 00:38:58 0.007 43000 03:51:04

interior Yes Yes 10 0 0 72 0.015 20 0 0 0 00:32:55 0.007 43000 04:25:54

wrangell No No 822.8 72 0.014 20 0 0 0 00:38:44 0.006 50000 05:05:49

wrangell No No 10 0 0 72 0.014 2 0 0 0 0 00:38:10 0.006 43000 04:22:37

wrangell No Yes 822.8 72 0.015 2 0 0 0 0 00:39:26 0.007 43000 04:02:07

wrangell No Yes 10 0 0 72 0.015 2 0 0 0 0 00:39:30 0.007 43000 04:26:25
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Figure C.1: Event selection for simulation in Cook Inlet mesh. The selection workflow goes from

(a )^ (c )^ (d )^ (b ). (a) All significant events (Mw >  4.5), 2007-01-01-2018-05-02, that are recorded 

are more that 30 stations. The circle are scaled by the size of the earthquake, and color represents 

the number of stations at which it is recorded. (c) Same as figure (a) but plotted in bins (nx=9, 

ny=8 ) for declustering. Only one event from each bin is selected. The depth cut of the bins is at 30 

km (nz=2), so that we can select both the crustal and deep events. In this and all other subplots, the 

color represents the depth of the earthquake. (d) Selected earthquakes after declustering. (b) Final 

set of events selected after removing events that are closer than 2 0  km from the mesh boundary. 

See Figure C.3 and Figure C.2 for events selection in Wrangell and Interior mesh.
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Figure C.2: Event selection for simulation in the Interior mesh. See Figure C.1 caption for details.
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Figure C.3: Event selection for simulation in Wrangell mesh. See Figure C.1 caption for details.
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Figure C.4: Gridpoint nodes used for the tomographic inversion by Eberhart-Phillips et al. (2006). 

(a) Nodes plotted in longitude-latitude coordinates. (b) Nodes plotted in Alaska State Plane Co

ordinates. See Figure C .6 to Figure C.12 for Vp and Vs velocity at the nodes.
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-150”

Figure C.5: Vp velocity at E2 0 06 nodes (Eberhart-Phillips et al., 2006) at depth = 2 km below the 

sea level. Black boxes represent the three simulation regions.
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Figure C.6: Vp and Vs at E2 0 06 nodes in layer 1, depth = 1 km above the sea level.
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Figure C.7: Vp and Vs at E2 0 06 nodes in layer 2, depth = 2 km below the sea level.
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Figure C.8: Vp and Vs at E2 0 06 nodes in layer 3, depth = 6 km below the sea level.

7

0

211



Vp at z = -15.0 km 
■500 «

0

500'

€  M M  «
t  MM1

« Ml « im  « m tm m m m

8.5 

8

7.5 

7

6.5 

6

5.5 

5
MMM M

-200 0 200 400

Vs at z = -15.0 km 
-500 • •

• <

■

i • m m  mmmmmmi

4.5

0
• .Hr 1 “ill I 3.5

MM«« •

500 —  w >i  «
-200 0 200 400

4

3

Figure C.9: Vp and Vs at E2 0 06 nodes in layer 4, depth = 15 km below the sea level.
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Figure C.11: Vp and Vs at E2006 nodes in layer 6, depth = 33 km below the sea level.
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Vp at z = -48.0 km
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Figure C.12: Vp and Vs at E2006 nodes in layer 7, depth = 48 km below the sea level.
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b°Û  J
8

x 105

6.6
0

Vp at - 6 5  km Vp at -8 5  km

S
2 4

t i

If85

7.4 

7.3 

7.2 

7.1 

7 

6.9 

6.8 

6.7 o 

6.6

I I 90

I -188

86

i t .»

'»OoC

Vp at -1 9 0  km

t i

y:[ i  84

IU83

Figure C.13: Horizontal interpolation of Vp at E2 006 nodes.
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Figure C.14: Effect of smoothing the topography in three simulation regions. (a) Unsmoothed 

topography, from ETOPO-1 (Amante & Eakins, 2009). (b) Smoothed version of (a).
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Figure C.15: Effect of topographic smoothing on the Interior mesh. (a) Hexahedral mesh gener

ated using unsmoothed topography. (b) Hexahedral mesh generated using smoothed topography.
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Figure C.16: Effect of topography smoothing on the Wrangell mesh after velocity thresholding has 

been applied. Shown are the synthetic waveforms at AK.ALC2.Z generated using unsmoothed 

(blue) and smoothed (red) topography, and filtered at varying low-pass periods.
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Figure C.17: Effect of topography smoothing on the Wrangell mesh after velocity thresholding has

been applied. Colors represents the rms value between waveforms generated with smoothing and

without smoothing the topography.
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Figure C.18: Effect of velocity thresholding on the Interior mesh without any embedded basin

in the model. Colors represents the rms value between waveforms generated with and without

velocity thresholding.
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Figure C.19: Effect of velocity thresholding on the Interior mesh after Nenana basin is embedded

in the model. Colors represents the rms value between waveforms generated with and without

velocity thresholding.
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Figure C.20: Effect of velocity thresholding on the Cook Inlet mesh without any embedded basin in 

the model. Shown are the synthetic waveforms at ZE.HLC3.Z generated without vsmin=1000 m/s 

threshold (blue) and with threshold(red), and filtered at varying low-pass periods.
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Figure C.21: Effect of velocity thresholding on the Cook Inlet mesh after Cook Inlet, Susitna, 

and Yentna basins are embedded basin in the model. Shown are the synthetic waveforms at 

ZE.HLC3.Z generated without vsmin=1000 m/s threshold (blue) and with threshold (red), and 

filtered at varying low-pass periods. ^ 4



Figure C.22: Effect of velocity thresholding on the Cook Inlet mesh after Cook Inlet, Susitna, and 

Yentna basins are embedded in the model. Colors represents the rms value between waveforms 

generated with and without velocity thresholding.
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