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Alaska es uno de los lugares con mayor actividad sismica del mundo y alberga una gran
zona de subduccién. La escasez histérica de cobertura sismolégica de banda ancha nos ha
dejado con muchas preguntas sin respuesta respecto a la estructura litologica y las
variaciones de temperatura lateral del subsuelo de nuestro planeta. Podemos estudiar estas
propiedades usando medidas de atenuacion y velocidad de ondas sismicas. Es la primera vez
que los datos de este arreglo sismico transportable desplegado en Alaska y el oeste de
Canada (AKTA) se utilizan para producir mapas de atenuacién diferencial. Miles de onda
sismicas de 857 terremotos telesismicos registrados en el AKTA se obtuvieron de IRIS DMC.
Después de seleccionar manualmente las llegadas de ondas P, S y SKS, se utilizé6 un método
de correlacién cruzada para calcular el tiempo de viaje diferencial (&t), y se utiliz6 un
enfoque de relacién espectral para calcular la atenuacion diferencial (At *). Los valores
promedio para cada estacién se obtuvieron utilizando un método de minimos cuadrados,
que toma en cuenta los términos de cada evento. Los mapas &t y At * muestran patrones
similares: en general, observamos llegadas tempranas y baja atenuacion en el arco de isla
Aleutiana y llegadas tardias y alta atenuacién en la mayor parte de Alaska continental y el
oeste de Canada. En el caso de las llegadas S y SKS, observamos una zona con llegadas
anticipadas en el noroeste de Alaska, pero este patron no esta claro en los mapas de
atenuacion. Estas variaciones se pueden interpretar en términos de la subduccion de la placa
del Pacifico debajo de la placa de América del Norte: la placa més fria exhibe velocidades
mayores y atenuaciéon reducida. Estos mapas proporcionan un marco importante para
revelar las estructuras geofisicas a gran escala de esta area, pero estos resultados promedian
los valores a través de la heterogeneidad tridimensional interna. Ademas, estos resultados

se pueden utilizar en futuros trabajos para crear modelos tomograficos de atenuacion.

Atenuacion, Alaska, Velocidad sismica, Ondas de cuerpo, Zona de subduccién
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Alaska is one of the most seismically active places in the world and hosts a large subduction
boundary. The historical dearth of broadband seismological coverage has left us with many
unanswered questions regarding the lithologic structure and lateral temperature variations
of Earth’s subsurface. We can study these properties using measurements of seismic wave
attenuation and velocity. This study is the first time that data from the Transportable
Array deployed in Alaska and western Canada (AKTA) are used to produce differential
attenuation maps. Thousands of waveforms from 857 teleseismic earthquakes recorded on
the AKTA were obtained from the IRIS DMC. After hand-picking P, S and SKS wave
arrivals, a cross-correlation method was used in order to calculate the differential travel
time (3t), and a spectral ratio approach was used to calculate differential attenuation (At*).
The average values for each station were obtained using a least-squares method, accounting
for event terms. 5t and At* maps show similar patterns: in general, we observe early arrivals
and low attenuation on the Aleutian island arc and late arrivals and high attenuation in
most of continental Alaska and western Canada. In the case of the S and SKS arrivals, we
observe a zone with early arrivals in northwestern Alaska, but this pattern is not clear in
the attenuation maps. These variations can be interpreted in terms of the subduction of
the Pacific plate beneath the North American Plate: the colder slab exhibits increased
velocities and reduced attenuation. These maps provide an important framework for
revealing the large-scale geophysical structures of this area, but these results average the
values across internal 3-D heterogeneity. Moreover, these results can be used in future work

to create tomographic models of attenuation.

Attenuation, Alaska, Seismic velocity, Body-waves, Subduction zone
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Amplitude and waveform shape of seismic waves contain valuable information about Earth
structure and seismic source. For this reason, the study of the different factors that could
affect both amplitude and waveform shape is crucial to understanding Earth’s interior and
the processes that are occurring underground. Wave amplitude can be affected by different
frequency-dependent processes, such as scattering, multipathing, local structure, instrument
response, and intrinsic attenuation. Most of them are elastic processes except intrinsic
attenuation, local structure and instrument response. Wave amplitudes can also be affected
by the frequency-independent factor called geometrical spreading; this process is an elastic
contribution as well [Cafferky and Schmandt, 2015; Eilon and Abers, 2017; Shearer, 2009].
In this study, we will focus on the frequency-dependent factors that decrease the amplitude
of seismic waves, specifically anelastic attenuation. In this section many of the important

concepts will be introduced in order to understand this study.

1.1 Local structure, scattering, and multipathing

The local structure is an important factor to consider because depending of the tectonic
setting of the study area, it is possible to observe different patterns. For instance, the
tectonically inactive region of the eastern USA shows low values of attenuation while the
active margin of the western USA shows high values of attenuation [Cafferky and Schmandst,
2015]; in a midocean ridge (MOR) we expect to have a more homogeneous distribution of
high values of attenuation caused by melting effects [Eilon and Abers, 2017]. In a subduction
zone it is typical to find low values of attenuation for the cold slab that is being subducted

and high values of attenuation in the back-arc basins [Roth et al., 1999].

Scattering is a process that occurs when the energy of a wavefield is scattered into different
phases because of the changes in material properties, particularly at sharp boundaries, but
the integrated energy in the total wavefield remains constant. Depending on the material

properties, this can lead to amplitude decay and dispersive effects.
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Finally, multipathing is a consequence of lateral velocity variations. Seismic waves refract
toward low-velocity anomalies and away from high-velocity anomalies. Seismic waves will
not travel in the predicted ray path and this can affect our measurements [Stein and

Wyssesion, 2009].

1.2 Instrument response

Seismic instruments record electric pulses created by ground motion, but the amplitude of
the signal will depend on different factors, including the brand of the instruments, the
instrument’s natural frequency, and several installation factors. It is needed to recover the
ground displacement from a given recorded signal, which is done by applying a correction
for the instrument response [Havskov and Alguacil, 2004]. This correction allows to

standardize the signals between different deployed seismometers to carry out this study.
1.3 Geometrical spreading

Geometric spreading is the change in amplitude of a wave as the energy of a spherical wave
front emanating from a point source is distributed over a spherical surface of ever-increasing
size, [Margerin and Sato, 2011; Shearer, 2009]. Propagation of seismic waves will decrease
the energy per unit area and consequently the amplitude of those waves will decrease as

waves travel away from the source.

1.4 Intrinsic attenuation

Intrinsic attenuation (or anelastic attenuation) refers to the conversion of seismic energy to
heat by permanent deformation of the medium. It also causes a reduction in the amplitude
of a wave with increasing distance traveled. The strength of intrinsic attenuation is given
by the factor Q, a dimensionless quantity that describes the fractional energy loss per cycle:

=2 £ 1
Q_ T[Eﬂ ()
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where E is the peak of strain energy and AE is the energy loss per cycle. Q is also referred
to as the quality factor and is inversely related to amplitude loss [Shearer, 2009]. Intrinsic
attenuation observations are crucial to investigate Earth’s interior: these observations
provide a valuable source of information about the thermal properties and composition of
the subsurface at different depths [Piccinini et al., 2010]. The proper interpretation of
seismic wave attenuation provides insight into where temperatures and water content may
allow melting to take place and can provide important clues to Earth's thermochemical and
stress state [Karato and Spetzler, 1990; Stachnik et al., 2004]. The main factors that control
Q are related to grain size, water and melt content and all of them are linked [Eilon and

Abers, 2017].

1.5 Attenuation studies

There are different global models of seismic attenuation that provide important insight into
the thermal structure of the interior of the planet, especially in the upper mantle [e.g.,
Dalton et al., 2008; Gung and Romanowicz, 2004; Reid et al., 2001, Romanowicz, 1995;
Selby and Woodhouse, 2002]. These models are useful because they provide context for the
results of more local studies. In general, comparisons with other models help to identify
systematic similarities and the reasons for significant discrepancies [Dalton et al., 2008].
Global models show that spreading ridges are areas of high attenuation and these high
values are interpreted as a result of high temperatures. The active margin of the western
coast of North America is also a region of high attenuation; indeed, in general, active
margins are regions of high attenuation. In contrast, areas of low attenuation are located
beneath stable continental interiors without any recent tectonic activity, as well as passive

margins [Dalton and Ekstrom, 2006; Dalton et al., 2008].

Seismic attenuation models can be produced using either body or surface seismic waves. In
order to develop them, it is required to have a large data set of Rayleigh or P and S wave
amplitudes collected by a dense network. Then, the spectra of these amplitudes are inverted

for the different coefficients of the model [Dalton et al., 2008]. Surface wave studies provide
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good vertical resolution but not lateral. In this study, we will use body waves because they

better allow us to obtain lateral resolution than surface waves [Eilon and Abers, 2017].

Using the same principles, we can bring this kind of study to the regional and local level.
Local studies may target a specific structure, for instance a volcano or a fault [e.g., Bianco
et al., 1999; Gudmundsson et al., 2004]. Regional studies, such as Cafferky and Schmandt
(2015), who created a seismic P-wave attenuation map of the contiguous USA, often take
advantage of new, high quality data sets like the USArray Transportable Array (TA). In
this study, we will produce similar results for Alaska by using the data set from

Transportable Array deployed in Alaska and Western Canada (AKTA).

1.6 Previous attenuation and velocity studies in Alaska

In 2004, Stachnik et al. came up with a model of seismic attenuation for central Alaska and
a new model of the mantle thermal structure. They used data from the Broadband
Experiment Across the Alaska Range (BEAAR) that was the first dense broadband seismic
deployment in Alaska, covering an area of about 150 km? The Q structure was imaged
beneath central Alaska at high resolution, and they found that this subduction zone has a
pattern similar to other subduction zones. However, the highest values of attenuation were
low compared to other subduction zones. This was interpreted in terms of a cold mantle
wedge that has lower temperatures compared with mantle wedges in other subduction zones
[Stachnik et al., 2004]. This study related the absence of arc volcanism in the Denali volcanic
gap to the low values of attenuation. However, because of the limited extent of this array
it was not possible to assume that the values of attenuation would be the same along the
different sections of the subduction zone. Additionally, with the data and station spacing
available in their study, within the mantle wedge the value of uncertainty was about 10%
of the real value for both P and S waves. The data from AKTA that will be used in our
study will cover a bigger area and we will be able to provide more information about Alaska

with lower uncertainty.
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Velocity models provide a useful comparison with attenuation studies because both types
of data are sensitive to the same Earth structure. The global models of seismic attenuation
show a strong anticorrelation with seismic velocity models, which means areas with low
velocities typically have high attenuation. In addition, the sensitivity of attenuation to
factors such as temperature, composition, partial melt, and water content is different from
that of seismic velocity [Dalton and Ekstrom, 2006]. Anelastic effects have a stronger
sensitivity to temperature than seismic velocities [Anderson and Hart, 1967; Karato and
Jung, 1998]. There are many active and passive seismic source studies looking at the velocity
structure of the Alaskan crust and upper mantle [e.g., Bauer et al., 2014; Coulson et al.,
2018; Jiang et al., 2018; McNamara and Pasyanos, 2002; Stachnik et al., 2004; Wang and
Tape, 2014]. In 2018, Jiang and coauthors imaged the mantle shear velocity (Vs) structure
in depth beneath AKTA using a joint inversion of Rayleigh wave dispersion and teleseismic
S-wave travel times (Figure 1). The two main conclusions of this study were the presence
of a cold lithosphere in the north that is controlling the deformation of the southern areas,
and a potential slab beneath the Wrangell volcanic field accompanied with the presence of
a slab tear [Jiang et al., 2018]. We will make a comparison of the Stachnik et al. (2004) and
the Jiang et al. (2018) results with the model of attenuation obtained from this thesis for

our interpretation of the results.

(a) 75 km; 4.43 km/s (b) 90 km; 4.45 km/s

-6 -4 -2 0 2 4 6
Vs perturbation (%)

Figure 1: Depth slices through the S-velocity model at 75 and 90 Km. Modified from Jiang et al. (2018)
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1.7 AKTA

The USArray Transportable Array is an array of broadband seismometers installed
throughout the USA. After being deployed in the contiguous United States between 2007-
2014, the instruments were moved north, to Alaska and western Canada. Between 2011 and
2013 some test stations were installed before deployment began in 2014. This array is called
the ‘Transportable Array deployment to Alaska and Western Canada’ and we will refer to
it here as AKTA (Figure 2). It comprises 285 stations that will continue collecting data
until 2020. The array includes 88 cooperating stations from existing networks operated by
the Alaska Regional Network, National Tsunami Warning System, Alaska Volcano
Observatory, Canadian National Seismograph Network, Global Seismograph Network (GSN
- IRIS/IDA), Global Seismograph Network (GSN - IRIS/USGS), Yukon Northwest Seismic
Network (YNSN), United States National Seismic Network and the Yukon Observatory.
This array is a grid of stations spaced about 85 km apart covering all of mainland Alaska
and parts of the Yukon, British Columbia, and the Northwest Territories in Canada. In
addition, all the data obtained by the equipment of this array is publicly available and can
be accessed via the Data Management Center of the International Research Institutes for

Seismology (IRIS DMC) [Fee et al., 2017; Jiang et al., 2018; USArray.org].

P S BT Neroadig TS Cairs LN Y SR

Figure 2. AKTA array. Modified from USArray.org
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2. Tectonic setting

Alaska is located on the Ring of Fire, a zone around the Pacific Ocean with high volcanic
and seismic activity. In the specific area of Alaska, two main tectonic processes are
happening. The first process is the subduction of the Pacific Plate beneath the North
American Plate. This subduction yields large earthquakes and volcanism in this area. The
second process has to do with the collision and accretion of the thicker Yakutat Plateau
located atop the Pacific Plate [Bruns, 1983; Christeson et al., 2010; IRIS.edu]. In this
section, we will describe these two processes and some other important aspects related to

the tectonic setting of our study area.

55'N

155'W 150'W 145°'W 140'W 135'W
Figure 3: Tectonic setting of Alaska. Modified from Koons et al. (2010)
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2.1 Aleutian subduction zone

In this area the oceanic Pacific Plate is subducting beneath the continental North American
Plate. The oldest section of the Pacific plate is early Cretaceous, approximately 145 Ma. Its
average thickness is about 100 km. The most distinctive features of this plate are the
Hawaiian hot spot, and a seamount chain close to the Gulf of Alaska. The current
subduction process started in the early Eocene, about 55 Ma ago [Brown et al., 2013]. The
Kula plate was subducted prior to the subduction of the Pacific plate. The spreading process
between both plates ceased due to subduction of their spreading ridge beneath the Aleutian
island arc [Byrne, 1979]. This subduction zone presents important lateral variations
regarding different aspects. On the eastern end, close to the Gulf of Alaska, the Pacific
Plate is subducting at a rate of 5.5 cm/yr (Figure 3). At this side of the subduction zone,
the angle of subduction is shallow and the section of the Pacific Plate that is being
subducted is about ~20 Ma. On the western end, close to the Near Islands, subduction
occurs at a rate of 7.8 cm/yr. At this side, the angle of subduction is steeper than on the
eastern side and the downgoing plate is older, about ~70 Ma [Christeson et al., 2010; Scholl
et al., 1987; Holbrook, 1999]. The distance between the trench and the volcanic arc is about
170 km on the western end and 360km on the eastern end [IRIS.edu].

2.2 The Yakutat Plateau

The Yakutat Plateau is a thick fragment of oceanic crust that was formed about 50 Ma
[Christenson et al., 2010]. This zone shows differences in velocity and thickness compared
to the Pacific Plate. This block is thicker, about 30km, and it moves at a rate of 4.4 cm/yr
to the northwest relative to North America, a slower rate compared to the Pacific Plate.
This difference in displacement is accommodated at the southern limit of this block by the
Transition fault [Bruns, 1983]. The collision process between the Yakutat block and the
North American Plate started in the Miocene and is one of the few active accretion processes
at present. This plateau puts more compressive pressure on the North American continental

plate causing the formation of the Chugach-St. Elias orogeny, beginning about 6 Ma ago,
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and causes broad deformation throughout southern Alaska, as well. Volcanism is not present

in this specific area [Christeson et al., 2010; Ferris et al., 2003; IRIS.edu; Jiang et al., 2018].

2.3 Regional geology

The geology of Alaska is very complex. Its territory is composed of many accreted terrains
that are separated by mostly active faults. Some of the most important are the Tintina,
Denali, Contact, Border Ranges, Transition, and Queen Charlotte faults (Figure 4). These
main faults are separating different terranes, among them the North American Craton,
Yakutat terrane, Prince William terrane, Peninsular terrane, Chugach terrane, Wrangellia
terrane, and Yukon composite terrane. This zone also contains different old volcanic arcs
and mountain ranges such as the Brooks Range, Richardson Mountain, Mackenzie
Mountain, Alaska Range, and St. Elias Range [Jiang et al., 2018]. In general, Paleozoic and
Mesozoic sedimentary rocks are the most common rock units through Alaska. There is also
an important concentration of igneous rocks, both intrusive and volcanic, in most mountain
ranges from the Precambrian to the Cenozoic [Beikman, 1980]. The Aleutian subduction
zone has an important number of volcanoes along the arc, but there are two main areas
that need to be highlighted: the first is the Denali volcanic gap, where there are no
volcanoes; the second is the Wrangell Volcanic field that in contrast has a higher
concentration of volcanic activity. These anomalous regions are explained in terms of low
mantle wedge temperatures and fragmentation or tearing of the slab, respectively [Jiang et

al., 2018; Stachnik et al., 2004].

2.4 Earthquake Distribution

Alaska is a seismically active state: it has about 24000 earthquakes every year, and it has
on average an event of >Mw 7 every two years. The seismicity is concentrated close to the
volcanic arc and follows the expected pattern, with shallow events that extend from near

the base of the trench to depths of 40 to 60 km and the deepest events to the north within
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the subducting Pacific plate, which can reach depths of 300 km (Figure 5). As expected,
most of the earthquakes that occur close to the subduction zone result from thrust faulting,
whereas some of the events that occur inside the North American Plate are associated with
the strike-slip faults that are bounding the accreted terranes. In addition, deformation of
the overriding North American plate due to Yakutat underplating generates shallow crustal
earthquakes. There are also events associated with normal faulting as result of the bending

of the oceanic Pacific plate as it enters the Aleutian trench [Ruppert et al., 2007, USGS].

Elevation (km)
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Figure 4: Elevation map with the important features of the geology of Alaska, modified from Jiang et al. (2018). Red triangles
denote <2 Ma volcanoes. The green line marks the Pacific plate boundary. Black lines represent major faults including TF = Tintina
fault, DF = Denali fault, CF = Contact fault, BRF = Border Ranges fault, TrF = Transition fault and QCF = Queen Charlotte fault. NAC
= North American Craton, YAK = Yakutat terrane, PWT = Prince William terrane, PT = Peninsular terrane, CT = Chugach terrane,
WT = Wrangellia terrane, and YCT = Yukon composite terrane. Mountain ranges are labeled as BR = Brooks Range, RM =

Richardson Mountain, MM = Mackenzie Mountain, AR = Alaska Range, and SE = St Elias Range. The inset shows the AKTA.
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Figure 5: Earthquake distribution of Alaska between 1970-2012. Modified from USArray.org

3. Alaska: Motivation and objectives

There are several scientific reasons to study Alaska: it is one of the most seismically active
places in the world. This place hosted the second largest instrumentally recorded earthquake
worldwide: an Mw 9.2 earthquake occurred in 1964 that generated a big tsunami with waves
that reached 70 meters and caused 131 deaths in total, a small number considering the
magnitude of this earthquake [Alaska Earthquake Center; USGS.gov]. Alaska has more
large and moderate earthquakes than the rest of the USA combined. The seismicity is varied
in nature and magnitudes and spread across the whole area. The new stations of the AKTA
have already greatly increased earthquake detections and data available. This is not the
first array deployed in Alaska, but it is the biggest one. This incredible coverage will allow
us to improve our knowledge about Earth’s structure beneath Alaska and western Canada.
The main objective of this study was to elucidate the attenuation and velocity patterns of
Alaska since they provide crucial information about Earth’s structure and the

thermochemical state of the subsurface.
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The main technique used in this study is the measurement of differential attenuation
between a source-receiver pair for teleseismic earthquakes. In this section, we explain the
methodology used to filter and process our data set in order to obtain our attenuation and

velocity maps.
4.1 Data collection

The data required to perform this study were obtained from the DMC of IRIS. Several
constraints were used to limit the stations and the events that were selected for the
measurements. We use all stations within the region bounded by the parallels 50° and 73°
N and the meridians -180° and -120° E. This area spans the footprint of the AKTA and
includes many other seismic stations from long-term regional observatories and previous
temporary deployments. A total number of 1022 seismic stations were selected for this study
(Figure 6). We used earthquake data from events at great-circle distances between 20° and
145° from the center of our study area, [64°, -160°], and selected all events between Mw 6
and Mw 8 that occurred between January 2013 and July 2019. A total of 857 earthquakes
meet these criteria (Figure 7). We obtained 30 minutes of data following each origin time
for all the events at all stations, at a sample rate of 100 Hz. We downloaded the data and
associated metadata using automated Matlab scripts that use IRIS DMC request tools. For
the seismograms, we used an irisFetch request and for the seismic response files, we used a
BREQFAST request. Additionally, we used the tool rdseed to read and process all the

response files.

4.2 Pre-processing

First, the orientation of the horizontal components was corrected using the channel
azimuths recorded in the metadata. The next step was to remove the seismic response of

the instruments using SAC pole-zero files extracted from dataless seed files. It is important
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to note that the same station can have different response files for different time periods,
since any time a station’s instruments are fixed or replaced, this may change the seismic
response of the station. Thus, it is necessary to select the correct response file for each
station during a period. For each event, we extracted data from all available stations into
a single MATLAB structure for more streamlined processing. In order to window the data,
we use the TauP Matlab toolbox. This toolbox uses 1-D velocity models to estimate the
arrival time of the different seismic phases for different epicentral distances. In this study,
we used the iasp-91 velocity model developed by Kennett and Engdahl (1991) to calculate
the predicted arrival times for P, S, PKS, and SKS waves. We resampled the data to 5 Hz
and windowed them with respect to the predicted arrival times, 200 seconds before and 100

seconds after the predicted arrival time for all the phases.
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Figure 6: Seismic stations used in this study. From the seismic networks and deployments: AKTA, 1E, 5C, 5F, 7C, 7J, AK, AT,
AV, CN, DE, DW, GM, I, IM, IU, NY, PN, PO, PP, SH, TA, US, XE, XF, XI, XL, XM, XN, XO, XR, XV, XY, XZ, Y2, YE, YG, YM, YO, YV,
YY, ZE ,ZQ. The inset is showing the studied area and the center of our array.
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Figure 7: Teleseismic earthquakes used in this study, from the time period 2013-2019.

4.3 Differential travel time (5t)

The differential travel time is the difference in arrival times for one phase between stations.
A cross-correlation method was used to measure the differential travel time across our array.
In this method, we go station by station and compare the trace for the same earthquake at
a single station with all other stations within a radius of 5°. We find the time shift needed
to align the traces and a scaling factor, if required. We use a MATLAB GUI tool for this
step. Within this tool, we (1) applied manual quality control to remove the remaining noisy
stations, (2) defined the cross-correlation window, and finally (3) hand-selected the arrival
time using a stack of all the traces (Figure 8). For the manual selection of arrivals, we
considered several factors. First, we used TauP to calculate theoretical arrival times for our
seismic phases. We fixed a time window around this predicted arrival, cross-correlated all
the traces, and finally, we used the cross-correlated traces to pick the arrival time for each
phase. We used different frequency bands and different components for each arrival. For P,
we used the vertical component and a frequency band between [0.2-1] Hz. For both S and

SKS, we used a frequency band between [0.04-0.125] Hz, but we used the transverse
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component for S arrivals and the radial component for SKS arrivals. We examined initial
measurements of PKS, but we determined that the quality and the number of measurements

were not enough to include them in this study.
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Figure 8: GUI tool used to
measure &t, with select
traces from a Mw 6.4 event
at 62° distance, and a depth
of 410 Km. A. Traces plotted
by distance to the event,
aligned by predicted travel
time based on a 1-D model.
The dotted red lines limit
the window for the cross-
correlation. B. Cleaned,
filtered and windowed
traces. C. Cross-correlated
traces. The red trace is a
stack of all traces; the
dotted black line is the
hand-picked arrival time.
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4.4 Differential attenuation (At™*)

The parameter t* is a non-physical body wave attenuation parameter that contains
information about QQ but averages across internal 3-D heterogeneity. The reason why we
use it is because it simplifies the calculations. The parameter t* contains information for

both travel time and attenuation that is integrated along the ray path. It is defined as:

. dt @
r €

where dt is the travel time along the ray path and @ is the quality factor that measures the
anelastic loss of seismic energy [Cafferky and Schmandt, 2015; Teng, 1968]. Higher values
of @ indicate less attenuation and lower values, more attenuation. At* is defined as the

differential attenuation between a pair of stations for a single event.

In order to calculate differential attenuation, we used the spectral ratio approach. We
computed individual station spectra using the multitaper method developed by Thomson
(1982). This method provides more stable spectral estimates using short data excerpts than
a simple Fourier transform does. Using this method, we estimated the amplitude spectra
for a fixed window of signal and one of noise. The signal window was 5 seconds before to
15 seconds after the picked arrival time. The noise window was from 150 to 10 seconds
before the picked arrival time. A comparison of the signal and noise spectra allows us to
determine the frequency band at which signal amplitude is higher than noise amplitude.
After obtaining the amplitude spectra, we used this information to produce measurements
of attenuation. Assuming that the  factor is frequency independent, at least in the
frequency band selected, we can estimate the differential body wave attenuation parameter
At*. By using a least-squares regression of the spectral ratio of the signals, we obtained the
value of At* for each station pair that was within a radius of 5° with respect to the initial
station [Eilon and Abers 2017]. Finally, we calculate an average station At* for each station
relative to the cumulative array by solving a least-squares problem accounting for event

terms.
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4.5 Smoothing

In order to observe and interpret the large-scale structures of Alaska, we smoothed the maps
of attenuation and velocity. These smoothed maps allow us to minimize the effect of
scattering that in general will have a random effect. In order to do this, we created a grid
in the study area with nodes every 0.4 degrees in latitude and longitude, and at each one,
we calculated a spatial average using a Gaussian function with a width of 1.5 degrees. This
function weighs all our stations by distance; stations with distances greater than 250km

have a weight of zero in the average.

Our final results are maps for differential travel time and for differential attenuation. 5t
and At* maps of all the arrivals show similar large-scale patterns: in general, we observe
early arrivals and low attenuation on the Aleutian island arc and late arrivals and high
attenuation in most of continental Alaska and western Canada. In this section we will show

our results and the observations that could be made from our maps.
5.1 Differential travel time (5t)

Station averages of differential travel time (&t) for P arrivals are shown in Figure 9. The
observed values of 8t range between -1.1 s and 1.1 s (Figure 13). For this map, 682 events
and 423 stations were used. The minimum number of events recorded by one station was
26 and the maximum was 441. Here, it is possible to define three regions, with different
patterns. First, all the stations that are on the Aleutian arc show fast arrivals represented
in blue. The second region comprises southeastern Alaska and northwestern Canada: this
region shows slow arrivals, represented in red. The remaining area of Alaska, mostly western
Alaska in general, represents the third area. It shows fast arrivals with some stations with

5t values between -0.1 s and 0.1 s represented in white.
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Figure 9: 8t for P-wave station average terms. Blue represent fast arrivals and red represent slow arrivals. White stations

have values between -0.1 and 0.1 (s). The symbol size represents the number of teleseismic earthquakes recorded by this

station.

The map of differential travel time for S arrivals is shown in Figure 10. The values of &t
range between -2.9 s and 3.8 s. Here, measurements were made for 615 events and 415
stations. The minimum number of events recorded by one station was 27 and the maximum
was 441. In this map, it is possible to define four different regions with different patterns.
The map of &t for SKS arrivals is shown in Figure 11. Here, the observed values of 5t range
between -3.1 s and 3.1 s. For this map, 510 events and 384 stations were used; the minimum
number of events recorded by one station was 25 and the maximum was 234. Finally, we
combined S and SKS arrivals into a single set of station averages (Figure 12). By combining
these two types of phases we are obtaining arrivals from different incidence angles and are
increasing the ray-path coverage. More than 615 events and 431 stations were used. The
minimum number of events recorded by one station was 25 and the maximum was 497.
Here, it is possible to observe values of &t that range between -2.9 s and 3.5 s from the

array average and its distribution is shown in Figure 13.
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Figure 10: 6t for S-wave station average terms. Blue represent fast arrivals and red represent slow arrivals. White stations have values
between -0.1 and 0.1 (s). The symbol size represents the number of teleseismic earthquakes recorded by this station.
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Figure 11: 6t for SKS-wave station average terms. Blue represent fast arrivals and red represent slow arrivals. White stations have values
between -0.1 and 0.1 (s). The symbol size represents the number of teleseismic earthquakes recorded by this station.
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For these 3 maps, S, SKS and S-SKS as for the P arrivals, the first region that comprises
the Aleutian arc show fast arrivals represented in blue. The second region comprises
southeastern Alaska and northwestern Canada, this region shows some of the slowest
arrivals in our study area, represented in red. The third region that comprises northernmost
Alaska shows fast arrivals. The remaining area represents the fourth region and it shows

moderately fast arrivals that are not present in the map of P-wave arrivals.
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Figure 12: 6t for S-wave and SKS-wave combined station average terms. Blue represent fast arrivals and red represent slow arrivals.
White stations have values between -0.1 and 0.1 (s). The symbol size represents the number of teleseismic earthquakes recorded by this
station.
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Figure 13: Histograms with the distribution of differential travel values averaged by station for A. P-wave arrivals. B. S-wave and SKS-
wave combined.
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5.2 Differential attenuation (At*)

For this study we also calculated station averages for differential attenuation. In Figure 14,
we show the At* map for P arrivals. The values of At* range between -1s and 0.6s. For
this map, 634 events and 376 stations were used. The minimum number of events recorded
by one station was 20 and the maximum was 252. In this map, more than half of the stations
show values between -0.1s and 0.1s, approximately equal to the array average. Here, it is
not possible to clearly observe the large-scale regions that we defined for the &t map of P
arrivals since many of the stations have values close to the array average represented by
white points. The rest of the stations represented with red and blue are consistent with the

patterns identified previously.
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Figure 14: At* for P-wave station average terms. White stations have values between -0.1 and 0.1 (s). The symbol size represents the

number of teleseismic earthquakes recorded by this station.

We also calculated differential attenuation for S-wave (Figure 15), SKS-wave (Figure 16)
and S-wave and SKS-wave combined (Figure 17) arrivals. The values of At* for S arrivals
range between -1.5s and 0.7s. For this map, 526 events and 413 stations were used, the
minimum number of events recorded by one station was 20 and the maximum was 241. The

observed values of At* for SKS arrivals range between -1.1s and 0.8s. For this map, 408
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events and 335 stations were used; the minimum number of events recorded by one station

was 20 and the maximum was 194.
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Figure 15: At* for S-wave station average terms. White stations have values between -0.1 and 0.1 (s). The symbol size represents the
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Figure 16: At* for SKS-wave station average terms. White stations have values between -0.1 and 0.1 (s). The symbol size represents the

number of teleseismic earthquakes recorded by this station.
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Figure 17: At* for S-wave and SKS-wave combined station average terms. White stations have values between -0.1 and 0.1 (s). The symbol
size represents the number of teleseismic earthquakes recorded by this station. The red rectangle represents the area of Figure 18.
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Figure 18: At* for S-wave and SKS-wave combined station average terms. Zoom to a section of the Aleutian island arc. Location and
color scale showed in Figure 17.
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Finally, At* values for S-SKS combined arrivals range between -1.5s and 0.7s (Figure 19).
For this map, more than 526 events and 428 stations were used, the minimum number of
events recorded by one station was 20, and the maximum was 252. These three maps have
similar patterns in At* and they are consistent with the maps of differential travel time

except for a few specific regions that will be discussed in the next section.
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Figure 19: Histograms with the distribution of differential attenuation values station averaged for A. P-wave arrivals. B. S-wave and SKS-
wave combined.

6. Discussion

Seismic travel times and attenuation can help us to elucidate the state of the Earth’s
interior. There are many factors that affect seismic attenuation and velocity in different
ways. Among them are variations in rock properties such as temperature, melt content,
composition, grain size, and seismic properties such as frequency. In general, attenuation
increases as frequency increases; it means that higher frequencies will be attenuated more.
Attenuation increases as temperature increases, and in the case of subduction zones, we can
have relatively sharp temperature variations compared to other tectonic settings.
Temperature can affect the density and the shear modulus of rocks and consequently, the
velocity of seismic waves could be affected. Lower temperatures will increase the velocity

and high temperatures will decrease velocity.

Water content promotes melting, and as the melt content increases attenuation will also
increase. In the case of velocity as the melt content increases, velocity will decrease. Grain

size has a different effect on attenuation, as grain size increases, attenuation decreases

[Dalton and Faul, 2010].
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Although these relationships have been clearly demonstrated in the lab, there are many
competing effects that are not well understood [Abers et al., 2014]. For instance, a dry
mineral will be stronger than a mineral that contains water; as the water content increases,
the material is weakened, and attenuation should increase. However, high water content
may also increase grain size, which will cause the contrary effect on attenuation [Dalton
and Faul, 2010]. In many cases, temperature variations and water content are not enough
to explain the values of attenuation. For example, attenuation is also dependent on the
amount and mechanism of the melt transport, such as grain boundary sliding or melt squirt

[Abers et al., 2014].

6.1 Tectonic interpretation

The large-scale variations in delay time and differential t* can be interpreted in terms of
the subduction of the Pacific plate beneath the North American Plate; the colder slab
exhibits increased velocities and reduced attenuation relative to the array average. Adjacent
areas show high attenuation and large delay times. The station averages contain information
about a range of depths beneath each station. We defined several different regions using the
spatially smoothed station averages for 8t and At* from S and SKS phases combined, which

have the best resolution, to aid in the discussion (Figure 20).

Region A1l encompasses the Aleutian arc and is characterized by low attenuation and high
velocities. It is highly coherent in &t and we interpret this to be due to arrivals with a
significant portion of the ray path through the subducting slab. In this region, there is more
variability in attenuation than in delay time. While most stations have relatively low values
of attenuation, some stations do not follow the general pattern of the area and show high
values of attenuation (Figure 18). We can interpret these very localized variations as the
result of local melting associated with the active volcanoes present in this area. Specifically,
in Figure 18 we can observe that the eastern region with high attenuation values coincides
with the Akutan volcano that is one of the most active volcanoes of the Aleutian arc. Its

last eruption occurred in 1992 [Alaska Volcano Observatory|. The other region with high
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attenuation values coincides with Makushin volcano that erupted in 1995 [Miller et al.,

1998].

Region A2 comprises central-western Alaska. This area shows moderately high values of
attenuation and moderately low values of velocity. We interpret this to be the result of
waves traveling primarily through the mantle wedge, which is expected to be relatively low
velocity and high attenuation, but with some contribution to the ray path from the
subducting slab, for earthquakes to the southeast of the study area. This contribution is
clearly demonstrated in Figure 21A, which shows individual measurements of &t for P-wave
arrivals arranged by back azimuth. In Figure 21B we can observe that the back azimuthal

patterns in attenuation are not as clear as the patterns for velocity.

RegionA3 is a region with a similar pattern as A2 but here the values of 5t and At*are
higher. This area comprises southeastern Alaska and western Canada and the low values of

velocity and high values of attenuation are expected since this is an active margin.

A4 is a zone with early arrivals for S and SKS phases in northern Alaska; this pattern is
not clear for the P arrivals and for attenuation maps since they show slow arrivals for P-
wave and high attenuation for all the phases. This pattern can also be observed in mid-
ocean ridges where melt content affects more velocity than attenuation. Based on their
velocity maps, this area was interpreted by Jiang et al. (2018) as cold strong lithosphere
that is guiding the intraplate deformation. There is a signature of melt but most likely it is
not present in this area. And according to our observations given that we obtained fast
velocities and moderate values of attenuation, it can be explained by a melt-depleted

composition area.

We also defined region A5 which comprises the Yakutat plate area, where we can observe
late arrivals but low attenuation values. This can be interpreted in terms of the important
amount of sediments that are being subducted in this area or the active volcanism the
Wrangell volcanic field that is believed to be the result of a slab tear that allows hot

asthenosphere to upwell [Wech, 2016]. Finally, the easternmost stations are in a region we
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define as region A6. It shows low values of attenuation and high values of velocities which
we interpret as a region of thicker continental lithosphere and although it is in the limit of
the deformation, it is older and thicker continental lithosphere.
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Figure 20: Smoothed maps of A. 6t B. At* for S-wave and SKS-wave combined. Interpreted regions are labeled from A1 to A6.
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Figure 21: Individual measurements as function of back-azimuth for every event for A. 6t P-wave and B. At* S-wave and SKS-wave
combined.
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6.2 Uncertainty

It is important to consider all the possible sources of uncertainty that could be introduced
at many stages during this study. Measurements of arrivals assume a smooth ray path, but
this is not always the case. Scattering is a crucial factor to consider in this type of study
since it can be an important source of uncertainty specially in continental studies. There is
more scattering in continental crust than in oceanic crust where we expect a more
homogeneous material [Eilon and Abers, 2017]. Scattering can cause us to over or
underestimate the values of attenuation in a non-systematic way. The station average we
carry out is an attempt to reduce the effect of scattering and focus on the attenuation
values. Additionally, we smooth these maps to minimize the uncertainty created by

scattering and focus on the attenuation of large-scale patterns.

Another different source of uncertainty is related to the sources of the teleseismic events.
The least-square problem used to obtain our station averages is formulated in a way in
which these uncertainties are very small. Since these results are differential measurements
none of the data are sensitive to the absolute attenuation, or any attenuation close to the
source that is commonly recorded across all receivers. Moreover, there are different types of
analysis that could be applied in order to reduce any remaining source effects. For instance,
Lawrence et al. (2006) used cluster analysis to map attenuation beneath North America.
This analysis allows to associate different quadrants based on waveforms; in this way, it is
possible to reduce the source effects. However, instead of applying this method, we achieve

a similar result by rejecting measurements with poor correlation.

Different sources of uncertainty could also be associated with the processing of the data.
The cross-correlation process could give us an important source of uncertainty, and a decent
rule of thumb is that the measurement uncertainties are about 1/20 of the dominant period
at which the signals were filtered [Vandercar and Crosson, 1990]. In addition, while
measuring differential attenuation we are applying many calculations such as the calculation
of the spectrum or the least square regression, and these calculations can have several errors

as well.
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Finally, since our array does not present a systematic distribution of stations, it is possible
to have uncertainty that comes from the station spacing. There are some areas with high
station coverage while there are other areas where there are not many stations. This non-
systematic distribution could increase the uncertainty not only for the smoothed maps but

also for the future tomographic inversions.

We have elucidated the attenuation and velocity patterns beneath Alaska and western
Canada using teleseismic body-waves: P, S and SKS, obtained from the DMC of IRIS. After
the processing of our data we obtained the best available attenuation maps of Alaska to
date. These maps allowed us to interpret the large-scale geophysical structures of Alaska.
Our results show the presence of six regions with different velocity and attenuation patterns
within our study area. First, the region that comprises the Aleutian volcanic arc. Two
regions have the same patterns in 3t and At* but different magnitudes on their
measurement: one region comprises central-western Alaska and the other comprises
southeastern Alaska and western Canada. We can distinguish regions at northernmost
Alaska and the Yakutat plate. And finally, some of the easternmost stations of the study
area are on the limit of deformation and closer to stable continental values. Each area
presents different large-scale patterns in attenuation, velocity or both compared to the

other.

The results of this study provide an important framework for understanding the large-scale
geophysical structures of Alaska. However, our final maps average across internal 3-D
heterogeneity. For this reason, as future work, we will tomographically invert our &t and
At* measurements for 3D structure using a finite frequency approach. The results of this
inversion process will help us to understand better the distribution of the velocity and

attenuation anomalies beneath Alaska. We also strongly recommend continuing working on
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this research by calculating the absolute values of attenuation. Finally, we wish to highlight
that there is a lot of free access data from this area and it could be used in order to produce

other studies of this type.
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Web resources

Alaska Volcano Observatory. Retrieved from:

https://avo.alaska.edu

Earthquake distribution of Alaska. Retrieved from:

https://earthquake.alaska.edu

Transportable Array Deployment to Alaska and Western Canada. Retrieved from:

http://www.usarray.org/alaska

Transportable Array Deployment to Alaska and Western Canada. Retrieved from:

http://ds.iris.edu/ds
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