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Introduction
This internship took place at Brown University and was sponsored by the Incorporated
Research Institutions for Seismology (IRIS) Undergraduate Internship program. In it, I had the
opportunity to examine surface wave propagation beneath Alaska in order to make some
statements about how features in the lithosphere and upper mantle affect surface geology in the
state. The end goal of this project was to create a number of tomographic maps, and possibly
image seismic attenuation/ dampening in certain areas as well.
Seismic tomography is a passive source seismology method that uses wave arrival times
to an array of evenly spaced seismic stations to locate potential anomalies and compositional
differences based on relative wave speeds. Since waves propagate at different speeds through
materials of different compositions, seismologists can infer properties of materials in the
subsurface from the resulting maps. Surface wave wave speed is linked to features like
temperature, composition, and the presence of partial melt in the subsurface. As such, these
measurements can relate visible geologic features to the underlying lithosphere.
Alaska was chosen as a study area by my mentor, Dr. Colleen Dalton, because it is a
particularly tectonically interesting region. It contains several features originating from
subduction between the Pacific and North American plates at its southern margin (Fig. 1), some
of which are not fully understood. These include certain volcanic processes, as well as the role of
an anomalous accreted oceanic terrane, the Yakutat, in influencing subduction. Holistically,
Alaska is composed of a collection of terranes ranging from ancient North American lithosphere
to much younger terranes in the south.
We imaged the speed at which surface waves move in the crust and upper mantle in
Alaska by analyzing Rayleigh wave arrival data from about 450 earthquakes around the world
(Fig. 2) at 468 seismic stations between 2015 and 2021 at 8 periods (the period of a seismic wave
describes the time it takes one wavelength to complete a cycle). Phase velocity surfaces for each
period and event were generated and averaged, resulting in 8 maps that image seismic wave
speeds at varying depth ranges. Analysis was done in Matlab. The period of a Rayeligh wave is
linked closely to the depth at which it propagates (Fig. 3), so each map can be thought of as a
snapshot of surface wave speeds at that particular depth range. Surface wave tomography has the
benefit of sampling large, gradual changes in velocity over large depth ranges, as opposed to
tomographic methods that use the arrival times of reflected P and S waves, or receiver functions,
to image sharp velocity gradients. In general, our methods were very similar to those used by Dr.
Dalton to image the continental United States in the past (Bakikoff and Dalton, 2019).

Figure 1: GMT map of Alaskan topography (m), including locations of TA seismic stations,
volcanoes, key tectonic and geologic features, and the following significant regions: the Brooks
Range (BR), Yukon Territory (YT), the Denali Volcanic Gap (DVG), the Seward Peninsula (SP)
and the Wrangell Volcanic Field (WVF).

Figure 2: Earthquake locations for this dataset. Data included 450 teleseismic events with MW >
6.0 and depth <50 km recorded between 2015 and 2021 by the EarthScope Transportable Array.

Figure 3: Depth sensitivities of the 8 periods sampled in this project.
Data and Methods
This project used transportable array data taken at stations deployed across Alaska
between 2015 and 2021. These stations are part of a long term NSF funded EarthScope project,
US Array, which was deployed between 2006 and 2021. US Array’s transportable array was a
network of seismic stations deployed equidistantly in order to image the subsurface of the
continental US, and eventually Alaska, using seismic tomography. Seismic stations measure the
arrival times of seismic waves relative to north on 3 axes (one vertical and two horizontal).
The motion of Rayleigh waves is characterized by elliptical retrograde propagation in the vertical
plane in the direction of travel. Like Love waves, they typically travel along surfaces of or
interfaces between solids. On seismograms, they are resolved on the vertical and radial
horizontal component, or the axis oriented in the direction between the earthquake and the
station. They have characteristically large amplitudes, and arrive later than body (P and S)
waves.
In this project, I did not do the Rayleigh wave arrival picks by hand. Instead, we used the
Automated Surface Wave Measurement System (ASWMS) (Jin and Gaherty, 2015), a publicly
available IRIS product, to make wave arrival picks and do some other initial processing. This
included Fourier transforms, or filtering out waves of certain periods on broadband seismograms.
This is possible because waves of different periods travel at different speeds – generally, longer
period waves arrive earlier because they travel at deeper depths, and in general, denser and more
rigid/ stiff material is seismically faster. For the longest periods, this could even mean through
the mantle. After that, the arrivals of the same waves on nearby seismograms are identified using
waveform cross correlation, a signal processing method that measures the similarity between two

waveforms in the frequency domain to determine the time since they were best aligned. Thereby,
differential travel times for the same earthquakes between groups of nearby stations are taken.
I wrote or adapted Matlab scripts to carry out the rest of the tasks in this project. The next
step was to obtain relative travel times to each station, which required solving a least squares
minimization problem of the form:
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Where G is the assumed matrix containing the relationships between m and d, m is the
matrix containing the relative travel times, and d is the known set of differences between them.
These values were output to text files for each station, period, and event. From these, we
graphed spatial maps of the stations color-coded by travel time, plotted travel time as a function
of distance, estimated an average velocity through a least squares regression, and then mapped
travel time residuals (Fig. 4).. Using these last maps, I performed manual outlier removal of
stations with anomalous travel times over 8 periods and 450 events by examining each map and
determining if any points were visually discongruent. Despite the TA data being relatively well
behaved, this was still one of the most time intensive steps in this project. An example figure is
given below. I also dropped any events from each period whose average velocities were outside
1-3 standard deviations of the mean for the year in which they occurred (typically 2 to 5 events
per period per year).

Figure 4: Example plot for outlier removal in a single event based on travel time residual values.

Once the dataset was cleaned up and organized, we created phase velocity surfaces for
each period. The theory behind this method is known as Eikonal or Helmholtz tomography (Lin
and Ritzwoller, 2011), and the essential equation to it is as follows:
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Where c is phase velocity, τ is a travel time surface, A is an amplitude surface, and ω is
angular frequency for a given event. Taking the gradient of the travel time surface is analogous to
differentiating time over distance, which is naturally related to the inverse of phase velocity. This
step is known as Eikonal tomography, while the inclusion of the second term is called Helmholtz
tomography. This is an amplitude correction that is typically small and inconsequential for
shorter periods, and can be challenging to implement. Seismometers are not always calibrated
very well to record wave amplitudes, which introduces noise to amplitude data that is
significantly amplified at a second derivative.
The final eikonal phase velocity surface was made up of hundreds of grid cells measuring
0.25° by 0.5°. To prevent extrapolation by the program outside of the study area, I also wrote a
script to mask out any pixels that did not contain enough data. After testing some files with
various parameters, we settled on masking out pixels that did not have at least 8 stations within
200 kilometers. Finally, the maps were stacked using the mean or median velocity value for each
pixel (Fig. 5). The map using median values is preferred, as the means tend to be skewed towards
higher velocities due to complexities in the gradient calculations. I was not able to write a
sophisticated enough program to sufficiently smooth over the amplitude field to apply the
Helmholtz correction, so we used ASWMS to recreate similar, smoothed maps automatically. We
found these maps were roughly consistent with the ones done by hand, and the amplitude
correction was insignificant even at longer periods. For the final figures, I plotted the Alaskan
coastline and a number of geologic features over the phase velocity maps in GMT (Fig. 6).
In the final part of this internship we attempted to use a modified version of ASWMS
(Russell and Dalton, submitted) to measure attenuation in some interesting parts of Alaska such
as the Wrangell Volcanic Field, the Brooks Range, and the Seward Peninsula. Because the
structure of my data files and the size of the study area were not completely compatible with this
program, a number of changes were necessary. While I was able to complete the program for the
WVF, results were unclear. This work will probably be continued by Dr. Dalton and Dr. Russell
in the fall, while I remain in correspondence.

Figure 5: Mean and median phase velocity maps for 50 s, as well as measurement count and
standard deviation by pixel. Note the lack of data beneath 60° latitude; this was due to an internal
issue with ASWMS’s measurement program.

Figure 6: Eikonal phase velocity maps (km/s) for all periods. Also shown are volcanoes, the
outline of the subducted Yakutat terrane (black), subduction contours (white), and the location of
the subduction zone (pink).

Results
The shortest period maps (20s - 32s) image the crust and possibly some near surface
features like sediment accumulation. In fact, our 20s and 25s maps suggest some global sediment
depth data might be slightly skewed, and sediment depths of >4 km in the Colville Basin extend
100 km or so south of 68°. Otherwise, the slow velocity signal in northern Alaska is probably
explained by a combination of thin crust and thick sediments. The former claim is corroborated
by depth to MOHO data for this region (Gama et al, submitted). Throughout all periods, slow
velocities in the WVF are observed. This corresponds to warm temperatures and the presence of
partial melt. Slow signals west of the DVG might also be related to volcanism in the Cook Inlet
and Ingakslugwat Hills volcanic fields. Unfortunately, seismic data along the Aleutian Arc was
masked out in our data.
In the lithosphere (40s - 60s), we observe slow velocities in west, central, and
southeastern Alaska, which may indicate the presence of high temperatures and/ or partial melt,
the latter of which probably influences volcanism in the WVF. We see fast velocities in the
Brooks Range, Yukon Territory, and Denali Volcanic Gap. Slow velocities under the Seward
Peninsula and through central Alaska may indicate thinned lithosphere, while fast velocities in
the Brooks Range and Yukon territory/ Laurentia may correspond to thickened lithosphere,
which is consistent with the tectonic origins of these terranes – Laurentia represents the ancient
North American continental craton (Gama et al, 2020). Fast speeds in the Denali Volcanic Gap
relative to the surrounding lithosphere are also observed, which correlates with thick subducting
crust and low temperatures. It is possible we are imaging this subducting slab alongside the
relatively cooler temperatures corresponding to a lack of volcanism.
The maps in the upper mantle are most easily interpreted as containing temperature
signals, including a band across central Alaska that could represent partial melt. The cratonic
root of Laurentia in the northeast is still visible as a high velocity signature, as is the subducting
pacific plate. Slow velocities in southwestern and southeastern Alaska at these depths have been
previously recognized as a sign of a warm, shallow LAB (Berg et al, 2020).
So far, attenuation results in the WVF are ambiguous. We will attempt to refine them and
take measurements in the two other regions into the fall.

Discussion and Reflection
When setting goals for this project I stated an intent to learn better programming skills for
data analysis (especially in Matlab and Unix), which I feel I have been successful in. I still do not
understand GMT very well, but I’ve heard it takes time to learn it thoroughly. I was also able to
gain a much better understanding of how the process for presenting scientific results works
through my experience presenting at the Brown Summer Symposium and the opportunity to
submit an abstract to AGU, which I will attend in December with my IRIS cohort. This was also
my first time making a scientific poster, which is included below (Fig. 7).
Working with Dr. Dalton all summer and with Dr. Russell on attenuation was a great first
experience with scientific collaboration, and it was an honor to temporarily participate in their
lab group. I learned a lot from their weekly meetings, in which they discussed current papers in
seismology and various methods in geophysics and programming. I also received project
feedback and had opportunities to share my work with my IRIS cohort throughout the summer;
our student mentor and program coordinator were very helpful. Overall, the combination of this
experience and my academic coursework has allowed me to develop a much more thorough
understanding of practical work in geosciences, and the ways information is obtained and applied
in my field.

Figure 7: Brown Summer Symposium poster.
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