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ABSTRACT

This dissertation explores the geohazards of volcanic and industrial systems using
ambient noise cross-correlations and nodal stations. The main goal is to better understand the
systems as a snapshot in time or through temporal evolution. This is achieved using the cross-
correlation of ambient noise to enhance subtle signals that contain information regarding the
crustal structure or the seismic source of the system. To study the systems statically, we
measure phase velocity of Rayleigh and Love waves using slant stacking or single
beamforming and Rayleigh wave ellipticity. Then, we can jointly invert these measurements
to leverage the different sensitivities. We also studied a system dynamically by back
projecting the energy emitted by the system to understand the variations through time.

We first study the top 16 km of the crust in south-central Alaska using more than 300
seismic stations. We determine the Rayleigh wave phase velocity and ellipticity from ambient
noise cross-correlation using single beamforming. We perform an MCMC joint inversion to
better understand the Denali VVolcanic Gap, the Denali Fault, and the overall crustal structure
of the Alaska Suture Zone.

Secondly, we study the shallow crustal structure of the Lower East Rift Zone of the
Kilauea Volcano in Hawaii Big Island. We compute the Love and Rayleigh phase velocity
and the Rayleigh wave ellipticity. The results offer a glimpse into the dike system and the
different intrusions.

Third, we use the seismic signals emitted by a longwall coal mine to understand the
mining activity and its evolution through time. We use ambient noise cross-correlation and
the correlation coefficient to separate the background noise from the mining activity. Then

we locate the mining activity throughout the time of recording at 5-minute and 24-hour



resolution to catch the advance of the longwall and the extraction activity. The comparisons
with the seismicity show promise on the proposed workflow.
The success of these projects show the potential of using ambient noise interferometry

to study natural or industrial system to better understand the geohazards.
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CHAPTER 1

INTRODUCTION

The Earth is a dynamic planet, constantly undergoing processes that shape its surface
and impact human activity. Among these processes, geohazards such as volcanic eruptions
and industrial activities pose significant risks to human life and infrastructure. Understanding
these geohazards is paramount for mitigating their potential impact and ensuring the safety
and well-being of communities worldwide.

Studying the geohazards of natural or industrial systems is crucial for risk assessment,
disaster preparedness, and hazard mitigation efforts. Scientists and policymakers can develop
effective strategies to minimize their impact and protect vulnerable populations by
understanding the underlying processes driving these systems.

Passive and active seismic interferometry has proved to be a valuable and flexible tool
to map the shallow crust, including small structures like fault zones (Mordret et al., 2019;
Wang, Allam, et al., 2019; Gkogkas et al., 2021), as well as complex hydrothermal features
(Wu et al., 2017, 2019, 2021). Furthermore, extracting extra information from the surface
waves, like Rayleigh wave ellipticity (Lin et al., 2014; Berg et al, 2018, 2020), has proved to
be a tool to improve the constraint on the crustal structure and the quality of the shear wave
inversion. This methodological advancement, coupled with the technological progress in the
instrumentation of portable nodal seismometers (Karplus and Schmandt, 2018), makes
mapping small and complex structures feasible.

To reduce the geohazards from natural and industrial systems we study them statically
dynamically in Chapter 2 (i.e. spatiotemporal variations) and statically in Chapter 3 and 4
(i.e. the crustal structure). In this work | explore the use of both approaches to study two
volcanic systems statically (Rabade et al., 2023) and one industrial system dynamically

(Rabade et al, 2022).



In Chapter 2, we propose a workflow to study the spatiotemporal evolution of the
seismic sources of a longwall coal mine. Using ambient noise cross-correlation on data
collected from a 17-geophone array, we separated the mining operations from the background
noise using the similarity of waveforms. Then, we located the signals that correlated with the
longwall location and the seismicity of the mine.

In Chapter 3, we used a temporal array of 306 geophones deployed in the winter of
2019, complemented with regional broadband stations to map the shallow- to mid-crust of
South-Central Alaska across the Alaska Range. We measured Rayleigh wave phase velocity
and ellipticity for 4 to 12 s using single beamforming/slant stacking. We obtained the shear
wave model of the top 16 km using a Markov chain Monte Carlo joint inversion. We observe
a low-velocity zone beneath the Denali Volcanic, probably related to the accumulation of
magmatic material from the slab. We identify the Denali Fault as a narrow, vertical, low-
velocity zone extending to 12 km deep. In the shallow, we mapped the Susitna and Tanana
sedimentary basins.

In Chapter 4, we build upon the approach used in our Alaska research to map the
Lower East Rift Zone dike of Kilauea volcano in the Big Island of Hawaii. Using data from a
temporal deployment in 2019 and the island network, we measured Love and Rayleigh phase
velocity and Rayleigh wave ellipticity. We observe higher velocity at the 1955 fissures track
and lower velocities north of the 2018 estimated dike location. On a larger scale, we observe

that the northern part of the area of study is faster than the southern area.
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CHAPTER 2
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Isolating and Tracking Noise Sources across an

Active Longwall Mine Using Seismic
Interferometry

Santiago Rabade™", Sin-Mei Wu'*", Fan-Chi Lin'", and Derrick J. A. Chambers®

ABSTRACT

The ability to monitor seismicity and structural integrity of a mine using seismic noise can
have great implication for detecting and managing ground-control hazards. The noise wave-
field, however, is complicated by induced seismicity and heavy machinery associated with
mining operations. In this study, we investigate the nature of time-dependent noise cross-
correlations functions (CCFs) across an active underground longwall coal mine. We analyze
one month of continuous data recorded by a surface 17 geophone array with an average
station spacing of ~ 200 m. To extract coherent seismic signals, we calculate CCFs between
all stations for each 5-min window. Close inspection of all 5-min CCFs reveals waveforms
that can be categorically separated into two groups, one with strong and coherent 1-
5 Hz signals and one without. Using a reference station pair, we statistically isolate time
windows within each group based on the correlation coefficient between each 5-min
CCF and the monthly stacked CCF. The daily stacked CCFs associated with a high correlation
coefficient show a clear temporal variation that is consistent with the progression of mining
activity. In contrast, the daily stacked CCFs associated with a low correlation coefficient
remain stationary throughout the recording period in line with the expected persistent back-
ground noise. To further understand the nature of the high correlation coefficient CCFs, we
perform 2D and 3D back projection to determine and track the dominant noise source loca-
tion. Excellent agreement is observed on both short (5-min) and long (daily) time scales
between the CCF determined source locations, the overall migration of the active mining
operation, and cataloged seismic event locations. The workflow presented in this study
demonstrates an effective way to identify and track mining induced signals, in which
CCFs associated with background noise can be isolated and used for further temporal struc-
tural integrity investigation.

KEY POINTS

® |solating the mining activity from background noise is
important for passive seismic monitoring.

* We show that seismic interferometry can be used to iden-
tify and track mining activity in a longwall mine.

* Our proposed framework can lead to simultaneous mon-
itoring of subsurface seismicity and structure changes.

Supplemental Material

INTRODUCTION

A better understanding of the temporal seismicity migration and
structural change in a mining setting is important for hazard
mitigation. Traditional seismic passive monitoring focuses on
determining the seismic event distribution and source character-
istics using observed energetic seismic phases (Eaton, 2018). In
the case of underground mines, such a method meets a variety of

Volume XX Number XX -2022 www.bssaonline.org

objectives, including documenting seismicity, ground motion
monitoring, back analysis of significant failures, assessing mine
design performance, monitoring kinematics of geological struc-
tures, and rockburst hazard management (Mendecki et al., 2010;
Swanson et al., 2016; Nordstrom et al, 2020). A similar
approach has also been widely applied in other industrial appli-
cations, including hydraulic fracturing (Maxwell et al., 2012),
CO, and water injection (Verdon et al, 2010), enhanced
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Figure 1. Station location (triangles), and longwall location for days 7/09,
7116, and 7/26 marked as dash-dotted, dashed, and dotted line, respec-
tively. The solid lines depict the mine structure. The inset shows the full array
configuration including one further station. The color version of this figure is
available only in the electronic edition.

geothermal systems (Majer et al., 2007), tunnel development
(Chen et al., 2011), and several others. Such an approach, how-
ever, has some drawbacks. First, it depends on the presence of
seismicity, meaning less-active mines (or mining areas) receive
no benefit from monitoring and aseismic processes are unde-
tectable. Second, industrial noise associated with mining can
severely limit the monitoring system’s sensitivity. Third,
although automated processing of seismicity is improving, often
significant time is required by human analysts to produce high-
quality event catalogs.

Seismic interferometry, on the other hand, offers an alter-
native way to identify changes in seismic source characteristics
and structural properties by detecting weaker but coherent
seismic signals. A handful of recent works in a mining setting
have demonstrated the potential applications of seismic inter-
ferometry in underground mine settings. Dales et al. (2017a,b)
showed seismic interferometry can be used to locate impulsive
and persistent sources within mines. They performed synthetic
tests and located individual events using seismic waveforms
recorded within the mine, obtaining high temporal resolution

2 o Bulletin of the Seismological Society of America

using impulsive sources. Czarny et al. (2016) used two surface
broadband stations several kilometers apart to detect subtle
velocity decreases associated with longwall mining and
induced seismicity. Lu and Feng (2017) used the conveyor belt
as a source to image changes in the mining face.

Outside of mining, studies have also demonstrated noise
cross-correlation functions (CCF), in addition to studying the
velocity structure by extracting the empirical Green’s function
(Lobkis and Weaver, 2001; Shapiro et al, 2005; Lin et al.,
2008; Nicolson et al., 2014; Spica et al, 2016), can be used to
understand the seismic source when transient or persistent noise
sources are present (Haney, 2010, 2014; Cros et al, 2011;
Ballmer et al., 2013; Wu et al,, 2017, 2019, 2021). These appli-
cations focus on the extraction of coherent wavefields emitted by
the spurious seismic source, which can be used to study the
source property (e.g., location) based on the associated time
arrivals, amplitudes, and polarizations in the CCFs. Early
continental-scale studies have located persistent sources of
longer-period surface waves, including the 26 s microseism
energy from Gulf of Guinea (Shapiro et al, 2006) and the
Kyushu microseism (Zheng et al, 2011). It has also been used
to study and find more localized hydrothermal and volcanic
tremor activities in Yellowstone (Cros et al., 2011; Wu et al.,
2019, 2021), Alaska (Haney, 2010, 2014), Hawaii (Ballmer et al.,
2013), and Iceland (Li et al., 2017). Moreover, by exploring the
stability of the noise correlation coda signals, temporal structural
variation can be also inferred (Brenguier et al., 2008; Clements
and Denolle, 2018; Wu et al., 2020). Using seismic interferom-
etry to study temporal source and structure variation in a mine
setting nevertheless has not been fully explored.

In this study, we investigate the possibility of using temporal
variation of CCFs to resolve changes in source location and
velocity structure across an active longwall coal mine. Longwall
mining is a method of underground mining that allows the
extraction of full slices or panels of mineral resources (Fig. 1).
The mining machines consist of one or more shearers or
ploughs (cutting instruments) mounted on a series of self-
advancing hydraulic ceiling supports. The most common
mechanism of the seismicity is a normal fault with a near-ver-
tical plane parallel to the mining wall (Stec, 2007; Bischoff et al.,
2010; Sen et al., 2013; Verdon et al, 2018). In addition, the long-
wall coal seismicity also includes events with non-double-couple
sources related to roof caving and events with orientations asso-
ciated with tectonic features or preexisting faults.

By analyzing data from a 17-station seismic geophone array
(Fig. 1) above an active longwall coal mine, we first exploit the
use of seismic interferometry to characterize and isolate time
windows with different noise properties (i.e., dominated by
background noise versus mining induced seismicity). We then
migrate the CCF waveforms that contain mining-related
seismic energy to obtain the 2D/3D source location using con-
secutive 24 hr and 5-min time windows throughout the
deployment time periods. For both time scales, our results

www.bssaonline.org  Volume XX Number XX - 2022



Calculate all

All station pairs

5-min CCFs
Station pair 7-14

r Get the reference
monthly stacked CCF

Correlation coefficient
between each 5-min
CCF and the reference
stacked CCF

Correlation
coefficient
>0.4

Background noise
window

on the reference station pair 7-14

Discriminating time windows based

CCFs within .
mining activity windows|*

Locating the mining activity
using all station pairs
A

- 2D/3D backprojection

Figure 2. The workflow for the analyses applied in this study.

agree with the position of the overall mining longwall and the
cataloged seismicity location. We demonstrate that this work-
flow (Fig. 2) can be used to monitor seismic activity in complex
settings with continuous data recorded on the surface and
show how periods of mining-dominated noise can be distin-
guished from quieter times, which may be useful for structural
imaging and monitoring.

DATA
We deployed 17 three-component (3C) autonomous 5 Hz
nodal geophones on the surface above and around a longwall
coal mine from 30 June to 2 August 2018 (dataset B of Johnson
et al.,, 2021). Of the 17 stations, 14 were deployed close by
forming a 1 km by 0.5 km semigrid on top of the active mining
area (Fig. 1). The longwall orientation is nearly to east-west,
and the approximate length of the mining wall is 250 m. The
coal extraction activity moves along from north to south, and
during our deployment, it advanced around 200 m south. The
mine operator provided the longwall locations as measured by
the surveyors every few days. A catalog of approximately
22,000 seismic events is also available (Johnson et al., 2021),
with local magnitudes ranging from -1.7 to 1.4.

The spectrogram of the vertical component at station 7
(Fig. 3) reveals the active nature of the mining environment.

Volume XX Number XX - 2022 www.bssaonline.org

While we see stable and continuous background noise at the
secondary microseism band (~5-10 s; Stehly et al, 2006),
we observe sporadic mining-related seismic energy in frequen-
cies higher than 1 Hz. Although these energetic signals likely
are associated with the mining induced seismic events, they can
also be related to the shearing machinery, ore crushers, or
heavy trucks. In the first seven days of July, this high-frequency
energy is not as apparent or nearly absent. The activities pick
up considerably after 7 July after the long weekend holiday of
the United States Independence Day.

METHODS

Cross correlations

To investigate temporal CCF variation, we follow the method-
ology described by Wu et al. (2019, 2021) to first calculate the
vertical component 5-min CCFs between all station pairs. Here,
we cut the continuous data into 5-min nonoverlapping windows
and perform spectral normalization before calculating the CCFs.
We then stack the 5-min 1-5 Hz band-passed CCFs into the
desired length in time (ie., hourly stack and daily stack). We
focus on the 1-5 Hz frequency band in this study, which
presents the most coherent and persistent signals. To retain
the relative CCF amplitude across the entire array (Lin et al,
2012; Bowden et al, 2015), each 5-min CCF was normalized
based on the 90th percentile maximum amplitude of the
CCFs across the entire array for that 5-min window before
stacking. We note that although the normalization process is
applied to down-weight sporadic but energetic events, persistent
events that excited coherent cross-correlation signals can still
dominate the stacked CCF.

Figure 4 shows the 5-min CCF variations for station pairs
6-3 and 7-14 on 26 July. Clear and coherent arrivals above
the noise level throughout the day can be observed. Most ener-
getic signals arrive close to zero lag time, reflecting the nature of
the close station spacing and the fact that some noises originated
from mining activities within the array. Close inspection reveals
apparent temporal CCF variations particularly when comparing
the CCF waveforms from earlier and later during the day
(Fig. 4). The 5-min CCFs exhibit a lower signal-to-noise ratio
(SNR) during the second half of the day, consistent with the
weaker and presumably less coherent 1-5 Hz energy observed
in the spectrogram (Fig. 3).

Separating the mining-related energy and the
background noise

In addition to SNR, we observed that the CCF waveforms are
different between the quiescent and operating time periods
(e.g., white traces in Fig. 4a,b). The remarkable difference
can be identified based on visual observation and from a single
station pair. We also observe that the daily stack (Fig. 4c,d) of
all the 5-min windows shows features more related to the
mining time than the quiet time suggesting cross-correlation
signals excited by mining activities are rather coherent. This

Bulletin of the Seismological Society of America * 3
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motivates us to isolate the mine activity from the background
noise based on the waveform similarity.

We use the correlation coefficient between the monthly
stacked CCF and each 5-min CCF of a reference station pair
7-14 to separate the time windows dominated by mine energy
(Fig. 5). We choose station pair 7-14 for two reasons. First, sta-
tion 7 is the closest station to the mining operation and station
14 is outside the active mining area but on the coal extraction
axis. Using this station pair, we ensure the 5-min CCFs capture
the mining-related energy if present and that the waveform will
be consistent during the deployment (Fig. 6b). Second, the inter-
station distance between the two stations (~0.9 km) is large such
that there is more complexity in the reference stacked waveform
due to slightly offset seismic phases. Assuming seismic signals
excited by mining activity are self-similar and dominate the
reference stacked CCF, 5-min time windows influenced by mine
activity should yield CCFs with higher correlation coefficient.
On the other hand, lower correlation coefficients are expected
for time windows associated with weaker and less coherent
background noise.

Figure 5a summarizes the evolution of the correlation coef-
ficient between 5-min CCFs and the reference CCF for station
pair 7-14 over the entire month of July. Low and high correlation
coefficients are observed in early and late July, respectively, con-
sistent with the progressive mine extraction operation and
recorded seismicity (Fig. 3). A dip in correlation coefficient is
observed around 19 July coinciding with the lower seismicity
4
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signals with low SNR. In con-

trast, the high correlation coef-
ficient daily stack (Fig. 6b) shows a prominent and steady arrival
close to 1 s. The result of station pair 6-3 is shown in Figure 6¢,d,
where the low correlation coefficient stack shows a stationary
waveform between 0 and 1 s lag time throughout the entire
period (Fig. 6c). This group of stacked waveforms is consistent
with a steady background noise energy during the deployment.
In contrast, the high correlation coefficient stack shows a
progressive change in the waveform, with the dominant CCF
signal shifting from negative time lag at the beginning of July
to positive time lag at the end of the same month (Fig. 6d).
Here a positive time lag represents seismic sources are closer
to the CCF source station (station 6), whereas a negative time
lag represents sources are closer to the receiver station (station
3). The change in arrival time for this group of waveforms is in
agreement with the progressive movement of the longwall from
the north (closer to receiver station 3) to the south (closer to
source station 6). The observed stationary and progressively
changing waveforms (Fig. 6) suggest that our classification based
on correlation coefficient is successful in isolating time windows
dominated by mining related signals and background noise.

Locating the mining activity

To further investigate the nature of temporal variations of CCF
signal associated with the mining activities, we applied a CCF
back projection method to determine the source location
(Shapiro et al, 2006; Zheng et al., 2011; Ballmer et al., 2013;
Li et al.,, 2020). For a given reference velocity, the method back

www.bssaonline.org Volume XX Number XX - 2022
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projects seismic energy observed in the CCFs of all station pairs
and determines the most likely area of the sources. The method
has the advantage of mapping concurrent seismic sources simul-
taneously and the determined likelihood function would intrinsi-
cally account for the imperfect knowledge of the local velocity
model and the source mechanism or area (Kao and Shan,
2004). For a single station pair, the migrated amplitudes form
a hyperbola-shaped area that illuminates the potential source
locations (Zheng et al., 2011).

To determine the appropriate reference velocity for the area,
for each 100 m distance bin, we stack all CCFs from a quiet day
(7/5) across the entire array with station pair distance within the
bin. This stacking process effectively homogenizes the noise
source distribution and allows a clear CCF moveout to be
observed (Fig. 7). Based on the observed moveout, we take
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Figure 4. (a) Temporal variation of 5-min cross-correlations functions (CCFs)
of station pair 6-3 on 7/26. Positive and negative CCF amplitudes are
shaded in different tones to highlight the coherency through time. The white
waveforms are the 5-min CCFs at 6:00 and 18:00. (b) Same as panel (a) but
for station pair 7-14, (c) 7/26 daily CCF stack of station pair 6-3, and
(d) 7/26 daily CCF stack of station pair 7—14. The color version of this figure is
available only in the electronic edition.

1 km/s as the reference velocity for our back projection analysis.
Considering that the objective of this work is to obtain the over-
all temporal and spatial patterns of the seismic energy generated
by the mining processes, we do not intend to resolve earth struc-
ture based on the observed moveout nor identify the wave type.

To perform 2D back projection, we build a potential
source grid centered on station 7 with 0.001° (~100 m)
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spacing in the north-south and east-west direction. For each
potential source grid point, we calculate the expected arrival
time for each station based on the straight ray distance. The
differential time between any two stations is then used to esti-
mate the expected lag time of the CCF signal for the station
pair. For a given station pair, for each grid point, the corre-
sponding amplitude at the expected lag time of the observed
CCF normalized envelope function is assigned to the grid
point as the likelihood value. By iterating these steps across
the entire grid, the process effectively migrates or backpro-
jects the envelope function to a 2D likelihood map (Fig. 8).

The use of the envelope function (instead of the raw CCF
waveform) allows us to focus on the migration of seismic energy,
which in general produces a more stable and smooth result con-
sidering the uncertainties associated with the reference velocity
model and source mechanism (Dales et al., 2017a). To further
constrain the source locations, we sum all the resulting migrated
2D likelihood maps using all the station pairs with CCF SNR
above 2. Here the signal and noise level are defined by the root
mean square CCF amplitude within and outside the signal
window, respectively. The signal window is determined by
the expected minimum and maximum lag time calculated based
on the distance and the reference velocity (Fig. 8). After the sum-
mation, we normalize the likelihood 2D map based on the maxi-
mum value, where areas with higher amplitude indicate the
likely source locations (Figs. 9 and 10). Some smoothing is
expected due to the finite width of the envelope function and
some smearing is also expected for locations close to the edges
of the array due to imperfect station coverage.

RESULTS AND DISCUSSION

Location from daily and 5-min cross correlations

The 2D back projection images based on the 1-5 Hz daily-
stack CCFs reveal a spatial pattern that strongly agrees with
the cataloged daily seismicity, a good proxy for the mining
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Figure 5. (a) Correlation coefficient between the 5-min CCFs and the monthly
stacked CCF for station pair 7—14. The solid line denotes the 0.4 correlation
coefficient which roughly separates time windows dominated by mine
activity and background noise. (b) Histogram of correlation coefficient from
panel (a). The solid line denotes the 0.4 correlation coefficient. The color
version of this figure is available only in the electronic edition.

activity, with most of the seismicity contained within the
0.8 contour of the normalized back projection amplitude
(Fig. 9 and Movie S1, available in the supplemental material
to this article; Johnson et al, 2021). The locations of both
the seismicity and the resolved source distribution shift from
north to south throughout the deployment period, consistent
with the progression of the longwall (Fig. 1).

Compared to the daily stacked waveforms, back projection
using 5-min time windows presents the opportunity to track
seismicity migration with higher spatiotemporal resolution
despite the lower SNR. In Figure 10, results from four example
5-min time windows on 7/26 are presented. Like the daily result,
a good correlation between the back projection and the cata-
loged seismicity is observed. For the case where the seismicity
is abundant and clustered (Fig. 10a,b), the area with normalized
amplitude larger than 0.9 covers nearly all the event locations.
For the rest of the events, the locations are within 0.7 and 0.8
normalized amplitude. For the case with sparser and distributed
seismicity (Fig. 10c,d), all the seismicity is located within the area
of greater than 0.8 normalized amplitude.

The good agreement between the cataloged seismicity and
both the 5-min and daily backprojection results suggests that
the interferometry based back projection method performs well,
can robustly retrieve the location of the dominant seismic
energy, and has the flexibility to tune the time resolution to fulfill
different monitoring purposes. Our result in particular implies
the framework is suitable for tracking the seismic source
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evolution within an active mining environment. Different from
the event catalog, which relies on the ability to pick seismic
phases for individual events, the interferometry based back pro-
jection method presented in this study determines the overall
source location during each specific time window. Although
the spatiotemporal resolution might not be as high as the event
catalog, the interferometry method has the ability to pick up
weak but persistent energy and can easily be automated. Rather
than a substitute, this method could be used as a complementary
tool to better track nonimpulsive energies during mining oper-
ation (e.g., longwall operation).

Depth location

In the section Location From Daily and 5-min Cross
Correlations, we demonstrate the overall agreement between
the cataloged seismicity and our 2D back projection result on
both 5-min and daily time scales. Here we explore further
whether the method is capable of resolving the source location
in 3D. Instead of assuming a 2D wave propagation, we consider
body waves as the dominant seismic energy observed in the CCFs
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Figure 6. Daily stack for station pair (a,b) 7-14 and (c,d) 6-3. (a,c) Cross
correlation with correlation coefficient lower than 0.4. (b,d) Cross
correlation with correlation coefficient higher than 0.4.

where straight ray paths again are assumed. We note that as most
seismic sources are rather shallow and are directly beneath the
seismic array, different wave types (P wave, S wave, and surface
waves) are likely entangled and indistinguishable in the CCFs.

To extend our method to 3D, we add the vertical dimen-
sion to the original 2D potential source grid. For each 3D
grid point and station, we calculate the source receiver travel
time based on the 3D distance and the 1 km/s reference veloc-
ity. Here we take the station elevation into account. This
change in computation will transform the shape of an indi-
vidual CCF migration from a 2D hyperbola into a 3D hyper-
boloid (Fig. 11). Then we apply the same summation process
described in the Locating the mining activity section. Here the
amplitude normalization is based on the maximum value of
the migrated 3D grid.
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Figure 7. Bin stacked CCF record section. All available CCFs on 5 July are used.
The dashed lines depict the 1 km/s reference velocity used in the back projection
analysis. The color version of this figure is available only in the electronic edition.
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Figure 8. (a) The likelihood source location map derived from the 2D back pro-
jection of an example 5-min CCF of station pair 8-5. The star and the triangle
depict the virtual source (station 8) and the receiver (station 5), respectively.
(b) The 5-min CCF waveform (black line) and envelope (blue solid line) used in
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We take the same 5-min time window as in Figure 9b
(00:15-00:20 of 7/26) to demonstrate the 3D back projection
result (Fig. 12). Like the 2D case, a good agreement is observed
between the likelihood area and the cataloged event locations.
The majority of the cataloged seismicity is contained by the
0.9 normalized amplitude area. Comparing the locations at
0, 200, and 400 m depth (Figs. 10b and 12a,b), the 3D back-
projection shows an advantage in ruling out the deeper sources
(>500 m); however, sources at shallow depth cannot be distin-
guished as the high likelihood area in general is elongated ver-
tically and dips slightly toward the northwestern direction. The
overall lower vertical resolution near the surface compared to
the lateral resolution is expected for shallow sources consider-
ing the shape of 3D hyperboloids with both foci at the sur-
face (Fig. 11).

The 3D result provides some constraints to the source depth,
despite the maximum likelihood area being slightly shallower
than the cataloged event depths. The maximum amplitude in
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panel (a). The dashed lines denote the signal time window used in the back
projection, which is determined based on the source—receiver distance and the
1 km/s reference velocity. (c,d) Same as panels (a,b) but for station pair 6-3.
The color version of this figure is available only in the electronic edition.
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Figure 9. The likelihood source location maps on (a) 7/09, (b) 7/16, and
(c) 7/26 derived from 2D back projection using all daily CCFs. The white
open circles depict the corresponding daily seismicity, white triangles

represent the stations, and the contours are plotted with an increment of
0.1 normalized amplitude. The rest of the days are shown in Movie S1. The
color version of this figure is available only in the electronic edition.

Figure 12b,d is around 150-200 m, whereas the cataloged seis-
mic activity is between 200 and 250 m depth. In addition to
intrinsic low vertical resolution, the use of a homogeneous

(@) (b)

500

00:00 to 00:05

00:15 to 00:20

reference velocity and the likely entanglement of different wave
types can also contribute to the apparent discrepancy. We note
that our result nevertheless rules out deep sources consistent
with mostly shallow mining
related activities. The depth res-
olution (e.g., the plausible area
with normalized amplitude
>0.9) of the 3D result is larger
than the 2D lateral resolution
by a factor of 3, and the 3D
computation time increases
dramatically compared to 2D
due to the 3D grid search.
Consequently we feel the 2D

0.9 framework might be more

56 “i; robust and better suited for

-250 -250 & automated seismic monitoring

07 & in a variety of environments

() 00:35 to 00:40 (d) 01:00 to 01:05 £  (eg. volcanic, geothermal,
ol E hydrothermal, mining, and
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- although 3D analysis can be
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Figure 10. Same as Figure 9 but for 5-min CCFs on 26 July. (a) From 00:00 to 00:05. (b) From 00:15 to 00:20.
(c) From 00:35 to 00:40. (d) From 01:00 to 01:05. The color version of this figure is available only in the electronic
edition.
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used to provide additional
depth constraints.

CONCLUSIONS

We collected one month of
passive seismic data from a
surface array above an active
longwall coal mine. The con-
recording
dominantly consists of long-
period (5-10 s) energy from
microseism and short-period

tinuous  seismic
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Figure 11. Similar to Figure 8a but for 3D back projection. (a,b) The likelihood normalized amplitude maps at
200 and 400 m depths. (c,d) The north—south cross section (A=A’ profile in panel a) and the east—west cross
section (B—B’ profile in panel a), respectively. The color version of this figure is available only in the electronic

edition.
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changes in source migration.
The interferometry and back
projection approach presented
in this study can be a low-cost,
computationally  inexpensive,
and reliable framework to mon-
itor and distinguish seismic

Depth 400 m

1 sources in an active environ-

0.9 ment (e.g, mine, volcano,

§ geothermal or hydrothermal

0 400 0.8 %_ system, fracking or wastewater
X (m) 07 §  injection site, and oil or gas
3 extraction area). Further work

08 '_;v is needed to characterize and

05 8 locate seismic activity of higher

04 frequency where scattering and

multipathing effects need to be
accounted for. The background
noise CCFs isolated from time
windows with mining activity
can be used to study temporal
structural variation that might
be sensitive to the mine caving
process.

DATA AND RESOURCES

Raw data were collected at the mine
site under conditions of anonymity
and therefore cannot be released to

(>1 Hz) energies from induced seismicity, industrial equip-
ment, and background noise. We present a method to separate
the mining-related activity from background noise by seismic
interferometry and waveform similarity. Specifically, we clas-
sify the correlation coefficients between the monthly stacked
CCFs and the consecutive 5-min window CCFs into two
groups. The low correlation coefficient CCFs correspond to
time windows dominated by background noise and are mostly
stationary over time. In contrast, the high correlation coeffi-
cient CCFs correspond to time windows with mine activity
and exhibit a temporal variation in line with the progression
of the mining operation.

We migrate and back project the 5-min and daily cross-cor-
relation wave packets from the high correlation coefficient time
windows to locate the underground mining activity throughout
the one-month deployment period. The resolved locations from
both time resolutions correlate well with the cataloged seismic
activity of the mine and the evolution of the longwall location.
We show that our analysis has the ability to distinguish source
clusters that are 200 m and 5 min apart. The consistency
between the resolved noise location, seismicity, and longwall
progression indicates the ability of the method to track small
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the public. Cross-correlation func-

tions (CCFs) are available upon
request and decontextualized event waveforms are available at
https://doi.org/10.7910/DVN/5DGFJB. Most of the plots were made
using MATLAB v. 9.7.0.1190202 (R2019b). The supplemental material
contains a video showing the likelihood source location maps from 2D
back projection using daily stacks of CCFs (complement to Fig. 8). The
white open circles depict the corresponding daily seismicity, the white
triangles represent the stations, and the contours are plotted with an
increment of 0.1 normalized amplitude.
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The Crustal Magmatic Structure Beneath the Denali Volcanic
Gap Imaged by a Dense Linear Seismic Array

Santiago Rabade' ", Fan-Chi Lin'

and Amir Allam’

, Carl Tape? ", Kevin M. Ward® ', Trevor Waldien® ",

'Department of Geology and Geophysics, University of Utah, Salt Lake City, UT, USA, Geophysical Institute and
Department of Geosciences, University of Alaska, Fairbanks, AK, USA, *Department of Geology and Geological
Engineering, South Dakota School of Mines & Technology, Rapid City, SD, USA

Abstract The crustal structure in south-central Alaska has been influenced by terrane accretion, flat slab
subduction, and a modern strike-slip fault system. Within the active subduction system, the presence of the
Denali Volcanic Gap (DVG), a ~400 km region separating the active volcanism of the Aleutian Arc to the west
and the Wrangell volcanoes to the east, remains enigmatic. To better understand the regional tectonics and the
nature of the volcanic gap, we deployed a month-long north-south linear geophone array of 306 stations with an
interstation distance of 1 km across the Alaska Range. By calculating multi-component noise cross-correlation
and jointly inverting Rayleigh wave phase velocity and ellipticity across the array, we construct a 2-D shear
wave velocity model along the transect down to ~16 km depth. In the shallow crust, we observe low-velocity
structures associated with sedimentary basins and image the Denali fault as a narrow localized low-velocity
anomaly extending to at least 12 km depth. About 12 km, below the fold and thrust fault system in the northern
flank of the Alaska Range, we observe a prominent low-velocity zone with more than 15% velocity reduction.
Our velocity model is consistent with known geological features and reveals a previously unknown low-velocity
zone that we interpret as a magmatic feature. Based on this feature's spatial relationship to the Buzzard Creek
and Jumbo Dome volcanoes and the location above the subducting Pacific Plate, we interpret the low-velocity
zone as a previously unknown subduction-related crustal magma reservoir located beneath the DVG.

Plain Language Summary The Alaska Range in south-central Alaska has been shaped by different
geological processes. One puzzling aspect is the Denali Volcanic Gap, a region of about 400 km between

the Aleutian Arc and the Wrangell volcanoes. To understand this volcanic gap and regional tectonics better,

we obtained a 2-D model of shear wave velocity down to a depth of about 16 km, using a month-long linear
geophone array with over 300 stations placed at 1 km intervals across the Alaska Range. In the shallow crust,
we found areas with low-velocity associated with sedimentary basins. We observe a narrow anomaly related

to the Denali fault with low-velocity extending to at least 12 km depth. About 12 km below the northern flank
of the Alaska Range, we discovered a significant zone with low seismic velocities. This zone is believed to be
related to magma and is located above the subducting Pacific Plate. We interpreted the anomaly as a magma
reservoir beneath the volcanic gap, based on its tectonic and spatial relationship with nearby volcanoes.

1. Introduction

The south-central region of Alaska has a complex and active tectonic setting (Figure 1a). The low-angle flat
subduction of the Pacific plate and the buoyant Yakutat slab transmit oblique convergence inland, causing coun-
terclockwise rotation of south-central Alaska and orogenesis of the Alaska Range (Bemis et al., 2012; Freymueller
et al., 2008; Haeussler, 2008). Most of the rotation is accommodated by the Denali fault (DF), a dextral strike-slip
fault that accommodates about 20% of the convergence between the Pacific Plate/Yakutat terrane and the North
American Plate (Matmon et al., 2006; Pavlis et al., 2004). The DF developed within the Alaska Range suture
zone (SZ), the product of the oblique collision of allochthonous oceanic terranes in the south to the pericratonic
terranes in the north (Ridgway et al., 2002).

The heterogeneous composition of the SZ crust reflects the nature of its origin. The metamorphic and sedimen-
tary rocks of the SZ in Central Alaska, known as the Kahiltna assemblage, can be divided into northern and
southern succession, with affinity to the Yukon Composite Terrane (YCT) (continental crust) and Wrangelia
composite terrane (oceanic crust), respectively (Clautice, Newberry, Blodgett, et al., 2001; Clautice, Newberry,
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Beam centers
—— Quaternary faults
—— Prequaternary faults

Figure 1. (a). Tectonic setting of Alaska. North America-Pacific convergent plate boundary (solid orange line) and slab depth contours (orange dashed lines) (Hayes
et al., 2018). Other features include the geometry of the Yakutat Slab (YS) (green dashed outline) (Eberhart-Phillips et al., 2006), the Denali fault (DF) (black line), the
Wrangell Volcanic Field (WVF), volcanoes (red triangles), nodal stations (cyan circles), broadband stations (yellow circles) used in this study. The purple line denotes
the extension of the Denali Volcanic Gap (DVG). The black rectangle denotes the location of the right inset. (b). Location of the imaged region. Beam centers (light
pink circles: 106 total), volcanoes (red triangles), Quaternary faults (black lines) (Koehler et al., 2013), and pre-Quaternary faults (red lines) (Koehler et al., 2012).

The blue diamond identifies the beam used as an example in Figures 3-5, 7°-%, and 8. The gray labels are the major basins mentioned in the text: Susitna basin (SB),
Nenana basin (NB), and Tanana basin (TB). The white labels are faults mentioned in the text: Broad Pass fault (BPF), Hurricane fault (HF), Denali fault (DF), Hines
Creek fault/Parks Road fault (HiCF/PRF), Healy Creek Fault (HeCF), Ealy Creek fault (ECF), Northern Foothills Thrust Belt (NFTB). The red labels are volcanic
features mentioned in the text: Jumbo Dome (JB), Buzzard Creek (BC), and Sugar Loaf Mountain (SL). The black labels are the Broad Pass Terrane (BPT), Wrangellia
Composite Terrane (WTC, orange), suture zone (SZ, light blue), and the Yukon Composite Terrane (YCT, pink).

Pinney, et al., 2001; Hampton et al., 2010) (Figure 1). Both Kahlitna successions have rocks from volcanism and
intrusions from the subduction-related arc and collisional magmatism (Romero et al., 2020); some of these rocks
form the Broad Pass Terrane (BPT) (Clautice, Newberry, Blodgett, et al., 2001; Clautice, Newberry, Pinney,
et al., 2001). The terranes north of the SZ are commonly referred to as the YCT, consisting of metamorphosed
rocks of the former continental margin (Ridgway et al., 2002). The Hines Creek fault (HiCF), which likely
extends to the bottom of the crust, is the northern margin of the SZ (Brennan et al., 2011) separating the accreted
terranes to the south and the former continental margin to the north (Ridgway et al., 2007). Recent studies of
the HiCF have shown the lack of lateral offsets on the fault while noting some near-vertical offsets (Bemis
etal., 2012, 2015), in contrast to more than 480 km of dextral displacement of the DF (Waldien et al., 2021). The
trace of the DF follows the Alaska Range and SZ (Haeussler, Matmon, et al., 2017).

Despite the active subduction of the Pacific-Yakutat slab beneath the area (Martin-Short et al., 2018), low volcanic
activity is present within the Denali Volcanic Gap (DVG), a ~400 km region separating the active volcanism of
the Aleutian Arc to the west and the Wrangell volcanoes to the east (Figure 1a). Whereas volcanic gaps are not
unique to the Alaska subduction zone (e.g., Peru, Chile, Nankai, New Guinea) (Gutscher, Maury, et al., 2000),
the DVG's origin remains enigmatic. Gutscher, Spakman, et al. (2000) argue that a low-angle flat subduction can
interrupt mantle flow and inhibit arc volcanism. Chuang et al. (2017) propose that fluids are confined to only
the uppermost part of the Yakutat crust, leading to an early release of fluids and a relatively anhydrous slab.
Rondenay et al. (2010) propose the slab is generating melt but suggest the magmatic material does not rise to
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the surface but accumulates at the top of the mantle wedge. Alternatively, the melt might be accumulating in the
crust, where the compressional stress or structures in the Alaska Range impede magma upwelling (McNamara
& Pasayanos, 2002).

North of the DF, there are two isolated contemporary volcanic bodies and one fossilized volcanic vent. The
Buzzard Creek (BC) maars consist of two craters, dated at ca. 10 ka with basalt composition similar to the
volcanoes in the eastern Aleutian Arc and the Wrangell Volcanic Field (WVF) (Albanese, 1980; Andronikov &
Mukasa, 2010; Nye et al., 2018; Wood & Kienle, 1990). The Jumbo Dome Volcano, south of the BC maars, is a
hornblende andesite dome (Cameron et al., 2015) dated at ca. 1 Ma (Athey et al., 2006) and composition similar
to the adakite geochemical signature common in Wrangell arc lavas (Brueseke et al., 2019). South of the Jumbo
Dome is Sugar Loaf Mountain, a fossilized volcanic vent with rhyolite and andesite composition (Albanese, 1980;
Cameron et al., 2015; Reger, 1980). It is worth noting that the depth of the subducted slab beneath these volcanic
bodies is ~100 km (Hayes et al., 2018), consistent with the global observations of slab-generating arc volcanism
(Syracuse & Abers, 2006) independent of the thermal state of the slabs (Wada & Wang, 2009). The compo-
sitions of these bodies are similar to the volcanoes in the eastern Aleutian Arc and the western WVF, and the
depth of the slab is ideal for arc volcanism, and therefore it is natural to consider an association with subduction
(Albanese, 1980; Andronikov & Mukasa, 2010).

In this study, we use ambient seismic noise recorded by a 270 km long linear dense seismic array and image the
2D crustal structure down to 16 km depth across the Alaska Range. Leveraging the dense station coverage, our
shear velocity image has a superior resolution compared with previous studies along the same profile in regional
and continental studies using broadband stations (A. A. Allam et al., 2017; Berg et al., 2020; Eberhart-Phillips
et al., 2006; Martin-Short et al., 2018; Rondenay et al., 2010; Y. Wang & Tape, 2014; Ward & Lin, 2018; X.
Yang & Gao, 2020). The new model reveals detailed crustal features that were not imaged before, including a
prominent middle crust low-velocity anomaly beneath the northern flank of the Alaska Range likely related to
the magmatism associated with the DVG.

2. Data and Methodology
2.1. Data

In this study, we used ambient noise data from a semi-linear temporal nodal deployment and a handful of perma-
nent stations installed along Parks Highway in South-Central Alaska (Figure 1). The temporal array consisted of
306 three-component 5 Hz geophones deployed from late February to early April in 2019 with a 1 km interstation
distance (A. Allam et al., 2019). The southern end of the array is north of Anchorage near the town of Talkeetna,
and the northern end is west of Fairbanks in the town of Nenana. To increase the number of measurements at the
nodal stations, we use several existing broadband stations along the line as virtual sources and extend the array
north and south, including seven stations from the FLATS array (2014-2019: Tape et al., 2018).

2.2. Ambient Noise Cross-Correlation

To calculate the three-component ambient noise cross-correlation, we follow Y. Wang, Allam, and Lin (2019).
First, we remove the instrument response of all the stations, cut the data into 10-min segments, and whiten the
three-component data simultaneously in the frequency domain based on the vertical spectrum. We then compute
the nine-component cross-correlations between each station pair. Before stacking all the time windows, we
normalize the multi-component cross-correlations by the maximum amplitude of the vertical-vertical compo-
nent. For periods between 4 and 10 s, clear Rayleigh wave moveout can be observed in the cross-correlation
record sections (e.g., Figure 2). The asymmetry of the cross-correlations indicates that the noise wavefield is
dominantly propagating toward the north. Despite the inhomogeneous source distribution, the clear Rayleigh
wave moveout suggests the noise wavefield is likely semi-diffusive and satisfies stationary phase approximation
(Lin et al., 2008; Snieder, 2004; Y. Yang & Ritzwoller, 2008).

2.3. Rayleigh Phase Velocity and Ellipticity

We use beamforming (slant-stacking; Y. Wang, Allam, & Lin, 2019; Wells et al., 2022) to enhance the Rayleigh
wave signals and to simultaneously determine location-dependent Rayleigh wave phase velocities (Figure 3) and
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Figure 2. Example of noise cross-correlation record sections calculated for the vertical-vertical (ZZ) component between the
southernmost nodal station (1001) and all the receiver stations filtered around (a) 5 s and (b) 8 s. Red dashed lines illustrate
the reference velocity of 2 and 5 km/s. The higher amplitudes with positive time lags indicate that the noise is coming from
the south of the array.

Rayleigh wave ellipticity or horizontal-to-vertical amplitude ratios (H/V ratio; Figure 4). The method determines
surface wave properties at the receiver beam center, one source station at a time, by using cross-correlations
between the source station and all receiver stations within the receiver beam. This is slightly different from the
double beamforming technic (i.e., beams on both the source and receiver sides) presented by Y. Wang, Allam,
and Lin (2019), Y. Wang, Lin, and Ward (2019), which works better when the array is closer to linear, and all ray
paths are along the line. Compared to the traditional tomography method based on single station measurements,
the beamforming approach has the advantage of improving signals that are close to or marginally above the noise
level (e.g., Figure 2a). In this study, we include a total of 106 receiver beams in our analysis, that is one beam
center per 0.02° latitude between 62.4°N and 64.5°N. The longitude of the beam center is determined by the
averaged longitude of the two closest stations to that latitude. We use a 15 km beam diameter for the central part
(between 63°N and 64.2°N), where coverage is best; in the northern and southern edges of the array (south of
63°N and north of 64.2°N), we use 30 km.

For each source-receiver pair, we first cut vertical-vertical (ZZ) and vertical-radial (ZR) cross-correlations based
on a reference velocity of 7 km/s to remove early spurious arrivals (Y. Wang, Allam, & Lin, 2019; Y. Wang, Lin,
& Ward, 2019; Yao et al., 2009). Next, we normalize the ZZ and ZR waveforms by the maximum ZZ amplitude.
For each source station and all receiver stations within a receiver beam, we perform a grid search to find the
best phase slowness that maximizes the envelope amplitude of the shifted and stacked ZZ waveforms (Figure 3).
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Figure 3. Example calculation of phase slowness based on slant stacking using the southernmost node as a source and beam
54 as a receiver (Figure 1). (a) Amplitude as a function of time and phase slowness of the shifted and stacked waveform
envelope; the cross denotes the maximum amplitude of the grid search. (b) ZZ and (c) ZR component waveform before
shifting; the red dashed lines denote reference velocity of 2 and 5 km/s (d) ZZ and (e) ZR component waveforms shifted by
the maximum amplitude slowness.

In this procedure, only the correlation time lag corresponding to north propagation waves (the dominant noise
direction) is used. A plane wave propagating in the great circle direction is assumed when calculating the shift
time (Y. Wang, Allam, & Lin, 2019; Y. Wang, Lin, & Ward, 2019). To satisfy the far-field approximation, we only
include cross-correlations with a distance larger than one wavelength (Liu et al., 2021), where the wavelength
is estimated using a reference velocity of 4 km/s. While a stricter far-field criterion is sometimes desirable (e.g.,
three wavelengths; Lin et al., 2008), the one wavelength criterion used in this study is empirically determined to
balance the number of measurements and the measurement uncertainty. To only keep the high-quality measure-
ments, we further require a signal-to-noise ratio (SNR) greater than 5 on the stacked ZZ correlogram. The SNR is
calculated based on the ratio between peak amplitude within the signal window (velocity between 1.5 and 5 km/s)
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Figure 4. (a) ZZ (black) and ZR (orange) waveforms for (top) 5 s and (bottom) 8 s for the same source and receiver as in

Figure 3. (b) Particle motion for waveforms in the left panel. For this
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Figure 5. (a) H/V and (b) phase velocity measurements across the arrays at 8 s period. Error bars represent the uncertainties
or standard deviation of the mean. Dashed lines represent the surface trace of the faults (Figure 1), solid lines represent the
change from 30 km beams to 15 km beams, with 15 km beams used between about 63.0 and 64.25 latitude. The distance is a

ive d di connecting the 106 beams, starting with Beam 1 at 0 km in the south (Figure 1b). The orange
measurement (Flgure 1) and its uncertainty is the location—very close to the Denali fault—used as an example in Figures 7
and 8.

and root-mean-square (RMS) noise amplitude within the noise window, which is assigned as the end of the signal
window to 20 s before the end of the correlogram.

The receiver beam phase slowness resolved using the ZZ component is then applied to also shift and stack the ZR
waveforms. We use the ratio of the stacked ZZ and ZR maximum envelope amplitudes to determine the receiver
beam Rayleigh wave H/V ratios (Figure 4). While H/V ratios can in principle also be measured using RZ and
RR cross-correlations (Berg et al., 2018; Lin et al., 2014), these are not considered in this study because the RR
cross-correlations are much noisier. In addition to requiring the SNR >5 for both stacked ZZ and ZR correlo-
grams, two additional quality control criteria are used to remove less reliable H/V ratio measurements. First, we
require that the ZZ and ZR phase travel time difference is smaller than one-eighth of a period, after accounting for
the expected 90-degree phase shift (one-fourth of a period) between the vertical and radial components. Second,
we require the ZZ and ZR group travel time difference to be smaller than one period to ensure we are measuring
the same energy package for the two components.

For each receiver beam center location and each period, we determine the local Rayleigh wave phase slowness
and H/V ratio and their uncertainties based on the mean and the standard deviation of the mean of all available
measurements with different source stations. To remove outliers, we discard all measurements more than two
standard deviations away from the mean and we also discard beams with less than 10 measurements in total.
Figure 5 shows the resulting phase velocity and H/V ratio profiles across the entire linear array for 8 s period.
The distance is measured along a segmented profile connecting each beam centers from south to north; it does
not represent a cross-section along a great circle. For example, the end-to-end distance of 270 km is less than the
along-road distance of 306 km between the most distant nodes. There are two reasons for this. First, the southern-
most and northernmost beam centers are 8 km north and south of the southernmost and the northernmost node.
The second reason is that simplifying the road geometry from 306 nodes to 106 beams can result in a loss of intri-
cate curves and bends. Figure 6 summarizes the results for all periods and the corresponding uncertainty, where
white patches represent situations where insufficient measurements (<10) passed the selection criteria imposed.
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Figure 6. Measured H/V (a) and phase velocity (d). Predicted H/V (b) and phase velocity (e). Uncertainty of H/V (c) and
phase velocity (f). These measurements are used in combination with the depth sensitivity functions in Figure 8 to generate
the 2D V, models in Figure 9. The fault abbreviations are identified in Figure 1.

2.4. MCMC Joint Inversion

We jointly invert Rayleigh wave phase dispersion and H/V ratio measurements at each location using a 1-D
Markov Chain Monte Carlo (MCMC) method to resolve shear wave velocity (V,) structure in the crust (Figure 7;
Berg et al., 2020; Liu et al., 2021; Shen & Ritzwoller, 2016). The complementary sensitivity of Rayleigh wave
phase velocities and H/V ratios (Figure 8) allows the crustal structure to be resolved from the surface to 16 km.
We parametrize the V, model to include a linearly increasing sedimentary layer (0—4 km thickness) and with the
rest of the crust (down to 30 km) described by four cubic B-splines (Table 1). We use the Brocher (2005) empir-
ical relationships to determine V| and densities based on V.. We use a 1-D V, model extracted from a global V
model (Shapiro & Ritzwoller, 2002) as the starting reference model of the inversion.

To fully explore the model space, we allow the MCMC inversion to search for V, velocities that are up to +3 km/s
from the reference model. Two constraints are imposed to avoid unrealistic Earth models: (a) the V/ in the crust
cannot be larger than 4.9 km/s, and (b) we require a positive jump in velocity at the base of the linear sedimentary
layer. For each 1D inversion, we compute 3,000 randomly generated iterations with 12 jumps, generate more than
30,000 models, and accept only models within 1.5 times the minimum misfit. We average all the accepted models
to obtain the final averaged model (Figure 7a). Only the top 16 km of the model is considered robust based on the
sensitivity kernels of 4-10 s period Rayleigh wave measurements (Figure 8). All the piecewise continuous 1-D
models are connected to construct the final 2-D V, model across the array (Figure 9).

3. Results
3.1. Ellipticity and Phase Velocity Results

The resulting phase velocity profile (Figure 6d) reveals HiCF/PRF as an apparent boundary between faster veloc-
ities in the south and slower velocities in the north. The faster velocities in the south are mostly continuous in the
8-10 s range, sensitive to structure in the middle crust (Figure 8b), where small-scale variations between 3.0 and
3.4 km/s are observed for shorter periods. The DF emerges as a prominent localized low-velocity anomaly down
to ~8 s period. For the northern half of the profile, there are three distinct short-period low-velocity anomalies:
centered at the HiCF/PRF, bounded by the Healy Creek Fault (HeCF) and the Ealy Creek fault (ECF), and north
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Figure 7. Example of Markov Chain Monte Carlo joint inversion for a 1-D V, model at a location close to the Denali fault
(Figure 5, orange marker), with 4410 models accepted. (a) Shear wave velocity versus depth showing the initial model (red
triangles), the model space (dashed yellow lines), posterior model density (background color), and final mean model (white
dots). (b) Rayleigh wave phase velocity dispersion measurements with its uncertainties from this study (white crosses with
error bars) and predicted dispersion curves from the starting model (red triangles), posterior model density (background
color), and final mean model (white dots). (c) Same as panel (b) but for Rayleigh H/V ratios.

of the Northern Foothills Thrust Belt (NFTB). The uncertainty on the measurements shows larger uncertainties
for shorter periods (46 s) than for longer periods (7-10 s), likely due to stronger heterogeneity and wavefield
complexity, such as multipathing or scattering. However, most uncertainties of the measurements are below 5%.

The resulting H/V ratio profile (Figure 6a) reveals structures distinct from the phase velocity profile, as H/V ratios
are most sensitive to shallow crustal structure (Figure 8a; Lin et al., 2012). The observation of a high and low
HJ/V ratio represents a large and small shallow velocity contrast/gradient, respectively, common for sedimentary
basins and mountain ranges. There are several areas of high H/V ratios in the resulting profile. The highest H/V
ratios are measured in the northern end of the array, bounded by the NFTB in the south. South of the NFTB and
north of the HeCF, there are two different high H/V areas separated by the ECF. The other high H/V area is near
the southern end of the profile. Unlike the phase velocity profile, we see no evidence of major fault zones in our
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Figure 8. Example sensitivity kernels to changes in V, at depth. (a) H/V and (b) phase velocity sensitivity kernels for a
location near the Denali fault (Figure 5, orange marker) at three different periods calculated based on the inverted shear-wave
velocity model.

ellipticity measurements. Besides elevated uncertainties near the northern edge coinciding with the higher H/V
ratios, the H/V measurements mostly have uncertainty values below 5%.

3.2. Shear Wave Velocity Model

The shallow and deeper structures of the inverted shear velocity model (Figures 9a and 9b), in general, agree
well with the pattern of the input H/V ratio and phase velocity profiles, with the predicted phase velocity and H/V
ratio profiles in good agreement with the observed profiles (Figure 6). In the uppermost crust, major sedimentary
structures with V, < 1.8 km/s are observed, including the Susitna basin (SB)/Broad Pass (Figure 1) in the south,
the Northern flank of the Alaska Range, and the Tanana basin (TB) in the north. Susitna basin is a Holocene basin
connecting to the narrow Broad Pass and bounded by DF to the north. The Broad Pass slow anomaly is segregated
by the inferred Hurricane fault (HF) and Broad Pass fault (BPF) locations. The Northern flank of the Alaska
Range is the wedge-top depozone of the NFTB (Ridgway et al., 2007), and the slow anomaly is bounded and
segregated by HeCF, ECF, and NFTB. North of NFTB, extremely slow V, velocity (<1 km/s) is observed within
the TB, which is a continental foreland basin covered by Holocene alluvial, fluvial, and lacustrine deposits.

Few major surface fault traces appear to extend deeper down and correlate
with deeper crustal V structure (Figure 9b). Between 8 and 16 km depth,
crustal velocity is generally slower north of the HICF/PRF, presumably corre-
sponding to the pericratonic YCT. A prominent low V, anomaly (<3.2 km/s)

Parameters

bounded by HiCF/PRF and ECF is observed, which trends shallower around
Range HeCF beneath Jumbo Dome (JB) and BC volcanic structure. The location of

Sedimentary layer thickness
Sedimentary layer Vsv (top and bottom)
Crust b-spline coefficients (4 total)

2 + 2m0 (km) this slow anomaly also coincides with where the subducted Pacific-Yakutat
slab steepened and deepened below 100 km depth (Figure 9d; Hayes
et al., 2018). The overall faster structure south of HiCF/PRF is corresponding
to the heterogenous SZ. The DF emerged as a narrow vertical slow anomaly

m0 + 3.0 (km/s)
m0 + 3.0 (km/s)

Note. All parameters (left column), (right column) the ranges explored with  down to ~12 km depth. A sharp velocity change is observed across the BPF

'm0 corresponding to the starting model variable's associated value.

although the nature of the velocity contrast is not so clear.
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Figure 9. The inverted shear velocity (V,, km/s) model. (a) Depth 0-1.5 km; vertical exaggeration 90X. (b) Depth 0-16 km;
vertical exaggeration 15X. The locations of Susitna basin and Tanana basin are identified. Panel (c) same as panel (b)
but for the V, perturbation relative to the depth-averaged velocity. (d) The shear velocity model of this study (top 16 km
above the dashed line and of Berg et al. (2020), 16-150 km). The white line is the Moho depth estimations from Miller &
Moresi, 2018, and the yellow line is the depth of the slab from Slab 2.0 (Hayes et al., 2018); vertical exaggeration 2x. The
fault abbreviations are identified in Figure 1.
4. Discussion
4.1. Magmatic Material Beneath the DVG
The low-velocity anomaly we observe beneath ~12 km depth between the HICF/PRF and the ECF has not been
previously reported either in regional studies (A. A. Allam et al., 2017; Eberhart-Phillips et al., 2006; Rondenay
et al., 2010; Y. Wang & Tape, 2014; X. Yang & Gao, 2020) or in recent continental studies (Berg et al., 2020;
Martin-Short et al., 2018; Ward & Lin, 2018). In the upper crust, this area, part of the DVG, contains the Northern
Foothills fold-and-thrust belt that propagates northward. The interpreted location of the basal detachment of the
fold-and-thrust belt here is around 7-8 km depth (Bemis & Wallace, 2007), right above the top of the observed
RABADE ET AL. 10 of 15
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low-velocity anomaly. There are a few mechanisms that can result in an anomalous mid-crust low-velocity body,
such as mineral composition, temperature, pressure, crack density, fluid content, or a combination of those factors.

First, the low-velocity anomaly might be related to fluids, either melt or fluid-filled cracks. The presence of the
BC and Jumbo Dome could suggest that the slow velocity anomaly is related to magmatic/partial melt material
rising from below and accumulating in the middle crust. Assuming V, of 3.8 km/s (above the slow velocity zone)
for the host rock, a ~15% melt percentage will be needed to reduce the V, to ~3.2 km/s in the low-velocity zone,
based on the modeling of preferred crystallographic orientation (Lee et al., 2017). Second, the low-velocity
anomaly might correspond to a compositional change. North of the DF, the composition of the crust is mainly
metasedimentary and metavolcanic rocks (Jones et al., 1983). Brennan et al. (2011) observed a negative anomaly
in the receiver function and calculated a velocity ratio between P-wave and S-wave of ~1.6 for the area. The low
ratio led to an interpretation of a crust with felsic composition and a juxtaposition of metamorphic rocks (green-
schist over amphibolite), which Pavlis et al. (1993) suggest requires eliminating 10 km of the crustal column.
Nevertheless, subsequent studies calculating V., V,, and V‘,/Vs have not observed this low ratio in the area, and
they report a ratio higher than 1.75 (A. A. Allam et al., 2017). A negative receiver function anomaly from local
models (A. A. Allam et al., 2017; Brennan et al., 2011) and a higher Vp/V5 (A. A. Allam et al., 2017) would favor
the explanation of the low-velocity anomaly as fluid related instead of compositionally related. The geophysical
data do not allow us to distinguish the type of fluids present in the low-velocity anomaly.

Although we do not have the sensitivity to resolve the lower crust and the upper mantle, our observation and
the presence of recent basaltic volcanic activity (~10 ka) indicate that the mantle below the DVG is generating
melt, and the material is reaching the surface. Our observation suggests that the magmatic material reaches the
mid-crust beneath the northern flank of the Alaska Range, and it is stored around 12 km deep. We infer that the
upward migration of the material is probably inhibited by the compressive stress from the shortening of the plate
boundary transferred north of the DF to the fold-thrust belt, possibly sealing pathways in the crust, thereby hinder-
ing the movement of molten magma toward the surface (Bemis et al., 2015; McNamara & Pasayanos, 2002).
Sporadically, the material may travel up to the detachment zone of the fold-thrust belt (Bemis & Wallace, 2007)
and subsequently reach the surface through weak zones resulting from the fold and thrust system in the northern
foothills of the Alaska Range.

4.2. Denali Fault and Other Faults

The DF is imaged in our results as a narrow, low-velocity zone at the same location as the surface trace of the
fault (Figure 9b). Low-velocity zones are a common feature of seismogenic faults. They are created by breaking
surrounding rock during coseismic shaking (Ben-Zion & Sammis, 2003). The velocity reduction at 3.5-10 km
depth is around 15% from the surrounding crust. The narrow zone widens at depth (10-16 km) to the north. This
type of geometry has been modeled for strike-slip faults (Finzi et al., 2009). In the 0-3.5 km depth range, the
velocity is also slightly lower in the immediate vicinity of the DF compared to the surrounding structure, which
could be related to the fault damage zone. Previous geophysical observations in the Eastern DF reported a maxi-
mum of 5 km wide composite damage zone attributed to the presence of several fault strands in a narrow area
(Brocher et al., 2004) and geological observations indicate that the surface trace of the fault is in some locations
<200 m wide (Benowitz et al., 2022). A damage zone structure typically ranges in size from hundreds of meters
(Faulkner et al., 2011), to faults with damage zones that extend up to 1.5 km in width (Cochran et al., 2009). We
cannot resolve smaller-scale structures (<5 km), given the limits on the resolution imposed by the beam size and
the wavelength of the surface waves used in this research. The minimum resolution for this study, from ray theory,
is half of the wavelength for each period (Z. Wang & Dahlen, 1995; Y. Wang, Allam, & Lin, 2019).

None of the other faults on this transect show a distinct fault zone structure near the surface (<1.5 km) or in the
shallow- to mid-crust (1.5-16 km). There are two potential reasons for this. First, the previously discussed limi-
tations on resolution could be a factor. Second, the presence of geological or tectonic boundaries associated with
faults in the area could play a role. Larger velocity contrasts between different rock types may mask signals from
smaller anomalies, in this case, a fault damage zone.
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4.3. Suture Zone Northern Limit With the Yukon Terrane Boundary

We interpret the 10%—15% change of velocity at the HICF/PRF as the northern edge of the SZ and the crustal
boundary between the seismically faster SZ and the seismically slower YCT in the north (Figures 9b and 9¢). The
differences in seismic velocity between the north and the south can be explained by the geological history and
the compositional change from oceanic to continental affinity crust from south to north (Hampton et al., 2010;
Plafker & Berg, 1994; Ridgway et al., 2002). Our geophysical observation agrees with geological mapping inter-
preting the HiCF as the northern boundary of the SZ (Ridgway et al., 2002; Wahrhaftig et al., 1975). It would
also agree with deeper observations of a sharp contrast in the Moho in the HiCF (Brennan et al., 2011; Miller &
Moresi, 2018; Veenstra et al., 2006). Although it contrasts with previous local earthquake tomography results that
identified the DF as the boundary of the SZ (A. A. Allam et al., 2017).

The fast velocity area bounded by the BPF to the north and the HF to the south could be related to the mafic and
ultramafic rocks of the BPT underlining the Chulitna terrane (Jones et al., 1980) and corresponds with a positive
magnetic anomaly (Burns et al., 2020). The BPF and the HF played an important role during the formation of
the SZ in the Late Cretaceous with inferred strike-slip or thrust displacements (Clautice, Newberry, Blodgett,
et al., 2001; Clautice, Newberry, Pinney, et al., 2001; Jones et al., 1980). They have been reactivated during
the Holocene with a few kilometers of thrust displacement (Haeussler, Saltus, et al., 2017). The relationship
between the terranes and the faults in the Broad Pass area is not fully understood (Clautice, Newberry, Blodgett,
et al., 2001; Clautice, Newberry, Pinney, et al., 2001).

4.4. Sedimentary Basins

Our profile is bounded by two sedimentary basins: SB in the south and TB in the north. The southernmost
low-velocity zone is located north of the main depocenter of SB, where exploration wells and seismic reflection
lines show a sedimentary thickness of 4.5-5 km (Lewis et al., 2015; B. R. G. Stanley et al., 2013; R. G. Stanley
etal., 2014). The geometry and depth of the observed low-velocity anomaly suggest an independent accumulation
zone on the northern edge of the basin (Figures 9a and 9b). Sediment thickness information in the Broad Pass
along the Chulitna River is scarce. The two low-velocity zones observed near the BPF (Figure 9a) agree with two
distinct negative Bouguer gravity anomalies in the area (Meyer, 2005).

Our observation of thinning of the sedimentary layers from the HiCF/PRF toward the NFTB has also been
reported using topography and structural geology observations (Bemis & Wallace, 2007). The low-velocity
zones along the northern flank of the Alaska Range (Figures 9a and 9b) have been referred to as the wedge-top
depozone of the TB in the fold and thrust system deformation (Ridgway et al., 2007). We identify two distinct
anomalies in the Alaska Range. The southernmost anomaly, which we interpret as the foredeep basin (Ridgway
et al., 2007), is deeper and has slower velocities at depth compared to the northern anomaly, which we interpret
as the forebulge extending toward the Yukon-Tanana Uplands. In the northernmost anomaly, we observe a layer of
700-800 m with velocities lower than 1 km/s, and we observe velocities lower than 3 km/s up to 2.5-3 km depth.

Previous studies on the TB report depths of 1.5 km to the basement (Dixit & Hanks, 2021; Trop & Ridgway, 2007).
The high velocity in the basement can be explained by the Yukon-Tanana Terrane schist underlying the basin
(Dixit & Hanks, 2021). Our profile (Figure 1b) does not extend north beyond the town of Nenana into the Nenana
basin (NB), where sediments up to 8 km deep have been interpreted from borehole data and seismic reflection
data in the NB (Dixit & Hanks, 2021; Van Kooten et al., 2012).

5. Conclusions

This study presents a high-resolution 2-D shear-wave velocity profile of south-central Alaska across the DF and
the Alaska Range. We measure Rayleigh wave H/V ratios and phase velocities calculated from ambient noise
cross-correlation and invert for a shear velocity model through a joint MCMC inversion, which takes advantage of
the complementary sensitivities of the measurements. We observe a mid-crust, low-velocity anomaly north of the
HiCF and south of the Buzzard Creek and Jumbo Dome volcanoes. We favor the scenario that the LVZ is formed
by fluids or melt material generated by the subducted slab being stored in the mid-crust. Within the top 5 km, our
model delineates the SB, and the TB, south and north of the Alaska Range, respectively. We imaged the Alaska
SZ in detail, including the northern limit at the HiCF, where seismic velocity in the north drops around 10%—15%.
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We also imaged the DF as a narrow low-velocity anomaly extending to depths of 10-12 km. The new observation
of the low-velocity anomaly beneath the DVG should spark future research to assess any possible hazard and
to image the lateral limits of the anomaly. The use of other seismic and geophysical techniques with additional
seismic deployments can help to measure the 3D extent and nature of the LVZ and is the target of future work.
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CHAPTER 4

IMAGING VOLCANIC DIKE STRUCTURE IN THE EAST RIFT ZONE, HAWAII BIG
ISLAND

Santiago Rabade?, Fan-Chi Lin!, Jamie Farrell*, Sin-Mei Wu?

1. Department of Geology and Geophysics, University of Utah.
2. Lawrence Berkeley National Laboratory

Abstract

The 1840, 1955, and 2018 eruptions in the Lower East Rift Zone (LERZ) of Kilauea
were followed and fed by different episodes of dike intrusions in the subsurface over 30 km
away from the volcano summit reservoirs. To gain a better understanding of the dike
emplacement and the magma transport process, we study the shallow crustal structure in the
LERZ using a linear geophone nodal array deployed perpendicular to the dike. We use multi-
component noise cross-correlations and beamforming/slant stacking methods to measure the
phase velocity of Rayleigh and Love waves. Additionally, we calculated Rayleigh wave
ellipticity using the larger island network. Colocated high-velocity anomalies of Love and
Rayleigh wave phase velocities beneath the 1955 fissure, associated with a low velocity Love

wave anomaly reveal the complexity of the shallow crustal structure.

1. Introduction

Moderate to large volcanic eruptions are infrequent but can cause widespread

disruption of lives and extensive economic losses. About 800 million people live within 100



km of an active volcano (Freire et al., 2019). There are about 1,350 potentially active
volcanoes worldwide, including 161 in the U.S., 18 of which are considered high threat and
predominantly distributed in Alaska, California, Hawaii, Oregon, and Washington (Ewert et
al., 2018). The hazards of volcanoes include lava flows, ash or tephra fall, ballistics,
pyroclastic currents, debris flow or lahars, landslides, and ground shaking.

Lava flows are among the most common and destructive features of effusive volcanic
eruptions, as anything impacted on its path is expected to be completely destroyed (Jenkins et
al., 2017; Neal et al., 2019). In the case of Hawaii, lava flows typically traveled around 10-15
km from the eruptive vent; the longest flows observed have traveled up to 50 km (Malin,
1980). The magmatic material can also be transported in the subsurface from the storage near
the volcanic edifice or caldera to the eruptive vents dozens of kilometers via dikes. Recent
examples include the ~40 km long Bardarbunga dike in 2015 (Gudmundsson et al., 2016), or
the ~50 km long dike structure of Kilauea volcano in 2018 (Neal et al., 2019).

There are surface records of lava flows in the LERZ as old as 3000 y.o. (Sherod et al.,
2021). Since 1950, the Hawaiian volcanic activity can be described as frequent with
prolonged eruptions on the Kilauea crater and in the Kilauea East Rift Zone (ERZ). In 1955,
there was a weeks-long eruption on the LERZ. From 1969 to 1974, eruptive activity occurred
on the Mauna Ulu part of the Upper ERZ (UERZ) (Swanson et al., 1979; Tilling, 1987).
From 1983 to the beginning of 2018, the activity centered on Pu‘u ‘O‘0 located on the
Middle ERZ (Parfitt and Wilson, 1994; Poland et al., 2014), and since 2006, from the
Halema‘uma‘u crater at the summit (Neal et al., 2019). The Southwest Rift Zone activity of
Kilauea is limited to the 1971 and 1974 eruptions (Lockwood et al., 1999; Poland et al.,
2014). Meanwhile, events on Mauna Loa have been restricted to two short-lived eruptions in

July 1975 and March-April 1984 (Tilling et al., 2010).
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Figure 1. The magenta squares are the broadband stations, the yellow square is the virtual
source for Figure 3a, and b. The black triangles are the temporal nodal array. The red triangle
is the virtual source for Figure 2a, and b. a) Topographic map of Hawaii Big Island. b) Zoom

in to the Kilauea summit. ¢) Zoom in to the linear nodal array.

In mid-March 2018, a net increase in magma supply caused inflation and the rise of
the lava lake level in both cones, a good proxy of the increased pressurization on the system
(Patrick et al., 2015). In the framework before the 2018 eruption, this kind of event would
have caused a new discharge on Pu‘u ‘O0 or its surroundings (Neal et al., 2019; M.R.
Patrick et al., 2020). A decrease in the transport efficiency in the Pu‘u ‘O°0 cone has been
hypothesized as the reason for the increase in pressurization (Patrick et al., 2020). On April
30, a new vent formed around Pu‘u‘O°, the floor of the crater collapsed, and the seismicity
and the magmatic material started to move downrift towards the LERZ. The lava lake
withdrawal began on May 1, and the first eruptive vent on the LERZ opened on May 3,

extruding material with a similar composition to the 1955 eruption (Neal et al., 2019).



The collapse of the caldera at the summit and the effusive events downrift at the
LERZ has been likened to a piston-like drop system. The collapse of the caldera floor serves
as a piston that increases the pressure and the ERZ dike acts as the hydraulic connection
between the summit and the LERZ (Patrick et al., 2019). The collapses were driven by the
magma withdrawal from the summit reservoir (Neal et al., 2019). This pattern had also been
noted in the Bardarbunga and Fernandina caldera collapse. However, it is worth noting that
there is no report of increased piston-like pressure for the 2007 collapse of Piton de la
Fournaise (Gudmundsson et al., 2016). This piston-like system, added to the low elevation of
the LERZ vent, made the 2018 eruption one of the largest in recorded history. In 4 months of
effusive activity, the system extruded around 1 km3 (Neal et al., 2019; Patrick et al., 2020).

Improving our knowledge of underground magma transport is crucial by studying the
velocity structure of active dikes to diminish the hazard associated with lava flows and
magma transfer. Measuring the size of a dike is difficult (Rivalta et al., 2015). The GPS
and/or InNSAR-derived crustal deformation usually lacks resolution. During episodes of
magmatic/dike intrusions, seismicity is abundant. However, the spatial distribution of
seismicity is not solely associated with the dike propagation. Indirect modeling measurements
usually have hard-to-constrain variables like dike section lengths, heights, widths, magma
temperature, pressurization, and gas content. Passive and active seismic interferometry has
proved to be a valuable and flexible tool to map the shallow crust, including small structures
like fault zones (Mordret et al., 2019; Wang, Allam et al., 2019; Gkogkas et al., 2021, Rabade
et al., 2023), as well as complex hydrothermal features (Wu et al., 2017, 2019, 2021). To
better understand the transport of magma and the hydraulic connection between different
features of the Kilauea volcano, we imaged the Lower East Rift Zone (LERZ) using Love and
Rayleigh phase velocities measured from ambient cross-correlations of a temporal nodal

array deployed in the spring of 2019.



2. Data and Methodology

2.1 Data

This study used ambient noise data from a semi-linear temporal deployment installed
along Hawaii Route 130 (Figure 1b). The highway is located ~2 km west or uprift from
fissure 8, the most effusive during the 2018 eruption. The temporal array consisted of 29
three-component 5 Hz nodal stations deployed from mid-March to late April 2019 with
variable interstation distance. The main segment of the array is 27 stations with an end-to-end
distance of ~10 km, formed by sparser edges and a central denser coverage above the
presumed dike location with an interstation distance of ~200m. We also employed temporal
stations deployed around the Kilauea caldera and permanent from the Hawaiian VVolcano
Observatory (add ref), the Pacific Tsunami Warning Seismic System (add ref), and the

Global Seismograph Network (add ref).

2.2 Ambient Noise Cross-Correlation

We used the month-long noise recordings to calculate the 9-component noise cross-
correlation following (Lin et al., 2014; Wu et al., 2017). To prepare the data, we pre-filter the
signal between 0.1 and 50 s period, decimate the data to 50 samples per second, and cut the
data into 5-minute segments. Then, for each nonoverlapping 5-minute segment, we calculate
the cross-correlation using two different normalization processes. The first normalization
process uses data from the entire array (Wu et al., 2020). The whitening is computed using
the 90th percentile averaged three-component spectrum across the array for spectral
normalization. For temporal normalization, we normalized by the 90th percentile maximum
amplitude of the vertical-vertical CCFs across the entire array (Figure 2). For the second

normalization process, we whiten the three-component data based on the vertical spectrum,



and likewise, we do a temporal normalization by the maximum amplitude of the vertical (Wu
et al., 2017) (Figure 3). The cross-correlations obtained with the whole array normalization
are used to measure the phase velocity, and the cross-correlations obtained using the
normalization by the vertical component are used for the Rayleigh wave ellipticity

measurements.

2.3 Rayleigh and Love Wave Phase Velocity

Given that the array is sparser at the edges and denser at the center (Figure 1b), we
use slant stacking or single beamforming (Rabade et al.,2023; Wang et al., 2019) (Figure 4)
to measure Rayleigh and Love Wave phase velocity. This approach can enhance the signal
and simultaneously measure local phase velocity. To create the beams, we use the station
location as a beam center, and then we find the 7-closest stations, to be included in the beam,
each station needs to pass two criteria: first, it needs to be one wavelength away from the
source, and second, the station needs to be closer than 1.5 wavelengths from the receiver
beam center, using a reference velocity of 1km/s. This approach results in variable beam size,
larger at the edges and smaller at the middle of the array. We use the vertical-vertical (ZZ)
cross-correlation for Rayleigh waves, and for Love waves, we use the transverse-transverse
(TT) component. The phase velocity computation uses the same parameters for the two
waveforms. First, we cut the signal to a reference velocity of 1km/s to remove earlier
spurious arrivals (Wang et al., 2019, Gkogkas et al., 2021), and we taper and normalize the
signal by its maximum amplitude. Then, we perform a coarse and fine grid search and shift
and stack the waveforms to find the best phase slowness that maximizes the envelope
amplitude. We stack the envelope amplitude at the maximum time for each source-receiver

pair with a signal-to-noise ratio larger than 10. The maximum of the stack is the resulting



phase velocity, and we defined the uncertainty as any value larger than 0.95 normalized

amplitude.
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Figure 2. Example of noise cross-correlation record sections for the linear array

calculated between the southernmost nodal station and all the receivers filtered around 1 s
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Figure 3. Example of symmetric noise cross-correlation record sections from a broadband
station to the linear array around 5 s (a)ZZ, and (b) ZR.

2.3 Rayleigh Wave Ellipticity

Using the cross-correlation from the rest of the island to the linear array, we measure
the Rayleigh wave ellipticity or horizontal-to-vertical (H/V) amplitude ratio. The H/V ratio is
sensitive to velocity contrast directly beneath the station. For the H/V processing, we use the
symmetric ZZ and vertical-radial (ZR) components of the cross-correlation (Figure 5). First,
we obtain the group and phase travel time from frequency-time analysis (Bensen et al., 2007;
Lin et al., 2008). Then, to measure the H/V, we use the envelope peak for each period (Berg
etal., 2018, 2019; Lin et al., 2012) on waveforms passing two different criteria: first, an SNR
larger than 5, and second, the phase travel time of the horizontal component should be within

one-sixth of a period of the expected 90-degree phase shift (one-fourth of a period) between



the vertical and radial components. We only use the common sources for all receivers to

avoid any bias in the result from having a different number of measurements.
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Amplitude as a function of time and phase slowness, the cross denotes the location of the

maximum amplitude. (b) ZZ. (c) ZZ shifted by the maximum amplitude slowness. Reference
dashed line 1km/s.
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3. Results

3.1 Rayleigh and Love Wave Phase Velocity

The Rayleigh wave velocity result (Figure 6b) shows lower phase velocities on the
southern end of the array and larger velocities on the northern section of the array. There is a
continuous velocity increase from the south, with the maximum around ~200 m south of the
dike. This high-velocity anomaly is around 1 km long. The velocity is constant north of the
dike, with a subtle increase 900 m north of the dike.

The Love wave phase velocity for a 1-second period (Figure 6a) shows slightly larger
velocities in the southern edge of the array than in the north. Around ~400 m south of the
dike, there is also a 500m wide high-velocity anomaly, mostly colocated with the high-
velocity Rayleigh wave anomaly. From 500 m to 1500 m north of the dike location, there is a

low-velocity area of Love wave.

3.2 Rayleigh Wave Ellipticity
The resulting H/V ratio (Figure 7) shows a trend of larger ellipticity south of the dike

location and lower ellipticity north of the dike location. In the deeper results (7 sec), the



difference between the north and the south is larger than in the shallower result (5 sec). For

these results, there is no clear anomaly regarding the dike signature.
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Figure 6. Phase Velocity profile for 1 second: a) Love wave, b) Rayleigh wave.

distance in the x-axis is calculated from the presumed dike location.
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4. Discussion

4.1 The dike

The colocated high-velocity anomalies of Love and Rayleigh wave phase velocity
(Figure 6) can be related to the younger magmatic emplacements from the LERZ, previous
observation suggest higher velocities in the LERZ (Wei et al., 2023; Lin et al., 2014). The
anomaly is located beneath the relatively young 1955 LERZ eruption flows. This process is
analogous to the high-velocity anomaly observed surrounding the magmatic chamber in
volcanic settings (Paulato et al., 2022). The high-velocity area agrees with a low resistivity in
the shallow, ~300m, and high resistivity at ~800m anomaly obtained from a 2013 survey
(Warren et al., 2023).

Our result does not provide enough information to suggest any relation between this
high-velocity anomaly and the 2018 eruption. We can hypothesize several scenarios. The first
scenario is that the 2018 dike, with an estimated weight of ~20-30 m (Roman and Lundgren,
2023), and the resulting thermal anomaly are small, and the surface waves can not map them.
The second scenario is that the signature of the high-velocity anomaly is larger than the
signature of the 2018 dike, and the anomaly is a complex boundary that changes the shape
and size of the surface waves, muting any signature of the ~20-30 m wide structure. The third
scenario is that the high-velocity anomaly is the signal of the 2018 eruption. This hypothesis
is supported by the fact that the initial lavas of the 2018 eruption had a composition similar to
the 1955 lava (Neal et al., 2019). The other information is the different strikes between the
fissures in 1840 and 1955 with the 2018 eruption. Projecting east, lines following the fissures
of 2018 and the fissures of 2018 intersect ~2 km east of the array. It is unclear if the material

was following the same trace as 1955 and locally diverged to use a different set of cracks to



reach the surface. We do not observe an anomaly related to the 1840 eruption in the northern
section of the array.

We interpret the low Love wave velocity anomaly as a highly fracture media product
of the different dike intrusions and the normal faulting related to the island decollement
(Clague and Sherrod, 2014; Denlinger and Morgan, 2014). Our measurements suggest that

the LERZ width is 3.5 to 4 km.

4.2 Larger Scale Tectonic Structure
The larger scale tectonic structure from phase velocity (Figure 6) and ellipticity

(Figure 7) suggests that in the southern part of the array, the crust is more homogeneous with
similar velocity for shallower sensitivity Love waves and deeper sensitivity Rayleigh waves.
The higher H/V in that area suggests a velocity contrast deeper than the sensitivity of the
phase velocity. In the northern edge of the array, there are differences in velocity between
Rayleigh and Love waves, and the smaller H/V suggests there is no velocity contrast at depth.
We infer that the velocity differences between the deeper velocity contrast in the south and
the shallower velocity contrast in the north are related to the differences in the emplacement
type of the basaltic lavas of the Kilauea system. In the shallow, the crust is dominated by lava
flows, and at depth is dominated by lava pillows from submarine eruptions. Our result points
to a thicker lava flow in the south and thinner lava flows in the north. This large scale pattern
is consistent with peak-ground-velocity measured at the same locations during 2018 eruptions

(Wu et al., 2020) and with island-wide tomography (Wei et al., 2023)

5. Conclusions

In conclusion, our analysis reveals insights into the geological dynamics of the LERZ

Kilauea Volcano region. The presence of colocated high-velocity anomalies in Love and



Rayleigh wave phase velocities beneath the younger magmatic emplacements from the LERZ
suggests a complex interplay between volcanic activity and crustal structure. While our
findings do not definitively link the observed high-velocity anomaly to the 2018 eruption,
several scenarios are proposed, highlighting the need for further investigation. Additionally,
the interpretation of a low Love wave velocity anomaly as a product of highly fractured
media underscores the intricate nature of dike intrusions and faulting in the area.
Furthermore, the broader tectonic implications discussed by the differences in crustal velocity
structures between the southern and northern edges of the array shed light on the
emplacement patterns of basaltic lavas within the Kilauea system. These findings contribute
to a deeper understanding of the geological processes at play in this dynamic volcanic region

and underscore the importance of continued research efforts to discover its complexities.
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CHAPTER 5

CONCLUSIONS

In this dissertation, | presented three projects detailing how more information
regarding the crustal structure or the temporal variations of seismic signals can help to
understand the geohazards of natural and human-made systems. Combining ambient noise
interferometry to enhance signals and cheap and reliable nodal seismic stations can be a cost-
effective strategy to reduce risk.

For Alaska, we obtained a shear wave velocity model of the top 16 km by jointly
inverting Rayleigh wave phase velocity and ellipticity from ambient noise cross-correlations.
We observed a low-velocity anomaly beneath the Denali VVolcanic Gap, which we interpret as
subduction-related magmatic material. We also observed the Denali Fault as a sharp, narrow,
low-velocity anomaly extending to a depth of 12 km. We interpret the Hines Creek Fault
trace as the northern limit of the Alaska Suture Zone. These three main observations shed
light on the far-field effects of subduction zones, the evolution of arc volcanism in flat slab
subductions and the Cordilleran strike-slip systems. Methodologically, we propose to use
phase shift between Rayleigh waves in the ZZ and ZR components as a quality control
criterion to remove spurious Rayleigh wave measurements.

For Hawaii, we use Rayleigh and Love phase wave velocity and Rayleigh wave
ellipticity to analyze the shallow structure of the Lower East Rift Zone of the Kilauea volcano
system. Within the rift zone, we measure larger velocities south of the presumed dike location
and lower velocities north of the dike. In the larger scale structure, farther from the dike, we
observe larger velocities north and a similar velocity structure in the shallow. The shallow to
deep pattern can be related to the emplacement method of the basalts, from lava flows to lava

pillows.



For the Longwall coal mine, we developed a workflow to extract and separate the
signals generated from mining activity from the background seismic noise of the area. Then,
we located the mine signals using the entire waveform at short- and long-time scales. These
workflows can be used to monitor real-time seismic sources in many active environments, for
example, mines, volcanoes, geothermal or hydrothermal systems, fracking or wastewater
injection sites, or oil and gas extraction areas. This study underscores the potential of seismic
noise analysis as a robust tool for real-time monitoring of seismic sources in active industrial
settings, with implications for enhancing hazard assessment and risk management practices in

mining operations.



