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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 Volcanic 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 I 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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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 Bárdarbunga 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 ‘Ō‘ō 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).  



 
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. c) 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 ‘Ō‘ō or its surroundings (Neal et al., 2019; M.R. 

Patrick et al., 2020). A decrease in the transport efficiency in the Pu‘u ‘Ō‘ō 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‘Ō‘ō, 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 Bárdarbunga 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 InSAR-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 Volcano 

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. 

 
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, 

reference dashed line 1km/s (a) ZZ, and b) TT. 



 
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 

et al., 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. 

 

Figure 4. Example calculation of phase slowness based on slant stacking. (a) 

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. 



 
Figure 5. a) Cross-correlation function of components ZZ and ZR of station pair with 

virtual source on the Kilauea summit and receiver in the rift zone). b) Retrograde particle 

motion. 

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. 

 

 
 

Figure 6. Phase Velocity profile for 1 second: a) Love wave, b) Rayleigh wave. The 

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

 

 
Figure 7. H/V results for periods 5 and 7 seconds. 

 

  



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, I 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 Volcanic 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. 


