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ABSTRACT 

SARA HANSON-HEDGECOCK: Signal From Noise: Insights Into Volcanic System 
Processes From Ambient Noise Correlations 

(Under the direction of Jonathan Lees) 
 

This first section of dissertation concerns the imaging of the crust and upper most 

mantle structure of the mid-Miocene volcanic provinces of the Northwestern United States 

using ambient noise tomography. Chapter 1 introduces the complex tectonic history of the 

northwestern United States and describes the development of volcanism from the ignimbrite 

sweep that occurred with the extension of the Basin and Range province, initiation and 

evolution of the mid-Miocene volcanism of the Steens/Columbia River flood basalts, and 

mirror-image volcanic tracks of the High Lava Plains, Oregon and Yellowstone-Snake River 

Plains. Chapter 2 describes in detail the concepts and methods for determining the 3D shear 

velocity structure in the crust and uppermost mantle from ambient noise correlations. Chapter 3 

contains the text and supplementary materials of Hanson-Hedgecock et al. [2012] published in 

the Geophysical Research Letters that describes the application of the ambient noise methods 

to the imaging of the Western United States. 

The second section of this work discusses the results of measuring velocity changes 

associated with three episodes of increased eruptive activity at Tungurahua in 2010 using 

ambient noise correlations. The third section of this work discusses the results of using the H/V 

ratio to measure the level of equipartition of the ambient noise wavefield at Tungurahua in 

2010. 
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  Chapter 1

TECTONICS AND VOLCANISM IN THE WESTERN UNITED STATES 

1.1. Introduction 

The focus of this work is to develop an understanding of the lithospheric structure and 

development of the mid-Miocene-to-present intraplate volcanism of the northwest United 

States within the context of the regions’ complex tectonic and magmatic history. The region of 

interest in bounded to the north by the Siletzia terrane and Blue Mountains province of 

northern Oregon; to the east by the Cretaceous to Oligocene thrust belts in central Utah and 

western Wyoming; to the south by the northern Basin and Range Province of Nevada and Utah 

and includes the Coastal Ranges, Cascades and northern Sierra Nevada of northern California, 

and extends just west of the Cascades. The mid-Miocene-to-present volcanic provinces that 

developed within this region include the Steens/Columbia River flood basalts, Yellowstone-

Snake River Plains (YSRP) and High Lava Plains (HLP) volcanic tracks, and the arc volcanism 

of the Cascades from the Washington-Oregon border to northern California.  

1.2. Tectonic Setting 

Interaction between the Pacific, Farallon and North American tectonic plates plays a 

dominant role in the timing and location of volcanism and crustal deformation within the 

western United States from the mid to late Tertiary. Analysis of the magnetic anomaly patterns 

on the Pacific Plate along the west coast of North America established that a spreading ridge 
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once existed at the boundary between the Pacific and Farallon tectonic plates [Atwater, 1970; 

Atwater and Stock 1998]. The magnetic anomalies on the Pacific Plate off the western US 

represent only half the expected symmetrical pattern produced by a spreading ridge. Indications 

are that the other half of the anomalies on the old Farallon plate, and the Pacific-Farallon 

spreading ridge that produced them, has been subducted and consumed at the boundary with 

the North American plate. The youngest anomalies on the Pacific plate indicate that the 

Pacific-Farallon trench was active until about 29 Ma south of the Mendocino fracture zone. 

Subduction, at a rate of ~7-10 cm/year, along western North America allowed the 

North American plate to overrun the Farallon plate and Pacific-Farallon ridge, which was 

spreading at a rate of ~5 cm/year. Along the segment between the Pioneer and Murray fault 

zones the Farallon plate broke and pieces of the ridge began colliding with the trench, while 

spreading along the Pacific-Farallon ridge slowed and ceased by ~32 Ma [Atwater, 1970]. As 

the trench and ridge came into contact the thin and hot lithosphere of the Pacific plate at the 

Pacific-Farallon ridge cooled and become attached to continental crust, after which oblique 

motion between the Pacific and North American plate resulted in a new transform plate margin 

and the formation of the San Andreas fault zone no earlier than ~30 Ma [Atwater, 1970] (see 

Figure 1). The broken segment of the Farallon was subducted by ~24 Ma and by 20 Ma had 

cooled and strengthened enough that motion between the Pacific and North American plates 

could cause deformation along what is now the San Andreas fault zone and folding of the 

Coastal Range [Crowell, 1968; Atwater, 1970].  
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Figure 1. Collision of the Pacific-Farallon ridge with the North American plate in cross-section, 

from Atwater [1970]. With the Pacific plate fixed, ridge normal spreading occurs at 5 cm/year and 

movement of the North American plate is oblique, indicated as out of page. A-B. is the 

configuration during the early Tertiary, C shows the collision of the trench and Pacific-Farallon 

ridge, and D shows the current plate configuration in central California. Movement along the San 

Andreas Fault zone starts between C and D. 

Strike-slip displacement along the new transform plate boundary, the San Andreas 

Fault zone, has been on the order of ~315±10km since 23 Ma [Atwater and Stock, 1998]. This 

movement has translated the Mendocino triple junction northwards to its present position 

beneath the Sierran-Great Valley block, just north of Sutter Buttes, at ~39.5o latitude, by ~ 4Ma 

[Atwater and Stock, 1998]. Motion between the Pacific and North American plates is also 

accommodated by deformation within weak continental lithosphere of the Basin and Range. 
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The NW oblique displacement has resulted in a margin normal extension of up to ~2 cm/year 

and the opening of the Basin and Range province [Atwater, 1970; Atwater and Stock, 1998, 

McQuarrie and Wernicke, 2005]. Basin and Range extension reached southern Oregon by 

~22Ma [Scarberry et al., 2009]. 

This transform motion along the boundary between the North American and Pacific 

plates has caused a margin normal extension of up to 2 cm/year that resulted in southwest to 

northeast trending extension within what is now the Basin and Range province [McQuarrie and 

Wernicke, 2005], which reached southern Oregon by ~22 Ma [Scarberry et al., 2009]. Changes 

in deformation direction around 8 Ma appear to correlate with increasing westward extension 

in the northern Basin and Range between the Sierra Nevada and the Colorado Plateau [Atwater 

and Stock, 1998; McQuarrie and Wernicke, 2005]. From 30-12 Ma the Pacific plate was 

displaced along an azimuth of N60oW at a rate of ~33mm/year; from 12-8 Ma this rate 

increased to ~55mm/year, and after 8 Ma plate motion changed to a more northerly direction, 

N37oW.  

North of the San Andreas transform boundary the Juan de Fuca slab, a remnant of the 

broken up Farallon slab, continues to subduct at a rate of ~5.8 cm/year parallel to the Blanco 

fracture zone. A net compression NNE of about ~2.5 cm/year results from the interaction of the 

Juan de Fuca plate and the North American plate that moves parallel the SAF at a rate of 5~.8 

cm/year. This oblique convergence and subduction of the Juan de Fuca plate, a remnant of the 

larger Farallon plate, beneath North America drives continued volcanism in the Cascades from 

the coast of southern Canada, into Washington and northern California. 
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1.3. Volcanism in the Northwestern United States 

The mid-Miocene volcanic history of the Pacific Northwest is complicated and not 

fully understood. Cascade arc volcanism initiated parallel to the present arc some ~42 Ma 

[Madsen et al., 2006] after the accretion of the Siletzia oceanic terrane, which is now found in 

northern Oregon into Washington. Extensive volcanism within Basin and Range formed in a 

north to south trending “ignimbrite sweep,” characterized by large-volume eruptions of silicic 

magmas from centers migrating over much of western North America between 50 and 20 Ma 

[Lipman et al., 1972].  

Cascadia back-arc region, mid-Miocene volcanism began ~17 Ma with the eruption of 

the voluminous Steens/Columbia River flood basalts (Figure 1). In a time span of ~1.5 Ma, 

over 200,000 km3 of basalt were erupted from N-S trending dike swarms located within the 

accreted terranes along the western boundary of Precambrian North America [Camp and Ross, 

2004]. The initiation of silicic volcanism at the southwest edge of the Owyhee Plateau (OP) 

followed the cessation of flood basalt volcanism [Brueseke et al., 2008]. By ~12 Ma, two 

distinct lineaments of time-progressive silicic volcanism had developed, both originating in the 

vicinity of the OP: the Yellowstone-Snake River Plain (YSRP) lineament that trend northeast 

parallel to apparent plate motion after ~12 Ma [Pierce and Morgan, 1992] and the High Lava 

Plains (HLP) volcanic lineament that trends to the northwest, terminating at present near 

Newberry volcano [Jordan et al., 2004]. Basaltic eruptive activity that is not time progressive 

persists into the Holocene along both the HLP and YSRP [Camp and Ross, 2004 and 

references therein].  
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1.4. High Lava Plains, Oregon (HLP) 

The High Lava Plains (HLP) volcanic track is the northwest trending track of rhyolite 

volcanism that is the mirror-image of the Yellowstone-Snake River Plains (YSRP) track. The 

track originated around 12 Ma near the margins of the Owyhee Plateau (OP), like the YSRP 

track, and is currently thought to end at present at Newberry volcano. The rhyolite volcanism 

of the HLP is less voluminous, less evolved, and influenced by the Precambrian Craton than 

the YSRP rhyolite volcanism [Pierce and Morgan, 1992; Savov et al., 2009]. At the younger, 

westerly end of the HLP track, volcanism is enhanced by the merging of the Cascade arc with 

the HLP track. The link between the two volcanic provinces is indicated by the isotopic 

similarity of low-K tholeiites in the Cascades and HLP [Meigs et al., 2009].  

Basaltic volcanism occurs along the length of the HLP track, but is not time progressive 

in contrast to the rhyolitic volcanism [Meigs, et al., 2009]. The basaltic volcanism that 

occurred concurrent with the HLP track volcanism is dominated by primarily low-K, high-AL 

olivine tholeiites (HAOT) that is similar to mid-ocean ridge basalt [Hart 1985]. HAOT 

volcanics are present throughout eastern Oregon [McKee et al., 1983; Hart et al., 1984], along 

the YSRP track [Leeman, 1982] and are present along with calc-alkaline lavas of Medicine 

Lake and the Modoc Plateau in the southern Cascades [Hart et al, 1984; Bacon et al., 1997]. 

Hart et al, [1984] suggests that the basalts are produced by scattered fissure and fissure-

controlled eruptions triggered by extensional tectonics of the Great Basin, consistent with the 

N-S alignment of some individual eruptive centers. The HAOTs are primitive, having a low 

degree of fractionation and low concentration of large ionic lithophile elements (LILE), which 

may be consistent with the hypothesize lack of mantle lithosphere beneath the HLP [Till et al, 

2013].  
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Figure 2 Volcanic and tectonic elements of the western United States: (A) Distribution of volcanic 

rocks younger than 17 Ma, by age and composition (Luedke and Smith, 1984), illustrates the 

tremendous volcanic activity east of the Cascade Range in the northern extent of the Basin and 

Range province. (B) Some tectonic elements (after Jordan et al., 2004) superimposed on the map of 

Luedke and Smith (1984). Solid brown line outlines the Basin and Range province. Volcanic fields 

younger than 5 Ma illustrate the continuing activity in the Cascade Range and along the High Lava 

Plains (HLP; brown field) and the eastern Snake River Plain (ESRP). Short curves along the HLP 

and ESRP are isochrons (ages in Ma) for the migrating silicic volcanism along each volcanic trace. 

Flood basalt activity was fed from dike systems in the northern Nevada rift (NNR), Steens 

Mountain (SM), the western Snake River Plain (WSRP) and the Chief Joseph (CJ) and Cornucopia 

(C) dike swarms of the Columbia River Basalt Group. These dikes occur near the western border of 

Precambrian North America as defined by the 87Sr/86Sr 0.706 line (large dot-dash line). 

Northwest-trending fault systems—Olympic-Wallowa lineament (OWL), Vale (V), Brothers (B), 

Eugene-Denio (ED) and McLoughlin (Mc)—are shown by the short-dashed lines. Additional 

features include Newberry Volcano (NB), Owyhee Plateau (OP), Juan de Fuca Plate, San Andreas 

fault zone (SAFZ), and Mendocino triple junction (MTJ).CA—California; ID—Idaho; OR—

Oregon; NV—Nevada; UT— Utah; WA—Washington; WY—Wyoming.[source: Meigs et al., 

2009] 

The HLP is dominated, structurally, by the northwest striking faults of the Brothers 

Fault Zone, the interpreted northern boundary of the Basin and Range extensional province 

[Lawrence, 1976]. The faults of this zone are only a few kilometers long with throws of a few 

tens of meters [Lawrence, 1976; Trench et al., 2012]. This is in contrast to the Basin and Range 
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faults that are tens of kilometers long with throws on the order of kilometers, widely spaced, 

and bounded by grabens. Extension along this northern boundary is small compared with the 

central Basin and Range, on the order of 17% since ~16 Ma [Wells and Heller, 1988; 

Wernicke, 1992]. 

1.5. Yellowstone-Snake River Plains (YSRP) 

The YSRP hot spot track is composed of a series of large calderas and rhyolitic centers 

that become progressively younger from the McDermitt caldera complex, at ~16.1 Ma, to the 

Yellowstone caldera, at present. This time progressive trend has been attributed to the North 

American plate movement over a stationary hotspot (e.g., Pierce and Morgan, 1992). Though 

there is still much debate regarding the nature of the hotspot; whether it is generated by the 

upwelling tail of a deep mantle plume [e.g. Draper, 1991; Pierce and Morgan, 1992; Smith and 

Braile, 1993; Takahahshi et al., 1998; Camp and Ross, 2004, Smith et al., 2009; Obrebski et 

al., 2010; Xue and Allen, 2010] or from shallower upper mantle upwellings and convection 

[e.g. Lipman et al., 1972; Cross and Pilger, 1982; Carlson and Hart, 1987; Humphreys et al., 

2000; and Christiansen et al., 2002; James et al, 2011] 

Basalts, similar to the HAOTs of the High Lava Plains, also occur along the Snake 

River Plains to Yellowstone [Leeman, 1982]. They are found as extensive basaltic lava flows, 

shield volcanoes, fissure vents and cinder cones that overlay the rhyolitic ignimbrite, lava 

domes and fall deposits [Greeley, 1982]. DeNosaquo et al. [2009] proposed a model for the 

bimodal volcanism along the YSRP track where magma ascends to a level of neutral buoyancy 

in the mid-crust. Over time, as basaltic magma continues to be injected into the crust, the 

crustal conduits become depleted in low temperature melting materials required for production 

of rhyolitic magmas. When the North American plate moves past the mantle hotspot, removing 
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the source of heat, the silicic melt solidifies, but basaltic melt can continue to reach the surface. 

As the hotspot source moves farther away basalt will eventually solidify in the mid-crust 

forming a mafic sill that is observed by seismic techniques along the Eastern Snake River Plain 

[Braile et al., 1982; DeNosaquo et al., 2009] 

1.6. Problem Statement  

The relationship between these volcanic episodes in the Pacific Northwest with each 

other and with coeval tectonic processes is not well understood and is the subject of ongoing 

debate. The three major mid-Miocene volcanic provinces are linked by their coeval 

development, though, the differences in their geologic settings and characteristics of each 

volcanic province that defy a simple explanation. For example, the YSRP track progresses 

towards the northeast, parallel to North American plate motion, and is frequently attributed to a 

deep mantle plume source. However, the HLP track progresses to the northwest over the same 

time period in a direction that is oblique to the regional plate motion, which implies a different 

source mechanism for the formation of the HLP.  

Previously proposed hypotheses for the genesis of mid-Miocene volcanism in the 

northwest US include a mantle hotspot source [Pierce and Morgan, 1992; Geist and Richards, 

1993; Camp and Ross, 2004; Jordan et al., 2004; Smith et al., 2009]; lithospheric thinning as a 

result of Basin and Range extension [Cross and Pilger, 1982; Christiansen et al., 2002], 

asthenospheric flow due to rollback of the subducting Juan de Fuca plate [Carlson and Hart, 

1987], back-arc extension [Christiansen and McKee, 1978], and lithospheric delamination 

[Hales et al., 2005]. Each hypothesis attempts to answer fundamental questions about the 

mechanisms for generation of melt, generation of large volume intraplate volcanism, the 

generation of a variety of coeval volcanic products, and the time progressive nature of the 
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silicic volcanic lineaments (HLP and YSRP). There is a lack of consensus about which 

hypothesis is best able to resolve these questions. 

In the following chapters (Chapter 2-Chapter 3), I describe the use of ambient noise 

tomography to develop a better model of the crustal and uppermost mantle in the northwest 

United States and subsurface image of the various volcanic provinces with an emphasis on the 

High Lava Plains and it’s connections to the Yellowstone-Snake River Plains track, 

Steens/Columbia River Flood Basalt province, the Owyhee Plateau, and Basin and Range. 

Although other seismic methods have been used to examine the structure of the northwestern 

US [e.g., Bensen et al., 2008; Stachnik et al., 2008; Warren et al., 2008; Gao et al., 2011; 

Porritt et al., 2011;Yang et al., 2008, 2011; Moschetti et al., 2010a,b; Wagner et al., 2010], the 

work described in this first section is the first ambient noise tomography study using the 

increased resolution of the densely spaced stations of the High Lava Plains seismic experiment 

in addition to the EarthScope/USArray Transportable Array. 

 



 

 

  Chapter 2

METHODS 

2. Methods 

Experimental and theoretical studies [e.g. Lobkis and Weaver, 2001; Sneider, 2004; 

Weaver and Lobkis, 2004; Roux, et al., 2005; Wapenaar, 2004] have shown that the empirical 

Green's function (EGF) between two receivers can be determined from the cross-correlation of 

recordings of the diffuse wavefield at those two receiver positions. Using ambient seismic 

noise records, methods were developed by Bensen et al., [2007; 2008] to measure fundamental 

mode Rayleigh wave phase and group velocities from the cross-correlation of these seismic 

records. I use these methods to determine the 2D velocity structure of the High Lava Plains, 

Oregon (HLP) and surrounding regions from ambient noise recordings at 361 broadband 

seismic stations deployed across the Pacific Northwest from January 2006 to September 2009. 

These measurements are then used to construct 3D shear wave velocity models of the crust and 

uppermost mantle in these regions. In this chapter I describe the theoretical background for 

ambient noise correlations, phase velocity measurement, and inversion for shear velocity 

structure and error measurements. 
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2.1. Background: Obtaining the empirical Green’s function from diffuse field 
correlations theory 

Diffuse field correlations have been used, in the field of acoustics, to determine the 

elastic response of a medium [Lobkis and Weaver, 2001; Sneider, 2004; Weaver and Lobkis, 

2004; Roux, et al., 2005; Wapenaar, 2004]. Diffuse fields can be generated by a random 

distribution of sources or by a random distribution of scatterers [Schuster, 2009]. The generated 

field is composed of incoherent waves with random phases and amplitudes, propagating in all 

directions. This implies that from the cross-correlation of the diffuse field at any two stations a 

coherent wavefront will emerge as a result of the accumulated contributions over a long 

enough time from waves that propagate along any possible path between and pass through both 

stations [Sabra, et al., 2005]. 

  

Figure 3 Geometry of the paths taken by the waves generated by scatterer, s, to the receivers 1 and 

2. [from Sneider, 2004]. The signal recorded at the two stations is the superposition of the plane 

waves generated by the randomly positioned scatterers.  

Sneider [2004] demonstrated this property for the assumption that the diffuse wavefield 

recorded at two receivers,𝜙1,2, can be represented as the superposition of plane waves 
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generated by a medium of randomly positioned scatterers, s, whose wavepaths pass through 

both receiver 1 and receiver 2,  

𝜙1,2(𝑡) = ∑ 𝑆𝑠 �𝑡 −
𝑟1,2

(2)

𝑐
�𝑠 𝑟1,2

(𝑠)�  (1) 

where Ss is the scattered waveform and 𝑟1,2
(𝑠) is the distance from the scatterer to the receivers 1 

and 2. The correlation of the waves recorded at the two receivers is defined as 

𝐶(𝜏) ≡ ∫ 𝜙2(𝑡 + 𝜏)𝜙1(𝑡)𝑑𝑡𝑇
0 , 

 (2) 

where 𝜙2(𝑡 + 𝜏) is the field at receiver 2 and time, t+τ, and 𝜙1(𝑡) is the field at receiver 1 at 

time, t. Using the definition of the field in equation (1) the correlation can be written as 

𝐶(𝜏) =  �  � 𝑆𝑠(𝑡)𝑆𝑠′ �𝑡 +
𝑟1

(𝑠′) − 𝑟2
(𝑠′)

𝑐
+ 𝜏�𝑑𝑡/𝑟1

(𝑠′)𝑟2
(𝑠′)

𝑇

0𝑠,𝑠′

 

 (3) 

The correlation can be split into two sums, one over the diagonal terms, when 𝑠 = 𝑠′ (𝐶𝐷(𝜏)) 

and a sum over the cross terms, when 𝑠 ≠ 𝑠′, (𝐶𝐶(𝜏)).  

𝐶(𝜏) =  �  � 𝑆𝑠(𝑡)𝑆𝑠(𝑡 + 𝜏)𝑑𝑡
𝑇

0𝑠���������������
𝐶𝐷(𝜏)

+ �  � 𝑆𝑠(𝑡)𝑆𝑠′(𝑡 + 𝜏)𝑑𝑡
𝑇

0𝑠≠𝑠′�����������������
𝐶𝐶(𝜏)

  

 (4) 

where the travel time between station 1 and 2, 
�𝑟1

(𝑠)−𝑟2
(𝑠)�

𝑐
, is included in the τ term. For a fully 

diffuse wavefield composed of random incoherent waves the position of the scatterers is 

uncorrelated and the ensemble average of the scattered waves is zero, 〈𝑆𝑠(𝑡)𝑆𝑠(𝑡′)〉 = 0, for 

𝑠 = 𝑠′ and 〈𝑆𝑠(𝑡)𝑆𝑠(𝑡′)〉 = 𝐶𝑠(𝑡 − 𝑡′) for 𝑠 ≠ 𝑠′. Given this relationship the time averaged 

cross-correlation the ensemble average of the second term, which describes the cross terms, 

𝐶𝑐(𝜏), goes to zero 
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〈𝐶𝐶(𝜏)〉 =  �  � 〈𝑆𝑠(𝑡)𝑆𝑠′(𝑡 + 𝜏)〉𝑑𝑡
𝑇

0𝑠≠𝑠′

= 0 

 (5) 

The cross-correlation function (3) then reduces to  

𝐶(𝜏) = �𝐶𝑠 �𝜏 +
�𝑟1

(𝑠) − 𝑟2
(𝑠)�

𝑐
� 𝑟1

(𝑠)𝑟2
(𝑠)�

𝑠

 

 (6) 

Transforming the time domain cross-correlation (6) into the frequency domain power spectrum 

function gives 

𝐶(𝜏) = ∑ |𝑆𝑠(𝜔)|2
𝑒𝑥𝑝��𝑟1

(𝑠)−𝑟2
(𝑠)� 𝑐� �

𝑟1
(𝑠)𝑟2

(𝑠)𝑠  (7) 

The spectral energy density, |𝑆𝑠(𝜔)|2, is assumed constant for the case of a fully diffuse 

wavefield and (7) is rewritten as, 

𝐶(𝜏) = |𝑆𝑠(𝜔)|2�����������∑
𝑒𝑥𝑝��𝑟1

(𝑠)−𝑟2
(𝑠)� 𝑐� �

𝑟1
(𝑠)𝑟2

(𝑠)𝑠  (8) 

where |𝑆(𝜔)|2���������� = 1
𝑁
∑ |𝑆(𝜔)|2𝑠  , N is the number of scatterers and |𝑆(𝜔)|2���������� is the average 

spectral energy density of the diffuse wavefield.  

To calculate the cross-correlation as a function of the distance between the two stations 

instead of with respect to the distance from each scatterer, (8) is first rewritten as a volume 

integral weighted by scatterer density, n,  

𝐶(𝜔) = |𝑆(𝜔)|2����������  ∫ 𝑒𝑥𝑝[(𝑟1−𝑟2) 𝑐⁄ ]
𝑟1𝑟2

𝑛 𝑑𝑥𝑑𝑦𝑑𝑧 (9) 

which Sneider et al. [2004] evaluated using the stationary phase approximation [Bleistein, 

1984] to rewrite (9) in terms of the distance between the two receivers  

𝐶(𝜔) = 2𝜋|𝑆(𝜔)|2���������� 𝑐
−𝑖𝜔 ∫

𝑒𝑖𝑘(|𝑅−𝑥|−|𝑥|)

�|𝑅−𝑥|−|𝑥|�
𝑛𝑑𝑥∞

−∞  (10) 
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The stationary phase approximation is used, for example, to evaluate sinusoid functions with 

rapidly varying phase functions, such as occurs in case of scattering. These incoherent 

sinusoids will sum constructively along the receiver line, where y = z = 0, and destructively 

everywhere else in the volume.  

Then, ignoring the contribution from the regions where the wavefield interferes 

destructively, C(ω) can be rewritten as 

𝐶(𝜔) = 8𝜋2|𝑆(𝜔)|2���������� � 𝑐
−𝑖𝜔

� �− 𝑒𝑖𝑘𝑅

4𝜋𝑅 ∫ 𝑛𝑑𝑥0
−∞ − 𝑒−𝑖𝑘𝑅

4𝜋𝑅 ∫ 𝑛𝑑𝑥∞
𝑅 � (11) 

where − 𝑒𝑖𝑘𝑅

4𝜋𝑅
 is the retarded Green’s function, 𝐺12(𝑡), for waves propagating between the 

receiver 1 to 2 and − 𝑒−𝑖𝑘𝑅

4𝜋𝑅
 is the advanced Green’s function, 𝐺12(−𝑡), for waves propagating 

between receiver 2 to 1. The time derivative of the inverse Fourier transform of (11) gives the 

sum of the retarded and advanced Green’s functions, so that the symmetric Green’s function 

becomes 

𝐺12(𝑡) = − 𝑑
𝑑𝑡
�𝐶12(𝑡)+𝐶12(−𝑡)

2
� , 0 ≤ 𝑡 ≤ ∞ (12) 

2.2. Background: Applications to seismic noise  

Shapiro and Campillo [2004] first showed that the Green’s function could be extracted 

from the cross-correlation of vertical component ambient seismic noise. The signal that 

emerges is composed primarily of fundamental mode Rayleigh waves [Sabra et al., 2005]. 

Dispersion characteristics, phase and group velocity, of the Rayleigh waves can be measured 

and tomographic methods used to determine 2-D and 3-D earth structure [Bensen et al., 2007, 

2008; Lin et al., 2008 and references therein]. The first ambient noise tomographic images of 

Rayleigh wave group speeds at periods of 7 to 20 s in southern California were presented by 

Shapiro et al. [2005] and Sabra et al. [2005]. These studies were followed by applications of 
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ANT on both continental and regional scales throughout world including studies in Europe, 

New Zealand, and South Africa in addition to the US [e.g. Lin et al. 2007, 2008; Mochetti et 

al. 2007; Bensen et al. 2008; Yang et al. 2007, etc.].  

2.3. Methods: Data 

I determined the 2D and 3D velocity structure of the High Lava Plains and surrounding 

regions using ambient noise recordings from 361 broadband seismic stations deployed across 

the Pacific Northwest from January 2006 to September 2009 (Figure 4). Records from the 118 

broadband seismometers that comprised the High Lava Plains (HLP) seismic experiment 

[Eagar et al., 2011] and 243 broadband stations from the EarthScope/USArray Transportable 

Array (TA) (rows D-Q and columns 1-19) are used. An additional 43 stations from the other 

regional networks supplement the more extensive TA and HLP stations. The TA stations have 

a station spacing of ~70km and the HLP stations have a ~20-30 km station spacing. Stations 

used are located in a region bounded by to the west by the coast of Oregon, just to the east of 

the Yellowstone-Snake River Plain (YSRP), to north of the Blue Mountains, and to the south 

by the northern-most extent of the Basin and Range. 
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Figure 4 Map of station locations, shown as colored circles. Stations included come from the 

networks, XC-High Lava Plains seismic experiment (orange-yellow), TA-Earthscope/USArray 

Transportable Array (dark blue), BK- Berkeley Digital Seismic Network (BDSN), University of 

California, Berkeley (light blue); HW-Hanford Washington Seismic Network, Pacific Northwest 

National Laboratory (green-blue); LB- Leo Brady Network, Sandia National Laboratory (brown); 

LI- Laser Interferometer Gravitational-Wave experiment (LIGO), Caltech/USGS, Southern 

California Seismic Network (blue-green); IU- IRIS/USGS Network, USGS Albuquerque 

Seismological Laboratory (lime green); NN-Western Great Basin/Eastern Sierra Nevada, 

University of Nevada, Reno (yellow); XA-Central Oregon Locked Zone Array, EarthScope Flex 

Array (magenta); US-US National Seismic Network, ANSS Backbone of the USGS/NEIC and 

USGS/ASL and Earthscope Project of IRIS (red). 

2.4. Methods: Processing ambient noise records to obtain the empirical Green’s 
function (EGF) 

The methods of Bensen et al. [2007, 2008] were used to process the recordings of 

ambient noise and determining fundamental mode Rayleigh wave phase velocities. The 

procedure for processing the ambient noise data to obtain dispersion measurements is a four 

step process: (1) Preliminary processing of individual station records to enhance the noise 

signal and remove earthquake signals and instrumental irregularities, (2) cross-correlation and 

stacking of daily seismic records, (3) measurement of dispersion curves from the empirical 
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Green’s function (EGF), and (4) error analysis and selection of acceptable measurements to be 

input in tomography.  

In the preliminary processing, the instrument response is removed and each daily 

seismic record is band-passed filtered from 5 to 150s. To reduce the effect of earthquakes that 

could mask the ambient noise signal, a running-absolute-mean normalization is applied to the 

data records. This normalization is done by computing the running average of the absolute 

value of the waveform amplitude in a normalization time window of fixed length, 20s, and 

weighting the waveform at the center of the window by the inverse of the average.  

After the effects of earthquakes are removed, monochromatic sources cause peaks in 

the amplitude spectrum at certain frequencies, which violates the assumption of a diffuse field 

that has an equal amplitude contribution at all frequencies [Weaver, 1985]. Peaks in the 

amplitude spectrum exist at ~15s, ~7.5s and above 50s corresponding to large contribution 

from the primary and secondary microseism, and Earth “hum” [Rhie and Romanowicz, 2004], 

respectively [Bensen et al., 2007]. To normalize (“whiten”) the amplitude of the separate 

spectral components the noise signal, in the frequency domain, is inversely weighted by a 

smoothed version of the amplitude spectrum. This spectral whitening broadens the band of the 

ambient noise signal in cross-correlation to prevent degradation of the noise signal due to the 

persistent monochromatic sources [Bensen, et al., 2007].  

Cross-correlations are calculated for the daily seismic records between each station pair 

in the frequency domain (see Figure 5a,b). The daily cross-correlations are then stacked, which 

improves signal-to-noise ratio (SNR) of the records (Figure 5c). The resulting cross-correlation 

waveform has both a positive (causal signal) and negative (acausal signal) time lag (Figure 5a). 

The positive and negative lags represent coherent surface waves travelling in opposite 



 

19 

directions between two stations. Since the stacked cross-correlations represent about 3 years of 

data, we assume that the distribution of noise source is azimuthally homogenous and we can 

average the causal and acausal signals to yield the symmetric-signal used in the dispersion 

measurements. 68,531 inter-station stacked cross-correlations are calculated. The empirical 

Green’s function (EGF) (equation 12) is then obtained from the derivative of the average of the 

positive and negative lag signals, the ‘symmetric signal’ of the cross-correlation: 

𝐺12(𝑡) = −
𝑑
𝑑𝑡
�
𝐶12(𝑡) + 𝐶12(−𝑡)

2
� , 0 ≤ 𝑡 ≤ ∞ 

where G12(t) is the empirical Green’s function, C12(t) is the positive lag signal and C12(-t) is the 

negative lag signal [Lin, et al., 2008]. 
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Figure 5(a) Daily, stacked, cross-correlation waveforms from 5 receiver pairs. The empirical 

Green’s function was obtained from the time derivative of the average (symmetric) cross-

correlation. (b) locations of the station pairs in (a). (c) Signal to noise ratio (SNR) as a function of 

period for the stacked x-correlations. The average SNR for all cross-correlation pairs is shown in 

red. Stacking ~3yrs of waveforms enhances the SNR of the resulting x-correlation. Phase velocity 

measurements from cross-correlations of station pairs with SNR>15 at a given period were used as 

input for the surface wave tomography  
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2.5.  Methods: Determination of phase velocities from EGFs 

Phase velocity dispersion measurements are determined from the EGF using frequency-

time analysis (FTAN) [Levshin, et al., 2001; Levshin and Ritzwoller, 2001]. In the frequency 

domain, the EGF signal is passed through a system of relatively narrow-band filters of the 

form,𝐹𝑔(𝜔 − 𝜔𝑜) = 𝑒−𝛼�
𝜔−𝜔0
𝜔𝑜

�
2

, with central frequency, ωo, that vary from 4 to 50s. The 

combination of all the filtered signals are treated as a complex function of ωo and t  

𝑆(𝜔𝑜, 𝑡) = ∫ 𝐹𝑔(𝜔 − 𝜔𝑜)𝑆𝑎(𝜔)𝑒𝑖𝜔𝑡𝑑𝜔∞
−∞  (13) 

where 𝑆(𝜔𝑜, 𝑡) is the frequency-time representation of the signal, 𝐹𝑔(𝜔 − 𝜔𝑜) are the Gaussian 

filters, and 𝑆𝑎(𝜔) is the spectrum of the signal. The group travel time, tmax, is determined from 

the peak of the envelope function, |S(ωo,t)|, and the phase is determined from the phase 

function, arg|S(ωo,t)|=arctan(Im (S(ωo,t))/Re (S(ωo,t))). The group velocity is r/tmax, where r is 

the distance between two stations. For a given frequency, ω, the EGF at time, t, the phase 

function is:  

𝜑(𝑡) = 𝑘𝑟 − 𝜔𝑡 + 𝜋
2
− 𝜋

4
+ 𝑁 ∙ 2𝜋 + 𝜆 (14) 

where k is the wavenumber, π/2 is the phase shift from the negative time-derivative, -π/4 is the 

phase shift due to the interference of the assumed homogenous source distribution [Sneider, 

2004], λ is the source phase ambiguity term or ‘initial phase’, and N∙2π is the intrinsic phase 

ambiguity of phase measurement. The N∙2π is estimated using the average phase velocity curve 

of Gao, et al. [2011] as the reference curve. The phase velocity c is calculated as, 

𝑐 = 𝜔
𝑟

= 𝑟𝜔
𝜑(𝑡𝑚𝑎𝑥)+𝜔𝑡𝑚𝑎𝑥−

𝜋
4−𝑁∙2𝜋−𝜆

 (15) 
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2.6. Methods: Fundamental mode Raleigh wave maps from ambient noise tomography 

High quality dispersion measurements used for input into the inversion for phase 

velocity maps are selected based on three criteria: (1) that the inter-station spacing r is greater 

than three wavelengths to satisfy far-field approximation, (2) the SNR is greater than 15 at a 

given period, and (3) each measurement must be coherent with other measurements as 

measured by its ability to fit a smooth tomographic map. The selected phase velocity 

measurements are then inverted for phase speed maps and different periods of interest using the 

method of Barmin, et al. [2001]. The method estimates the 2-D isotropic phase velocity model 

by minimizing a penalty function composed of data misfit, model smoothness, and perturbation 

to an input reference model, weighted by local path density of the form: 

(𝐆(𝐦) − 𝐝)𝑇𝐂−1(𝐆(𝐦) − 𝐝) + 𝛼2‖𝐅(𝐦)‖2 + 𝛽‖𝐇(𝐦)‖2, 

where G is the forward operator computing travel times from a model, d is the data vector of 

measured surface wave travel times, and C is the data covariance matrix assumed here to be 

diagonal and composed of the square of the measurement standard deviations. F(m) is the 

spatial smoothing function, which is controlled by the spatial smoothing width or correlation 

length, σ, and H(m) penalizes the model based on path density and azimuthal distribution. The 

regularization parameters α, β, and σ are user controlled parameters that are determined by trial 

and error. [Barmin, et al. 2001] 

Phase velocity maps for periods from 6 to 40s are calculated on a 0.25ox0.25o grid in 

two steps. First, an over-smoothed, over-damped model is calculated at each period. The 

standard deviation of the travel-time residuals is calculated and measurements with residuals 

greater than three standard deviations from the mean are removed, following the criteria of 

Bensen et al. [2008]. Second, the remaining measurements are used to determine the final 

phase velocity maps (Chapter 3, Figures S1 and S2).  
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2.7. Inversion for Shear Velocity and Shear Model Parameterization 

The final phase velocity maps at 8, 10, 12, 20, 25, 30, 33 and 40s (Figure S1, S2) are 

used to invert for the 3-D shear velocity model beneath the HLP and adjoining tectonic 

provinces. I first calculate the 1-D shear wave velocity model that best fits the average 

observed phase velocities determined from the final phase velocity maps. The shear velocity, 

Vs, and density, ρ, for the initial starting model is assigned from IASP91 [Kennett, 1991] and 

plotted in Figure 6 as the yellow line and stars. The Vp/Vs ratio of the model is kept constant at 

1.78, which is set from the previous study of Moschetti et al. [2010]. The crust is 

parameterized with 6 layers of individual thicknesses between 5 and 8km and a total thickness 

of 35km. The mantle is parameterized with 9 layers that range in thickness between 10 and 50 

km (Figure 6). I modified the thickness of each layer so that the corresponding diagonal 

element of the resolution matrix is greater than 0.1 but less than 0.5. Results of the inversion 

for the 1-D shear velocity model that best fits the average observed phase velocities are plotted 

in Figure 6 in magenta dashed lines and squares. The best-fit 1-D shear velocity model contains 

significantly lower velocities in the upper mantle than the IASP91 model, but is similar to the 

western United States reference shear velocity model calculated by Moschetti et al. [2010]. 

I used a simplified version of the best-fit 1-D shear model, described above, as the 

starting model for the many 1-D inversions that go into the final 3-D model. This simplified 

model and its predicted phase velocities are plotted in Figure 6 as a blue dot-dashed line and 

hexagons. I adjust the simplified 1-D best-fit shear model for each individual 1-D inversion to 

account for the Moho depth variations at the grid point in question. The Moho depth at each 

grid point is determined from a 2-D crustal thickness map made using results from the receiver 

function studies of Eagar et al., [2011] for the greater HLP region and is supplemented by the 

EARS catalogue [Crotwell and Owens, 2005]. Continental crust varies from about ~27 to 42 
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km in thickness, while oceanic crust remains fixed at 10 km thickness. In an attempt to 

preserve original layer thicknesses as much as possible, and only change the thickness of the 

layer in which the new Moho is located and in those layers that are immediately adjacent to the 

Moho-containing layer. The Moho containing layer is split into two sub-layers, with the sub-

layer above the Moho added to the layer above it, and the sub-layer below the Moho added to 

the layer below it. I divide the layer that the thicker sub-layer was added to in half, which keeps 

the total number of model layers constant. The lower-most crustal velocities are assigned to the 

layers above the new Moho and uppermost mantle velocities to the layers below the new 

Moho.  

Given the new shear velocity starting model at each grid point, I calculate predicted 

phase velocities using the method of Saito et al. [1988], which are then compared to the 

observed phase velocities determined from the phase velocity maps at each period for each grid 

point. I use a linearized inversion technique based on the iterative least-squares approach of 

Tarantola and Valette [1982] to determine the shear velocity model that minimizes the misfit 

between the observed and predicted phase velocities [Weerartne et al., 2003]. The 3-D shear 

wave velocity model is a composite of the 1-D shear wave models at each grid point. 
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Figure 6 Results of the 1-D best fit shear inversion. A) The multi-colored lines with black labels 

show the sensitivity kernels to shear wave structure as a function of depth for the periods used in 

this study (8s-40s). The IASP91 shear wave model (yellow line and stars), best fit 1-D shear model 

(magenta dashed line and squares), and simplified 1-D starting model (blue dot-dashed line and 

hexagons) are plotted. B) Dispersion curves are plotted for the average phase velocities across the 

study area with error bars showing the standard error (black dots and error bars), IASP91 predicted 

phase velocities (yellow stars), best fit 1-D simplified shear model (magenta squares), and 

predicted phase velocities for the starting model (blue hexagons). 

2.8.  Dispersion misfit 

I calculate the RMS misfit between the observed phase velocities and those calculated 

from the shear wave velocity models, averaged over all periods at each grid node. The average 

RMS misfit over the entire grid is 0.024km/s with a maximum of 0.088km/s. The largest 

misfits occur in the Columbia Basin and Coastal Ranges/Great Valley region of northern 

California and occur at the shorter periods (<20s) that are most sensitive to crustal structures. 
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The very low velocities in these regions likely result from the thick sedimentary cover in the 

Columbia Basin and Great Valley and the highly deformed crust of the Coastal Ranges.  

2.9.  Shear wave velocity model uncertainty 

I evaluate the sensitivity of our shear wave velocity models to small changes in phase 

velocity by adding small amounts of noise to each of the phase velocities at each point and 

recalculating the shear wave velocities using these adjusted values. The Gaussian random noise 

that is added has a mean of 0 and a standard deviation of ±1% of the observed phase velocity at 

that period for that grid point. This process is repeated 100 times at each grid point, after which 

I calculate the standard deviation of the resultant shear wave velocity columns at all depths. 

Shear velocity uncertainties are plotted in Figure S8 and S9. In general, phase velocity 

deviations of ±1% produce an average shear velocity uncertainty of ~0.02 km/s with a 

maximum of 0.033 km/s. 
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3. Abstract 

We use data from the 118-station High Lava Plains (HLP) seismic experiment together 

with other regional broadband seismic data to image the 3D shear wave velocity structure in 

the Pacific Northwest using ambient noise tomography. This extensive data set allows us to 

resolve fine-scale crustal structures throughout the HLP area in finer detail than previous 

studies. Our results show 1) a high velocity cylinder in the crust and average velocities in the 

upper mantle beneath the Owyhee Plateau; 2) a mid-crustal high velocity anomaly along the 

Snake River Plain that also extends south into Nevada and Utah; 3) a low velocity anomaly 

directly beneath Yellowstone throughout the crust; and 4) low velocities beneath the HLP both 

in the crust and uppermost mantle, possibly indicating very thin or absent mantle lithosphere in 

the area. These features provide important constraints on possible models for Miocene to recent 

volcanism in the Pacific Northwest. 
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3.1. Introduction 

The relationship between the various mid-Miocene to present volcanic episodes in the 

Pacific Northwest with each other and with coeval tectonic processes is not well understood. 

Extensive mid-Miocene volcanism in the Cascadia back-arc region began ~17 Ma with the 

eruption of the voluminous Steens/Columbia River flood basalts (Figure 1). In a time span of 

~1.5 Ma, over 200,000 km3 of basalt were erupted from N-S trending dike swarms located 

within the accreted terranes along the western boundary of Precambrian North America [Camp 

and Ross, 2004]. The initiation of silicic volcanism at the southwest edge of the Owyhee 

Plateau (OP) followed the cessation of flood basalt volcanism. By ~12 Ma, two distinct tracks 

of time-progressive silicic volcanism had developed, both originating in the vicinity of the OP: 

the Yellowstone-Snake River Plain (YSRP) track that trends to the northeast parallel to 

apparent plate motion [Pierce and Morgan, 1992] and the High Lava Plains (HLP) volcanic 

lineament that trends to the northwest, terminating at present near Newberry volcano [Jordan et 

al., 2004]. Basaltic eruptive activity that is not time progressive persists into the Holocene 

along both the HLP and YSRP [Camp and Ross, 2004 and references therein].  

The early Steens/Columbia River flood basalt activity has been interpreted by some as 

the result of an impacting plume head in SE Oregon at ~17 Ma [e.g., Camp and Ross, 2004; 

Jordan et al., 2004]. The YSRP volcanism has been interpreted as a hotspot track formed as the 

North American continent migrated southwest across a stationary plume tail [e.g. Pierce and 

Morgan, 1992; Smith et al., 2009]. The time-progressive HLP volcanic lineament is difficult to 

explain with a plume model because its silicic volcanism trends at an oblique angle to plate 

motion. Other explanations for the formation of the HLP include lithospheric thinning as a 

result of Basin and Range extension [Cross and Pilger, 1982; Christiansen et al., 2002], 
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rollback of the subducting Juan de Fuca plate [Carlson and Hart, 1987], and back-arc extension 

[Christiansen and McKee, 1978]. 

Seismic imaging can help constrain the relative importance of various tectonic 

structures in the formation of the HLP. Recent studies of shear wave velocity structure, 

determined from teleseismic surface waves, show significant differences in the upper mantle 

beneath the HLP and YSRP [Warren et al., 2008; Wagner et al., 2010]. However, these studies 

primarily image regions below the crust-mantle boundary. Ambient noise studies can be used 

to examine shallower structures in the crust and uppermost mantle, but recent broad-scale 

studies of the entire western US do not have sufficient resolution to examine the HLP in detail 

[e.g., Bensen et al., 2008; Yang et al., 2008, 2011; Moschetti et al., 2010a,b] and the more 

fine-scale regional studies do not focus on the HLP [e.g. Stachnik et al., 2008; Gao et al., 2011; 

Porritt et al., 2011]. Although other seismic methods have been used to examine the structure 

of the HLP, this is the first ambient noise tomography study to use the increased resolution of 

the densely spaced stations of the High Lava Plains seismic experiment in addition to the 

EarthScope/USArray Transportable Array to provide to examine the crust and uppermost 

mantle of the HLP and surrounding regions in detail. 

3.2. Data and Methods 

Data for this project come from 361 broadband seismic stations deployed across the 

Pacific Northwest from January 2006 to September 2009 (Figure 1). We used records from the 

118 broadband seismometers that comprised the High Lava Plains seismic experiment [Eagar 

et al., 2011] and 243 broadband stations from the EarthScope/USArray Transportable Array 

(TA) (rows D-Q and columns 1-19). An additional 43 stations from the other regional networks 

supplement the more extensive TA and HLP stations. 
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3.3.  Phase velocity models from ambient noise tomography 

We determine surface wave dispersion curves from cross-correlations of ambient noise 

[Bensen et al. 2008 and references therein]. We invert these phase velocity measurements to 

obtain 2-D phase velocity models via the method of Barmin et al. [2001]. We remove data with 

travel-time residuals greater than three standard deviations from the mean following the criteria 

of Bensen et al. [2008]. From the remaining data we calculate final phase velocity maps for 

periods at 8, 10, 12, 20, 25, 30, 33 and 40s on a 0.25ox0.25o grid (see Figures S1 & S2 and text 

of the auxiliary materials for details).  

3.4.  Shear wave velocity model  

We invert for the 1-D shear wave velocity structure at each point in map view. We use 

a simplified starting model and adjust the crustal thickness at each point according to the 

receiver function results of Eagar et al. [2011] (see Figure S3 and text of the auxiliary 

material). Following the method of Weeraratne et al. [2003], we invert for the 1D shear wave 

velocity model at each point in map view that most accurately predicts the suite of phase 

velocities observed at that location. We then combine these 1-D shear wave models to produce 

a 3-D shear wave velocity model. The RMS misfit between the observed phase velocities at 

each point and the phase velocities predicted by our shear wave velocity models can be seen in 

Figure S7. Given the range of periods used in this inversion, our best resolution ranges between 

5 and 50 km depth, though we are able to recover anomalies from depths up to 70 km. We 

performed error analyses to investigate the sensitivity of our shear wave models to error in the 

phase velocities (see Figure S8 and text of the auxiliary materials). 
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3.5.  Results and Discussion  

The results of our shear wave velocity inversions are shown in Figures 2, 3, S4-S6, and 

S12-S15. We recover many of the major features seen in previous ambient noise tomography 

studies, giving us confidence in the robustness of our results. The major features include the 

shallow low velocity Columbia Basin anomaly in northern Oregon and Washington that is 

likely due to an extensive sedimentary basin in the area [Gao et al., 2011; Moschetti, et al., 

2010a], the N-S trending high velocity anomaly associated with the ancestral Cascades [Porritt 

et al., 2011; Gao et al., 2011], the high velocity Wyoming Craton and Siletzia terrane [Gao et 

al., 2011], the broad low velocities associated with the Basin and Range, Coastal Ranges of 

northern California [Moschetti, et al., 2010a; Yang et al., 2008, 2011], and the Intermountain 

Belt [Yang et al., 2011]. In addition to these features, our study reveals a number of additional 

structures that have either not been identified or not been discussed in previous papers.  

3.6. Owyhee Plateau Anomaly 

The Owyhee Plateau (OP) is a relatively undeformed region [Shoemaker, 2004] 

characterized by somewhat thicker crust than the surrounding HLP and Basin and Range 

province [Eagar et al. 2011]. The central portion of the Plateau is visible in our models as a 

roughly cylindrical high velocity anomaly that extends through the upper and mid crust (Figure 

2a, b, anomaly 1). The lowermost crust and upper mantle beneath this anomaly appear to have 

more velocities that are lower than within the Plateau and higher than the low velocities 

associated with the volcanic lineaments (henceforth referred to as average velocities)(Figure 

2c, d, Figure 3a) in contrast to the very low velocities of the adjacent High Lava Plains and 

Basin and Range. 
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The genesis of the high Vs anomaly in the upper crust of the Owyhee Plateau is 

uncertain. The thickened lithospheric block that became the OP appears to have formed by 

lithospheric scale Sevier age thrusting that juxtaposed Mesozoic accreted lithospheric mantle 

over older Precambrian cratonic lithospheric mantle [Shoemaker, 2004 and references therein]. 

The onset of mid-Miocene flood basalt volcanism ca. 17 Ma in the region of the OP was 

largely limited to its structurally weaker margins, with major eruptive centers located along a 

narrow array of N-S trending vents in the vicinity of Steens Mountain to the west. At ~11 Ma, 

Basin and Range extension resulted in the production of mafic basalts along the margins of the 

OP [Shoemaker, 2004; Shoemaker and Hart, 2002], but by 5 Ma, volcanism on the Plateau 

itself ceases with only small volcanic centers resuming in the past 1 Ma at the northernmost 

margins. 

One possible interpretation of our observations is that the region of average velocities 

in the upper mantle beneath the OP could represent older Precambrian lithosphere that has been 

further depleted during the flood basalt stage [Shoemaker, 2004]. The depleted lithosphere 

would provide stability to and limit Basin and Range extension within the Plateau. The 

cylindrical high velocity anomaly in the upper and mid crust could be evidence of a residue left 

behind from the more limited mid-Miocene volcanism that occurred within the margins of the 

Plateau.  

3.7.  High velocity mid-crustal anomaly beneath the SRP 

While we are not the first to observe the mid-crustal high velocity anomaly of the SRP 

[e.g. Smith et al., 1982; Sparlin et al., 1982; Priestley and Orcutt, 1992; Stachnik et al., 2008], 

our results resolve important distinctions in the lateral extent of this anomaly. In particular, we 

observe that the southwestern half of this high velocity anomaly extends south of the SRP into 



 

33 

Nevada and Utah. The southward extension of this high velocity anomaly is seen in a number 

of previous tomography studies, though it has not been discussed explicitly before [Pollitz and 

Snoke, 2010; Lin et al., 2010; Yang et al, 2011]. Of notable exception are the results of 

Moschetti et al. [2010a,b] who see a high velocity anomaly constrained solely within the limits 

of the SRP. The methodology of Moschetti et al. [2010a,b] differs from those of the previous 

tomography studies in their inclusion of Love waves and radial anisotropy. While this may 

suggest that radial anisotropy is responsible for the southward extension of the high velocity 

anomaly in our results, we see no corresponding feature in the crustal radial anisotropy maps in 

Moschetti et al. [2010b]. The cause of this model discrepancy remains unknown. 

The high velocities observed beneath the SRP have been attributed to a mid-crustal 

layer of mafic sill intrusions [e.g. Peng and Humphreys, 1998, Shervais et al., 2006, Stachnik 

et al. 2008, DeNosaquo et al., 2009]. DeNosaquo et al. [2009] use regional gravity anomalies 

along with other geophysical data to constrain the density structure of these mafic intrusions. 

The observed gravity anomaly referenced in their study also extends to the south into Utah and 

Nevada, roughly coincident with our observed high velocity anomaly. This suggests that the 

same type of sill structures inferred to exist within the SRP may produce the high velocity 

anomaly south of the SRP. If that is the case, then the broadening of these sill structures along 

the earlier portions of the SRP volcanic track could indicate a broadening of the mantle 

upwelling responsible for their formation. This has important implications when considering 

whether or not the entire SRP track was formed by passage of a narrow plume tail, or whether 

a more regional upwelling is required to explain the broader anomaly associated with the 

earlier portions of the volcanic sequence. Evolving stress in the extending lithosphere may also 
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have focused intrusions farther south for a period of time, regardless of the details of the 

specific mantle upwelling involved. 

3.8.  Low velocities in the lower crust beneath Yellowstone 

We observe a significant low velocity anomaly directly beneath Yellowstone (Figure 2, 

anomaly 3) that appears to extend vertically from the surface to the upper mantle (Figure 3). 

This is consistent with the results of Moschetti et al. [2010a,b], but stands in contrast to other 

previous results that find high shear wave velocities in the lower crust directly beneath 

Yellowstone, and a SW dipping low velocity anomaly [e.g. Stachnik et al., 2008]. Given that 

this anomaly is near the edge of our model, we have performed a number of recovery tests to 

demonstrate the robustness of our results (see Figures S10 and S11 of the auxiliary materials). 

The low velocity anomaly under Yellowstone broadens to the southwest in the lower 

crust and upper mantle, for ~450 kilometers, roughly consistent with earlier results (Figure 3b) 

[Smith et al., 1982, 2009; Schutt et al., 2008; Stachnik et al., 2008]. Holocene basaltic 

volcanism in the SRP is roughly co-located with the low shear wave velocities in the 

lowermost crust and upper mantle (Figure 2c,d, anomaly 3, Figure 3b), suggesting a possible 

causal link between the persistent low velocities in the upper mantle and lower crust along the 

northeastern half of the SRP and ongoing basaltic volcanism in the region.  

3.9.  High Lava Plains low velocity zone 

The HLP region exhibits widespread low velocities throughout the crust and upper 

mantle (Figure 2, anomaly 4). A few features stand out within this region of generally low 

velocities. At shallow depths (Figure 2a, anomaly 4), the lowest velocities are present beneath 

the active arc and Newberry caldera. Low velocities are also observed beneath Diamond and 
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Jordan Craters in eastern Oregon. Along the HLP volcanic track, pronounced low velocities are 

observed from mid-crustal depths into the upper mantle (Figure 2b, anomaly 4; Figure 3a). 

Of particular interest is the apparent absence of mantle lithosphere beneath the HLP 

(Figure 3). Low velocities directly below the Moho are observed in the region between the 

subducted Juan de Fuca plate and the mantle beneath the OP. These low velocities could 

indicate either increased temperatures within a persistent chemically distinct mantle 

lithosphere, or they could indicate the absence of virtually all mechanical mantle lithosphere. 

Recent work by Till et al. [2012] suggests that primary melts are generated from within these 

very low velocities regions at depths that are directly beneath the Moho, favoring the latter 

interpretation. Regardless, the low shear wave velocities suggest a very weak layer underlying 

the HLP crust, which could help to explain the formation and persistence of volcanism across 

southeastern Oregon. 
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3.12. Figures, Hanson-Hedgecock et al., 2011 

 

Figure 1. Geology of the study area: Stations shown as black diamonds. Also shown are the 

locations of the Owyhee Plateau (OP) (blue shaded oval), Yellowstone-Snake River Plains (YSRP) 

(magenta shaded oval), High Lava Plains volcanic lineament (HLP) (orange shaded oval), 

Columbia River Basalts (CRB) (brown shaded area) [Camp and Ross, 2004], the boundaries of 

Basin and Range extension (B&R) (purple dashed line)[Wernicke et al., 1988], Intermountain Belt 

(IMB), Holocene volcanoes (red triangles), Yellowstone caldera (blue triangle), Newberry caldera 

(orange triangle), Jordan Craters (green triangle), and Diamond Craters (turquoise triangle).  
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Figure 2. Shear wave velocity deviation maps for: (A) 10km; (B) 20km); (C) 35km; and (D) 45 km 

depth. Colors indicate deviation from the starting velocity model and contours show absolute 

velocities in 0.05 km/s increments. The major velocity anomalies are outlined in red and numbered: 

1. OP high velocity cylinder, 2. SRP mid-crustal high velocities, 3. Yellowstone low velocities, and 

4. HLP low velocities. Locations of cross sections A-A’ and B-B’ (Figure 3), station locations 

(black dots), and volcanoes (red triangles) are also plotted. 
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Figure 3. Shear wave velocity deviation cross-sections. Moho depth (thick black line) and 

topography (thin black line above deviations) are also plotted. Labeled features are the Owyhee 

Plateau (OP), Yellowstone caldera (blue triangle), Newberry caldera (orange triangle), eastern 

Snake River Plain (ESRP), Basin and Range province (B&R), high Cascades (CS), ancestral 

Cascades (AC), Wyoming Craton, Coastal Ranges (CR), northern Sierra Nevada, and Holocene 

volcanoes of the ESRP (red triangles) 
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3.13. Auxiliary Materials for Constraints on the causes of the mid-Miocene volcanism 
in the Pacific Northwest US from ambient noise tomography  

Sara Hanson-Hedgecock1, Lara S. Wagner1, Matthew J. Fouch2, David E. James2 

1. Department of Geological Sciences, University of North Carolina at Chapel Hill, 

Chapel Hill, NC, United States; 2 Department of Terrestrial Magnetism, Carnegie Institution of 

Washington, Washington, DC, United States 

Hanson-Hedgecock, S., L.S. Wagner, M.J. Fouch, and D.E. James (2012), Constraints 

on the causes of the mid-Miocene volcanism in the Pacific Northwest US from ambient noise 

tomography, Geophys. Res. Lett. doi: 10.1029/2012GLXXXXX 

3.14. Introduction:  

Included in the auxiliary materials are details of the methods used for determining our 

shear model, error analyses, and Yellowstone recovery test. Additional figures show results 

from the inversion for 2-D phase velocities using ambient noise tomography (Figures S1, S2), 

parameterization of our 1-D shear model and the starting Vs model (Figures S3), shear wave 

velocity deviation maps at depths not included in the main text (5, 15, 25, 30, 40, 50, 55, 60 

km; Figure S4) (65, 70 km; Figure S5) (lower crust and upper mantle; Figure S6), period 

averaged RMS misfit map (Figure S7), shear model uncertainties (5,10, 15, 20, 25, 30, 35, and 

40 km; Figure S8) (45, 50, 55, 60, 65, and 70km; Figure S9), Yellowstone anomaly recovery 

test (Figures S10, S11) and additional cross-sections through the 3-D shear model with location 

map (Figures S12-S15).  
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3.15.  Text S1 Methods:  

3.16.  S1.1 Inversion for Shear Velocity and Shear Model Parameterization  

The final phase velocity maps at 8, 10, 12, 20, 25, 30, 33 and 40s (Figure S1, S2) are 

used to invert for the 3-D shear velocity model beneath the HLP and adjoining tectonic 

provinces. We first calculate the 1-D shear wave velocity model that best fits the average 

observed phase velocities determined from the final phase velocity maps. The shear velocity, 

Vs, and density, ρ, for the initial starting model is assigned from IASP91 [Kennett, 1991] and 

plotted in Figure S3 as the yellow line and stars. The Vp/Vs ratio of the model is kept constant 

at 1.78, which is set from the previous study of Moschetti et al. [2010]. The crust is 

parameterized with 6 layers of individual thicknesses between 5 and 8km and a total thickness 

of 35km. The mantle is parameterized with 9 layers that range in thickness between 10 and 50 

km (Figure S3). We modify the thickness of each layer so that the corresponding diagonal 

element of the resolution matrix is greater than 0.1 but less than 0.5. Results of the inversion 

for the 1-D shear velocity model that best fits the average observed phase velocities are plotted 

in Figure S3 in magenta dashed lines and squares. The best-fit 1-D shear velocity model 

contains significantly lower velocities in the upper mantle than the IASP91 model, but is 

similar to the western United States reference shear velocity model calculated by Moschetti et 

al. [2010]. 

We used a simplified version of the best-fit 1-D shear model, described above, as the 

starting model for the many 1-D inversions that go into the final 3-D model. This simplified 

model and its predicted phase velocities are plotted in Figure S3 as a blue dot-dashed line and 

hexagons. We adjust the simplified 1-D best-fit shear model for each individual 1-D inversion 

to account for the Moho depth variations at the grid point in question. We determine the Moho 

depth at each grid point from a 2-D crustal thickness map made using results from the receiver 
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function studies of Eagar et al., [2011] for the greater HLP region and is supplemented by the 

EARS catalogue [Crotwell and Owens, 2005]. Continental crust varies from about ~27 to 42 

km in thickness, while oceanic crust remains fixed at 10 km thickness. In an attempt to 

preserve original layer thicknesses as much as possible, we only change the thickness of the 

layer in which the new Moho is located and in those layers that are immediately adjacent to the 

Moho-containing layer. We split the Moho containing layer into two sub-layers, with the sub-

layer above the Moho added to the layer above it, and the sub-layer below the Moho added to 

the layer below it. We divide the layer that the thicker sub-layer was added to in half, which 

keeps the total number of model layers constant. We assign lower-most crustal velocities to the 

layers above the new Moho and uppermost mantle velocities to the layers below the new 

Moho.  

Given the new shear velocity starting model at each grid point, we calculate predicted 

phase velocities using the method of Saito et al. [1988], which are then compared to the 

observed phase velocities determined from the phase velocity maps at each period for each grid 

point. We use a linearized inversion technique based on the iterative least-squares approach of 

Tarantola and Valette [1982] to determine the shear velocity model that minimizes the misfit 

between the observed and predicted phase velocities [see Weerartne et al., 2003]. The 3-D 

shear wave velocity model is a composite of the 1-D shear wave models at each grid point. 

3.17.  S1.1.2 Dispersion misfit 

We calculate the RMS misfit between the observed phase velocities and those 

calculated from the shear wave velocity models, averaged over all periods at each grid node 

(see Figure S7). The average RMS misfit over the entire grid is 0.024km/s with a maximum of 

0.088km/s. The largest misfits occur in the Columbia Basin and Coastal Ranges/Great Valley 
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region of northern California and occur at the shorter periods (<20s) that are most sensitive to 

crustal structures. The very low velocities in these regions likely results from the thick 

sedimentary cover in the Columbia Basin and Great Valley and the highly deformed crust of 

the Coastal Ranges.  

3.18.  S1.1.3 Shear wave velocity model uncertainty 

We evaluate the sensitivity of our shear wave velocity models to small changes in 

phase velocity by adding small amounts of noise to each of the phase velocities at each point 

and recalculating the shear wave velocities using these adjusted values. The noise added has a 

mean of 0 and a standard deviation of ±1% of the observed phase velocity at that period for 

that grid point. This process is repeated 100 times at each grid point, after which we calculate 

the standard deviation of the resultant shear wave velocity columns at all depths. Shear velocity 

uncertainties are plotted in Figure S8 and S9. In general, phase velocity deviations of ±1% 

produce an average shear velocity uncertainty of ~0.02 km/s with a maximum of 0.033 km/s.  

3.19.  S1.2 Yellowstone Recovery Tests 

We perform recovery tests to demonstrate the robustness of our observation that the 

low velocity anomaly directly beneath Yellowstone extends from the upper mantle to the 

surface (Figure S10, S11). The input model for the tests is a -8%, 1ox1o square anomaly located 

either directly below the Yellowstone caldera (Figure S10) or slightly to the west (Figure S11). 

Synthetic travel times are calculated and noise, which has the same mean and standard 

deviation as the observed travel times, is added to the synthetic dataset for each period. Our 

tests show that the low velocity anomaly is recovered at all periods (10-35s) that sample the 

mid to lower crustal depths (Figure S10) and that an anomaly placed to the west does not streak 

laterally under Yellowstone. This shows that when there is a low velocity anomaly directly 
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beneath Yellowstone we recover it. If there is no low velocity anomaly beneath Yellowstone, 

but there is a low velocity anomaly to the west of it (as has been previously suggested), that 

anomaly does not produce a low velocity artifact directly beneath Yellowstone. We therefore 

conclude that the low velocity anomaly that we observe in the lower crust beneath Yellowstone 

is a robust result. 
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Figure S1. 2-D phase velocity maps at 8, 10, 12, 15, 20, 25, 30, and 33s determined using ambient 

noise tomography. The colors shows deviations from the starting phase velocity and contours show 

absolute phase velocity in 0.1 km/s increments. Holocene volcanoes are represented by red 

triangles. 
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Figure S2. 2-D phase velocity maps at 35, and 40s. Annotation is the same as for Figure S1. 
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Figure S3. Results of the 1-D best fit shear inversion. A) The multi-colored lines with black labels 

show the sensitivity kernels to shear wave structure as a function of depth for the periods used in 

this study (8s-40s). The IASP91 shear wave model (yellow line and stars), best fit 1-D shear model 

(magenta dashed line and squares), and simplified 1-D starting model (blue dot-dashed line and 

hexagons) are plotted. B) Dispersion curves are plotted for the average phase velocities across the 

study area with error bars showing the standard error (black dots and error bars), IASP91 predicted 

phase velocities (yellow stars), best fit 1-D simplified shear model (magenta squares), and 

predicted phase velocities for the starting model (blue hexagons).  
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Figure S4. Shear wave velocity deviation maps for 5, 15, 25, 30, 40, 50, 55, and 60 km depths. 

Colors indicate deviation from the starting velocity model and contours show absolute velocities in 

0.1km/s increments. Locations of cross sections A-A’ and B-B’ (Figure 3), station locations (black 

dots), and volcanoes (red triangles) are also plotted. 
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Figure S5. Shear wave velocity deviation maps for 65 and 70 km depths. Annotation is the same as 

for Figure S4. 

 

Figure S6. Shear wave velocity deviation maps in the lower crust, just above the Moho, and 

uppermost mantle, just below the Moho (depth is variable). Annotation is the same as for Figure 

S4. 

 

Figure S7. Period averaged misfit map shows the RMS misfit (km/s) between the observed phase 

velocities and predicted phase velocities computed from the 3-D Vs model. Most of the study area 

has an RMS misfit of 0.03 km/s or less. 
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Figure S8. Shear velocity model standard deviations at 5, 10, 15, 20, 25, 30, 35, and 40 km depths. 
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Figure S9. Shear velocity model standard deviations at 45, 50, 55, 60, 65, and 70 km depths. 
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Figure S10. Recovered anomalies from the Yellowstone low velocity anomaly recovery tests: -8%, 

1ox1o anomaly directly under the Yellowstone caldera. The dashed box shows the outline of the 

original anomaly and the colors show deviations from the starting phase velocity. The low velocity 

anomaly is recovered at all periods.  
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Figure S11. Recovered anomalies from the Yellowstone low velocity anomaly recovery tests: -8%, 

1ox1o anomaly to the west of Yellowstone caldera, under the Snake River Plain. Annotation is the 

same as for Figure S9. The low velocity anomaly is recovered at all periods. 
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Figure S12. Locations of additional shear wave velocity cross-sections in Figures S13-S15. 

 

Figure S13. Shear wave velocity deviation cross-sections, C-C’ and D-D’. C-C’ is NW-SE along 

the highest density line of the High Lava Plains experiment and D-D’ is N-S through the Owyhee 

Plateau. The Moho depth (thick black line) and topography (thin black line above deviations) are 

also plotted. Noted features are the High Lava Plains (HLP), Owyhee Plateau (OP), Basin and 

Range province (B&R), high Cascades (CS), ancestral Cascades (AC), Wyoming Craton, western 

Snake River Plain (WSRP), Steens Mountain, and Intermountain Belt. 
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Figure S14. Shear wave velocity deviation cross-sections through the High Lava Plains: E-E’, F-

F’, and G-G’. The Moho depth (thick black line) and topography (thin black line above deviations) 

are also plotted. Noted features are the High Lava Plains (HLP), high Cascades (CS), ancestral 

Cascades (AC), Great Valley (GV), Coastal Ranges (CR), Columbia Basin (CB), Blue Mountain 

Province (BMP), Basin and Range province (B&R), and Diamond Craters (turquoise triangle). 
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Figure S15. Shear wave velocity deviation cross-sections through the Yellowstone-Snake River 

Plain; H-H’, I-I’, and J-J’. The Moho depth (thick black line) and topography (thin black line above 

deviations) are also plotted. Noted features are the Yellowstone caldera (blue triangle), Wyoming 

Craton, eastern Snake River Plain (ESRP), Basin and Range province (B&R), Intermountain Belt, 

and the southernmost extent of the mid-crustal high velocity anomaly. 



 

 

  Chapter 4

VELOCITY CHANGES ASSOCIATED WITH PERIODS OF INCREASED ERUPTIVE 
ACTIVITY AT TUNGURAHUA VOLCANO, ECUADOR IN 2010, DETERMINED 

FROM NOISE INTERFEROMETRY 

4. Introduction 

I present the results of measuring velocity changes associated with three episodes of 

increased eruptive activity at Tungurahua in 2010 using ambient noise correlations. 

Tungurahua volcano was one of the most active volcanoes in the Ecuadorian Andes. Eruptions 

since 1999 have generated Strombolian and Vulcanian style volcanic activity that pose a threat 

to ~25,000 people livings in the towns (including Baños) that surround the volcano, as well as 

the Agoyan hydroelectric dam. During 2010 Tungurahua experienced three episodes of 

heightened eruptive activity in (1) January to early March, (2) Late May to June 18th 

paroxysmal crisis with continued moderate activity through July, and (3) mid-November to 

December. Following standard procedures, ambient noise correlations were calculated from 

daily, 0.5-4Hz bandpass filtered, continuous seismic records at 5 broad-band seismometers, 

deployed around the flanks of Tungurahua by the Instituto Geofísico Escuela Politécnica 

Nacional (IGEPN). Using the dilation correlation coefficient (stretching) method [Lobkis and 

Weaver, 2003; Hadziioannou et al., 2009, 2011; Weaver et al. 2011] the homogenous relative 

velocity change, dV/V ,was calculated that maximizes the cross-correlation coefficient between 

each daily correlation function and a reference function composed of the 1 year-long stack of 

the daily correlations. During the three eruptive episodes of 2010, a drop in the relative velocity 
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was observed of ~0.51%, 0.53%, and 0.49%, respectively. These values were greater than the 

calculated root mean square of the erroneous relative dilation, RMS ε = 0.15%. The observed 

drop in relative velocity began at the onset of eruption, decreases gradually, and began to 

recover as eruptive activity decreased. The correspondence of decreased velocity with 

increased eruptive activity suggests a source that was directly related to eruption processes, 

e.g., fracturing and dilation due to pressurization in the magmatic/hydrothermal system, 

shallowing of fragmentation depth, or deepening of the exsolution depth. 

4.1. Background: Monitoring Volcanoes Using Relative Velocity Changes 

Continuous monitoring of hazardous active volcanos is important to giving adequate 

warning and mitigating the risk from eruptions and other volcanic hazards to the populations 

surrounding an erupting volcano. One such dangerous volcano, erupting intermittently since 

1999, was Tungurahua in Ecuador. Its hazards that directly threaten the ~25,000 people living 

in towns, including the tourist town of Baños, that surround the volcano, as well as pose a risk 

to the Agoyan hydroelectric dam include pyroclastic flows, lava flows, lahars, tephra and ash 

falls and avalanches (Figure 7). Although infrequent, sector collapses have occurred during 

Tungurahua’s geologic history and remain a hazard of indeterminate risk. The volcano is 

continuously monitored by the IGEPN using a network of instruments to record seismicity, tilt, 

and gas emissions that augments the visual observations of local volunteers and IGEPN staff.  
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Figure 7. Hazards of Tungurahua Volcano. (Top left) Ash and pumice fall deposit buries a 

cinderblock house; (Top right) Pyroclastic flow field; (Bottom left) Avalanche and lahar channel 

cutting through ash, pumice and pyroclastic flow deposits; (Bottom right) Ash plume expelled by 

Tungurahua (hidden by the white clouds) in July 2009. (Source: S. E. Hanson-Hedgecock) 

Previous studies have measured the temporal changes in relative velocity using low 

frequency ambient noise, below 0.5 Hz, with multiplet earthquakes at volcanoes 

[Ratdomopurbo and Poupinet, 1995; Sabra et al., 2006; Sens-Schönfelder and Wegler, 2006; 

Wegler et al., 2006; Duputel et al., 2009; Brenguier et al., 2008a; Haney et al., 2009; Battaglia 
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et al, 2012] and active fault zones [Poupinet 1984; Nishimura et al., 2000; Wegler and Sens-

Schönfelder, 2007; Brenguier et al, 2008b; Meier et al., 2010; Hadziioannou et al., 2009; 

Weaver et al., 2012]. Multiplets, earthquakes with similar locations and waveforms, but 

occurring at different times, has been used to measure relative velocity changes prior the 

volcanic eruptions at Mt. Merapi [Ratdomopurbo and Poupinet, 1995; Wegler et al., 2006]. 

Ratdomopurbo and Poupinet, [1995] measured a decrease in shear velocity, while Wegler et al. 

[2006] observed a small increase in velocity correlated to pre-eruptive seismicity and dome 

growth. Both observations were attributed to pressure changes in the volcano [Ratdomopurbo 

and Poupinet, 1995; Wegler et al., 2006]. The use of discrete sources from individual 

earthquake coda and airgun shots limited the length of time that observations can be made and 

resolution of measurements in these previous studies.  

Measuring relative velocity changes using continuous ambient noise correlations can 

improve the duration of observations and increase the temporal resolution of on the order of 

once a day. Sens-Schönfelder and Wegler [2006] used ambient noise correlations to determine 

daily velocity changes at Mt. Merapi volcano from August 1997 to June 1999. They observed 

long term changes in relative velocity that correlated to fluctuating ground water level caused 

by changes in the amount of precipitation [Sens-Schönfelder and Wegler, 2006]. This seasonal 

trend obscured any changes due to volcanic activity. Long term seasonal trends were also 

observed in the Los Angeles basin [Meier et al., 2010] and at Piton de la Fournaise volcano 

[Brenguier et al., 2008b].  

Brenguier et al. [2008b] was able to observe velocity changes, measured from ambient 

noise correlations that corresponded to eruptive activity after removing the seasonal trend. 

Using 10-day stacks of ambient noise correlations he observed a drop in relative velocity on the 
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order of 0.1% preceding eruptive periods [Brenguier et al., 2008b]. These decreases are 

interpreted as dilations of the edifice resulting from magma intrusion [Brenguier et al., 2008b]. 

This is a similar to the dilatancy hypothesis of earthquakes, which proposed that fracturing of 

the rocks around a fault zone can result in drops in Vp/Vs prior to earthquake rupture [Nur, 

1973; Scholz et al., 1973]. Unfortunately, the limited resolution of 10 day stacks has the effect 

of shifting the start of the apparent velocity changes in time. Baig et al. [2009] improved the 

temporal resolution of relative velocity measurements from 10 days to 1 day by applying an 

adaptive filter to enhance the signal-to-noise ratio of the noise correlations and did not observe 

any precursory decrease in relative velocity, using the same dataset as Brenguier et al. [2008]. 

Both Brenguier et al. [2008b] and Baig et al. [2009] determined relative velocity from 

measuring the time shift of coherent arrivals in the ambient noise correlation function. 

Alternatively, the dilation correlation coefficient method (DCC) [Lobkis and Weaver, 2003; 

Sens-Schönfelder and Wegler, 2006; Hadziioannou et al., 2009, 2011; Weaver et al. 2011] has 

been shown to improve measurements of relative velocity changes from fluctuating (noisy) 

waveforms with low signal-to-noise ratios [Hadziioannou et al., 2009]. This method measures 

the relative dilation of separate waveforms resulting from changes in velocity and allows one to 

accurately calculate small velocity changes using finer using shorter lengths of time (1 day 

versus 10 days) can be used to determine velocity changes. The relative velocity changes 

associated with three episodes of increased eruptive activity at Tungurahua volcano, Ecuador, 

for 2010 were determined by applying this method to correlation functions calculated from 6 

hours of continuous ambient noise. 
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4.2. Geologic Setting of Tungurahua Volcano 

Tungurahua Volcano (1.45oS, 78.43oW), located in the eastern Andes of Ecuador, is 

one of the most active volcanoes in the Ecuadorian Andes. It is composed of three volcanic 

edifices (called Tungurahua I, II, and III) built on the Paleozoic-Cretaceous metamorphic 

basement of the Eastern Cordillera [Hall et al., 1999]. The remnant flanks of Tungurahua I, 

composed of dacite to andesite lava flows and interbedded tephra, are found on the north, 

south, and east flanks of the current edifice. Tungurahua I appears to have been partially 

destroyed by a sector collapse that deposited thick units of andesitic avalanche breccia deposits 

that were observed in the Ulba valley to the NW and in several anomalous hills at the base of 

the western flank of the volcano. The intermediate cone, Tungurahua II, appears to be 

composed of andesite lava flows younger than 14,000 years BP, which were exposed on the 

upper southern flanks. Tungurahua II was partially destroyed by a sector collapse, 

approximately 2955±90 years ago, on its western flank that produced a ~8 km3 debris flow 

filling the Chambo River valley. The extent of this collapse can be seen in the smooth fan like 

shape of the western flank, which is distinct from the topographically rougher, stream channel 

incised remnants of Tungurahua I and II on the south, east and north flanks. Subsequent 

frequent eruptions, producing tephra falls, pyroclastic flows, lava and debris flows, have 

infilled the collapse scarp and formed the current edifice, Tungurahua III. Tungurahua III has 

been growing for the last ~2300 years and has rebuilt approximately 50% of the volume of the 

previous cone, Tungurahua II, at an estimated rate of ~1.5x106 m3 per year.  
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Figure 8. (a) Simplified geologic map and (b) contour map of Tungurahua Volcano. Marked 

features include the Tungurahua II avalanche scarp (bold line with teeth), QA, Quebrada 

Achupashal; QC, Quebrada Confesionario; QM, Quebrada Mandur; QMT, Quebrada Motilones; 

QLP, Quebrada La Piramide; QPU, Quebrada Palma Urcu; QR, Quebrada Rea, [source: Hall et al., 

1999] 

4.3. Eruptive Episodes at Tungurahua in 2010 

Since August 1999, Tungurahua has experienced numerous periodic episodes of 

eruptive activity. These eruptions generate Strombolian and Vulcanian style volcanic activity 

that pose a threat to the ~25,000 people livings in the towns (including Baños) surrounding the 

volcano, as well as the Agoyan hydroelectric dam [Hall et al., 1999, 2008]. In 2010, 

Tungurahua experienced 3 major episodes of eruptive activity during (1) January to March 

2010, (2) late May to June 18th paroxysmal crisis with continued moderate activity through 

July, and (3) mid-November to December 2010.  

The first episode began on around January 5-6, 2010, when a gas and ash plume was 

observed rising to an elevation of ~6.5 km a.s.l. This was followed by an increase in the 

(a) 

(b) 
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duration and amplitude of volcanic tremor and number of explosions that produced ash falls 

and other ejecta. Volcanic activity during January was characterized by eruptions that produced 

ash plumes and falls, as well as some Strombolian activity (January18-23) that ejected 

incandescent blocks, ash plumes, and lava fountaining. In February eruptions produced ash 

falls and plumes, rising to an elevation of between 7-8km a.s.l., small pyroclastic flows on the 

N and NNW flanks (February11), and in addition to small lahars, the occasional Strombolian 

eruption of incandescent material. Activity decreased markedly in late February and into 

March, with the last reported ash fall occurring on March 19th. [IGEPN, 2010; Venzke et al., 

2012] 

Prior to the onset of the first episode, an increase in the number of recorded earthquakes 

was observed in December 2009. The number of long period (LP) earthquakes increased from 

3 in the first week of December to 21 in the last week of December, reached a maximum of 

310 recorded in the second week of February and decreased to 25 recorded in the last week of 

March. The number of long period (LP) earthquakes increased from 3 in the first week of 

December to 21 in the last week of December, reached a maximum of 310 recorded in the 

second week of February and decreased to 25 recorded in the last week of March. [IGEPN, 

2010; Venzke et al., 2012] 

The second and most intense episode of activity began May 26-28, 2010, after ~10 

weeks of relative quiescence. A strong explosion on May 26, 20100 06:12 CST produced small 

pyroclastic flows on the N, W, and SW flanks; an ash plume that reached an altitude of 12km 

a.s.l.; and ash fall on the S and SW flanks. A larger eruption on May 28, 08:47 CST produced 

an ash plume that reached an altitude of 15km a.s.l. The ash fall was heavy and affected a wide 

area, reaching as far as Guayaquil, Ecuador (180km SW). Locally pumice fell as far as 6-8km 
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and pyroclastic flows were produced that travelled about 3km from the summit on the NW, W, 

and SW flanks Tungurahua. Eruptive activity was produced by plumes of ash and gas, lava 

fountaining, explosions of incandescent rock and some small pyroclastic flows. This intense 

activity continued into the beginning of June reaching its peak around June 8-9. On June 8 the 

maximum measured SO2 released was 4030 tons. Volcanic activity continued at a moderate 

level during July, ending in the first few days of August. Eruptive activity was characterized by 

Strombolian style explosions, steam and ash plumes reaching altitudes of between 1.5 to 8km 

a.s.l. and ash falls that primarily affected the local population around Tungurahua. On July 27th 

a series of explosions were recorded by the seismic network and ash fall in the surrounding 

area was also reported. The last reported plume of steam and ash occurred on July 30th. 

[IGEPN, 2010; Venzke et al., 2012] 

The last episode of major eruptive activity in 2010 began with a gradual increase in 

seismic activity at the end of October followed by vulcanian style eruptions beginning in the 

second week of November. Fumarolic and emissions of gas characterized eruptive activity of 

Tungurahua during the first week of November. Small eruptions of ash and gas were reported 

from November 13 until November 22, when activity increased sharply. In the afternoon of 

November 22 vulcanian style explosions ejected incandescent blocks, that fell as far as 4km 

below the summit, and an ash plume that reached altitudes of 11-12km a.s.l.. Strombolian 

activity ejected incandescent blocks, November 25-26, 28-29; and December 2-8. December 

4th marked an increase in the number and intensity of explosions that produced ash fall, 

pyroclastic flows down the N and W flank, and a lava flow that travelled down the La 

Hacienda quebrada for about 1 km. This lava flow was only the second reported since the 

beginning of activity in 1999; the previous one occurred in August 2006 and descended the 



 

68 

Cusúa quebrada on the northwestern flank on Tungurahua. After moderate size explosions 

December 24-25 that produced ash plumes and blocks, eruptive activity at Tungurahua 

decreased and explosions ceased by the end of the first week on January 2011. [IGEPN, 2010; 

Venzke et al., 2012] 

 



 

 

  Chapter 5

METHODS 

5. Data 

Continuous seismic time-series records from 5 broad-band seismometers during 2010, 

deployed around the flanks of Tungurahua volcano, Ecuador by the Instituto Geofísico Escuela 

Politécnica Nacional (IGEPN), were used (Figure 9). Reftek digitizers recording at a sample 

rate of 50Hz, were deployed with Guralp CMG-40T seismometer (band sensitivity 0.03 Hz-

50Hz) at 5 sites (clockwise from north BRUN, BULB, BPAT, BMAS, and BBIL). The array 

dimensions were approximately 11 km (N-S) by 8.5 km (E-W) and the maximum interstation 

spacing was 11 km and the minimum spacing was 2.8 km. 

 

Figure 9. Map of station locations for the IGEPN broadband seismic array at Tungurahua Volcano, 

Ecuador deployed in 2010. Topographic contour spacing is every 50 meters. (Source: Keehoon 

Kim) 
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5.1. Calculation of noise correlation functions (CFs) 

Processing the ambient noise recordings to calculate the noise correlation functions was 

done following the basic procedures of Bensen et al. [2007]. Processing the ambient noise data 

was a three step process: (1) Preliminary processing of individual station records to enhance 

the noise signal and remove earthquake signals and instrumental irregularities, (2) cross-

correlation of station pairs and auto-correlation of each station for each 6-hour long 

preprocessed ambient noise record, followed by and (3) stacking of the individual correlation 

functions for each station and station pairs.  

In the preliminary processing, each daily seismic record demeans and detrended and 

band-passed filtered from 0.5-4 Hz. This higher frequency filtering allowed for therecovery of 

the local, shallow (<15km) structure of Tungurahua rather than regional structures recovered 

using the microseism bands (0.025-0.5Hz). To reduce the effect of earthquakes that could mask 

the ambient noise signal, a running-absolute-mean normalization was applied that weights the 

waveform by the inverse of the running average of the absolute value of the waveform 

amplitude in a normalization time window of fixed length equal to one half the maximum 

period of the data [Bensen et al., 2007]. Any remaining coherent phases were removed by 

applying sign-bit normalization to each day long record. In the frequency band used, spectral 

whitening had the effect of introducing additional incoherent noise into the correlation 

functions and was not applied to the noise records. Each day long record was cut into 6-hour 

sections prior to correlation.  

For each 6-hour vertical component (Z) record, 5 auto-correlation functions, for each 

individual station (BBIL, BMAS, BPAT, BULB, BRUN), (Figure 10-Figure 14) and 10 cross-

correlation functions (Figure 15-Figure 24) for each station pair were calculated. The 

symmetric correlation function was obtained by averaging the positive (causal signal) and 
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negative (acausal signal) lags, approximating a more homogeneous distribution of subsurface 

noise sources [Draganov, et al 2009]. The 6-hr correlation functions were then stacked for each 

station and station pair to form the reference correlation function trace used to determine 

velocity change. 

5.2. Measuring temporal velocity changes at Tungurahua Volcano 

Passive image interferometry (PII) was used to image temporal variations and the 

spatial extent of velocity structures in the shallow subsurface due to fracturing, fluid 

movement, or changes in source location. PII measured small velocity changes using 

correlations of coda from repeating earthquake sources (multiplets) or, more recently, noise 

correlations. Several PII methods have been previously used to calculate the relative velocity 

change in a variety of geologic settings. One of the earliest method, the moving window cross 

spectrum technique (MWCS) [Poupinet et al. 1984] was first developed to measure the relative 

velocity change, dV/V, between two earthquakes with similar locations and waveforms, but 

occurring at different times, called doublets. This method has been used to measure small 

velocity changes occurring prior to volcanic eruptions at Mt. Merapi [e.g. Ratdomopurbo and 

Poupinet, 1995; Wegler et al., 2006], as well as before and after large, >M5.9, earthquakes 

[e.g. Poupinet 1984; Nishimura et al., 2000].  

The moving window cross spectrum technique (MWCS) measures the relative velocity 

change from the phase of the cross spectrum between the two earthquakes for a given time 

window, i. In the frequency domain the cross spectrum of the two seismograms given the 

Fourier transformed signals at the frequency, f, is given as ( ) ( ) ( )2 1i i iS f A f A f∗=  where the 

asterisk, *, denoted the complex conjugate and ( ) ( )1 2 and i iA f A f were the spectra of the two 
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earthquakes. The phase in radians, ( ) 2π if f=φ δ , was determined directly from the complex 

valued cross spectrum function, ( )iS f . The time delay, tδ , was calculated from slope of the 

least squares line fit to the phase weighted by a factor, 
( )

2

21
i

i

C
C−

, where the coherence, ( ) ,iC f  

between the two earthquakes is, ( ) ( )
( )

2

1 2 ( )
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i
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S f
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A f A f
= , and the velocity change was given 

by the slope of the time delay versus time, t(i), function, d dV
dt V
δ −

= , assuming the velocity 

change was homogenous throughout the medium. [Poupinet 1984] 

To avoid errors from inaccurate earthquake locations or the expense of using repeated 

active sources earthquake coda correlations can be used instead of multiplet sources. The coda 

is the “tail” following the direct arrivals and is composed of multiply scattered [Sneider, 2004]. 

The coda is useful because coda correlations, like noise correlations, can be used to recover the 

Green’s function without having to determine the precise location of the source [Sneider 2004]. 

Furthermore, scattering paths, which are longer than the direct paths, result in the accumulation 

of very small travel time delays averaged over a longer path length. This allowes one to 

measure very small velocity changes using scattered waveforms that cannot be measured using 

direct arrivals [Sneider 2006; Brenguier et al., 2011]. Coda correlations have been used to both 

image the structure of the volcano Erebus [Chaput et al., 2012] and measure relative velocity 

changes at Vanuatu after a large Mw7.3 earthquake [Battaglia et al., 2012]. 

The disadvantage of using earthquakes or discrete active sources is that they do not 

provide continuous information about changes in the medium. Continuous monitoring requires 

a continuous source that is now available with recent developments in retrieving the Green’s 

function from ambient noise [Lobkis and Weaver, 2001; Shapiro and Campillo, 2004; Sneider, 
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2004; Weaver and Lobkis, 2004; Roux, et al., 2005; Wapenaar, 2004]. Ambient noise 

correlation have been used extensively in determining the structure of the crust and uppermost 

mantle on regional scales including studies in Europe, New Zealand, and South Africa in 

addition to the US [e.g. Lin et al. 2007, 2008; Mochetti et al. 2007; Bensen et al. 2008; Yang et 

al. 2007, etc.]. [Shapiro et al., 2005; Sabra et al. 2005; Lin et al. 2007, 2008; Mochetti et al. 

2007; Bensen et al. 2008; Yang et al. 2007]. Additionally, the velocity structure of Piton de la 

Fournaise has been imaged using surface wave dispersion measurements from ambient noise 

correlations by Brenguier et al [2007].  

More recently, the MWCS technique, applied to ambient noise correlations, has been 

used to monitor temporal velocity changes at active faults and volcanoes [Brenguier et al., 

2008a,b; Duputel et al., 2008; Clarke et al., 2011]. The MWCS method is very accurate for 

small measurements and by applying the technique to small time windows around individual 

arrivals in the Green’s function, one can estimate the location and depth of the velocity 

changes. Unfortunately, this technique was very sensitive to random fluctuations (noise) in the 

estimated Green’s function [Hadziioannou et al., 2009], which may lead to erroneous velocity 

change measurements between the spurious arrivals.  

5.3. Dilation Correlation Coefficient Method (DCC) 

The dilation correlation coefficient method (DCC) is a better method for retrieving 

relative velocity changes from waveforms with low signal-to-noise ratios, such as ambient 

noise correlations in which the Green’s function is only partially retrieved [Hadziioannou et al., 

2009]. The stability of DCC velocity change measurements using fluctuating (noisy) 

waveforms allows for the accurate calculation of small velocity changes using a finer temporal 

resolution. Correlation functions using shorter lengths of time (1 day versus 30 days) can be 
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used to determine very small relative velocity changes. This property is important the 

calculation of continuous dV/V and to monitoring volcanic eruption conditions. 

 The dilation correlation coefficient method (DCC) [Lobkis and Weaver, 2003; Sens-

Schönfelder and Wegler, 2006; Hadziioannou et al., 2009, 2011; Weaver et al. 2011] was 

based on the idea that waveforms will suffer from a dilation and distortion due to different rates 

of mode conversion between P (dilational) and S (shear) waves in a diffuse field. The differing 

rates result from changes in elastic properties of a medium due to stress, to a lesser extent 

temperature, and the degree of heterogeneity of a medium [Weaver and Lobkis, 2000; Lobkis 

and Weaver, 2003]. DCC was first used to measure velocity changes at Mt. Merapi volcano 

attributed to seasonal variations in ground water level [Sens-Schönfelder and Wegler, 2006]. 

Subsequently, it was used in measuring velocity changes in the Los Angeles Basin [Meier et 

al., 2010], and before and after 2004 Parkfield earthquake along the San Andreas Fault 

[Hadziioannou et al. 2011; Weaver et al., 2011] and the 2004 Mw6.6 Mid-Niigata earthquake 

in Japan [Wegler and Sens-Schönfelder 2007].  

The homogenous relative velocity change, dV/V, was found by searching for the 

dilation (stretching) factor, ∈ , that maximized the cross-correlation coefficient between two 

waveforms, 1 2,φ φ  
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1 2

2 2
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Identical waveforms have a maximum correlation coefficient, ( )maxX ∈  of 1[Weaver et al., 

2011]. Any value of ( )maxX ∈  less than unity indicates that the two waveforms differ by more 

than a simple dilation and is a measure of the distortion between the two waveforms, 1 2,φ φ . 
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This allows for quantification of whether noise source locations are stable or changes over 

time; ( )maxX ∈ ~1 indicates stable sources and ( )maxX ∈ <<1 indicates that noise source 

locations are changing [Hadziioannou et al., 2011]. The dilation (or stretching) factor ∈ is 

related to the relative time shift by,     

 d dV
dt V

= − =
δ∈   (2) 

To distinguish between velocity changes that are due to changes in the wave speed of a 

medium from changes due to erroneous fluctuations in the waveform or changes in noise 

source, Weaver et al. [2011] derived an expression for the root mean square erroneous relative 

dilation,   
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X is the correlation coefficient, T is the inverse of the frequency bandwidth, t1 and t2 are the 

start and end times of the window used in calculating X, and ωc is the center frequency of the 

bandwidth. Changes in dV/V greater than this RMS 𝜖 value are interpreted as real dilations, and 

not measurement errors [Weaver et al., 2011].  

5.4. Procedures for measuring dV/V at Tungurahua 

The dilation correlation coefficient method [Weaver and Lobkis, 2000; Hadziioannou 

et al., 2009; Weaver et al., 2011] was used to calculate the relative velocity change between the 

reference correlation functions and individual 6-hr, and 1,5,7,10-day correlation functions. 

Each individual correlation function was interpolated at times (1 )t ∈+ , where 𝜖, the stretching 

factor, was the relative velocity change, dV/V of the individual correlation function. The 
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dilation correlation coefficient ( )X ∈  was calculated for each value of 𝜖 from -0.02 to 0.02 in 

increments of 0.00002. Poor quality velocity measurements corresponding values of 

Xmax(𝜖)≤0.5 were discarded. The dV/V measurements for each station and station pair were 

averaged and the standard deviation of the dV/V measurements was calculated. For 

Xmax(𝜖)≥0.5 the estimate of the root mean square estimate of the relative dilation between the 

reference correlation function and the individual correlation functions, RMS 𝜖, was calculated 

as 0.002 for the band from 0.5 to 4 Hz; erroneous relative dilation changes in dV/V greater than 

this RMS 𝜖 value were interpreted as real dilations, not measurement errors. Velocity changes 

were also measured for correlation functions filtered between 0.5 to 2 Hz and 2 to 4 Hz, which 

corresponds to RMS 𝜖 values of 0.006 and 0.002, respectively 

 



 

 

  Chapter 6

RESULTS 

6. Results: Correlation functions 

For each 6-hour, vertical component record of ambient noise the symmetric correlation 

function (CF) from 0 to 15 seconds lag time was calculated for each station (Figure 10-Figure 

14, lower left panel) and station pair (Figure 15-Figure 24, lower left panel). The reference CF 

at each station and station pair was calculated by stacking each individual CF for 2010 (Figure 

10-Figure 14, lower right panel). The correlation coefficient between the reference trace and 

the individual CFs was calculated as an estimate of the baseline variance between the 

individual CFs and the reference (Figure 10-Figure 24, top panel, right hand axis, solid line). 

This variance corresponds to the level of fluctuations of the individual CF around the reference 

trace and was a measure of the emergence of coherent arrivals in the CF [Sabra et al., 2005]. A 

correlation coefficient of ~ 1 means the individual and reference waveforms were coherent 

with stable noise sources, while a value << 1 was less coherent and noise source locations vary 

over time [Hadziioannou, et al. 2011]. 

Figure 10-Figure 14 shows the individual autocorrelation functions (ACF) for each 

station from January1-December31, 2010 (lower left panel), the 1-yr stacked reference trace 

(lower right panel), and the correlation coefficient between each individual CF and the 

reference CF (upper panel, right axis, solid line); the real-time-seismic amplitude measurement 

(RSAM) (upper panel, left axis, dashed line), peaks in the curve indicate seismically active 
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periods at Tungurahua volcano. The gray dashed lines indicate the episodes of increased 

eruptive activity. The ACFs showed a high correlation coefficient, ~0.8, during quiescent, non-

eruptive periods. At the stations BRUN and BBIL, both located at roughly the same elevation, 

on the smooth north and west flanks of the volcano, there were dramatic drops in the 

correlation coefficient during the periods of increased eruptive activity, from ~0.95 to ~0.6. 

The three other stations (BULB, BPAT, and BMAS), did not exhibit the drops in correlation 

coefficient and remained stable during the eruptive periods. These stations were located on the 

topographically rougher and older flanks of Tungurahua. 

Figure 15-Figure 24 show the individual cross-correlation functions (XCF) for each 

station pair from January 1-December 31, 2010 (lower left panel), the 1-yr stacked reference 

trace (lower right panel), and the correlation coefficient (upper panel, right axis, solid line) and 

average RSAM for each station pair (upper panel, left axis, dashed line). The gray dashed lines 

indicate the periods of increased eruptive activity. The XCFs exhibited lower overall 

correlation coefficients than the ACFs and spatial and temporal variations in their values. 

BULB-BRUN, BBIL-BULB, BMAS-BPAT, BBIL-BMAS, and BBIL-BPAT had the highest 

overall correlation coefficient around ~0.6 to ~0.7, which decreased to between ~0.2-0.4 during 

the active eruptive episodes. 

During periods of increased eruptive activity, the CF waveforms appear to show a time 

shift and/or slight distortion. Quiescent period coherent arrivals were lower amplitude and 

arrived at a constant time throughout the period, and may have contained high frequency 

fluctuations. Active episode coherent arrivals were stronger amplitude, broad arrivals and may 

have appeared shifted relative to arrivals during quiescent periods and relative to earlier CFs 

within the active episode. For example, during the spike in the RSAM curve of the first active 
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episode the arrivals were delayed by about ~0.1-0.2s. During the second active episode in May, 

there was also a noticeable delay of ~0.1-0.2 s coinciding with the spike in the RSAM curve 

and following this period the arrivals were variable and much less organized. The arrivals of 

the third active episode showed a similar shift during the peak period of the RSAM curve.  

6.1. Autocorrelation Functions—Individual Stations Clockwise from North 

 

Figure 10.Individual and 1 year stacked autocorrelation functions at station BRUN for 2010. Colors 

are amplitude normalized to the mean trace amplitude; red is positive and blue is negative 

amplitude. The rms amplitude AGC is applied to the traces in a 4s window. Vertical, solid, dark red 

lines indicate that no CF is calculated for that time period due to a gap in the seismic record. The 

lower left hand window shows the individual ACF traces calculated from 6hrs records of ambient 

noise, the lower right window, outlined in black, is the 1-yr stacked ACF that is used as the 

reference trace in calculating dV/V, with depth calculated- assuming a constant Vp=2.5km/s and 

the top window shows the RSAM calculated for each 6hr record at BRUN (blue, dashed line and 

axis) and the correlation coefficient (green, solid line and axis) calculated between the unstretched 

reference trace (lower right) and each individual CF trace (lower left). Dashed light gray bars 

indicate the start and end of the three periods of increased volcanic activity. 
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Figure 11.Individual and 1 year stacked autocorrelation functions at station BULB for 2010. 

Annotation is the same as for Figure 10. 

 

Figure 12.Individual and 1 year stacked autocorrelation functions at station BPAT for 2010. 

Annotation is the same as for Figure 10. 
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Figure 13.Individual and 1 year stacked autocorrelation functions at station BMAS for 2010. 

Annotation is the same as for Figure 10. 

 

Figure 14.Individual and 1 year stacked autocorrelation functions at station BBIL for 2010. 

Annotation is the same as for Figure 10. 
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6.2. Cross-Correlation Functions—Near Vent Crossing Station Pairs 

 

Figure 15.Individual and 1 year stacked cross-correlation functions at station pair BULB-BMAS, 

crossing nearest to the vent, for 2010. Annotation is the same as for Figure 10. 

 

Figure 16.Individual and 1 year stacked cross-correlation functions at station pair BRUN-BMAS, 

crossing near to the vent, for 2010. Annotation is the same as for Figure 10. 
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Figure 17.Individual and 1 year stacked cross-correlation functions at station pair BRUN-BPAT, 

crossing near to the vent, for 2010. Annotation is the same as for Figure 10. 

6.3. Cross-Correlation Functions—North Flank (W-E) Crossing Station Pairs 

 

Figure 18.North flank crossing individual and 1 year stacked cross-correlation functions at station 

pair BBIL-BRUN for 2010. Annotation is the same as for Figure 10. 
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Figure 19.North flank crossing individual and 1 year stacked cross-correlation functions at station 

pair BULB-BRUN for 2010. Annotation is the same as for Figure 10. 

 

Figure 20.North flank crossing individual and 1 year stacked cross-correlation functions at station 

pair BBIL-BULB for 2010. Annotation is the same as for Figure 10. 
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6.4. Cross-Correlation Functions—South Flank (W-E) Crossing Station Pairs 

 

Figure 21.South flank crossing individual and 1 year stacked cross-correlation functions at station 

pair BBIL-BPAT for 2010. Annotation is the same as for Figure 10. 

 

Figure 22.South flank crossing individual and 1 year stacked cross-correlation functions at station 

pair BMAS-BPAT for 2010. Annotation is the same as for Figure 10. 
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6.5. Cross-Correlation Functions—East and West Flank (N-S) Crossing Station Pairs 

 

Figure 23.East flank crossing individual and 1 year stacked cross-correlation functions at station 

pair BULB-BPAT for 2010. Annotation is the same as for Figure 10 

 

Figure 24.West flank crossing individual and 1 year stacked cross-correlation functions at station 

pair BBIL-BMAS for 2010. Annotation is the same as for Figure 10. 
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6.6. Results Figures: Velocity change, dV/V, and maximum correlation coefficient, 
Xmax, for 6hrs and 1, 5, 7 and 10 day stacks 

 

Figure 25.(top to bottom panel), % dV/V for 6hrs and 1, 5, 7 and 10 days (thick black line) and 

band-passed filtered from 0.5 to 4Hz (wide-band) averaged over all stations and station pairs with 

1σ standard deviation bars (thin dashed line). Also plotted are dashed gray bars indicating the three 

episodes of increased volcanic activity 

 

Figure 26.(top to bottom panel), Average Xmax, corresponding to the dV/V curves for 6hrs, and 1, 

5, 7 and 10 days (thick black line) and band-passed filtered from 0.5 to 4 Hz (wide-band) averaged 

over all stations and station. Annotation is the same as for Figure 25 
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Figure 27.(top to bottom panel), % dV/V for 6hrs and 1, 5, 7 and 10 days (thick black line) and 

band-passed filtered from 0.5 to 2 Hz (low frequency) averaged over all stations and station pairs 

with 1σ standard deviation bars (thin dashed line). Also plotted are dashed gray bars indicating the 

three episodes of increased volcanic activity. 

 

Figure 28.(top to bottom panel), Average Xmax, corresponding to the dV/V curves for 6hrs, and 1, 5, 

7 and 10 days (thick black line) and band-passed filtered from 0.5 to 2Hz (low-frequency) averaged 

over all stations and station. Annotation is the same as for Figure 27 
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Figure 29.(top to bottom panel), % dV/V for 6hrs and 1, 5, 7 and 10 days (thick black line) and 

band-passed filtered from 2 to 4 Hz (high frequency) averaged over all stations and station pairs 

with 1σ standard deviation bars (thin dashed line). Also plotted are dashed gray bars indicating the 

three episodes of increased volcanic activity 

 

Figure 30.(top to bottom panel), Average Xmax, corresponding to the dV/V curves for 6hrs, and 1, 5, 

7 and 10 days (thick black line) and band-passed filtered from 0.5 to 2Hz (low-frequency) averaged 

over all stations and station. Annotation is the same as for Figure 29Results: Velocity changes, 

dV/V 
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6.7. Results: Relative velocity change, dV/V 

Using the dilation correlation coefficient method, the relative velocity change, dV/V, 

was calculated between the 1-year stacked reference trace and the individual 6-hrs and 1, 5, 7 

and 10 day stacked CFs, filtered between 0.5 and 4 Hz (wide-band). Velocity changes were 

also measured for CFs filtered between 0.5 to 2 Hz (low frequency) and 2 to 4 Hz (high 

frequency). Assuming a spatially constant velocity change, measurements were averaged over 

all 15 CFs (5 autocorrelations and 10 cross-correlations) to determine the average relative 

velocity change, dV/V, at Tungurahua. Figure 25 to Figure 32 show this spatially averaged 

dV/V (thick black line), with 1σ standard deviation bars (thick black line), and corresponding 

maximum correlation coefficient, Xmax, curves for the 6-hrs and 1, 5, 7 and 10 day stacks, 

filtered from 0.5-4Hz (Figure 25, Figure 26), 0.5-2Hz (Figure 27,Figure 28) and 2-4Hz (Figure 

29, Figure 30). Table 1 summarizes the year-long average dV/V, standard deviation, 

correlation coefficient and minimum acceptable level of fluctuation for the different bands. For 

0.5-4 Hz wide-band runs (Figure 25, Figure 26; Figure 31, top panel), the average dV/V ranges 

between −0.0059% to −0.0073 %, for the 5 day and 6 hour stacks, respectively and 1σ standard 

deviation bars of ±0.13% to ±0.21%. The mean minimum acceptable level of fluctuation, RMS 

𝜖, decreased with increasing stack length from 0.16% (6 hour stack) to 0.12% (10 day stack), 

for an average correlation coefficient Xmax of 0.64 to 0.74, respectively. For the low frequency, 

0.5-2 Hz band (Figure 27, Figure 28; Figure 31, middle panel), the average dV/V was higher, 

ranging between 0.0101% to 0.0210%, for the 10 and 1 day stacks, respectively. The 1σ 

standard deviation error bars range from ±0.15% to ±0.21%. The mean minimum acceptable 

level of fluctuation, RMS 𝜖, was higher than for the wide-band and ranges from 0.41% (6 hour 

stack) to 0.31% (10 day stack), for average correlation coefficients, Xmax, of 0.66 and 0.74, 

respectively. In the high frequency band, 2-4 Hz (Figure 29, Figure 30; Figure 31, bottom 



 

91 

panel), the average dV/V was similar to that of the wide-band, ranging between −0.0028% to 

−0.0079%, for the 10 and 7 day stacks, respectively. The 1σ standard deviation error bars range 

from ±0.13% to ±0.19%. The mean minimum acceptable level of fluctuation, RMS 𝜖, ranges 

from 0.15% (6 hour stack) to 0.12% (10 day stack), for average correlation coefficients, Xmax, 

of 0.67 and 0.74 respectively. Overall, the maximum correlation coefficient was high and 

ranges from 0.64 to 0.75, though there may be some non-stationary sources that add errant 

fluctuations to the recovered coherent arrivals. (see Table 1 for summary)  
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Table 1. Summary of mean dV/V, the 1 σ standard deviation, Xmax and corresponding RMS 𝜖 for 

each stack length of individual CFs used in the calculation (6-hrs and 1, 5, 7 and 10 day stacks ) 

and each filter band (0.5-4 Hz, 0.5-2 Hz, 2-4 Hz) applied to the CFs. 

CF stack 
length

mean dV/V, 
%

1 σ 
standard 

deviation, % 
Xmax

mean RMS 
ϵ

6 hours -0.0073 0.21 0.64 0.16
1 day -0.0070 0.18 0.67 0.15
5 days -0.0059 0.14 0.72 0.13
7 days -0.0067 0.14 0.73 0.12
10 days -0.0068 0.13 0.74 0.12

CF stack 
length

mean dV/V, 
%

1 σ 
standard 

deviation, % 
Xmax

mean RMS 
ϵ

6 hours 0.0203 0.21 0.66 0.41
1 day 0.0210 0.19 0.68 0.39
5 days 0.0160 0.16 0.72 0.35
7 days 0.0136 0.16 0.72 0.35
10 days 0.0101 0.15 0.74 0.33

CF stack 
length

mean dV/V, 
%

1 σ 
standard 

deviation, % 
Xmax

mean RMS 
ϵ

6 hours -0.0032 0.19 0.67 0.15
1 day -0.0053 0.16 0.70 0.14
5 days -0.0078 0.14 0.73 0.12
7 days -0.0079 0.13 0.74 0.12
10 days -0.0028 0.13 0.75 0.12

0.5-4 Hz, Wide band

0.5-2 Hz, Low Frequency

2-4 Hz, High Frequency

 



 

93 

 

Figure 31.% dV/V for 1- (thick solid black line) and 7 day-stacks (dashed red line) averaged over 

all stations and station pairs with 1σ standard deviation bars (thin dashed line). Prior to calculation 

of dV/V the CFs were filtered in the bands (a) 0.5-4Hz (wide-band), (b) 0.5-2Hz (low frequency), 

and (c) 2-4Hz (high frequency) Also plotted are dashed gray bars indicating the three episodes of 

increased volcanic activity. 

The dV/V curves for 2010 showed similar trends regardless of the length of the 

individual CF used in the calculation (6-hrs and 1, 5, 7 and 10 day stacks ) or the filter band 

(0.5-4 Hz, 0.5-2 Hz, 2-4 Hz) applied to the CFs. During the three episodes of increased 

volcanic activity, dV/V decreased significantly after the onset of eruptive activity; the 

difference between dV/V at the start of the active episode and the minimum measured dV/V 

was 0.41% for episode 1 (January 14), 0.53% for episode 2 (June 2) and 0.49% for episode 3 

(December 4), measured from the 1 day, 0.5-4Hz filtered dV/V curve (Figure 31, top panel, 

black line). These velocity changes were greater than the mean minimum fluctuation strength, 
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RMS 𝜖 = 0.15% for the 0.5-4 Hz curve. The low frequency curve (0.5-2 Hz) shows similar 

drops of 0.40% (January 14), 0.67% (June 3), and 0.50% (December 6) from the onset of 

eruptive activity to the minimum measured dV/V, which were all greater than the mean 

minimum fluctuation strength, RMS 𝜖 = 0.39% (Figure 31, middle panel, black line). Drops of 

0.58% (January 14), 0.38% (June 3), and 0.52% (December 6) with a mean RMS 𝜖 = 0.14% 

were measured on the high frequency (2-4 Hz) curves (Figure 31, bottom panel, black line). 

Interestingly, the second episode (May-July) showed less of a velocity drop for the high 

frequency band for than the other two bands, while the first and last episodes had comparable 

drops in relative velocity. The dominant source of the velocity change during the May episode 

may be located deeper than the peak sensitivity of the 2-4 Hz band, suggesting that the eruptive 

characteristics of the May episode were different from those of the January-March and 

November-December episodes. Measurements of relative velocity change, dV/V, can be 

affected by the presence or lack of sources, such as LP earthquake events. It may be significant 

that more LPs, which dominate the 0.5-2 Hz band (K. Kim, pers. comm., 2013), were recorded 

during the second episode than the first and last episodes. Another interesting feature of the 2-4 

Hz band was the large positive spike in dV/V late on November 26 and a smaller spike on 

December 4. The correlation coefficient for that day was reasonable, 0.55 and 0.58, 

respectively, and those days corresponded to the reported occurrence of lava fountaining 

(fuentes de lava) and the La Hacienda andesite lava flow.  

The quiescent periods between episodes of eruptive activity exhibited a gentle increase 

in dV/V. Between the end of the first and onset of the second eruptive episodes, March 20 to 

May 25, dV/V increased by +0.15 % measured on the 1 day, 0.5-4Hz filtered dV/V curve 

(Figure 31, top panel, black line); +0.14% measured on the 1 day, 0.5-2Hz filtered dV/V curve 
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(Figure 31, middle panel, black line); and +0.39% on the measured on the 1 day, 2-4Hz filtered 

dV/V curve (Figure 31, bottom panel, black line). During the second quiescent period, July 31 

to November 18, dV/V increased by +0.223 % measured on the 1 day, 0.5-4Hz filtered dV/V 

curve (Figure 31, top panel, black line); +0.227% measured on the 1 day, 0.5-2Hz filtered 

dV/V curve (Figure 31, middle panel, black line); and +0.249% on the measured on the 1 day, 

2-4Hz filtered dV/V curve (Figure 31, bottom panel, black line).  

These results are consistent with the relative velocity change trend observed at Piton de 

la Fournaise, using the 10 day [Brenguier et al., 2008b] and the improved 1 day resolution 

[Baig et al., 2009]. The 10-day stacks showed drops in velocity prior to onset of eruption that 

we also observed in our 10-day stacks, while the 1 day showed increases in relative velocity 

prior to eruptive onset, followed by post-eruption onset drops [Baig et al., 2009]. The 10 day 

stacks have the effect of averaging the velocity change over a long time window, which 

impeded the ability to detect real time changes in velocity [Baig et al., 2009]. The velocity drop 

may not be a precursor, but could occur anytime within the 10 day window. The velocity drops 

occurred on the order of hours to a few days and a small time window was needed to determine 

the exact onset. The dilation correlation coefficient (DCC) method allowed determination of 

relative velocity changes with the resolution of up to 6 hours using single component, ZZ, 

correlations and assessed the quality of the measurements by calculating the correlation 

coefficient and minimum acceptable level of fluctuation, without having to design and apply 

special denoising filters.  

Additionally, we did not observe a long term seasonal trend in our dV/V measurements 

that was observed at Mt. Merapi [Sens-Schönfelder and Wegler, 2006], Piton de la Fournaise 

[Brenguier, et al., 2008a,b], and in the Los Angeles basin [Meier et al., 2011]. Seasonal 
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variability may result from close proximity of these settings to the coast. These studies also 

used longer period ambient noise that may be more sensitive to regional scale, seasonal 

changes. By using the 0.5-4 Hz band with a narrow array velocity changes due to local scale 

volcanic changes may be better resolved and larger regional fluctuations reduced or eliminated. 



 

 

  Chapter 7

DISCUSSION AND CONCLUSIONS 

7. Discussion: Comparison of dV/V results with volcanic activity during 2010 at 
Tungurahua Volcano 

 

Figure 32. (top panel) % dV/V for 1- (thick solid black line) and 7 day-stacks (dashed red line) 

averaged over all stations and station pairs with 1σ standard deviation bars (thin dashed line). Also 

plotted are significant eruptions noted in the text (yellow stars) and gray bars that indicate the three 

episodes of increased volcanic activity. RSAM (2nd panel, dashed line), number of LPs (3rd panel, 

dot-dashed line) and number of eruption tremor waveforms (4th panel, horizontal bars) recorded 

per day are plotted in the three panels below the top, respectively. CFs were band-passed filtered in 

0.5-4Hz (wide-band) prior to calculation of dV/V. 
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During the time period of interest Tungurahua volcano experienced 3 major episodes of 

Strombolian to Vulcanian style eruptive activity: (1) January to March 2010, (2) late May to 

June 18th paroxysmal crisis with continued moderate activity through July, and (3) mid-

November to December 2010. For each of these episodes of activity, the dV/V curves showed 

a cyclical trend of large, steep drops in dV/V immediately following the onset of eruptive 

activity, with troughs occurring at the same time as the most active period of eruption, followed 

by a slow recovery. During the quiescent periods, in between the episodes of active eruption, 

dV/V gradually increased. The 1 and 7 day averaged, 0.5-4Hz filtered dV/V trends were 

compared with three measures of volcanic activity: (1) average RSAM, (2) number of LPs and 

(3) number of eruption tremor waveforms per day (Figure 32). The RSAM was calculated as 

the RMS amplitude of each 6 hour record of vertical component seismic data normalized to the 

percent deviation from the maximum amplitude, while the number of LPs and eruption tremor 

events were tabulated by the IGEPN.  

7.1. Active Episode 1: January 5th to March 

The first episode began on January 5th, 2010, with the eruption of a gas and ash plume 

that rose to an elevation of ~6.5 km a.s.l. Following the start of the first active eruption episode 

the relative velocity dropped 0.41% to the minimum value measured on January 14th ,  on the 

1-day stack, 0.5-4Hz filtered dV/V curve (Figure 32, top panel). Moderate eruptive activity 

producing ash plumes and falls, as well as some Strombolian activity into late February 

coincided with the region of depressed, but gradually increasing dV/V, while the decrease in 

activity in the waning stages of the eruptive episode in late February was mirrored by the 

recovery of the dV/V curve to levels close to zero.  
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7.2. 1st Quiescent Period: March 20th to May 26th  

 After activity associated with the first eruptive episode ceases, the relative velocity 

trend continued to gradually increase. Between the end of the first and onset of the second 

eruptive episodes, March 20 to May 25, dV/V increased by +0.151 % ( Figure 31). A slight 

increase in the number of LPs recorded occurs in late April that did not appear to correspond to 

any change in the dV/V trend (Figure 32, third panel) and the RSAM (Figure 32, second panel) 

and eruption tremor (Figure 32, bottom panel) curves remained close to zero. 

The wide band (0.5-4 Hz) and low frequency band (0.5-2Hz) dV/V curves did not show 

precursory changes other than rapidly fluctuating, slightly higher amplitude values in the days 

prior to the May 26 and 28 eruptions that were the start of the second active episode. The high-

frequency curve did show a precursory downward trend in the dV/V values beginning in early 

May that also corresponded to a rapid increase in the number of recorded LPs a (Figure 32, 

third panel) and increase in the eruption tremor (Figure 32, bottom panel). 

7.3. Active Episode 2: May 26th to June 18th with moderate activity through July 

The second and most intense episode of activity began May 26-28, 2010. Following the 

onset of eruption, in a pattern that was similar to that of the first episode, dV/V dropped rapidly 

immediately following the initial eruptions for the duration of the sustained high eruptive 

activity that follows and recovers as eruptive activity wanes. The difference between dV/V at 

the start of the active episode and the minimum measured dV/V was 0.53% for episode 2 (June 

2), measured using the 1 day, 0.5-4Hz filtered dV/V curve (Figure 32, top panel). The trough 

of the dV/V curve appeared to coincide with a major swarm of volcanic explosions and the 

recording of hundreds of seismic events that occurred for several days following the May 28th 

eruption [Lees et al, 2012]. The rapid increase in dV/V that occurred during the first half of 
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June, from ~ June 1 to ~June 18, coincided with the period in which harmonic tremor tapers off 

[Lees et al, 2012]. The intense eruptive activity was reported by the IGEPN to reach its peak 

around June 8-9. On June 8 the maximum measured SO2 released was 4030 tons. At the same 

time tilt measurements at three stations (RETU, BILBAO, and PONDOA) indicated a small 

inflation 

Between June 18 and Aug 1 the dV/V showed a slight upward trend, while volcanic 

activity continued at a moderate level. The number of LPs recorded fluctuates, but remained 

high (Figure 32, third panel) , while the level of tremor was high, but lower than between May 

26 and June 18 (Figure 32, bottom panel). A series of explosions recorded by the seismic 

network on July 27th did not appear to alter the trend of the dV/V curve, though it was 

accompanied by a release of 3207 tons of SO2 and a slight inflation recorded on the tiltmeters 

at RETU, BILBAO, and PONDOA. The last reported plume of steam and ash occurred on July 

30th. 

7.4. 2nd Quiescent Period: August to mid-November  

Over the duration of the second quiescent period, from July 31st to November 7th, dV/V 

gradually increased by +0.223 % (Figure 31), which was greater than for the first quiescent 

period. There was no precursory decrease in the 2-4 Hz dV/V curves, unlike the decrease that 

occurred prior to the May 26th eruption. The onset of the third eruptive episode also differed 

from the second episode in its eruptive characteristics; the onset of activity during the third 

eruptive episode was more gradual, while the first episode activity increased sharply, triggered 

by the May 26th and 28th large eruptions. This may indicate differing dominant eruption 

mechanisms between the two episodes. 
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7.5. Active Episode 3: mid-November to December 27th  

The last episode of major eruptive activity in 2010 began with a gradual increase in 

seismic activity at the end of October followed by Vulcanian style eruptions beginning in the 

second week of November. Starting in October and continuing into November, the number of 

LPs recorded by the IGEPN gradually increased from 31 recorded events in the first week of 

October to 87 recorded during the final week of October, to 112 recorded in the second week 

of November, the week eruptions began. The first week of November the number of recorded 

LPs dropped to 14. The number of LPs recorded per day during this last episode remains lower 

than in the second episode (Figure 32, third panel).  

During this period of gradual increase in volcanic activity dV/V gradually decreased 

between the start of the episode to the minimum by 0.49% (December 4), measured using the 1 

day, 0.5-4Hz filtered dV/V curve (Figure 32, top panel). The steepest drop in the dV/V curve 

occurs following the large November 22nd eruption and continued into early December. The 

trough of the dV/V curve corresponds with the December 4th eruption that produced the 1 km 

long La Hacienda quebrada lava flow. This was again followed by a slow increase in the dV/V 

curve until volcanic activity ends, after moderate size explosions on December 24-25th, 

eruptive activity at Tungurahua decreased and explosions ceased by the end of the first week 

on January 2011. This decrease in explosive activity was accompanied by a decrease in 

recorded earthquakes, a deflation recorded in the tilt and decreasing SO2 emissions. 

7.6. Discussion: Possible causes of dV/V changes at Tungurahua 

At Tungurahua, changes in relative velocity, dV/V, appear to correspond to cyclical 

changes in eruptive activity. Steep drops in dV/V occur immediately following the onset of 

eruptive activity, with troughs occurring at the same time as the most active period of eruption, 
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followed by a slow recovery as eruptions wane. Quiescent periods were characterized by 

gradual increased in dV/V. A definite pattern of precursory velocity changes was not observed; 

a precursory drop in velocity was observed only for the second episode and on the 2-4Hz 

filtered dV/V curve. No increases in velocity prior to eruption were observed. The dV/V curve 

did appear to give an indication of the intensity of eruptive activity. Episode 2 had the most 

intense eruptive activity, decreasing for episode 3 and then episode 1, which corresponded to 

dV/V drops of 0.53%, 0.49% and 0.41%, respectively. The periods of the largest drops also 

correspond to the time period in which eruptive activity was greatest. Recovery of pre-eruption 

dV/V levels occurs as eruptive activity decreases.  

The close correspondence of decreased velocity with increased eruptive activity 

suggests a source that is directly related to eruption processes. These include fracturing and 

dilation due to pressurization in the magmatic and/or hydrothermal system, shallowing of 

fragmentation depth, deepening of the water exsolution depth, or dispersive waves that 

propagate in fluid filled cracks. Prior to eruptions, intrusions of magma into the conduit system 

lead to a pressurization of the conduit system and inflation of the volcanic edifice [Brenguier et 

al., 2008b]. A deepening of the exsolution depth and fragmentation depth, resulting in the 

generation of trapped volatile bubbles also contributed to the pressurization of the conduit 

system [Haney et al., 2009]. This pressurization could cause the increase in velocity prior to 

eruption onset, while the sudden release of this pressure by eruption [Garces et al., 2000] could 

result in the drops of relative velocity following the onset of eruption. Continued release of 

magma and volatiles through eruptions and degassing could cause the depressed dV/V that 

occurred for the duration of the eruptive episode. The decline in the level of eruptive activity 

correlated to gradual recovery of pre-eruptive levels of dV/V.  
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It has also been suggested that inversely dispersive waves propagating in fluid filled 

cracks, the “crack” or “slow” waves that generate LP events [Chouet, 1996], could result in the 

drops in velocity [Haney et al., 2009]. These waves have the property that their phase and 

group velocities decrease with an increasing ratio of wavelength-to-conduit thickness and a 

narrowing of the conduit due to depressurization following eruption would correspond to a 

decrease in velocity. This mechanism did not appear to dominate the dV/V trends at 

Tungurahua. If the presence of inversely dispersive propagating waves, recorded as LP events, 

caused velocity drops then the dV/V curve would more closely mimic the LP trend; low 

velocity spikes would correlate to increased number of LPs. This mechanism did not explain 

why there was a gradual increase in velocity prior to eruption during periods that lack an LP 

activity. While, additional, non-stationary (moving) sources from increased LPs appeared to 

contribute to some of the velocity decrease, in the 0.5-2 Hz band, during the second eruptive 

episode at Tungurahua, the contribution to other periods of activity was less certain. Further 

study is needed to quantify how the added LP sources affect the dV/V trends. 

7.7.  Conclusions 

The close paralleling of the dV/V curve with eruptive activity makes it a promising 

method for monitoring eruption intensity, but not for a predictive tool to forecast eruption 

onset. The RSAM curve shows peaks in seismic activity that does not always correspond to 

peaks in eruptive activity. Precursory increases in the number of LP and eruption tremor events 

are observed for the first and second eruptive episodes, but less so for the third. Eruption 

intensity is also not as closely correlated to LP and tremor activity as the dV/V curve. The 

dV/V curve appears to more closely correlate with the eruptive activity better than these other 

measures of volcanic activity.  
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The different eruptive characteristics of episode 2 and 3 are also reflected in the 

measured velocity changes. Episode 2 dV/V drops dominate in the LP band and are not as 

closely tied to gas emissions. Potentially dV/V changes could be tied to the same mechanisms 

inferred to result in LP events, i.e. vibrating fluid filled conduit. Episode 3 on the other hand 

has a similar shape regardless of the band and appears to have spikes coinciding with lava 

eruptions (flow or Strombolian effusions). While the steepest drop coincides with LP and 

tremor numbers the dominant source may not be vibrating fluids, but to pressurization and 

fracturing due to influx of gas or magma. Future work is needed to identify the source of the 

dV/V changes and to quantify the effect of non-stationary sources (i.e. LP and other seismic 

events) on relative velocity measurements. 



 

 

  Chapter 8

EQUIPARTITIONING OF THE AMBIENT NOISE FIELD AT TUNGURAHUA 
VOLCANO, ECUADOR, 2010 

8. Background and Methods 

8.1. Background: Equipartition of a diffuse wavefield 

Equipartition is a key assumption in derivations of the Green’s function from the 

ambient noise wavefield. Equipartition refers to the concept that in a diffuse (random) 

wavefield the average energy densities at any given place for any given mode (Rayleigh, P, S, 

etc.) are equal [Shapiro et al., 2000; Weaver, 2010]. For ambient seismic noise in a large, open 

system the local wavefield may be diffuse, the result of a continuous and random distribution 

of sources and scattering, but not equipartitioned [Weaver, 2010]. In the case of ambient noise 

surface wave tomography, it is generally assumed that by averaging ambient noise wavefield 

correlations over a year or more, that a kind of local equipartition can be achieved where all 

modes of the regional wavefield are equally energetic and the Green’s function can be 

retrieved. For continuous monitoring, with shorter averaging times, it becomes important to 

measure the extent of equipartition in the local seismic wavefield. Temporal changes in the 

direction and strength of the local wavefield impedes the retrieval of the Green’s function and 

accurate measurements of seismic velocities and other elastic parameters [Roux et al., 2009; 

Lawrence et al, 2011] as well as helps to differentiate the source of relative velocity changes, 

dV/V. In spite of this, few previous studies have attempted to measure the equipartition of the 

local wavefield.  
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The purpose of this work is to characterize the equipartition of the wavefield at 

Tungurahua Volcano, Ecuador and use this information to characterize potential sources of 

velocity changes associated with eruptions. Previously, it was shown that the Green’s function 

of a medium could be retrieved from the correlation of recordings of the ambient noise 

wavefield [e.g., Lobkis and Weaver, 2001; Sneider, 2004; Weaver and Lobkis, 2004; 

Wapenaar, 2004; Roux, et al., 2005]. A fully equipartitioned diffuse field develops in a 

heterogeneous medium as a result of multiple scattering of a wave. Partition between energies 

is reached when a wave has encountered a sufficient number of scatterers [Shapiro et al., 

2000]. The partition of a measured ambient noise field has been previous estimated from two 

energy ratios, (1) the shear to compressional energy ratio, R=Ws/Wp [Shapiro et al., 2000; 

Hennino et al, 2001; Margerin et al., 2009], and (2) the horizontal-to-vertical kinetic energy 

ratio, H/V, [Hennino et al., 2001; Margerin et al., 2009].  

8.2. Background: Testing equipartition and S-to-P energy density ratio 

Shapiro et al. [2000] developed the equations to describe the ratio of S-to-P energy or 

the ratio of the energies of the curl to the divergence of ground displacement using the radiative 

transfer theory [Wu, 1985]. Radiative transfer theory quantitatively describes the arbitrary 

orders of scattering and intensity in a complex medium that cannot be accounted for by models 

of single scattering and diffusion [Shapiro et al., 2000]. The S-to-P energy ratio is an 

equilibration ratio and does not necessarily imply equipartioning, although equipartioning 

implies equilibration [Paul et al., 2005]. This equilibration will occur even when the energy 

flux distribution is strongly directional (i.e. direct wave). 

The energy ratio, R=Ws/Wp, can be used to estimate when the wavefield reaches 

equilibrium and is locally equipartitioned [Shapiro et al., 2000]. The ratio is calculated as, 
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The spatial derivatives of the displacement are calculated for a square array of four stations as,  
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where n
iu  is the displacement at station, n, and d is the distance between opposite stations of 

the array, ~71m. For events recorded at only 3 stations the spatial derivatives are calculated as  
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Their study uses the calculation of this energy ratio to characterize the state of 

equipartition in the lithosphere using a seismic array installed at Chilpancingo, Guerrero, 

Mexico. They apply their technique to coda of 13 local earthquakes in the vicinity of the array, 

which are band-passed from 0.1 to 0.5 Hz (2 to 10s). Earthquake coda are composed of waves 

multiply scattered by small-scale heterogeneities in the Earth [Aki, 1969], which results in a 

diffuse wavefield, the correlations of which can be used to retrieve the Green’s function such 

as with ambient noise correlations. The study at Chilpancingo, Mexico [Shapiro et al., 2000; 

Hennino et al., 2001] and subsequent observations at the Pinyon Flats Observatory seismic 

array [Margerin et al., 2009] show that the S-to-P energy ratio varies rapidly during the onset 

of the direct arrival of the earthquake and stabilizes for during the coda. The ratio does not vary 

more than about 25% of the mean value in the coda window, while the energy decreases by a 

factor of 10,000 [Shapiro et al., 2000]. They also observe that conditions at the surface affect 

the equilibration of the energy ratio, Ws/Wp, and consequently the local equipartition. Lower 

energy ratios than are predicted by theory are observed in the Chilpancingo and Pinyon Flats 
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studies [Hennino et al., 2001; Margerin et al., 2009]. The discrepancy between the observed 

and predicted energy ratios is explained by the interference of incident and reflected wavefields 

at the surface [Margerin et al., 2009]. Work by Margerin et al. [2009] to model energies in a 

layered model that can account for surface conditions, is able to account for the lower S-to-P 

energies as well as shows the depth dependency of the energy ratios (Figure 33).  

 

Figure 33 Depth dependence, measured as a function of the shear wavelength λs, of energy ratios 

for equipartitioned elastic waves calculated for a homogeneous elastic half-space. The depth 

kernels are calculated for the shear to compressional deformation energy ratio (Bottom) and the 

vertical to horizontal kinetic energy ratio (Top). (source: Margerin et al., 2009) 

8.3. Background: H/V Ratio and equipartition 

The horizontal-to-vertical kinetic energy ratio, H/V, equilibrates like the S-to-P energy 

ratio and can also be used to test for equipartition [Hennino et al., 2001; Margerin et al., 2009]. 

First proposed by Nogoshi and Igarashi [1971], the H/V ratio is calculated as the ratio between 

the Fourier amplitude spectra of the horizontal (N and E) components to the vertical (Z) 
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component amplitude spectra. The H/V ratio is easier to calculate than the S-to-P ratio and can 

be calculated at individual stations. Site conditions and resonance frequency also can be 

estimated using the H/V ratio [e.g., Nakamura, 1989; Bonnefoy-Claudet et al., 2006; Lermo 

and Chávez-García, 1993]. I use the H/V ratio to characterize the equipartition of the seismic 

wavefield at Tungurahua and characterize the differences in the wavefield at individual 

locations that affect the retrieval of the Green’s function. 

Although, the physical basis for the equilibration of the horizontal-to-vertical kinetic 

(H/V) energy ratio is not well constrained [Hennino et al., 2001; Margerin et al., 2009] some 

initial work has been done to relate the H/V ratio to the to the average energy density of the 

wavefield by calculating the H/V ratio as a function of the imaginary part of the Green’s 

function [Sánchez-Sesma et al., 2011a, b]. By relating the H/V ratio to the component energy 

densities one can the estimate the various contributions of body and surface waves to the ratio.  

The retrieval of the Green’s function from correlations of ambient noise, as previously 

described, implies that the average energy densities of a diffuse field is proportional to the 

imaginary part of the Green’s function [Sánchez-Sesma et al., 2008, 2011a, b; Perton et al., 

2009]. Following the terminology of Sánchez-Sesma et al. [2008,2011a,b], the auto-correlation 

of the displacement vector field, ( ),iu ωx , of a diffuse field measured at stations 1 can be 

written as  

 ( ) ( ) ( )3
1 1, , 2 Im , ,

ji s iju u E k Gω ω π ω∗ −  = −  1 1x x x x   (4) 

Where sE is the average energy density of shear wave, the shear wavenumber is k ω β= , and 

the Green’s function ( ), ,ijG ω1 2x x is the response at station 1 in direction i to a force acting at 
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the same location in direction j. The total energy density, ( )E 1x , measured at station 1 can be 

found by rewriting (4),  
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where 2µ β ρ= . 

The H/V ratio can be written in terms of the energy densities ( ), , Z, N, EiE iω =x  of each 

component (Z, N, and E), 

 [ ]( ) ( ) ( )( ) ( )E N Z/ , , ,H V E E Eω ω ω ω= +x x x  , (6) 

which can be rewritten in terms of the imaginary component of the Green’s function using (5), 
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The development of this theory is important in understanding how the relative 

contributions of body and surface waves in a wavefield contribute to the amplitude and 

resonance frequency obtained from the H/V ratio. Various authors have debated whether to 

attribute the peak H/V amplitude to the dominance of Rayleigh wave motion (Lermo and 

Chávez-García, 1993; Fäh et al. 2001) or body waves (e.g., Nakamura, 1989; Bonnefoy-

Claudet et al., 2006). Sánchez-Sesma et al. [2011b] obtains the theoretical energy partition 

from the theoretical H/V ratio, calculated using (7) and given a model where a horizontal 

(tangential) and vertical (normal) force is applied at the surface of an elastic half-space with a 

Poisson ratio of ¼. For a horizontal force, the theoretical partition between modes is 18% 

Rayleigh, 60% SH-, 16% SV-, and 6% P-waves. For a vertical force the theoretical partition 
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between modes is 67% Rayleigh, 26% SV-, and 7% P-waves. The vertical force produces a 

wavefield that is dominated by surface waves that are insensitive to deep structures at higher 

frequencies. The horizontal force case produces body waves that may interact with deeper 

layering [Sánchez-Sesma et al., 2011b]. The contribution of different types of waves to the 

H/V ratio clearly depends on the type of source producing the wavefield, which may explain 

the contradictory results from previous research. 

8.4. Methods: Data and initial processing 

I use the H/V ratio, calculated from the ambient noise amplitude spectra, to characterize 

the local equipartition of the seismic wavefield and differences in the wavefield at individual 

locations that affect the retrieval of the Green’s function at Tungurahua in 2010. I use the same 

dataset as used in the previous section, describing changes in the relative velocity, dV/V, which 

consists of the continuous seismic time-series records from 5 broad-band seismometers in 

2010, deployed around the flanks of Tungurahua volcano, Ecuador by the Instituto Geofísico 

Escuela Politécnica Nacional (IGEPN), (see Figure 34). Processing the ambient noise 

recordings was done as previously for calculation of 6-hour correlation functions (see Chapter 

5.1, pp.70). Each component of the daily seismic record was demeaned, detrended and band-

passed filtered from 0.5-4 Hz and cut to 6-hour long segments. To reduce the effect of 

earthquakes that could mask the ambient noise signal, a temporal running-absolute-mean and 

sign-bit normalization [Bensen et al., 2007] was applied to each 6-hour-long record. 
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Figure 34. Map of station locations for the IGEPN broadband seismic array at Tungurahua 

Volcano, Ecuador deployed in 2010. Topographic contour spacing is every 50 meters. (Source: 

Keehoon Kim) 

8.5. Methods: H/V Ratio  

First, the Fourier amplitude spectra of each component (Z, N, E) of each 6-hour noise 

record was calculated (see Figure 38-Figure 39) for each of the five broadband stations (BBIL, 

BRUN, BPAT, BMAS, BULB) deployed on Tungurahua Volcano in 2010. Each power spectra 

is smoothed using a 0.01 Hz window and the H/V ratio is calculated (see Figure 38-Figure 39). 

H/V is calculated as the square root of the ratio of the average of the horizontal component 

power spectra and the vertical power spectra, 2 2 2/ ,H V N E Z= , where the brackets 

indicate the average of the horizontal component (N,E) power spectra and Z2 is the vertical 

power spectra (SESAME, 2005). The peak H/V ratio is found from the maximum value of the 

frequency dependent H/V in each of the three bandwidths of interest: 0.5-4 Hz (wide-band), 
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0.5-2 Hz (low frequency) and 2-4 Hz (high frequency). Figure 45-Figure 47 show the peak 

H/V curve calculated at each station in 2010 and the spatially averaged peak H/V for each 

frequency band. 



 

 

  Chapter 9

SPECTROGRAM AND H/V RESULTS 

9. Results 

9.1. Spectrograms and spectral content of the ambient noise wavefield 

Figure 38-Figure 39 show the spectrograms calculated for each 6-hour ambient noise 

record from the horizontal (N, E) and vertical (Z) components at the five broadband stations 

(BBIL, BRUN, BPAT, BMAS, BULB) deployed on Tungurahua Volcano in 2010. The power 

spectra are calculated for each 6-hour long record of ambient noise and smoothed using a 0.01 

Hz window. During active eruptive episodes, the peak spectral content of the ambient noise 

field at Tungurahua shifts to lower frequencies, below ~2.5 Hz. This corresponds to the 

dominant frequency band of LP events recorded at Tungurahua (K. Kim, pers. comm., 2013). 

During quiescent periods with decreased volcanic activity, the power spectra have weaker peak 

amplitudes, with the exception of the spectra at BBIL, and are shifted to higher frequencies.  

The spectra at station BULB are shown in Figure 35. During the three active eruptive 

episodes, the spectra calculated at station BULB (NE flank) show strong peaks at frequencies 

less than ~1.1-1.6 Hz. The vertical component shows four strong peaks at 0.9, 1.1, 1.2, and 1.6 

Hz during all three active episodes. On the N-component spectrogram, three to four peaks at 

0.7, 0.8, 0.9, 1.3 Hz are observed and two peaks, a broad peak from 0.6-0.8 Hz and a narrow 

peak at 1.1 Hz, are observed on the E-component spectrogram. During periods of low activity, 
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the spectral peaks have weaker amplitudes, are located at higher frequencies, and span a larger 

range of frequencies than the peaks occurring during the active episodes. On the vertical 

component there are amplitude peaks located at 1.5, 2, and 2.5 Hz. The amplitude of the peaks 

that follow the second eruptive episode is greater than those following the first eruptive 

episode. N-component shows a broad peak between 3.4-4Hz, while the E-component shows 

two broad peaks, from 1.3-1.5Hz, 2.5-2.7 Hz, and a narrower peak at 3.7 Hz. 

A similar pattern of spectral peaks are observed at station BPAT (see Figure 36), 

located clockwise south from BULB, except the spectral bands are weaker on the vertical 

component and are almost absent from the horizontal components during the active eruptive 

episodes. Over the duration of each of the active episodes, the peak bands on the vertical 

component occur at 1 and 1.3 Hz and are not continuous. The peak bands on the horizontal 

components are weak and distributed across almost the full band width, from 0.8 to 3.7 Hz. On 

the N-component there are weak harmonics at 1, 2, and 3 Hz and a strong, broad peak at 3.4 

and 3.7 Hz, which both continue into the quiescent periods, though shifted towards the higher 

frequencies by 0.1 Hz. On the E-component there are six bands at 1.6, 1.8, 2.2, 2.4, 2.8, and 

3.3Hz during the active episodes and a peak at 3.5 Hz during the quiescent periods.  

During the quiescent periods of low activity the spectral peaks are, in general, lower in 

amplitude and shifted slightly to higher frequencies at station BPAT. On the vertical 

component there are two sets of weak, broad peaks located between 1.3-1.6 Hz and 2-2.6 Hz. 

The amplitude of the peaks that follow the second eruptive episode is greater than those 

following the first eruptive episode. The N-component shows a broad peak between 3.4-4Hz, 

while the E-component shows two broad peaks, from 1.3-1.5Hz, 2.5-2.7 Hz, and a narrower 

peak at 3.7 Hz.  
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The set of spectral amplitude peaks calculated at station BMAS (SW flank, Figure 37) 

occur in the frequency band from 1-3.3 Hz, during both the active and quiescent times. During 

the active periods there are additional bands at lower frequencies and the spectral amplitudes 

are, in general, stronger. During the quiescent periods of low volcanic activity, a set of multiple 

peaks are present over a range of frequencies from 1.4 to 2.7 Hz, observed on the vertical 

component. During the active episodes the amplitudes of the peaks located at 1.6 and 1.8 Hz 

increase. Another set of peaks from 1.3-3.3 Hz with distinct bands at 1.4, 1.7, 2.5, 2.8 and 3.3 

Hz are present on the N-component during the quiescent periods. During the three active 

episodes the amplitudes of the peaks at 1.4, 1.7, and 2.8 Hz increase, an additional amplitude 

peak appears at 1 Hz and the 3.3 Hz peak disappears. On the E-component, during the 

quiescent periods, a broad set of peaks from 1.3-2.7 Hz with distinct, higher amplitude bands at 

1.4, 1.7, 2.1, and 2.5 Hz are observed, while during the active episodes there are four strong 

peaks at 0.9, 1.1, 1.2, and 1.6 Hz.  

The spectrograms calculated for BBIL(Figure 38) show 1-2 dominant peaks during the 

quiescent periods that disappear during the active episodes and a broad set of low frequency 

(<2.5 Hz), generally lower amplitude peaks during the active episodes. On the vertical 

component during the quiescent period there are two strong peaks at 2.4 and 2.6 Hz that 

dominate the spectra. During the active episodes there are a set of lower amplitude peaks from 

0.8-2.5 Hz. The N-component shows peaks at 1.5, 2.2, 2.6, and 2.8 Hz, while the E-component 

shows peaks at 1.6, 2.2, 2.3, and the strongest peak at 2.5 Hz during the quiescent periods. 

During the active episodes the bands of peaks are lower in amplitude and shift to the lower 

frequencies, from 0.8 to 2.2 Hz on the horizontal (N,E) components. 
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The spectra of BRUN, located next to a canyon, are shown in Figure 39. During the 

quiescent period, the vertical component of BRUN shows a strong peak shifted to the highest 

frequency in this study, which is quite different from the other stations, while during the 

eruptive episodes there are peaks at 1, 1.3, and 1.6 Hz. The N-component shows a set of peaks 

from 1.7 to 2.7 Hz, with the strongest amplitude at 1.7 Hz, and a strong peak at 3.4 Hz, during 

the quiescent periods. While on the E-component there are two strong peaks at 2 and 2.4 Hz, 

with some weaker peaks at 2.7, 3 and 3.5 Hz, during the quiescent periods. During the active 

episodes, the bands of peaks shift to the lower frequencies with a strong peak at 1.6 and 1.8 Hz, 

and a set of lower amplitude peaks that range from 0.7 to 2.1 Hz on the N component. On the 

E-component, there are strong peaks at 0.7, 1, 1.5, and 1.8 Hz, during the active episodes. 

9.2. Results Figures: Spectrograms 
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Figure 35. Spectrogram for BULB, calculated from each 6-hour ambient noise record for the two 

horizontal components, East-West (E, top panel), North-South (N, middle panel), and vertical (Z, 

bottom panel) component at Tungurahua Volcano in 2010. The horizontal axis indicates the day in 

2010, the vertical axis the frequency, and the colors represent the smooth amplitudes of the power 

spectra in decibels (Db). 
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Figure 36. Spectrogram for BPAT, calculated from each 6-hour ambient noise record for the two 

horizontal components, East-West (E, top panel), North-South (N, middle panel), and vertical (Z, 

bottom panel) component at Tungurahua Volcano in 2010. The horizontal axis indicates the day in 

2010, the vertical axis the frequency, and the colors represent the smooth amplitudes of the power 

spectra in decibels (Db). 
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Figure 37. Spectrogram for BMAS, calculated from each 6-hour ambient noise record for the two 

horizontal components, East-West (E, top panel), North-South (N, middle panel), and vertical (Z, 

bottom panel) component at Tungurahua Volcano in 2010. The horizontal axis indicates the day in 

2010, the vertical axis the frequency, and the colors represent the smooth amplitudes of the power 

spectra in decibels (Db). 
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Figure 38 Spectrogram for BBIL, calculated from each 6-hour ambient noise record for the two 

horizontal components, East-West (E, top panel), North-South (N, middle panel), and vertical (Z, 

bottom panel) component at Tungurahua Volcano in 2010. The horizontal axis indicates the day in 

2010, the vertical axis the frequency, and the colors represent the smooth amplitudes of the power 

spectra in decibels (Db). 
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Figure 39. Spectrogram for BRUN, calculated from each 6-hour ambient noise record for the two 

horizontal components, East-West (E, top panel), North-South (N, middle panel), and vertical (Z, 

bottom panel) component at Tungurahua Volcano in 2010. The horizontal axis indicates the day in 

2010, the vertical axis the frequency, and the colors represent the smooth amplitudes of the power 

spectra in decibels (Db). 
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9.3. Frequency dependent H/V ratio and temporally varying peak H/V ratio 

From the horizontal and vertical component power spectra, calculated from each 6-hour 

record of ambient noise, the frequency dependent horizontal-to-vertical (H/V) kinetic energy 

ratio is calculated at each of the 5 stations in this study (see Figure 43-Figure 44, bottom 

panel). The peak H/V ratio is then calculated for each of the three frequency bands, wide-band 

(0.5-4 Hz), low frequency (0.5-2 Hz) and high frequency (2-4 Hz), and plotted (see Figure 43-

Figure 44, top panel, and Figure 45-Figure 47). The parts of the H/V curve that are flat (stable) 

indicate times when the ambient noise field is in equilibrium for a particular band, a 

requirement of equipartition, while rapidly fluctuating parts of the H/V curve indicate that the 

wavefield is not in equilibrium and the condition of equipartition has not been achieved. Figure 

45-Figure 47 show the peak H/V curves at each station and the spatially averaged H/V ratio 

calculated in the wide (0.5-4 Hz), low frequency (0.5-2 Hz) and high frequency (2-4 Hz) 

bands. In general, the peak H/V curves at stations BULB, BPAT, and BMAS are the most 

stable and flat in the high frequency (2-4 Hz) band, while fluctuating rapidly in the low 

frequency (0.5-2 Hz) and wide (0.5-4 Hz) bands. This is opposite to the characteristics of the 

peak H/V curve measured at stations BBIL and BRUN, which shows the greatest stability in 

the low frequency (0.5-2 Hz) band. 

9.4. Stations BMAS, BULB, BPAT (see Figure 40-Figure 42).  

At station BMAS, located on pyroclastic flow deposits, the frequency dependent H/V 

plot has bands of positive amplitudes at 1.5, 2, and 2.6 Hz, and bands of negative amplitude at 

1 and 1.4 Hz for the duration of 2010. The peak H/V curves for the high frequency band (2-4 

Hz) are the most stable, indicating that the wavefield in that band is closest to equilibrium. 

During the active eruptive periods the peak H/V value is elevated, but does not vary rapidly. 
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The low frequency (0.5-2 Hz) and wide (0.5-4Hz) bands vary rapidly over 2010, with the 

greatest variability in H/V values occurring at the end of eruptive periods and during quiescent 

periods. Though, during the start of eruptive episodes 1 and 2 the H/V curve shows a greater 

stability that at other times, which corresponds to the onset of eruptive activity and the greatest 

seismic amplitudes. During the third active eruption episode the H/V curves, in all frequency 

bands, show an increase after November 26, which corresponds to the peak in eruptive activity. 

At station BULB, located on the NE flank, the frequency dependent H/V plot has bands 

of positive amplitudes at 1, 1.3, 1.6, 2, and 2.5Hz, and a band of negative amplitude at 0.8 Hz 

for the duration of 2010. A double band of positive amplitude occurs during the eruptive 

episodes at 3.2 Hz and a negative band occurs at 3.7 Hz during the quiescent periods and 

during the second active eruptive episode. The peak H/V curves measured at BULB follow a 

similar pattern to the curves measured at BMAS. The high frequency (2-4 Hz) band H/V curve 

is the most stable, while showing elevated values during the most active time of the eruptive 

The low frequency (0.5-2 Hz) and wide (0.5-4Hz) bands vary rapidly over 2010, with the 

greatest variability in H/V values occurring at the end of eruptive periods and during quiescent 

periods. The H/V curve shows a greater stability at the start of eruptive episodes 1 and 2.  

The frequency dependent H/V plot at BPAT, located to the east of BMAS, appears 

quite distinct from the plots at the other four stations. BPAT shows a broad band of positive 

amplitudes below 1.7 Hz with peaks centered at ~0.5-0.7 Hz and 1.3-1.5Hz. Lower positive 

amplitude fringes occur at 2.2 to 2.5 Hz, while a broad trough of negative amplitude is present 

from 3-4 Hz. Like BULB and BMAS, the low frequency (0.5-2 Hz) and wide (0.5-4Hz) peak 

H/V curves show the greatest variability and the high frequency (2-4 Hz) peak H/V curve 

shows the most stability with no elevated values during peak eruptive activity. 
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9.5. BBIL and BRUN (see Figure 43 and Figure 44) 

The amplitude bands on the plot of frequency dependent H/V at station BBIL are 

similar to those at BMAS, but shifted to higher frequencies. BBIL and BMAS are both located 

on more recent volcanic deposits. The plot at BBIL shows bands of positive amplitude at 2.4 

2.6, and 3.2 Hz and a negative trough at 1.6 Hz, for the duration of 2010. During the active 

eruptive episodes there is also a double positive amplitude peak at ~1 Hz.  

The frequency dependent H/V plot at BRUN, located next to a canyon with steep 

topographic relief, appears quite distinct from the plots at the other four stations. The 

spectrogram shows a large broad positive amplitude peak from 3.5-4 Hz for the duration of 

2010, with lower positive amplitude fringes occurring from 1.7 to 3.5 Hz during the most 

active periods of the three eruptive episodes. A wide band of negative amplitude occurs below 

3.2 Hz during the quiescent periods and below 1.7 Hz during the eruptive episodes. BRUN 

appears to have the strongest site effects, especially in the higher frequency band, which could 

perhaps be attributed to its location, adjacent to a steep canyon. 

The pattern of peak H/V values seen at BMAS, BULB and BPAT is reversed at BBIL 

and BRUN. At BBIL and BRUN the most stable peak H/V value is measured in the low 

frequency (0.5-2Hz) band, while showing the greatest variability in the high frequency (2-4 

Hz) and wide bands. The low frequency (0.5-2 Hz) peak H/V values are also elevated slightly 

during times of peak eruptive activity. The low frequency (0.5-2 Hz) part of the ambient 

wavefield is better equilibrated at BRUN and BBIL than at the stations on the topographically 

rougher, older flanks.  

In the low frequencies H/V is stable at the stations on the young, collapse scarp, BRUN 

and BBIL and the stations on the older flanks are noisy, while at the high frequencies the 
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reverse is true, H/V is stable at the stations on the old topographically rough flanks of 

Tungurahua. Wavelength at low frequencies is larger than the size of the scatterer on the rough, 

older flanks. The time required to reach a diffusive regime and equipartioning depends strongly 

on the ratio of the size of the scatterer (characteristic dimension) to the wavelength.  

9.6. H/V Figures 
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Figure 40. H/V at BMAS on Tungurahua Volcano, 2010. (Bottom panel) Frequency dependent 

H/V: The horizontal axis indicates the day in 2010, the vertical axis the frequency, and the colors 

represent the H/V amplitude values in decibels (Db). (Top panel) Peak H/V is shown for the wide 

(0.5-4 Hz) (black line), low frequency (0.5-2 Hz) (blue dashed line) and high frequency (2-4 Hz) 

(red dotted line) bands. The horizontal axis indicates the day in 2010 and the vertical axis the peak 

H/V value. 



 

128 

 

Figure 41. H/V at BULB on Tungurahua Volcano, 2010. (Bottom panel) Frequency dependent 

H/V: The horizontal axis indicates the day in 2010, the vertical axis the frequency, and the colors 

represent the H/V amplitude values in decibels (Db). (Top panel) Peak H/V is shown for the wide 

(0.5-4 Hz) (black line), low frequency (0.5-2 Hz) (blue dashed line) and high frequency (2-4 Hz) 

(red dotted line) bands. The horizontal axis indicates the day in 2010 and the vertical axis the peak 

H/V value. 
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Figure 42. H/V at BPAT on Tungurahua Volcano, 2010. (Bottom panel) Frequency dependent H/V: 

The horizontal axis indicates the day in 2010, the vertical axis the frequency, and the colors 

represent the H/V amplitude values in decibels (Db). (Top panel) Peak H/V is shown for the wide 

(0.5-4 Hz) (black line), low frequency (0.5-2 Hz) (blue dashed line) and high frequency (2-4 Hz) 

(red dotted line) bands. The horizontal axis indicates the day in 2010 and the vertical axis the peak 

H/V value. 
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Figure 43. H/V at BBIL on Tungurahua Volcano, 2010. (Bottom panel) Frequency dependent H/V: 

The horizontal axis indicates the day in 2010, the vertical axis the frequency, and the colors 

represent the H/V amplitude values in decibels (Db). (Top panel) Peak H/V is shown for the wide 

(0.5-4 Hz) (black line), low frequency (0.5-2 Hz) (blue dashed line) and high frequency (2-4 Hz) 

(red dotted line) bands. The horizontal axis indicates the day in 2010 and the vertical axis the peak 

H/V value. 
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Figure 44. H/V at BRUN on Tungurahua Volcano, 2010. (Bottom panel) Frequency dependent 

H/V: The horizontal axis indicates the day in 2010, the vertical axis the frequency, and the colors 

represent the H/V amplitude values in decibels (Db). (Top panel) Peak H/V is shown for the wide 

(0.5-4 Hz) (black line), low frequency (0.5-2 Hz) (blue dashed line) and high frequency (2-4 Hz) 

(red dotted line) bands. The horizontal axis indicates the day in 2010 and the vertical axis the peak 

H/V value. 
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Figure 45. The wide band (0.5-4 Hz) peak H/V at each station located on Tungurahua Volcano, 

2010. The bottom panel shows the mean peak H/V averaged over all the stations with 1σ error bar 

shown (red line). The horizontal axis indicates the day in 2010 and the vertical axis the peak H/V 

value. 

 

Figure 46. The low frequency band (0.5-2 Hz) peak H/V at each station located on Tungurahua 

Volcano, 2010. The bottom panel shows the mean peak H/V averaged over all the stations with 1σ 

error bar shown (red line). The horizontal axis indicates the day in 2010 and the vertical axis the 

peak H/V value. 
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Figure 47. The high frequency band (2-4 Hz) peak H/V at each station located on Tungurahua 

Volcano, 2010. The bottom panel shows the mean peak H/V averaged over all the stations with 1σ 

error bar shown (red line). The horizontal axis indicates the day in 2010 and the vertical axis the 

peak H/V value. 



 

 

  Chapter 10

DISCUSSION AND CONCLUSIONS 

10. Discussion 

10.1.  Spectral content of the ambient noise wavefield 

During active eruptive episodes, the peak spectral content of the ambient noise field at 

Tungurahua shifts to lower frequencies, below ~2.5 Hz. This shifted band corresponds to the 

dominant frequency band of long period (LP) events recorded at Tungurahua (K. Kim, pers. 

comm., 2013). During quiescent periods with decreased volcanic activity, the power spectra 

have weaker peak amplitudes, with the exception of the spectra at BBIL, and are shifted to 

higher frequencies. The difference in peak spectral content reflects the changes in the source of 

the ambient noise field at Tungurahua. During active erupting episodes the wavefield is 

dominated by seismic sources generated by the eruptive activity, which also results in the 

stronger amplitude coherent arrivals that characterize the correlation functions of the eruptive 

episodes. 

10.2. H/V and equipartition at Tungurahua 

In general, the stability of the peak H/V curve depends on the location of the 

seismometer used (site effects) and on the frequency band in which the peak H/V ratio is 

measured. The peak H/V curves at stations BULB, BPAT, and BMAS are the most stable and 

flat in the high frequency (2-4 Hz) band, while fluctuating rapidly in the low frequency (0.5-2 
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Hz) and wide (0.5-4 Hz) bands. This is opposite to the characteristics of the peak H/V curve 

measured at stations BBIL and BRUN that shows the greatest stability in the low frequency 

(0.5-2 Hz) band.  

The frequency dependence of the H/V stability may be due, in part, to the effect of 

topography. When incident wavelengths at a given frequency are comparable to the 

wavelength of the topography, scattering of the wavefield can increase and the partition of 

energies enhanced. This enhanced equilibration of the wavefield allows equipartition to be 

achieved more quickly in the frequency band in which scattering is enhanced. The stations 

where H/V is stable at higher frequencies (2-4 Hz), BULB, BPAT, and BMAS, are located on 

the older, topographically rougher flanks of Tungurahua, while the stations where H/V is stable 

at lower frequencies (0.5-2 Hz), BBIL and BRUN, are located on the younger, topographically 

smoother flanks. The rougher topography scatters the shorter wavelengths of the high 

frequency band (2-4 Hz) preferentially to the longer wavelengths of the low frequency band 

(0.5-2 Hz), and vice versa for the smoother topography. This results in a more rapid 

equilibration of the high frequency component of the wavefield at BPAT, BMAS, and BULB, 

while the low frequency component equilibrates more rapidly in the vicinity of BRUN and 

BBIL. The fact that BRUN is located next to a canyon does not appear to significantly affect 

the equilibration of the low frequency wavefield, although, it does enhance the variability and 

amplitude of the peak H/V ratio in the high frequency (2-4 Hz) and wide bands (0.5-4 Hz).  

While the stability of the H/V ratio changes at different locations and frequency bands, 

the spatial average of the H/V ratio at all station locations is flat. This emphasizes the fact that 

averaging over multiple locations allows one to approximate equipartition conditions for a 

region, even while the characteristics of the ambient noise field at individual locations can vary 
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significantly from the average. It would be prudent to take into account the characteristics of 

the ambient noise field at individual locations in assessing the quality of correlation functions 

at each station (or station pair) and any measurements of elastic properties calculated from the 

correlation functions, i.e. phase or group velocity, dV/V, anisotropy, attenuation, etc. 

The only temporal variations observed in the stability of the peak H/V curves at each of 

the stations is a slight increase in the amplitude of the peak H/V ratio during the active eruptive 

episodes. The increase of H/V during eruptions may be due to the additional seismic sources in 

the conduit system that contributes additional energy to the ambient noise wavefield during 

eruptions. Bonnefoy-Claudet et al. [2006] found that for a distribution of sources located near 

the receivers the value of the amplitude of the H/V ratio increased, while for sources located 

farther from the receivers the H/V ratio amplitude decreased.  

10.3. H/V and site effects 

Nakamura [1989] observed that the seismic waveforms recorded at the same site are 

similar even when the source and path are different. This indicates that surface conditions at 

the observation station, in addition to source and path effects, are critical factors in 

characterizing the vibration characteristics of the surficial layers. This information is important 

in estimating the intensity of shaking at a particular location for use in seismic hazard analysis. 

The transfer function for horizontal motion of the surface layers appears similar to the 

frequency dependent H/V ratio calculated from microtremor (ambient noise) [Nakamura, 

1989]. The peak value of the H/V ratio gives an estimate of the peak site amplification factor 

and the frequency at which the peak H/V ratio is measured can be used to estimate of the 

dominant resonance of the surface layer [Nakamura, 1989; Konno and Ohmachi, 1998]. A 

value close to 1 for the peak H/V ratio is characteristic of hard rock and compact soils, while a 
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higher value is consistent with unconsolidated deposits [Nakamura 1989, Konno and Ohmachi, 

1998]. The higher peak H/V values, >2.5, at the five stations is consistent more unconsolidated 

materials that compose the bulk of the surficial deposits at Tungurahua, i.e., pyroclastic flow, 

tephras and volcanic breccias. 

Bonnefoy-Claudet et al. [2006] found that for a distribution of sources located near the 

receivers the value of the amplitude of the H/V ratio increased while for sources located farther 

from the receivers the H/V ratio amplitude decreased. A near source will also increase the 

amplitude of the power spectra at the higher frequencies (>2 Hz) especially on the vertical 

component [Nakamura, 1989]. The vertical component of BRUN, located next to a canyon, 

shows a dramatic increase in amplitude of the power spectra at the high frequencies. The 

canyon is as strong scatterer and acts as a secondary, near source, amplifying the signal. This is 

consistent with previous work that showed the edge of a canyon acts to amplify wave 

displacement, especially on the vertical component and this amplification is frequency 

dependent [Bouchon et al., 1996; Tadeu et al., 2001]. 

The distribution of sources also affects the shape of the frequency dependent H/V. Far 

sources, located within the surface sedimentary layers or bedrock, will produce a double 

peaked H/V curve with the first peak at the frequency of the fundamental mode Rayleigh wave 

and the second due to resonating head S-waves. A near source located within the surface layers 

produces a single peak. [Bonnefoy-Claudet et al., 2006] The multiple peaks on the H/V figures 

calculated at Tungurahua indicate that the site geometry is more complicated than a simple two 

layer model used by Bonnefoy-Claudet et al. [2006], which exhibit at most two peaks in the 

H/V curve. This may also imply that there are multiple types of sources, near and far, that 

contribute to the ambient noise wavefield at Tungurahua.  
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10.4.  Conclusions 

The spectra and equipartition of the ambient noise wavefield exhibits striking changes 

due to source and site effects at Tungurahua. The background ambient noise field spectrum is 

characterized by low amplitudes that peak in a range from ~1-3.7 Hz. During the active 

eruptive episodes the peak amplitudes increase and shift to below ~2.5 Hz. The low frequency 

band corresponds to the dominant frequency band of the long-period (LP) earthquakes that are 

generated during eruptions at Tungurahua.  

The difference in peak spectral content reflects the changes in the source of the ambient 

noise field at Tungurahua. During active erupting episodes the wavefield appears to be 

dominated by seismic sources generated by the eruptive activity, which results in the stronger 

amplitude coherent arrivals that characterize the correlation functions of the eruptive episodes. 

The slight increase in the amplitude of the stable, peak H/V curves at each station during the 

active eruptive periods indicates the dominant source has changed from a diffuse and/or far 

field source to a near source, e.g. earthquakes generated by changes in the erupting conduit 

system. Distributions of sources located near to receivers increases the amplitude of the H/V 

ratio [Bonnefoy-Claudet et al., 2006]. The changes in dV/V measured during the eruptive 

periods in the previous work may be due to source changes, possibly generated by the conduit 

system. This hypothesis is consistent with the conclusions of Haney et al. [2009] that changes 

in the relative velocity at Pavlof Volcano result from a change in the geometry and properties 

of the conduit system. Further work is needed to identify the location of the sources. 

In addition to the source effects, site conditions and topography also appear to strongly 

influence the equipartition of the wavefield. At stations located on the older, topographically 

rougher flanks of Tungurahua the peak H/V is most stable at higher frequencies (2-4 Hz), while 
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at the stations located on the younger, topographically smoother flanks, the peak H/V is most 

stable at lower frequencies (0.5-2 Hz). The rougher topography scatters the shorter 

wavelengths of the high frequency band (2-4 Hz) preferentially to the longer wavelengths of 

the low frequency band (0.5-2 Hz), and vice versa for the smoother topography, resulting in a 

more rapid equilibration of the wavefield that is preferentially scattered.  

The vertical component of BRUN, located next to a deep canyon, shows a dramatic 

increase in amplitude of the power spectra at the high frequencies. The canyon is as strong 

scatterer and acts as a secondary, near source, amplifying the signal. This is consistent with 

previous work that showed the edge of a canyon acts to amplify wave displacement, 

especially on the vertical component and this amplification is frequency dependent [Bouchon 

et al., 1996; Tadeu et al., 2001]. In spite of the effect that the canyon has on vertical 

component power spectra it does not appear to significantly affect the equilibration of the low 

frequency wavefield, although, it does enhance the variability and amplitude of the peak H/V 

ratio in the high frequency (2-4 Hz) and wide bands (0.5-4 Hz).  

Although, the stability of the H/V ratio, and level of local equipartition, changes at 

different locations and for different frequency bands, the spatial average of the H/V ratio at all 

station locations stable. While this allows one to calculate relative velocity change for the 

entire region, one must take into account the effects of source and topography to be able to 

accurately determine relative velocity changes at individual stations or for shorter correlation 

times used to continuously monitor a volcano. 
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