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Abstract 

South-western Alaska comprises a collection of major fault bounded 

tectonostratigraphic terranes that were accreted during Mesozoic and early Tertiary time. 

To characterize the offshore extension of these terranes and the various major faults 

identified onshore, I have reprocessed three intersecting multichannel deep seismic 

reflection profiles totalling ~750 line-km that were shot by the R/V Ewing across part of the 

inner Bering continental shelf in 1994. Since the uppermost seismic section is often 

contaminated by high amplitude water layer multiples from the hard and shallow seafloor, 

I have supplemented the migrated reflection images with high-resolution P wave velocity 

models derived by both traveltime tomography and waveform tomography of the recorded 

first-arrivals to depths of 2000 m. In addition, I have also incorporated other geophysical 

datasets such as: well logs, ship-board gravity, ship-board magnetics, satellite-altimetry 

gravity and air-borne magnetics to produce an integrated interpretation. The results 

delineate the offshore extension of the major geological elements onshore including: the 

Togiak-Tikchik fault, East Kulukak fault, Chilchitna fault, Lake Clarke fault, Togiak terrane, 

Goodnews terrane, Peninsular terrane, Northern and Southern Kahiltna flysch deposits, 

and the Regional Suture Zone. 

This thesis also focuses on mitigation of guided wave contamination in the 

application of 2-D acoustic waveform tomography to two small sections of a seismic line 

across the shelf: one section with deep igneous basement overlain by a thick pile of 

sediments and the other section with shallow basement and a thin sedimentary cover. I 

discuss the appearance of dispersive guided waves in both datasets, and show that with 

appropriate data preconditioning, suitable forward modelling parameters and careful 

choice of objective function, it is possible to invert the data using 2-D acoustic waveform 

tomography. I highlight use of the gradient image as a quality control tool at each iteration 

of the inversion process to assess the corresponding model updates. This thesis also 

discusses the practical limitations of waveform tomography applied to seismic data 

contaminated with strong dispersive guided waves, and concludes that traveltime 

tomography is sufficient in cases where the objective is to image relatively large low-

velocity anomalies. 

Keywords: Bering shelf, Migration, Traveltime tomography, Waveform tomography   
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Introduction 

1.1. Motivation for study 

The tectonic evolution of southwestern Alaska and the adjacent Beringian shelf 

(Figure 1.1) and margin is complex, involving the accretion of several large 

tectonostratigraphic terranes, the development of magmatic arcs, and sedimentary basin 

formation between the Mesozoic to late Cenozoic. The exact timing of terrane accretion, 

the location of the suture zones, and their offshore extension beneath the Bering shelf is 

an area of ongoing research. The location of the offshore continuation of the terrane 

bounding faults is an outstanding problem of southwestern Alaskan geology, and several 

different tectonic models of Alaska have been proposed, but it is still unclear whether the 

major onshore faults continue offshore or terminate near the coastline. 

The main objective of this thesis is to use tomographic velocity models and 

reflection interpretations from a seismic survey near the coast, together with potential field 

data and regional geology, to develop an integrated interpretation of the terrane 

boundaries and upper crustal structure of the Bering shelf offshore southwestern Alaska. 

These new results will help to clarify terrane accretion processes and current faulting 

models, and aid the interpretation of new passive seismic and GPS (global positioning 

system) data currently being acquired as part of US array (http://www.usarray.org/alaska). 

This thesis also presents velocity models obtained by 2-D acoustic waveform 

tomography, which have a higher spatial resolution than models obtained by ray-based 

methods.  Application of this method to field data is often challenging due to the presence 

of noise, missing low frequencies, shot-to-shot energy variations, and many other factors 

related to the acquisition conditions. In particular, this thesis discusses the mitigation of 
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dispersive wave contamination of the seismic field data, and presents a methodology that 

can be used to obtain reasonable P wave velocity models with waveform tomography in a 

shallow marine setting. This thesis also discusses the practical limitations of waveform 

tomography when the data is contaminated with strong dispersive guided waves. 

1.2. Tectonic setting 

The tectonic setting of southwestern Alaska (Figure 1.2) is complex, including 

several major tectonostratigraphic terranes, a large continental shelf, magmatic arcs, a 

complex subduction zone (i.e. along-strike variation in subduction rate and dip), and 

interaction with the Yakutat microplate (Jones et al., 1977; Coney et al., 1980; Miller et al., 

2007, Trop and Ridgway, 2007). Over most of the region, the Pacific plate subducts 

beneath the North American plate leading to some of the largest earthquakes ever 

recorded (Stone, 1968).  

1.2.1. Development of modern Aleutian arc and Bering shelf  

In middle Paleocene time, the Kula plate was subducting beneath the Beringian 

and southwestern Alaskan margins, which both included the Peninsular and Chugach 

terranes (Figure 1.2), corresponding respectively to the arc and forearc of the accreted 

Jurassic Talkeetna arc complex (Plafker et al. 1994). But in late Paleocene to early Eocene 

time, the Bowers ridge, a north facing arc-trench complex in the area of northeastern 

Russia collided with the Beringian active margin resulting in shifting of the arc-trench 

system to the south by middle to late Eocene time, where it became the modern Aleutian 

arc (Scholl et al., 1986; Worrall, 1991). This major tectonic reorganization transformed the 

Beringian margin into a passive margin (Figure 1.1) and also trapped a large remnant of 

the Kula plate against the North American plate. The Beringian passive margin now 

includes the Bering continental shelf, which is almost half the size of Alaska. Lizarralde et 

al. (2002) used seismic and potential field data to infer that the southern limit of the former 

Beringian margin lies just north of the Alaskan peninsula near Unimak Pass (dashed line 

in Figure 1.1), which marks the eastward transition from subduction of the Pacific Plate 

beneath oceanic lithosphere attached to the North America plate to subduction beneath 

accreted terranes and continental crust.  
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Figure 1.1. Topography of southwestern Alaska. Dashed line represents 
southward limit of the former Beringian margin.   

The modern Aleutian arc (Figure 1.1), which developed in the Eocene, extends 

3000 km from the Gulf of Alaska in the east to the Kamchatka peninsula in the west. Along 

the oceanic part of the subduction zone, the subduction rate varies from 6.3 cm yr-1 to the 

NNW in the east to >7.2 cm yr-1 towards the NW in the west (DeMets and Dixon, 1999). 

The relative velocity vector changes from almost trench-normal in the Gulf of Alaska to 

almost trench-parallel in the west because of the arcuate geometry of the trench. 
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1.2.2. Major composite terranes of southwestern Alaska 

Southwestern Alaska can be broadly classified into six major composite terranes: 

the Yukon, Wrangelia, Togiak-Koyukuk, Oceanic, Central and Southern Margin composite 

terranes (Plafker and Berg, 1994; Plafker et al., 1994; Saltus et.al., 1997) as shown in 

Figure 1.2. Most of these composite terranes are intruded and overlain by plutonic and 

volcanic rocks attributable to collisional orogenesis, arc formation and magmatism 

(Nokleberg et al., 1994; Cole et al., 1999, 2006, Trop and Ridgway, 2007).  The present 

distribution of the terranes shows the severe effect of the counter-clockwise rotation and 

oroclinal bending of southern and southwestern Alaska which occurred predominantly in 

late Cretaceous or Paleogene time (Hillhouse, 1987; Plafker et. al., 1989; Worrall, 1991). 

The Yukon composite terrane (YCT) (Figure 1.2) is composed of ductilely 

deformed, tectonically dismembered Proterozoic to Paleozoic metamorphic rocks, and the 

plutonic remnants of a volcanic arc (Plafker et al., 1994). The Togiak-Koyukuk composite 

terrane (TCT) (Plafker and Berg, 1994; Saltus et.al., 1997) is a poorly exposed terrane 

consisting of Late Triassic through Early Cretaceous arc-related volcanic and 

volcaniclastic rocks, and their intrusive equivalents. These rocks are overlain by mid-

Cretaceous and Paleogene volcanic and marine sedimentary rocks. The arc rocks also 

record imbrication, subduction, and low-grade Middle Jurassic metamorphism. 

The Oceanic composite terrane (OCT) (Plafker and Berg, 1994; Saltus et.al., 1997) 

is composed mainly of oceanic basalt, sedimentary rocks, and minor ultramafic rocks, and 

the terrane is interpreted to be obducted fragments of paleo-Pacific crust that were thrust 

on to the continental margin before and during the accretion of the TCT in the Late Jurassic 

and Early Cretaceous (Plafker and Berg, 1994). The Central composite terrane (CCT) 

(Plafker and Berg, 1994; Saltus et.al., 1997) is primarily made up of rifted, rotated, 

translated, and imbricated miogeoclinal fragments. This composite terrane consists of 

Late Proterozoic and Cambrian clastic deposits, and also records Late Precambrian to 

Ordovician emplacement of ultramafic and deep marine rocks.
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Figure 1.2. Composite terranes of southern Alaska (Terranes modified after Plafker and Berg, 1994). DF-Denali fault, TF-Tintina fault, FF-Fairweather fault, KF-Kaltag fault, INF-Iditarod-Nixon Fork fault, 
CMF-Castle mountain fault,T-TF-Togiak-Tikchik fault, BRF-Border Ranges fault, HCF- Hines Creek fault, MF-Mckinley fault, TKF-Talkeetna thrust fault, EKF-East Kulukak fault, LCF-Lake Clarke 
fault. Faults modified after Chang et al. (2009). Alaska Range Suture Zone (ARSZ) and Kahiltna Flysch adapted after (Ridgway et al., 2002). 
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The Wrangellia composite terrane (WCT) (Figure 1.2) represents the largest 

tectonostratigraphic terrane of southern and southwestern Alaska, and is composed of 

upper Paleozoic and Mesozoic arc-related marine sedimentary, basaltic, and tholeiitic 

volcanic rocks plus limestone, argillite, and metabasalt, along with some later granitic arc-

related intrusions (Plafker et al., 1994; Nokleberg et al., 1994).  

The Southern Margin composite terrane (SMCT) is juxtaposed against the 

outboard margin of the Wrangellia composite terrane. It is an accretionary complex formed 

as a result of Late Mesozoic and Cenozoic subduction and offscraping of sediments 

derived largely from the Wrangellia composite terrane to the north (Plafker et al., 1994; 

Nokleberg et al., 1994), but also includes the modern accretionary wedge and underthrust  

Yakutat terrane (Figure 1.2). 

In south central Alaska, the Wrangellia composite terrane is juxtaposed against 

the Yukon composite terrane along a broad suture zone called the Alaska Range suture 

zone (ARSZ) (Ridgway et al., 2002; Trop and Ridgway, 2007) as shown in Figure 1.2. The 

ARSZ is one part of a much larger suture zone between the Wrangellia composite terrane 

and northwestern North America (Coney and Jones, 1985; Ridgway et. al., 2002). The 

ARSZ consists of complexly deformed Kahiltna flysch units, and igneous and metamorphic 

rocks which are Jurassic- Cretaceous in age (Wallace et al., 1989; Ridgway et. al., 2002; 

Trop and Ridgway, 2007). There are several major faults identified within this suture zone. 

The Hines Creek fault defines the boundary between the YCT and the ARSZ, and the 

Talkeetna fault defines the boundary between ARSZ and the WCT (Fitzgerald et. al., 

2014). The Denali fault, which is characterized by 400 km of right – lateral displacement 

in south-central Alaska, extends through this suture zone (Eiscbacher, 1976; Nokleberg 

et al., 1985; Trop and Ridgway, 2007).             

1.2.3. Bering Shelf and Eocene extension 

The Bering shelf in southwestern Alaska is an extensive continental shelf that lies 

between Alaska and northeastern Russia (Figure 1.2). Previous studies of the geology of 

the Bering shelf are mostly by USGS workers (e.g.: Cooper et al., 1976; Marlow 1979; 

Marlow et. al., 1983; Fisher et. al., 1982). 



 

7 

In Cretaceous time, the southern edge of the Bering shelf was a south-facing 

convergent margin. Following the major tectonic reorganization discussed in section 1.2.1, 

a series of right lateral strike-slip faults formed parallel to the now abandoned Beringian 

active margin (Figure 1.2), and marked the onset of Eocene extension. These strike-slip 

fault systems formed most of the Tertiary basins offshore southwestern Alaska namely, 

the Navarin, St. George and Bristol Bay (also known as North-Aleutian) basins (Figure 

1.2). Five COST (Continental Offshore Stratigraphic Test) wells were drilled into these 

shelf basins, and suggested that adequate hydrocarbon reservoir beds of late Cenozoic 

age probably exist within all the shelf basins (Marlow et al., 1994). The potential of these 

basins for hydrocarbon exploration has stimulated several marine geophysical and 

geological investigations. These studies were successful in delineating the major basins 

and also providing the geologic framework of the Bering shelf region. Worrall (1991) 

extensively studied the evolution of these shelf basins using the then available seismic 

reflection sections. The shelf basins share a common structural event that resulted in a 

regional unconformity, informally called the red surface, which is underlain by en-echelon 

folds and minor en-echelon normal faults, transected by wrench faults, and buried by 

subsequent basin fill (Worrall, 1991). A brief overview of Worrall (1991) studies on red 

surface is described below.  

The red unconformity surface shows remarkable structural similarities across the 

basins of the Bering shelf. In some areas, pre-red rocks exhibit stratification and are not 

greatly disrupted, but in other places, these rocks are seismically characterless. The term 

“Carapace sequence” is informally used to refer to stratified pre-red unconformity rocks. 

These Carapace strata were deposited while the Beringian margin was still active and can 

be assigned a Campanian to middle Eocene age; they rest on older accreted terranes, 

which exhibit much less seismic character. The red unconformity was preceded or 

accompanied by broad folding and in a few places normal faulting. Most folding and normal 

faulting ceased before deposition of post-red strata. The structural event that produced 

these folds and normal faults as well as the red surface is called the red event. The 

deposition of the Carapace sequence was interrupted all along the outer Bering shelf by 

this red event in late middle or early Eocene time. This event was followed by basin 

subsidence along high angle wrench faults (vertical strike-slip faults) that cut pre-red 

basement rocks as well as most of the basin fill.   
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1.3. Neotectonics of southwestern Alaska 

1.3.1. Seismicity  

Southern and southwestern Alaska is known to be one of the most seismically 

active areas of the world in terms of number of earthquakes, magnitude range and energy 

released (Stone, 1968). Most of the seismicity is associated with the Alaska-Aleutian 

megathrust fault, which lies south of the Aleutian arc. There are other epicenters in the 

interior of Alaska, many of which are associated with underthrusting of the Yakutat block, 

but they have nothing like the density of hypocenters found along the Aleutian arc and 

Alaska Peninsula. The major fault systems of Alaska, e.g. the Denali fault, are generally 

considered to be fairly young features, with a sharp topographic expression, but there is 

little seismic activity directly attributable to them (Stone, 1968). The seismicity of 

southwestern Alaska for earthquakes of M≥2 of past 100 years (data taken from USGS 

earthquake catalogue) is shown in Figure 1.3. The thickness of the continental crust varies 

from 25km in southwest Alaska to 50 km in southcentral Alaska (Barnes, 1976; Saltus et 

al., 2007). So only earthquakes shallower than 50 km are displayed in order to show 

seismicity within the crust. Southwestern Alaska and the Bering Sea shelf are 

characterized by low rates of seismicity.  
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Figure 1.3. Seismicity of Alaska. Data were taken from USGS (United States 
Geologic Survey) earthquake catalogue filtered to a depth of 0-50 
Km. Focal mechanism: 1 – NME (Nenana Mountain earthquake), 2- 
Susitna glacier thrust fault earthquake, 3-DFE (Denali fault 
earthquake).  

 

The 3rd November 2002 magnitude 7.9 Denali fault earthquake (DFE) (3, Figure 

1.3) that struck central Alaska was one of the largest strike-slip earthquake in North 

America in more than 150 years (Wright et al., 2004). The earthquake ruptured about 300 

km of the Denali fault system, with right-lateral offsets of up to 9 m observed at the surface 

(Eberhart-Phillips et al., 2003).The rupture was initiated by slip on a previously unknown 

thrust fault, the ~40 km long Susitna Glacier fault (SGF) (2, Figure 1.3). The main rupture 

propagated eastward for about 220 km along the right-lateral Denali fault where right-

lateral surface slip averaged 5 m, before stepping southeast onto the Totschunda fault for 

about 70 km, where offsets were less than 2 m (Haeussler et al., 2004). The DFE was 

preceded by a magnitude 6.7 shock on 23 October 2002, the Nenana Mountain 

earthquake (NME) (1, Figure 1.3), a pure strike-slip earthquake, which was located to the 
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west of the DFE rupture (Wright et al., 2004). The NME increased the Coulomb stress at 

the future hypocenter of the DFE by 30–60 kPa for thrust faults oriented parallel to the 

Susitna Glacier fault (Wright et al., 2003; Wright et al., 2004). 

1.3.2. Crustal deformation 

The Denali and the Tintina fault systems are major tectonic features on geological 

maps of southern Alaska (Figure 1.4), being represented by roughly parallel, curved strike-

slip faults whose strike varies from southeast to southwest. The Togiak-Tikchik fault and 

Farewell fault are the westernmost extensions of the Denali fault, whereas the Kaltag fault 

is the western extension of Tintina fault. The Kaltag and the Farewell faults postdate the 

era of terrane accretion, which was mostly middle Cretaceous in the area of these faults 

(Klemperer et al., 2002a). Many of the volcanic centers in western Alaska occur near the 

ends of the surface expressions of major strike-slip faults or along their projected traces 

(Wirth et al., 2002); for example, Figure 1.4 shows the Quaternary Togiak basalt field at 

the western terminus of the Denali Fault and the Saint Michael volcanic field near the end 

of the Kaltag Fault. 

The Denali fault system extends ~1500 km from western Canada to near the shore 

of the Bering Sea. The 2002 M7.9 Denali fault earthquake occurred on the northern portion 

of the fault (Saltus et al., 2007), which is shown in Figure 1.4. This 2002 earthquake 

underlines the need to better understand the tectonics and geologic structure of the Denali 

fault and of the Alaska Range orogen. In addition to its role in earthquake generation, the 

Denali fault facilitated the late Mesozoic and early Cenozoic northward translation and 

amalgamation of tectonostratigraphic terranes that form most of the Alaskan continental 

landmass (Fisher et al., 2007). 
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Figure 1.4. Topography of Alaska. Data were taken from NGDC (National 
Geophysical Data Center). White dotted line represents possible 
extension of Denali fault into southwestern Alaska offshore. Black 
lines denotes seismic profiles used for this study. DF-Denali fault, 
TF-Tintina fault, FF-Fairweather fault, KF-Kaltag fault, INF-Iditarod-
Nixon Fork fault, CMF-Castle mountain fault,T-TF-Togiak-Tikchik 
fault, BRF-Border Ranges fault, HCF- Hines Creek fault, MF-Mckinley 
fault, TKF-Talkeetna thrust fault, EKF-East Kulukak fault and LCF-
Lake Clarke fault. 
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In southcentral Alaska, the Denali fault marks the boundary between the 

Wrangellia composite terrane to the south and Yukon composite terrane to the north 

(Nokleberg and Richter, 2007). Using geophysical data (e.g. seismic, gravity and magnetic 

data), Fisher et al. (2007) interpreted the Denali fault as a sub-vertical fault that extends 

to at least 10 km depth in southcentral Alaska, but he also suggested that the fault may 

reach depths greater than 30 km on the basis of magnetotelluric data.  

Several deformation models of Alaska have been proposed, but none of them 

clearly explained whether these major faults extend offshore beneath the continental shelf 

or die out near the coastline. Using GPS (global position system) data, Finzel (2011) 

proposed a kinematic plate model for Alaska, in which he explained that a wide zone of 

diffuse deformation, defines the boundary between the North America, Pacific and Bering 

plates, and relative rotation between the plates may be the source of much of the modern 

deformation. Figure 1.5 indicates tectonic motions relative to stable North America, darker 

gray areas have a higher rate of deformation versus lighter gray areas and white regions 

are considered to be relatively rigid. Using the same GPS data, Cross and Freymueller 

(2008) explained that interaction between a clockwise rotating Bering plate and a counter-

clockwise rotating south-central Alaska block may be responsible for the reduced slip rate 

and lack of seismic activity on the western Denali fault, and for the development of a 

prominent foreland fold and thrust belt in the central Alaska Range. 
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Yakutat plate

  

Figure 1.5. Non rigid and rigid deformation of Alaska, Modified after Finzel 
(2011). Stippled pattern indicates the inferred subducted extent of 
Yakutat microplate. (reprinted with permission from GSA) 

In spite of many studies, it remains uncertain whether these faults (1) extend 

across the entire Bering shelf from northeast to southwest, (2) rotate to form a trend 

parallel to the Beringian margin, or (3) terminate under the inner Bering shelf beneath the 

Norton basin (the Kaltag fault) and in south-western Alaska (the Togiak-Tikchik fault). 

1.4. Study area 

The study area of my thesis lies in the inner Bering shelf of south-western Alaska 

(Figure 1.6). Across most of the shelf, the seafloor is exceptionally flat, and the bathymetry 

of the shelf area is less than 100 m deep as shown in Figure 1.6b. Bristol Bay basin also 

known as the North Aleutian basin, which forms part of the study area, extends more than 

322 km across the southern Bering shelf. The basin is of late Mesozoic to early Cenozoic 
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age, and developed after the accretion of the terranes that formed the Alaska Peninsula 

at the end of the Mesozoic (Worrall, 1991; Marlow et. al., 1994; Finzel et. al., 2005). The 

maximum thickness of the basin is 6000 m, which occurs in the southeast (Finzel et. al., 

2005). The basin is asymmetrical and bounded to the northeast by highly deformed, locally 

intruded, metamorphosed Paleozoic and Mesozoic rocks (Hatten, 1971), and onshore to 

the southeast by the Black Hills uplift (Marlow et. al., 1994).   
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Figure 1.6. a) Terrane map of southwestern Alaska (Modified after Decker et. al., 1994). b) Study area chosen for current study. Alaska Range Suture Zone (ARSZ), North Kahiltna Flysch (NKF) and 
south Kahiltna flysch (SKF) adapted after (Hults et. al., 2013). White star offshore denotes COST well. DF (Denali fault), T-TF (Togiak-Tikchik fault), CMF (Castle mountain fault) and LCF 
(Lake Clarke fault) are right-lateral strike-slip faults. EKF (East Kulukak fault), TKF (Talkeetna thrust fault), CF (Chilchitna fault) are thrust faults.
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The southern boundary of the Bristol Bay basin is mostly composed of Mesozoic 

and Cenozoic volcanic and plutonic basement rocks that form the core of the Alaska 

Peninsula (Worrall, 1991; Finzel et. al., 2005). The northern boundary of Bristol Bay basin, 

which lies beneath the Bering shelf may be formed by Mesozoic sedimentary, igneous, 

and metamorphic rocks (Marlow et. al., 1994). Although there has been continued oil 

industry interest in the Bristol Bay region, federal prohibitions on oil and gas leasing in the 

North Aleutian basin have prevented new offshore exploration. The North Aleutian COST 

well is the only well drilled in Bristol Bay basin and is intersected by one of the seismic 

profiles of the present study area (Figure 1.6b).  

1.4.1. Sub-terranes near the study area 

In this section, the geology of the Goodnews and Togiak terranes (Figure 1.6b) 

plus their sub terranes relevant to the current study are presented. I also discuss the 

Peninsular terrane, which lies to the south, and the Kahiltna flysch to the northwest of my 

study area. The geology of the above terranes was mainly synthesized by Decker et al. 

(1994) after previous studies by Jones and Siberling (1979) and Box (1985). 

Togiak terrane is composed of volcanic flows, coarse volcaniclastic breccias, tuffs 

and associated epiclastic rocks of Late Triassic through Early Cretaceous age. The terrane 

underwent only low grade metamorphism and generally lacks a metamorphic fabric. 

Togiak terrane is divided into two sub-terranes: the Hagmeister and Kulukak subterranes 

(Figure 1.6b). Hagmeister subterrane consists of Late Triassic through Early Cretaceous 

basaltic to dacitic volcanic and volcaniclastic rocks deposited on Late Triassic ophiolitic 

rocks. The Kulukak subterrane consists predominantly of Jurassic volcaniclastic turbidites 

(Decker et. al., 1994). 

Goodnews terrane (Figure 1.6b) is an amalgamation of variably metamorphosed 

blocks of laminated tuff, chert, basalt, greywacke, limestone, gabbro, and ultramafic rocks 

(Decker et. al., 1994). The terrane is divided into four subterranes namely Cape Peirce, 

Platinum, Nukluk, and Tikchik. In Figure 1.6b, only three of above four subterranes, which 

are relevant to my study, are shown. The Cape Peirce subterrane consists of foliated 

metamorphic rocks, which were derived from both sedimentary and igneous protoliths of 
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probable Permian and Triassic ages. The Platinum subterrane consists of Early and 

Middle Jurassic non-foliated mafic flows, tuff, and volcaniclastic rocks. Tikchik subterrane 

(Jone and Siberling, 1979) is a structurally complex assemblage of clastic rocks, and chert 

of Paleozoic and Mesozoic age. 

The Peninsular terrane is a Triassic to Jurassic island-arc complex that was 

accreted to the North American continent by the Early Cretaceous (Jones et al., 1987; 

Ridgway et al., 2002). This terrane includes mafic to andesitic flows, and volcaniclastic 

rocks, limestone, and mudstone. These rocks structurally overlie and are intruded by 

Jurassic plutonic rocks of the Talkeetna arc (Reed et al., 1983; Rioux et al., 2010). The 

plutonic rocks include gabbroic to granitic compositions, but are dominated by quartz 

diorite and tonalite rocks (Detterman and Reed, 1980; Reed et al., 1983). 

Hults et al. (2013) using a zircon age dating method suggested that the Kahiltna 

flysch can be divided in to two belts, the NKF (Northen Kahiltna flysch belt) and SKF 

(Southern Kahiltna flysch belt) as shown in Figure 1.6b The zircon data reveals that the 

southern flysch belt was derived from the Wrangellia composite terrane, whereas the 

northern flysch belt was derived from the terranes that make up the paleo-Alaskan margin. 

The boundary between these two flysch belts is coincident with a large, deep geophysical 

magnetic gradient. The southwestern part of this geophysical gradient is coincident with 

the Chilchitna thrust fault as shown in Figure 1.6b. Geophysical models place a deep, 

through-going, crustal-scale suture zone in the area between these two flysch belts. 

Ridgway et al. (2002) proposed that the entire flysch belt between the Talkeetna fault and 

the Hines creek strand of the Denali fault represents a suture zone called the Alaska 

Range Suture Zone (ARSZ), which is shown in Figure 1.6b.  

1.4.2. Seismic survey 

In 1994, three multi-channel seismic reflection profiles were acquired by the R/V 

Ewing in the inner Bering shelf area as part of Pacific to Bering Sea deep seismic 

experiment (Figure 1.6). This seismic survey was a collaboration between the University 

of Delaware, LDEO (Lamont-Doherty Earth Observatory), UTIG (Institute for Geophysics, 

University of Texas), WHOI (Woods Hole Oceanographic Institution), Stanford University, 
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and the USGS (United States Geological survey). The data were recorded by a 160 

channel hydrophone streamer with near and maximum offsets of 255 m and 4230 m 

respectively, and shot with an 8400 cubic inch airgun array. The shot interval is 

approximately 50 m, and the receiver interval is 25 m.  

Along line 1242, 6 WHOI ocean-bottom hydrophones (OBHs) and 2 USGS ocean-

bottom seismometers (OBSs) recorded wide-angle arrivals from the R/V Ewing's source 

array for a deep crustal study (Lizarralde, 1997), shown as red dashed line in Figure 1.6b.  

1.4.3. Previous results: Line 1241 interpretation around COST well 

A sub-section of one of current study seismic profile (line 1241), shown as yellow 

dashed line in Figure 1.6b, has already been studied by Walker et al., (2003) (Figure 1.7) 

to understand the tectonic evolution of Bristol Bay basin. Gravity, magnetic, well log data 

and sonobuoy-derived seismic refraction velocities were used, and six principal 

unconformities were identified which correlate well in depth with the seismic reflectors at 

the COST well. The most important of these unconformities is the late Eocene 

unconformity which correlates with red event. The six reflectors which were identified 

below in Figure 1.7, extend throughout the profile, and correlate well with unconformities 

at the COST well; the stratigraphic column has been divided into seismic sequences as 

units A, B1, B2, C, D and E as shown in Figure 1.8. 
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Figure 1.7. Seismic reflection interpretation of a small section along Line 1241. Modified after Walker et al., (2003). The black vertical line beneath the star marks the location of the COST well. Sonobuoy-
derived seismic refraction velocities are given along a diagonal line. Thick black lines represent the basement contact, dashed where uncertain. Thinner black lines are interpreted faults. The 
white dotted line is the gravity-modeled basement below the proposed carapace sequence. Bold white arrows point at events with southward apparent dips. Shading represents density (see 
key for scale) as derived from gravity modeling. G1-G4 are graben-like features (reprinted with permission from AGU). 
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Figure 1.8. Simplified stratigraphic column of Bristol basin (Modified after 
Finzel et al., 2009) (reprinted with permission from AAPG). 

Walker et al (2003) presented evidence that Bristol Bay basin has undergone (1) 

an early or middle Eocene through late Miocene phase of extension that led to fault-

controlled subsidence; (2) a late Eocene through early Miocene phase of volcanic-arc 

loading that led to flexural subsidence, which was amplified by additional factors possibly 

including lithospheric cooling, tectonic compression, reverse or thrust faulting, and small-

scale intrusions of dense magma; and (3) a late Miocene through Holocene resurgence of 

arc volcanism and a northward prograding delta that continued (or possibly increased) 

flexural subsidence in the back arc region. He suggested that the Bristol Bay basin’s 

evolution has components typically found in both back-arc (extension) and retro-arc 

foreland (flexure) basins. 
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1.4.4. Previous results: Crustal OBS survey along line 1242 

Using OBS (Ocean Bottom Seismometer) wide-angle data (Line BA3 in Figure 

1.6b), Lizarralde (1997) derived a deep crustal-scale velocity model of the Bering shelf 

(Figure 1.9). A ray-based traveltime inversion code (Zelt and Smith, 1992) was used, 

resulting in a final velocity model consisting of seven layers: five layers make up the upper 

crust, with depths to 17 km; layers 6 and 7, which are constrained by wide-angle 

reflections, are each ~10 km thick, and dip northward. Moho structure is constrained 

between 50 km and 175 km in the model, and the crust thins from north to south (Figure 

1.9).  

 

Figure 1.9. OBS (ocean bottom seismometer) velocity model after (Lizarralde, 
1997). Velocity (P-wave) in km/s. Diamond shaped symbols are OBS 
locations (reprinted with permission from Author). 

The principal result of his study is that the crust beneath line BA3 has the velocity 

structure of average continental crust. He also suggested that in the north the crust 

includes Togiak-Koyukuk ocean-arc-terrane rocks and that Kahiltna flysch dominated 

rocks occur south of Kulukak fault, which is probably located near the center of the line, 

perhaps at the layer 4 ridge near 125 km. 
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1.4.5. New seismic work presented in this thesis 

In this section, I list the new seismic work carried out in the inner Bering shelf study area 

after the previous studies by Lizarralde (1997) and Walker et al. (2003). 

1) Reprocessing of three intersecting multichannel seismic reflection lines 1241, 1242, 

and the eastern part of 1243 totalling ~750 km line length to generate the coincident post-

stack migrated images, and to identify faults and basement structure. 

2) In the study area, i.e. inner Bering shelf offshore southwestern Alaska, the identification 

of sub-vertical faults in conventional seismic reflection images is difficult due to low fold at 

shallow depths and the presence of a shallow seafloor and shallow basement that can 

generate high amplitude, short-period multiples and dispersive guided waves. As an 

alternative, I aim to infer the location of these faults in P wave velocity models (<1-2 km 

depth) derived using tomographic inversion. These velocities can be used for 

discriminating different lithologies: Carapace versus post-red event sedimentary strata, 

felsic versus mafic terrane basement, and structures associated with faulting, e.g. 

basement offsets or grabens due to transtensional strike-slip motion 

3) The other objective is to apply 2-D acoustic waveform tomography of refraction and 

wide-angle reflections which gives better lateral and vertical resolution than traveltime 

tomography, i.e. the resolution of traveltime tomography is of the order of the Fresnel zone, 

whereas the resolution of waveform tomography is of the order of a wavelength. The 

inclusion of later arrivals in waveform tomography also results in a velocity model that 

extends to greater depths when compared to a model derived by travel time tomography. 

This technique was tested on line 1242. 

1.5. Potential field data 

Potential field data can provide valuable constraints both on the origin and 

geometry of anomaly sources, when combined with other constraints such as surface 

geology, regional tectonics and seismic data. The potential field data can also be used to 
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correlate terranes and faults between sparse seismic lines and with features mapped 

onshore. A summary of available datasets is presented here. 

1.5.1. Onshore geophysical studies 

Southern Alaska can be broadly divided into various regional magnetic domains, 

including the southern Alaska magnetic high (SAMH), an intense and continuous magnetic 

high up to 200 km wide and ~1500 km long, extending from the Canadian border to 

southwestern Alaska offshore (Figure 1.10).  

 

Figure 1.10. Aeromagnetic map of southwestern Alaska (Modified after Saltus et. 
al., 2003). Black star denotes 2002 M7.9 Denali earthquake. Denali 
fault (DF) and its westernmost extension Togiak-Tikchik fault (T-TF) 
is denoted by red line. BRFS- Border Ranges Fault system (reprinted 
with permission from USGS). 

The SAMH spatially coincides with the Peninsular and Wrangellia terranes. The 

high amplitude magnetic anomaly of the SAMH is attributable to the mafic rocks of the 
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accreted Wrangellia and Peninsular terranes (Saltus et al., 2003, 2007). The 2002 M7.9 

Denali earthquake occurred on the portion of the Denali fault that marks the northern 

boundary of the SAMH, the south boundary of which closely follows the Border Ranges 

fault system (BRFS) as shown in Figure 1.10. Analysis of gravity data in southern Alaska 

(Barnes, 1976; Saltus et al., 2007) indicates a Moho depth that varies from 25 km offshore 

southwest Alaska to 50 km in southcentral Alaska (Saltus et al., 2007). 

The other prominent domain in the aeromagnetic maps of southern Alaska is 

southern Alaska magnetic trough (SAMT) (Saltus et al., 2003, 2007) as shown in Figure 

1.10. This is a 30 to 100 km wide crustal-scale feature bordered to the south by the SAMH. 

The SAMT does not have a uniform character, but instead has distinct eastern and 

western portions on either side of a central gap (Saltus et al., 2003).The central portion of 

SAMT coincides with Alaska range suture zone (ARSZ) (Brennan et al., 2011). The 

western portion of SAMT coincides to a large degree with sedimentary rocks of the 

deformed Mesozoic Kahiltna flysch.  

1.5.2. Offshore geophysical studies 

Klemperer et al. (2002b) compiled geophysical, geologic and tectonic data for the 

Bering shelf, Chukchi Sea, Arctic margin and adjacent landmasses using geographic 

information systems. The gravity and magnetic compilations relevant to my study area, 

are shown in Figure 1.11. 
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Figure 1.11. a) Satellite gravity compilations superimposed with earthquake 
locations, H = Hagemeister Island; T = Togiak-Tikchik strand of the 
Denali fault; Z = Zenchug canyon b) aeromagnetic compilations of 
southwestern Alaska superimposed with outline geological map of 
Alaska, G = Goodnews Arch; M-H = Matthew-Hall Basin; Nav = 
Navarin Basin; Nv = Nunivak Island; Pb = Pribilof Islands; St.G = St. 
George Basin; St.M = St. Matthew Island. Modified after Klemperer et 
al., (2002b) (reprinted with permission from GSA). 
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1.6. Thesis organization 

Chapter 2 presents the application of waveform tomography to two small sections 

of line 1242 across the Bering shelf area with different subsurface settings. This chapter 

was published in “Geophysics” in 2016 as a paper entitled “Mitigation of guided wave 

contamination in waveform tomography of marine seismic reflection data from 

southwestern Alaska”. The chapter discuss the implications of dispersive guided waves 

for waveform inversion and provides a detailed data processing, modelling and inversion 

strategy for its successful implementation.  

Chapter 3 presents the application of waveform tomography on a larger section of 

line 1242 and discuss the limitations of waveform tomography over traveltime tomography 

especially in areas of complex geology. 

 Chapter 4 presents the reprocessing of the seismic reflection data, creation of the 

migrated images, and derivation of the traveltime tomography velocity models for lines 

1241, 1242 and 1243. I also to test the spatial resolution of the tomographic velocity 

models and their ability to resolve low velocity anomalies. I also compare the tomographic 

velocity models at the line intersections, and evaluate the match with a sonic log where 

line 1241 intersects the COST well.  

Chapter 5 presents a detailed interpretation of the overlay of the traveltime 

tomography velocity models on migrated seismic reflection images, and integrates 

potential field datasets into the interpretation.  

Chapter 6 presents the summary of the results of chapters 2-5 and discusses 

possible future studies.  
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Mitigation of guided wave contamination in 
waveform tomography of marine seismic reflection 
data from southwestern Alaska 

A version of this manuscript was published as: 
Rajesh Vayavur and Calvert, A. J., 2016. ”Mitigation of guided wave contamination in 
waveform tomography of marine seismic reflection data from southwestern 
Alaska.” Geophysics, 81(4), B101-B118. 

2.1. Abstract 

2-D frequency-domain acoustic waveform tomography was applied to two different 

sections of a marine seismic reflection line from southwest Alaska: one section with deep 

igneous basement overlain by a thick pile of sediments and the other section with a 

shallow basement and a thin sedimentary cover. We have evaluated the appearance of 

dispersive guided waves on both sections, and have determined that with appropriate data 

preconditioning it is possible to successfully invert the data using 2-D acoustic waveform 

tomography. Where the basement is deep, we first reduced the dispersive wave 

contamination of the seismic field data by trace editing, band-pass filtering and careful 

choice of the data window for inversion. We then tested different objective functions and 

inversion scheduling, before selecting an approach based on logarithmic phase, which 

could be followed by joint phase and amplitude inversion. Where the basement is shallow, 

the starting model itself, which was generated by ray-based first-arrival tomography, 

generated acoustic guided waves, necessitating the use of an absorbing boundary 

condition at the free surface. Logarithmic phase inversion was attempted, but the 

amplitude inversion did not converge. To invert seismic data from both sections, we used 

a layer-stripping strategy in which the gradient was used at each stage of the inversion 

process to check the corresponding model updates. Our results were validated by 

comparison between synthetic and observed waveforms, comparison of residual phase 

error plots for the initial and final velocity models, and comparison of waveform 

tomography velocity models with migration images. Waveform tomography permits 
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interpretation of the subsurface close to the seafloor where reflection images are 

contaminated by water-layer multiples, and we infer the existence of a fault zone from a 

low velocity anomaly within igneous basement. 

2.2. Introduction 

In most land, and occasionally in marine seismic surveys, velocities in the near-

surface are estimated from the recorded refractions to determine static corrections that 

can be applied to pre-stack data in order to align reflections prior to stacking or pre-stack 

migration. Although these seismic velocity models can contain geological information up 

to a few hundred meters depth depending on the maximum offset, the near-surface is 

typically not the primary objective of the survey. In some applications, however, example 

in seismic hazard characterization, site surveys and shallow geological mapping, near-

surface velocities can provide key geological constraints. For example, shallow seismic 

velocity variations across the active San Andreas and Seattle fault zones have been 

inferred using ray-based tomography, and interpreted in terms of the fault zone width and 

the number of splays (Catchings et al., 2002; Calvert et al., 2003).  Full waveform inversion 

of the early arrival wavetrain (first-arrival refractions plus later refractions, refraction 

multiples, diffractions and wide-angle reflections that arrive soon afterwards) has the 

potential to significantly improve the spatial resolution of near-surface velocity models 

relative to ray-based methods (Bleibinhaus et al., 2007), and may be able to identify faults, 

which are sometimes characterized by lower seismic velocities than their surroundings, 

where ray-based methods are unsuccessful.  

Our long term objective is to identify offshore sub-vertical strike-slip faults that may 

represent major terrane boundaries associated with the tectonic evolution of southwest 

Alaska. In this area, the identification of sub-vertical faults in conventional seismic 

reflection images is difficult due to low fold at shallow depths and the presence of a shallow 

seafloor that can generate high amplitude, short-period multiples. As an alternative, we 

aim to infer the location of these faults in velocity models derived using 2-D acoustic 

frequency domain waveform tomography; this method was first presented by Pratt and 

Worthington (1990), proposed for crustal imaging by Pratt et al. (1996), and further 

developed by Pratt et al. (1998) and Sirgue and Pratt (2004). The method has been 
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extensively applied in other areas including complex environments such as the Scotian 

slope (Delescluse et al., 2011), eastern Nankai subduction zone (Operto et al., 2006; 

Kamei et al., 2014), the Queen Charlotte basin (Takam Takougang and Calvert, 2011), 

the Polish basin (Malinowski and Operto, 2008; Malinowski et al., 2011), and across the 

San Andreas Fault (Bleibinhaus et al., 2007). In contrast to much of this earlier work, we 

observed guided waves in the field data recorded offshore Alaska, and also found that 

acoustic guided waves were generated in some starting velocity models used in the 

iterative waveform tomography method. The purpose of this paper is to present our 

approach to mitigate the effect of strong guided waves on full waveform inversion of the 

field data, and to show how the generation of acoustic guided waves in the starting model, 

which was due to a shallow high velocity igneous basement, was avoided, thus allowing 

for the estimation of seismic velocities to approximately 1.2 km depth using waveform 

tomography. 

2.3. Seismic survey 

To illustrate the various issues related to guided waves in shallow marine data, we 

use multi-channel seismic reflection profile 1242 from offshore southwestern Alaska 

(Figure 2.1), which was acquired by the R/V Ewing in 1994. This seismic survey was a 

collaborative effort between the University of Delaware, LDEO (Lamont-Doherty Earth 

Observatory), UTIG (Institute for Geophysics, University of Texas), WHOI (Woods Hole 

Oceanographic Institution), Stanford University, and the USGS (United States Geological 

survey). The data were recorded by a 160 channel hydrophone streamer with near and 

maximum offsets of 255 m and 4230 m respectively, and shot with an 8400 cubic inch 

airgun array. The shot interval is approximately 50 m, and the receiver interval is 25 m.  
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Figure 2.1. Bathymetry map of study area showing seismic line 1242 indicated 
by black line and the two sections A and B used in the study, which 
are denoted by thick brown lines. Red contours show the 
sedimentary thickness and indicate deep basement beneath section 
A and shallow basement beneath section B. T-TF and CMF indicate 
the Togiak-Tikchik and Castle mountain strike-slip faults 
respectively. White circles denotes shot point (SP) locations. 

Two key features of our study area are the shallow seafloor bathymetry and strong 

lateral variation in the underlying lithology. The igneous basement is very shallow beneath 

the northern part of line 1242, but gradually increases in depth to the south, where it is 

overlain by a thick pile of Cenozoic sediments (Figure 2.1). The water bottom is 

everywhere less than 75 m, which is a significant contributor to the recorded high 

amplitude guided waves whose character and apparent velocity vary along the line. Two 

sections from line 1242, each approximately 15 km long, were chosen to illustrate the 

contrasting geologic settings: section A (deep basement) was chosen from southern end 

of the seismic line and section B (shallow basement) from the northern end.  
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2.4. Guided waves in shallow marine reflection surveys 

The two most commonly observed dispersive seismic waves in typical shallow 

marine seismic surveys are acoustic guided waves and Scholte waves (Glangeaud et al., 

1999; Klein et al., 2005). Acoustic guided waves are reinforcement fronts formed by 

multiple reflections of sound in water with some penetration into the underlying sediment 

(Burg et al., 1951). These waves are sensitive to both shear and compressional wave 

velocity variation with depth. Scholte waves are interface waves that propagate along 

distinct layer interfaces. They are highly sensitive to shear wave velocity variations with 

depth, and are characterized by high amplitude, low velocity and low frequency (Klein et 

al., 2005). Guided waves can be generated when seismic acquisition is carried out in areas 

where the seafloor is shallow and the seismic source is relatively closer to the seafloor.  

Studies on the dispersion characteristics and modal distribution of guided waves 

show that the dispersion and propagation speeds of these waves depend on factors such 

as the thickness of the water layer, the elastic properties of the seafloor sediments and 

also on the topography of the seafloor (Robertsson et al., 1996; Shao et al., 2007). The 

effect of water layer thickness on the generation of the dispersive acoustic guided waves 

in shallow marine seismic surveys is discussed by Shao et al. (2007), and the modal 

distribution of the Scholte waves with varying seafloor topography was examined by Zheng 

et al. (2013). Recent studies (Kugler et al., 2007; Klein et al., 2005) suggest that the joint 

inversion of dispersion curves of acoustic guided and Scholte waves can provide true 

shear wave velocity information of the shallow subsurface that is difficult to resolve from 

refractions and reflections alone. 

Figure 2.2 illustrates how shot gathers differ between the two selected sections 

selected from line 1242. In Section A, where the deep basement is overlaid by sediments, 

the first-arrivals have a relatively low apparent velocity, and shot gathers are contaminated 

with strong dispersive acoustic guided waves that arrive soon after the first refractions 

(Figure 2.2a). The acoustic guided waves are of relatively high frequency and contaminate 

the later part of the early arrival wavetrain, particularly at near offsets. Scholte waves are 

not observed here due to the presence of a large thickness of soft sediments below the 
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seafloor, which are likely characterized by low shear-wave velocities and high intrinsic 

attenuation.  

 

Figure 2.2. a) Raw shot gather from section A (deep basement) b) Raw shot 
gather from section B (shallow basement). 1A-guided wave, 1B-
strong guided wave coupled with Scholte waves, 2- strong 
dispersive Scholte waves,  3- refraction multiples, 4-diffractions 
from scattering around the seismic line. The region between the 
black lines indicates guided wave noise. 

In Section B (Figure 2.2b), where the basement is shallow, only a very thin layer 

of sediments (~100 m) is present and the corresponding shot gathers are contaminated 

with strong dispersive acoustic guided waves coupled with elastic Scholte waves. Both 

the acoustic guided waves and Scholte waves have significantly lower apparent velocity 

than the first-arrivals, whose high apparent velocity is due to the shallow igneous 

basement, but the guided waves completely obscure any later wide angle reflections, 

which can be used in the final stages of waveform tomography to improve the resolution 

of the velocity model. The acoustic guided waves (high frequency and high amplitude 

waves) coupled with the Scholte waves (low frequency and high amplitude) span the entire 

frequency bandwidth of the dataset, making them difficult to remove using standard 

processing techniques.  
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In summary, these guided waves pose a significant difficulty in the use of acoustic 

waveform tomography, because they can overlap and obscure the later part of the time 

window of data that is used for the inversion. Since these guided waves are elastic wave 

phenomena, they cannot be readily included in acoustic waveform tomography. 

Furthermore due to their dispersive nature, the attenuation or removal of such waves 

based on their apparent velocity, e.g. Frequency-wavenumber (F-K) domain filtering, is 

not effective.  

2.5. Overview of waveform tomography 

Waveform tomography attempts to find an elastic or visco-elastic model that 

predicts the waveforms of the early arrival wavetrain, and can provide velocity models with 

higher spatial resolution than possible with ray-based methods (Williamson, 1991; 

Williamson and Worthington, 1993;). However, the iterative inversion procedure requires 

a starting model (Pratt, 1999), which is often derived using traveltime tomography. 

Waveform inversion was developed in the time domain by Tarantola (1984), Tarantola 

(1987) and Mora (1987), but later Pratt and Worthington (1990) showed that waveform 

tomography can also be implemented in frequency domain. Time-domain implementations 

can be computationally expensive when the temporal or spatial sampling interval is small. 

Advantages of a frequency domain implementation is the efficient inversion of large 

aperture surveys using only a few frequencies. (Pratt et al., 1996; Pratt, 1999).  

2.5.1. Frequency domain theory 

In our study, we used the 2-D acoustic frequency domain full-waveform inversion 

scheme described by (Pratt et al., 1998). Only a brief overview of the methodology is 

presented here. For forward modelling, we compute the synthetic seismograms using the 

following frequency domain acoustic wave equation (constant density): 

                            ∇2  𝑢(𝐱, 𝜔) +  
𝜔2

𝑐2(𝐱) 
 

𝑢(𝐱, 𝜔) = −𝑓(𝐱𝐬, 𝜔)                                       (1) 
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where 𝑢(𝐱, 𝜔) is the pressure wavefield vector  at a spatial location 𝐱, 𝑓 is the source 

function, and 𝐱𝐬 is the source location. 𝜔 is the angular frequency and c is the wave 

velocity, which is complex valued if attenuation is included. The above equation is solved 

using a frequency domain finite-difference method. The equation can be represented as 

follows: 

                                                          𝐒𝐮 =  𝐟                                                          (2) 

where S is differencing matrix or impedance matrix (Pratt, 1999). 

The inverse problem is nonlinear because equation (2) implicitly depends on the model 

m. The data residual ∆𝐝  is expressed as the difference between modeled wavefield u and 

observed wavefield d:              

                                                        ∆𝐝 = 𝐮 − 𝐝                                                     (3) 

The main objective of the inversion process is to find m such that ∆𝐝 is a minimum, which 

can be achieved by using a L2 normalization scheme. The cost function or objective 

function E is defined as: 

                                                     E(m) =
1

2
∆𝐝T∆𝐝                                                (4) 

where ∆𝐝𝑇 is the conjugate transpose of the data residual. The minimization of the 

objective function is performed iteratively in the frequency domain using the negative 

gradient:  

                                                       G𝑚 = −∇𝑚E.                                                    (5) 

At any given iteration k of the computation, the gradient of the objective function G𝑚 is 

computed by zero-lag cross-correlation of the forward propagated source wavefield with 

the back-propagated data residual wavefield (Lailly, 1983), without calculating any partial 

derivatives of the data. The model estimate is then updated at each iteration k+1 with an 

appropriate step length β such that 
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                                                  𝐦𝑘+1 = 𝐦𝑘 + 𝛽𝑘G𝑚
𝑘                                                (6) 

The step length β is usually computed using a line search method (Mora, 1987).     

2.6. Starting velocity model 

Because waveform inversion is a highly non-linear problem, a good starting model 

is essential for successful convergence to the desired global minimum and to prevent cycle 

skipping. In our study, we used the first-arrival traveltime tomography code of Aldridge and 

Oldenburg (1993), which is based on a finite-difference solution of the eikonal equation, 

to derive a starting velocity model for waveform tomography from picked first-arrivals. The 

traveltime tomography was carried out for the entire length of line 1242, which consists of 

4584 shot gathers and 729,915 traveltime picks. The seismic data were first resampled to 

4 ms from 2 ms, and then edited to remove noisy recording channels and bad shot gathers. 

The traveltimes of first-arrivals were picked on every remaining shot using an automated 

neural-network first-break algorithm. The quality of automated picking was sometimes 

poor, particularly in noise contaminated areas on section A where first-break picks are 

contaminated with dispersive acoustic guide waves at near offsets. So the automated 

picks were manually corrected by sorting the data into common offset gathers, where trace 

to trace correlations are easier to distinguish. The data were then sorted to shot gathers 

for final quality control of the manually edited picks. Traveltime picks, which were made 

on the wavelet peak, were shifted earlier by 8 ms, an average value estimated from the 

entire set of first-arrivals, to align them with the onset of seismic energy at the receiver. 

These first-arrival picks were then input to the 2-D traveltime tomographic code.  

After a few trial inversions, values of the subsurface velocity gradient of 1 /s for 

section A and 2.38 /s for section B were chosen for the starting models, which gave the 

lowest root mean square (RMS) error. Velocities above the seafloor were set to a constant 

value of 1480 m/s, a value which was estimated from the direct wave. Velocities just below 

the seafloor were assumed to linearly increase with depth. The vertical and horizontal 

spacing of the velocity grid was 25 m. Regularized smoothing constraints based on the 

first and second spatial derivatives (horizontal and vertical) of the model slowness were 

employed in the inversion procedure. Additionally, a 200 x 200 m convolutional smoothing 
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operator was applied to the updated slowness model between iterations to prevent the 

introduction of any high wavenumber variations. For section A, 20 iterations were carried 

out, which reduced the RMS traveltime residual from 68 ms to 6 ms. For section B, 23 

iterations were carried out, which reduced the RMS traveltime residual from 125 ms to 5 

ms.        

 

Figure 2.3. Ray density map from traveltime tomography: a) Section A (deep 
basement) and b) Section B (shallow basement). SP is shot point 
location. 

The ray density (Figure 2.3a) for section A shows propagating rays are penetrating 

down to depths greater than 1.2 km. Ray distribution is similar across the entire section. 

For section B, the ray density varies laterally with few rays below an undulating surface at 

0.5-0.7 km depth (Figure 2.3b). However, near shot point 1750, rays penetrate to depths 

greater than 1 km, which we show later in this paper is due to a greater thickness of low 
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velocity rocks. Since the tomographic inversion was applied to the entire length of line 

1242, there are no edge effects in the two extracted sections shown in Figure 2.3.The 

magnitudes of the traveltime residuals are generally less than 5 ms for section A except 

some small shot-receiver bands where residuals are slightly higher, i.e. greater than 10 

ms. For section B, slightly high residual values of 10-15 ms are associated with near 

receiver channels. 

2.7. Initial forward modeling  

The starting velocity model derived from traveltime tomography should satisfy a 

common convergence criterion, i.e. it is able to predict the first-arrival to within half a cycle 

(Sirgue, 2003). This requirement was tested by carrying out a single forward modeling 

step with the starting velocity model, and then overlaying first-arrival traveltime picks on 

the generated synthetic data (Figure 2.4). The results of this forward modeling test were 

also used to scale the amplitudes of the field data. The parameters considered for forward 

modeling for both sections A and B are described here. 

2.7.1. Choice of grid size 

In order to avoid numerical artefacts during forward modeling, the finite-difference 

cell size was chosen to approximately satisfy  

                                                   ∆𝑠 ≤  
𝜆𝑚𝑖𝑛

4
=

𝑣𝑚𝑖𝑛

4𝑓𝑚𝑎𝑥
 ,                                                (7) 

(Jo et al., 1996) where 𝜆𝑚𝑖𝑛 is the minimum wavelength, 𝑣𝑚𝑖𝑛 the minimum 

velocity, 𝑓𝑚𝑎𝑥 the maximum frequency used in the modeling, and ∆𝑠 the spatial sampling 

interval. In the present case, the minimum velocity was chosen to be that of water velocity, 

i.e. 1480 m/s, and the maximum frequency to be 12 Hz, so the corresponding ∆𝑠 would be 

approximately 30 m. We used a grid cell size of 25 m, which satisfies the above criteria 

for almost all frequencies used in the inversion.  
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2.7.2. Boundary condition 

Selection of appropriate boundary conditions plays an important role during 

forward modeling of the traveltime tomography velocity model especially when the model 

consists of a thin water layer. 

Section A (deep basement) 

For this section, a free surface boundary condition at the top and absorbing 

boundary conditions for the sides and bottom of the model were used. The constructed 

model is also extended by 10 grid points at the sides and bottom of the constructed model; 

this corresponds to 788 × 81 grid points for the 19 km × 2 km model size.  Figure 2.4a 

shows monochromatic wave propagation at 6 Hz generated using the traveltime 

tomography velocity model with free-surface boundary condition. The corresponding 

synthetic offset and shot gather generated using 0-10 Hz are shown in Figure 2.4b and 

2.4c. The first-arrivals of the synthetic data coincide with the picked first-breaks denoted 

by red line shown in Figure 2.4b and 2.4c, demonstrating the accuracy of starting velocity 

model. 

Section B (shallow basement) 

For section B, we initially used similar modeling parameters as in section A, but 

found that the velocity model itself generated acoustic guided waves in the synthetic data 

due to a high velocity layer just below the seafloor, i.e. the shallow basement. To 

investigate and mitigate this issue, we performed several synthetic tests. 

 The first test consisted of using a free surface boundary condition at the surface, 

and absorbing boundary conditions for the sides and bottom of the model. The 

corresponding monochromatic wave propagation at 6 Hz clearly indicates the generation 

of acoustic guided waves at the surface of the model (Figure 2.4d). The corresponding 

synthetic offset and shot gathers show the high amplitude guided waves (Figure 2.4e and 

2.4f), which are not present in the actual field data. The second test also employed a free 

surface boundary condition, but we included attenuation by specifying complex velocities 

in the model (Song and Williamson, 1995; Hicks and Pratt, 2001); the seismic quality factor 

depends on the imaginary component of complex velocity. The introduction of attenuation, 
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however, had no significant effect on the generation of guided waves, and this result is not 

shown in Figure 2.4. 

 

Figure 2.4. Section A (deep basement): a) Monochromatic wave propagation 
generated using traveltime tomography velocity model with free-
surface boundary condition at 6 Hz, b) and c) are corresponding 
synthetic constant offset and shot gathers generated using 0-10 Hz. 
Section B (shallow basement): d) Monochromatic wave propagation 
generated using starting velocity model derived from traveltime 
tomography at 6 Hz with free-surface boundary condition, (e and f) 
are corresponding synthetic constant offset and shot gathers 
generated using frequencies 0-10 Hz, g) Monochromatic wave 
propagation generated using starting velocity model derived from 
traveltime tomography at 6 Hz with absorbing boundary condition, 
(h and i) are corresponding synthetic constant offset and shot 
gathers generated using frequencies 0-10 Hz. The red arrow 
indicates anomalous high amplitude arrivals due to acoustic guided 
waves. The red line denotes picked first-arrival times. 
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In a third test, we replaced the free surface with an absorbing boundary condition, 

and simulated the source and receiver ghosts by locating image sources and image 

receivers at mirror locations with respect to the sea surface (Kamei, 2012). In addition to 

10 grid point extensions at the sides and bottom of the model, the water layer was 

extended upward by 10 grid points, resulting in 788 × 91 grid points for the 19 km × 2.25 

km model size.  Monochromatic wave propagation and the corresponding synthetic offset 

and shot gathers are shown in Figure 2.4g, 2.4h and 2.4i. With these parameters, the 

guided waves are absorbed at the upper boundary and unwanted high amplitude guided 

waves are eliminated from the synthetic data.  

2.8. Data preconditioning 

Preconditioning is required to ensure that the data input to waveform tomography 

are as consistent as possible with the acoustic assumptions of the method. This implies 

that any aspect of the data that is not predicted by the 2-D acoustic propagation scheme, 

e.g. shear waves, coherent noise, shot to shot energy variations, amplitude discrepancies, 

and bad traces should be removed or corrected (Brenders and Pratt, 2007a, b; Takam 

Takougang and Calvert, 2011). The other main objective of data preconditioning is to 

improve the signal to noise ratio (S/N) especially at lower frequencies.  

2.8.1. Spatial sub-sampling & aliasing 

For computational efficiency during forward modeling and waveform inversion, we 

sub-sampled the dataset to use every second shot, i.e. the shot spacing increased to 100 

m from 50 m. However, it is necessary to avoid aliasing in shot and receiver domains when 

the data are subsampled. The aliasing condition at a given frequency can be expressed 

as  

                                                    ∆𝑠𝑎𝑚𝑝 ≤  
𝜆𝑚𝑖𝑛

2
=

𝑐𝑚𝑖𝑛

2𝑓𝑚𝑎𝑥
                                          (8) 

where ∆𝑠𝑎𝑚𝑝 is shot or receiver spacing, 𝜆𝑚𝑖𝑛 the minimum wavelength, 𝑐𝑚𝑖𝑛 

minimum velocity, and 𝑓𝑚𝑎𝑥  the maximum frequency.  For velocities of 1480 m/s and 2000 
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m/s, the data are unaliased below 7.4 Hz and 10 Hz respectively. Therefore, given the 

magnitude of velocities in the subsurface models, only a small portion of frequencies may 

be aliased in the final iterations of the inversion. 

2.8.2. Trace editing, band-pass filtering and time windowing 

The data were resampled from 2 ms to 4 ms. Then three bad traces with recording 

channel numbers 55, 81, 110 were eliminated from all shot gathers.  The data were low 

pass filtered using a minimum phase Ormsby filter with corner frequencies 0-0-15-20 Hz 

to reduce the effect of strong dispersive guided wave noise. A time window of 2 s was 

selected on the shot gathers that included first-arriving refractions and early secondary 

arrivals, but excluded late arrivals and multiples. For section A, the data were muted 1.4 

s below the first-arrivals and for section B the data were muted 1 s below the first-arrivals. 

For section A, this window is increased to 3 s in the later stages of the inversion.  

2.8.3. Amplitude correction: 

Because the waveform tomography method used here assumes 2-D wave 

propagation, the 3-D seismic data were corrected for geometrical spreading, i.e. the data 

were multiplied by t0.5. Shot gathers were amplitude balanced to avoid any shot to shot 

variations, which can bias the model update during the inversion. The above process is 

achieved by normalizing each shot gather to the same maximum amplitude value in order 

to preserve the amplitude variations with offset of the dataset.  
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Figure 2.5. Section A (deep basement): rms AVO bins (offsets are binned every 
50 m): (a) 2-D corrected and shot-to-shot amplitude balanced field 
data after minimum phase low pass filtering 0-0-15-20 Hz, (b) 2-D 
corrected and shot-to-shot amplitude balanced field data after 
minimum phase low pass filtering 0-0-11-13 Hz, (c) the amplitude 
variation of the forward modeled synthetic data using the starting 
model from traveltime tomography, (d) comparison of synthetic data 
with field data after amplitude scaling. 

  To minimize effects arising from complex geometrical spreading, 3-D scattering 

effects etc., a scaling factor was applied to the amplitudes of the processed field data as 

described by Brenders and Pratt (2007a). A single comparison was made between RMS 

amplitude variation with offset bin (offsets were binned every 50 m) of the preprocessed 

field shot gathers and the modeled synthetic data derived after forward modeling using 

the velocity model from traveltime tomography. For section A,  the RMS amplitude 

variation with offset bin of 2-D corrected, shot-to-shot amplitude balanced field data after 

minimum phase low pass filtering with 0-0-15-20 Hz is shown in Figure 2.5a.  The 

contribution of the guided waves to the amplitude estimates can be observed, especially 

at middle offset bins. To mitigate this problem, a sharper minimum phase low-pass filter 
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0-0-11-13 Hz was applied to the field data to remove much of the guided wave energy, 

which was mostly present at higher frequencies (Figure 2.5b).  The RMS amplitude 

variation with offset bin of the forward modeled synthetic data using the starting model 

from traveltime tomography is shown in Figure 2.5c. The amplitude versus offset behavior, 

which is often critical for successful waveform inversion, differs between Figure 2.5b and 

Figure 2.5c. This disparity is mainly due to the dispersive nature of the remnant guided 

waves that affected the amplitudes of the arrivals in the time window used for amplitude 

estimation. The offset dependent correction factor was calculated, and this scaling was 

applied to these new processed field data. Figure 2.5d shows a comparison of the 

synthetic data with field data after this amplitude scaling, and demonstrates the similarity 

of the AVO behavior of the final processed and modeled data.  It is important to note that 

the above preconditioning step will have a minimal effect when the phase-only objective 

function is used during inversion.  

To minimize computational cost, the seismic data were corrected to reduced time 

i.e. (t-x/vr) with a reduction velocity (vr) of 2000 m/s for section A and 5800 m/s for section 

B. For section B, we followed a similar data preconditioning scheme as applied to section 

A except that a sharper low-pass filter 0-3-9-11 Hz was applied to minimize the effect of 

the somewhat lower frequency guided wave energy.  

2.9. Source signature estimation 

Waveform inversion requires an estimate of the source function f as shown in 

equation (2). Pratt (1999) estimates the unknown source signature from a complex valued 

scalar,  

                                                                     𝑠 =
u𝑡 d∗

u𝑡 u∗                                              (9) 

where superscripts t and * represent the transpose and complex conjugate operators 

respectively. Here, s is equal to the crosscorrelation of the forward-modeled wavefield with 

the conjugate of the observed wavefield, divided by the autocorrelation of the forward-

modeled wavefield. The above method converges in one iteration and provides a 

reasonable estimate of the true source signature provided the starting velocity model is at 
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least approximately correct. This method can be applied on a shot-to-shot basis or to the 

entire dataset simultaneously to estimate a single best fitting source function. In this study, 

the later approach was used to calculate an identical source signature for all shots in the 

dataset. 

For section A, the initial source signature was estimated using the starting velocity 

model and a bandwidth of 0-10 Hz, but low frequency noise contaminates the estimated 

wavelet (Figure 2.6a). When the bandwidth is reduced to 5-10 Hz, an improved estimate 

of the source signature is obtained (Figure 2.6b). This source function was updated at 

each of the intermediate stages of the inversion following the method described in Pratt 

(1999).  

 

Figure 2.6. Section A (deep basement): source signature estimated using the 
starting velocity model derived from traveltime tomography for 
frequencies: (a) 0-10 Hz, (b) 5-10 Hz; (c) signature estimated using 
final velocity model from waveform tomography for frequencies 5-10 
Hz.  

2.10. Inversion strategies 

Waveform inversion is highly non-linear and often ill-posed (Mora, 1989; Pratt, 

2008). In the presence of noise, e.g. when the seismic data are contaminated by strong 

dispersive guided and Scholte waves, the inversion problem becomes more complex. By 

using the traveltime tomography model as a starting model, we can reduce the non-

linearity of the inversion. Further mitigation of the non-linearity of waveform inversion can 
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be achieved by choosing an appropriate objective function, suitable frequency sampling, 

multi-scale and layer stripping approaches, and also by applying appropriate gradient pre-

conditioning schemes, which include gradient filtering in the wavenumber domain and 

gradient weighting in the depth domain. The gradient represents an image of the updates 

to be applied to the velocity model and can be used as a quality control on changes to the 

velocity model. In our study, density for the acoustic forward modelling was computed at 

each iteration from the velocity model using  Gardner’s relationship (Gardner et al., 1974), 

following the approach of Hicks and Pratt (2001), but attenuation was not included. If the 

velocity-density relationship is anomalous, Gardner’s relation will provide an inexact 

density, but it is likely to be a better approximation than simply specifying a constant value. 

This approximation is required, because we only invert for velocity, but any effects will be 

inconsequential in phase-only inversion. Some caution, however, is required in the 

interpretation of P-wave velocity perturbations introduced by phase plus amplitude 

inversion where elastic effects can also be significant (Takam Takougang and Calvert, 

2013). 

2.10.1. Inversion strategy for section A (deep basement) 

Section A consists of 150 shot gathers. After data preconditioning, residual noise 

from the guided waves is still present in the preprocessed shot gathers, and is most 

noticeable at near offsets where the noise is close to the first-arrivals. We developed an 

inversion strategy by performing a series of tests to select an appropriate objective 

function, frequency sampling interval, gradient filtering parameters, (time damping 

parameter) scheduling, and frequency sets. 

Choosing appropriate objective function 

For 2-D acoustic frequency domain waveform tomography, there are currently four 

common objective functions: conventional phase-amplitude (Pratt et al., 1998), 

conventional phase-only (Pratt et al, 1998), logarithmic phase-amplitude (Shin and Min, 

2006), logarithmic phase-only (Bednar et al., 2007). The conventional phase-amplitude 

objective function depends both on the amplitude and phase of the data residuals whereas 

the conventional phase only objective function utilizes just the phase information of the 

residuals by normalizing their amplitudes. The logarithmic phase-amplitude objective 
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function utilizes both amplitude and phase information; however it has the advantage of 

scaling the real part i.e. amplitudes logarithmically. The logarithmic phase-only objective 

function strictly utilizes just the phase information of data residuals, which is less sensitive 

to noise. The above objective functions were explained in detail by Kamei et al. (2014). 

The success and efficiency of gradient-based optimizations depend on the quality 

of the model gradient at early iterations. Although various preconditioning schemes are 

available to improve the quality of the gradient, it is instructive to examine raw gradients 

(Kamei et al., 2014). We compare here the above four different objective functions using 

gradient images, as shown in Figure 2.7. These images represent the gradient computed 

with frequencies of 5-6 Hz sampled every 0.166 Hz for a 𝜏 value of 0.2 s, where 𝜏 is the 

time damping parameter (discussed later). The gradient obtained from the conventional 

phase-amplitude objective function updates the model mostly at shallower depths (Figure 

2.7a), whereas the logarithmic phase amplitude objective function produces a larger 

update deeper in the model (Figure 2.7b). The conventional phase (Figure 2.7c) and 

logarithmic phase (Figure 2.7d) produce model updates as deep as 2 km depth, but the 

logarithmic phase objective function appears to produce slightly higher spatial resolution 

as indicated by black arrows in Figure 2.7d. 
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Figure 2.7. Section A (deep basement): gradient images for different objective 
functions  at 5-6 Hz  and 𝝉 = 0.2 s: (a) the conventional phase-
amplitude, (b) the logarithmic phase-amplitude, (c) the conventional 
phase only, (d) the logarithmic phase only misfit function. The white 
line represents sea floor. The black arrows in (d) represent 
structures with higher resolution in comparison to (c). SP is shot 
point location.  
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Gradient filtering in wavenumber domain & gradient weighting in depth 
domain 

The gradient is highly sensitive to the high-wavenumber components (Sirgue, 

2003), but can be preconditioned by 𝑘𝑧 - 𝑘𝑥 filtering, which removes artifacts and enhances 

the smoothness of the resulting velocity models (Brenders and Pratt, 2007b).  

 

Figure 2.8. Section A (deep basement): a) raw gradient image at 5-6 Hz, b) 
preconditioned gradient image using wavenumber filter of 𝒌𝒛 =
𝟐/𝝀𝒎𝒊𝒏 and 𝒌𝒙 =  𝒌𝒛/𝟐 , c) corresponding velocity model update after 
5 iterations  d) preconditioned gradient image using wavenumber 
filter of 𝒌𝒛 = 𝟐/𝝀𝒎𝒊𝒏 and 𝒌𝒙 =  𝒌𝒛/𝟓 , e) corresponding velocity model 
update after 5 iterations. The white line represents sea floor. SP is 
shot point location. 
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Wu and Toksoz (1987) proposed the theoretical resolution limit for waveform inversion as  

                                                      𝑘𝑧 = 2/𝜆𝑚𝑖𝑛                                                               (10) 

where  𝑘𝑧 is the vertical component of wavenumber, and 𝜆𝑚𝑖𝑛 is minimum wavelength.      

To select the appropriate threshold for the 𝑘𝑧 - 𝑘𝑥 filter, we have tested two different 

values, namely 𝑘𝑥 =  𝑘𝑧/2 and 𝑘𝑥 =  𝑘𝑧/5. Figure 2.8 shows comparison of raw gradient 

image with gradient filtered images and corresponding velocity updates. More artifacts are 

present in Figure 2.8c than in Figure 2.8e, leading us to use the greater smoothing i.e. 

𝑘𝑥 =  𝑘𝑧/5 filter. In addition to gradient wavenumber filtering, depth weighting of the 

gradient was used to suppress the gradient near the source due to the singular nature of 

Green’s functions at their origins. The weighting function consisted of a cosine taper with 

corner depth values of 0-50-1950-2000 m. 

Frequency selection 

Frequencies for a single inversion step are often chosen on the basis of the Nyquist 

sampling theorem (e.g., Pratt et al., 2004; Bleibinhaus et al., 2008), which states that the 

sampling frequency interval used in the inversion should not be greater than the inverse 

of the length of input time domain data. For both sections A and B, the earliest arrivals, 

which are crucial for success of waveform inversion, are contaminated with strong 

dispersive guided wave noise. So to enhance the signal-to-noise ratio we decided to 

choose a relatively small frequency sampling interval of 0.166 Hz for the inversion. 

Normally all frequencies are not inverted simultaneously due to the large 

computational cost. Thus we used a multi-scale approach, i.e. sequential inversion from 

low to high frequencies, which helps to mitigate the non-linearities inherent in full-

waveform inversion; cycle-skipping can be mitigated by starting the inversion at as low a 

frequency as possible. Following examination of the amplitude spectra of preconditioned 

shot gathers, we ran the inversion from 5 Hz to 10 Hz. Sets of 5 frequencies with a 

frequency sampling interval of 0.166 Hz (e.g. 5.0, 5.166, 5.33, 5.5, and 5.66 Hz) were 

inverted simultaneously. At each set, the output velocity model after 5 iterations was used 

as input model to the next set of frequencies (e.g. 5.83, 6.0, 6.166, 6.333, and 6.5 Hz). 
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There was no overlap of frequencies between each set. We repeated the process until the 

final set of frequencies for inversion reached 10 Hz. 

Time-domain damping of data residuals and its scheduling 

One of the main advantages of the frequency domain approach is that complex 

frequencies can be used to damp in the frequency domain the later arrivals of the time 

domain data. The complex angular frequency is given by 𝜔′ = 𝜔 − 𝑖/𝜏  where 𝜔 = 2𝜋𝑓, f 

is real valued frequency and 𝜏 is the time damping parameter. The addition of the 

imaginary term into the angular frequency is equivalent to pre-multiplying the data in the 

time domain by a term equal to exp (-t/ 𝜏), which damps the contribution of late arrivals in 

the data residual, enabling the selection of a time aperture in the frequency domain data. 

By changing the value of  𝜏 , different time windows can effectively be selected, resulting 

in a layer stripping approach. The above exponential function assumes data recorded at 

zero offset. For non-zero data, a time shift has to be applied corresponding to the first-

arrival time at the given receiver offset. This time shift is achieved by further multiplying 

the data by exp(𝑡𝑜/𝜏), where 𝑡𝑜 is the first-arrival time (Brenders and Pratt, 2007a). The 

damping parameter also serves to suppress time wraparound problems caused by late 

arrivals during frequency domain modeling. A general approach for scheduling  𝜏 values 

is to choose 40 % and 80% of the time window of the input data (Brenders and Pratt, 

2007b, Takam Takougang and Calvert, 2011). At each selected 𝜏 value, all frequencies 

from 5 Hz to 10 Hz were inverted sequentially by using the multi-scale approach described 

earlier. 
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Figure 2.9. Section A (deep basement): gradient image updates at 5-10 Hz with 
different tau and time window values: a) 𝝉 = 0.2 s and Tw = 2 s, b) 𝝉 = 

0.6 s and Tw = 2 s, c) 𝝉 = 1.0 s and Tw= 3s.The white line represents 
sea floor. SP is shot point location. 

We determined a strategy for scheduling 𝜏 values by examining the gradient 

images of test inversions as 𝜏 was increased to higher values. To restrict the initial stages 

of the inversion to early arrivals, we started with a low 𝜏 value of 0.2 s for a 2 s time window. 

Subsequently, we increased the 𝜏  value sequentially at constant intervals of 0.2 s, i.e. 0.4 

s, 0.6 s, 0.8 s, for the 2 s time window. We stopped increasing the 𝜏 value at this stage, 

as we found no significant update in the corresponding gradient image. At this point, we 
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increased the time window to 3 s, and used the previous 𝜏 value of 0.8 s. We then repeated 

the above process of sequential increase of 𝜏 value to 1.0 s and 1.2 s. We halted the 

inversion process after the 𝜏 = 1.2 s stage because we found no update in the gradient 

image, and the gradient image was becoming contaminated with high wavenumber 

artifacts. Figure 2.9 illustrates the corresponding gradient image updates for some of the 

selected 𝜏  and time window values in the above process. Table 1 provides an overall 

summary of the modeling and regularization parameters used for sections A. 

Table 2.1. Summary of modeling and regularization parameters used for 
section A (deep basement) and section B (shallow basement).  

Summary 

Section A ( Deep basement ) Section B   ( Shallow basement ) 

Free surface boundary condition was used for 
forward modeling 

Absorbing boundary condition was used for 
forward modeling 

Logarithmic phase only objective function was 
used for inversion 

Logarithmic phase only objective function was 
used for inversion 

Preconditioning of gradient 

 Gradient filtering 

 Gradient depth weighting 

Preconditioning of gradient 

 Gradient filtering 

 Gradient depth weighting 

 Residuals offset tapering 

Frequency sampling interval is 0.166 Hz Frequency sampling interval is 0.166 Hz 

Multi-scale approach 

Sets of 5 frequency groups are inverted from 5-10 
Hz 

Multi-scale approach 

Sets of 5 frequency groups are inverted from 5-9 
Hz 

Layer stripping approach 

tau values used are 0.2, 0.4, 0.6 for 2 s window 
and 0.8, 1.0, 1.2 for 3 s window 

Layer stripping approach 

tau values used are 0.2, 0.4 for 2 s window 

By following the above procedure, we initially carried out a phase-only inversion, 

either logarithmic or conventional, for all the 𝜏 values from 0.2 s to 1.2 s. The source 

signature estimated from the final velocity model derived using logarithmic phase only 

inversion is better resolved, exhibiting lower amplitudes at late times, than that calculated 

from the starting model (Figure 2.6c). The final velocity model from the phase-only 

inversion is then used as the starting model for the phase-amplitude inversion using the 

same range of 𝜏 values: logarithmic phase-only followed by logarithmic phase-amplitude 

inversion or conventional phase-only followed by conventional phase-amplitude inversion.  
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Velocity models obtained using different objective functions for section A 
(deep basement) 

We compare here the final velocity models obtained using the different objective 

functions as shown in Figure 2.10. Stratigraphic layering and greater lateral velocity 

variation is clearly visible in all the final velocity models, demonstrating improved spatial 

resolution over the starting model (Figure 2.10a). In the case of the logarithmic objective 

functions, the addition of the second stage of phase-amplitude inversion has increased 

only the magnitude of the short wavelength velocity variations, e.g. the lithological 

boundary at 0.4 km depth is better defined in Figure 2.10c. 

Thus it appears that the logarithmic phase only (Figure 2.10b) waveform inversion 

is sufficient to locate most structures in the velocity model, while the inclusion of amplitude 

information can improve their spatial resolution (Figure 2.10c). The conventional phase-

only (Figure 2.10d) inversion recovers most of the velocity structures resolved by 

logarithmic phase-only inversion, but the spatial resolution appears slightly less even at 

shallow depths. An additional stage of conventional phase-amplitude (Figure 2.10e) 

inversion improves resolution at  depths less than 300 m, but the resolution appears to be 

reduced in other parts of the model, e.g. at 400 m depth between from 222-226 km.   
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Figure 2.10. Section A (deep basement): (a) Starting velocity model derived from 
traveltime tomography, and final velocity models obtained by (b) 
logarithmic phase-only inversion, (c) logarithmic phase-only 
followed by logarithmic phase-amplitude inversion, (d) conventional 
phase-only inversion, and  (e) conventional phase-only followed by 
conventional phase-amplitude inversion. The white line represents 
sea-floor. The blue arrows in (c) indicate structures with higher 
resolution and the red arrows indicate structures with low resolution 
in comparison with (d). SP is shot point location. 
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2.10.2. Inversion strategy for section B (shallow basement) 

Section B also consists of 150 shot gathers. Unlike section A, the high amplitude 

dispersive acoustic guided waves here are coupled with Scholte waves, completely 

contaminating the wide-angle reflections that can be useful at later stages of inversion. 

Since these guided waves are elastically coupled, they cannot be modeled in acoustic 

waveform tomography.   So we developed a different strategy to address this issue. 

As discussed earlier, we used an absorbing boundary condition rather than free 

surface boundary condition for the forward modeling to limit the generation of acoustic 

guided waves. We tested all four objective functions as for section A, but found that only 

two objective functions (logarithmic phase-only and conventional phase-only) were 

successful in inverting the seismic data; when amplitude information was included in the 

objective function, either logarithmic phase-amplitude or conventional phase-amplitude, 

the inversion started to diverge. In addition to the gradient filtering and gradient depth 

weighting discussed earlier in section A, we have also used residual offset tapering to 

attenuate the near offsets which are strongly contaminated with dispersive guided waves; 

we used a cosine taper with corner values of 255-500-4000-4230 m.    

As with section A, we started the inversion at 5 Hz, and sets of 5 frequencies were 

inverted simultaneously; the same frequency sample interval of 0.166 Hz was used, but 

the frequency range was 5-9 Hz only. We used a similar layer stripping strategy as 

described for section A, but only used two values of 𝜏, i.e. 0.2 and 0.4 s for a 2 s window 

of input data to exclude the later noise-contaminated data. We stopped the inversion after 

the 𝜏=0.4 s stage (Table 1), because the algorithm began to introduce more artifacts 

(horizontal low velocity zones) into the velocity model which will be discussed in next 

section.  

Velocity models obtained using different objective functions for section B 
(shallow basement) 

Figure 2.11a shows the velocity model obtained from traveltime tomography that 

was used as the starting model for waveform tomography. The final velocity model 

obtained after performing logarithmic phase-only inversion for frequencies 5-9 Hz up to 𝜏 

= 0.4s is shown in Figure 2.11b. The low velocity zone observed at 90-94 km is evident; 
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the edges of the low velocity zone are clearer and better resolved in the final velocity 

model from waveform tomography. The top of high velocity igneous basement and 

thickness of overlying sediments are also well resolved. We can observe laterally 

continuous low velocity zones, e.g. at 0.75-1.0 km depth, in the basement (white arrows 

in Figure 2.11b), and these may be created by the inversion algorithm trying to fit the 

strong refraction multiples present in the field data. In the case of conventional phase-only 

inversion, many steeply dipping artifacts are evident in the final velocity model (Figure 

2.11c).  

 

Figure 2.11. Section B (shallow basement): a) Starting velocity model derived 
from traveltime tomography, b) final velocity model obtained from 
logarithmic phase-only inversion, and c) final velocity model 
obtained from conventional phase-only inversion. The white arrows 
represents artefacts (horizontal low velocity zones), which may be 
created by the inversion algorithm trying to fit the strong refraction 
multiples present in the field data. The white line represents sea 
floor. SP is shot point location.  
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2.11. Model validation 

One of the most challenging tasks in waveform tomography is the validation of the 

resulting final velocity models. The most important validation techniques are: 

1) Physical comparison of the observed and synthetic waveforms in the time 

domain (Ravaut et al., 2004; Brenders and Pratt, 2007a; Takam Takougang 

and Calvert, 2011; Kamei et al., 2014), 

2) Comparison of residual phase error plots (Kamei, 2012; Shah et al., 2012), 

3) Comparison of a velocity image with the coincident reflection migration image 

(Ravaut et al., 2004; Operto et al., 2006; Smithyman et al., 2009; Takam 

Takougang and Calvert, 2011), 

4) Source signature improvement from initial to final stages of inversion (Takam 

Takougang and Calvert, 2011)), 

5) Comparison of 1-D velocity profile from final velocity model with sonic log data 

(e.g. Ravaut et al., 2004; Malinowski et al., 2011; Takam Takougang and 

Calvert, 2012), 

6) Re-migration of seismic reflection data with final velocity model from waveform 

tomography (Sirgue et al., 2010; Adamczyk et al., 2014). 

For our study, we focus on techniques (1) through (3), to evaluate the reliability of final 

velocity models obtained. 

2.11.1. Comparison of observed and synthetic waveforms in time 
domain. 

We generated synthetic waveforms from the final velocity model obtained for both 

sections A and B by using acoustic finite-difference modeling and compared the results 

with the observed field data. 
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 For section A (deep basement), Figure 2.12 presents the comparison of shot 

gathers between preprocessed field data (Figure 2.12a) and corresponding synthetic shot 

gathers. Figures 2.12b shows the synthetic shot gather generated using the starting 

velocity model while Figures 2.12c, 2.12-D, 2.12e and 2.12f are synthetic shot gathers 

generated using final velocity models from the four different objective functions discussed 

earlier. The logarithmic objective functions recover both early arrival refraction and wide-

angle reflection waveforms very well, with a better match of the reflection amplitudes at 

later times when amplitude inversion is included (Figure 2.12-D) compared with the phase-

only inversion (Figure 2.12c). In the conventional phase-only inversion, the early arrivals 

appear to be well reproduced, but the amplitudes of the recovered wide-angle reflections 

are too low (Figure 2.12e). The subsequent stage of conventional phase-amplitude 

inversion appears to have degraded the match with the field data, because some of the 

wide-angle reflections exhibit much stronger amplitudes relative to the early arrivals than 

observed in the field data (Figure 2.12f).  
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Figure 2.12. Section A (deep basement): (a) final preprocessed field shot gather 
ready for waveform inversion. Inset figure is the associated 
amplitude spectrum obtained from average of spectra from all traces 
in shot gather; average bandwidth is approximately 5-12 Hz. 
Synthetic shot gathers generated at 5-10 Hz from the different 
velocity models are: (b) starting velocity model derived from 
traveltime tomography, (c) final model from logarithmic phase-only 
inversion, (d) final model from logarithmic phase-only followed by 
logarithmic phase-amplitude inversion, (e) final model from 
conventional phase-only, (f) final model from conventional phase-
only followed by conventional phase-amplitude inversion. Panel (g) 
is the overlay of synthetic data (c) on observed data (a) where 
observed data are displayed in red-white-blue and the synthetic data 
as black shaded wiggles.  All shots are displayed with a reduction 
velocity of 2000 m/s. 

 In general, the logarithmic phase-only inversion (Figure 2.12c) appears to be a 

fairly robust result, and is likely to be less susceptible to elastic effects such as loss of 

amplitude due to P-S conversion, which could be modeled as an acoustic effect in the 

logarithmic phase-amplitude inversion (Takam Takougang and Calvert, 2013). We thus 

present a more detailed overlay of the logarithmic phase-only inversion and the processed 

field data in Figure 2.12g, which shows that the waveforms match well, providing some 

confidence in our final velocity model. An assessment of the quality of match between 

synthetic and field data along a seismic line can be obtained by comparing constant offset 
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sections. In Figure 2.13, we present constant offset gathers at 2380 m low-pass filtered at 

10 Hz for the processed field data and modeled data, which shows that the good waveform 

match extends along all of Section A.  

For Section B (shallow basement), Figure 2.14 shows the comparison of shot 

gathers between preprocessed field data (Figure 2.14a) and corresponding synthetic shot 

gathers. Figure 2.14b is the synthetic shot gather generated using the starting velocity 

model, and the synthetic shot gathers generated using the final velocity models from the 

logarithmic phase-only and conventional phase-only objective functions are shown in 

Figures 2.14c and 2.14d respectively. In Figure 2.14c the waveforms are recovered well 

but in Figure 2.14d the waveforms below 0.5 s include a wide-angle reflection that is not 

observed in the field data. Figure 2.15 shows the comparison of the field data with 

synthetic data from the logarithmic phase-only objective function low pass filtered to 10 

Hz in common offset gathers at offset 2755 m. In general, the individual phases appear to 

match well, although some phase mismatch is present at times greater than 0.3 s after the 

first-arrivals.   

In summary, as demonstrated by our results from Sections A and B, waveform 

inversion using the logarithmic phase-only objective function produces a velocity model 

that is best able to match the field data where the velocity structure changes significantly 

along a seismic line, and we focus on these results in the subsequent model assessment 

tests. 
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Figure 2.13. Section A (deep basement): common offset gathers: (a) field data, 
(b) synthetic data generated using final velocity model from 
logarithmic phase-only inversion (Figure 2.10b). Panel (c) is overlay 
of synthetic data (b) on observed data (a) where observed data are 
displayed in red-white-blue and the synthetic data as black shaded 
wiggles. All data are displayed with a reduction velocity 2000 m/s. 
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Figure 2.14. Section B (shallow basement): (a) final preprocessed field shot 
gather ready for waveform inversion. Inset figure is the associated 
amplitude spectrum obtained from average of spectra from all traces 
in shot gather; average bandwidth is approximately 5-13 Hz. 
Synthetic shot gathers generated at 5-9 Hz from the different 
velocity models are: (b) starting velocity model derived from 
traveltime tomography using absorbing boundary condition, (c) final 
velocity model obtained from logarithmic phase-only waveform 
inversion, (d) final velocity model obtained from conventional phase-
only waveform inversion. Panel (e) is the overlay of synthetic data 
(c) on observed data (a) where observed data were displayed in red-
white-blue and the synthetic data as black shaded wiggles.  All shot 
gathers are displayed with a reduction velocity 5800 m/s. 



 

63 

 

Figure 2.15. Section B (shallow basement): common offset gathers: (a) field data, 
(b) synthetic data generated using final velocity model from 
logarithmic phase-only inversion (Figure 2.11b). Panel (c) is the 
overlay of synthetic data (b) on observed data (a) where observed 
data were displayed in red-white-blue and the synthetic data as 
black shaded wiggles. The data are displayed with a reduction 
velocity of 5800 m/s. The red line denotes picked first-arrival times. 



 

64 

2.11.2. Comparison of residual phase error plots between initial and 
final waveform tomography models 

We compare the residual phase error (Shin and Min, 2006) plots of the starting 

velocity model derived from traveltime tomography with the final velocity model derived 

from waveform tomography. For both sections A and B, the magnitude of the phase 

residuals have been significantly reduced in the waveform inversion result compared to 

that of the traveltime inversion result as shown in Figure 2.16. Some of the approximately 

horizontal bands visible in the residuals plots (Figure 2.16a and 2.16c), which are 

suggestive of large phase mismatch, have been eliminated or reduced in amplitude as 

observed in Figure 2.16b and 2.16d. 

 

Figure 2.16. Phase residuals calculated at 6 Hz: a) section A (deep basement) 
velocity model from traveltime tomography, b) Section A (deep 
basement) final velocity model from logarithmic phase-only 
inversion, c) Section B (shallow basement) velocity model from 
traveltime tomography, d) Section B (shallow basement) final 
velocity model from logarithmic phase-only inversion. 
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2.11.3. Comparison of a velocity image with a reflection pre-stack 
migration image 

Several previous studies (e.g. Smithyman et al., 2009; Takam Takougang and 

Calvert, 2011) have shown that the visual comparison of the final waveform tomography 

velocity models with migrated reflection sections can help validate the interpretation of 

lithological boundaries. It is important to note, however, that the spatial resolution of the 

waveform tomography model is different from a pre-stack migration image. In this section, 

we first describe the seismic reflection processing procedure used to create the migrated 

image and then discuss the correlation between the migration and the velocity model from 

waveform tomography. We have not applied pre-stack depth migration to Section A, 

because there is minimal lateral velocity variation. In the case of Section B, the data are 

contaminated by high amplitude multiples generated by the shallow top of the igneous 

basement, which occurs at 0.3-0.7 s where the fold is very low. As a result the section B 

reflection section is unreliable at times greater than 0.7 s, and pre-stack migration can 

contribute little with this type of shallow low fold (2-4) data. 

Seismic reflection processing:   

Shot gathers were  trace edited, corrected for geometric spreading, deconvolved 

to suppress short period reverberations using a minimum phase operator with a 24 ms 

gap and 240 ms length, and band pass filtered to 0-4-50-50 Hz.  A polygonal F-K filter was 

then applied to remove coherent noise from the dataset; to reduce the generation of 

artifacts, an AGC (Automatic Gain Control) with operator length of 500 ms was applied 

prior to F-K filter and then removed afterwards. 

In the presence of sub-surface dips, DMO (dip moveout correction) yields an 

improved stacked section that is a closer representation of the zero offset section 

compared to a conventional CMP stack based only on normal moveout.  Deconvolved 

shot gathers were binned by offset every 100 m with the first bin centered at 292.5 m and 

the last bin centered at 4192.5 m, and constant offset F-K DMO was applied using a single 

average RMS velocity function derived from semblance velocity spectra. To approximate 

pre-stack time migration in a computationally efficient fashion, Stolt F-K Migration with 100 

percent RMS velocity scaling and a 0.6 Stolt stretch factor was applied to common-offset 
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data to which NMO and DMO had been applied. After migration, the NMO correction was 

removed, and a final velocity analysis perfromed prior to muting and stack.  

In addition to the above processing steps, the final stack for section B was subject 

to further post–stack processing: predictive deconvolution with a 480 ms operator length 

and 48 ms gap was applied to suppress remnant multiples in the section, and a F-K fan 

filter with parameters ±5000 m/s and 5-30 Hz was used to remove coherent dipping noise 

generated by the time migration.  

Overlay of final velocity models on migration image 

The final velocity models of section A and section B derived using the logarithmic 

phase-only objective function, i.e. Figure 2.10b and Figure 2.11b, have been converted to 

time, and overlain on their corresponding time migrations. In Section A, horizontal layering 

in the velocity model correlates well with reflections in the migration image (Figure 2.17a). 

A laterally varying angular unconformity at approximately 1.2 s where underlying 

reflections terminate (white arrow) corresponds to an increase in velocity to 2200 m/s.  In 

the case of Section B at shot point 1750, steep interpreted faults in the migration image 

(Figure 2.17b) correlate with the edges of the low velocity zone of the velocity model. This 

low velocity anomaly  may well be the expression of sub-vertical strike-slip fault splays 

that cannot be seen in the conventional reflection section due to the strong water layer 

multiples and guided waves.  
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Figure 2.17. a) Section A (deep basement): Velocity model from logarithmic 
phase-only inversion converted to time, and superimposed on time-
migrated reflection section. The white arrow indicates reflection 
truncations at overlying angular unconformity whose topography 
coincides with lateral variation in velocity model. b) Section B 
(shallow basement): Velocity model from logarithmic phase-only 
inversion superimposed on time-migrated reflection section. White 
line represents interpreted faults. The black line at 0.1 s indicates 
seafloor. CSS – Cenozoic sedimentary strata, GB – Granitic 
basement. SP is shot point location. See Figure 2.1 for location.  
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2.12. Conclusions 

We have identified a range of coherent noise due to dispersive shallow-water 

guided waves on seismic line 1242 that extends across the northern edge of Bristol Bay 

basin off the southwest coast of Alaska. In section A from line 1242, where a thick pile of 

sediments overlie a deep igneous basement, we only observe high frequency acoustic 

guided waves on the corresponding shot gathers, but for Section B, where a thin layer of 

sediments overlie shallow basement, we identify high frequency acoustic guided waves 

coupled with low frequency high amplitude Scholte waves. We note that the frequency 

range and dispersion characteristics of these guided waves depends not only on water 

depth, but also on the thickness of the underlying sediments and the depth to igneous 

basement.  

We successfully applied 2-D frequency domain acoustic waveform tomography to 

these two sections from line 1242 where the subsurface geology is quite different. We 

performed a wide range of tests to select optimized parameters for the modeling and 

inversion of both sections A and B. In the case of section A, we first mitigated the 

dispersive wave contamination of the seismic field data by trace editing, bandpass filtering 

and careful choice of the data window for inversion. We also tested different objective 

functions for waveform inversion and conclude that the logarithmic phase-only objective 

function is sufficient to produce a good quality P-wave velocity model in the presence of 

strong dispersive guided wave noise. For section B, we developed a methodology that 

coped with a starting model for the inversion from traveltime tomography that itself 

generated guided waves in the synthetic data due to interaction between the shallow 

igneous basement and the free surface, and applied the logarithmic phase-only objective 

function for inversion. For both sections, we used a multi-scale approach, i.e. sequentially 

inverting from low to high frequencies to mitigate non-linearity. Further mitigation of non-

linearity was achieved by careful preconditioning of the gradient in the wavenumber 

domain and gradient weighting in the depth domain. For section B, we also used offset-

tapering of the data residuals to suppress the guided wave noise at near offsets.  

We conclude here that it is possible to obtain P-wave velocity models from data 

which are contaminated with guided waves by following a careful methodology. Our 



 

69 

waveform tomography results were validated by comparison of synthetic time domain 

waveforms with observed waveforms, comparison of residual phase errors derived from 

initial and final velocity models, and also by comparing final waveform tomography models 

with migrated images. We observed a good agreement between field data and synthetic 

data for both sections indicating the overall reliability of the results. We also observed a 

significant reduction in phase residuals from starting velocity model to final waveform 

tomography model for both sections A and B. The final waveform tomography velocity 

models from both the sections correlate well with their corresponding time migrated 

images. The final waveform tomography model from section B delineated better the near-

vertical edges of a low velocity region within high velocity basement. This low velocity 

region is probably the near-surface expression of one of the strike-slip faults that has been 

mapped on land and extends offshore across the Bering continental shelf. 
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Waveform tomography test on larger section of line 
1242 

3.1. Introduction 

In the previous chapter, two-dimensional acoustic frequency-domain waveform 

inversion was applied on two small sections of line 1242: one section with deep igneous 

basement overlain by a thick pile of sediments and the other section with shallow 

basement and a thin sedimentary cover. The waveform inversion results from shallow 

basement section reveal the existence of a fault zone from a low velocity anomaly within 

igneous basement that may be expression of sub-vertical strike-slip fault splays of major 

crustal-scale faults onshore Alaska. To further investigate this and other low-velocity zone, 

especially in shallow basement, I have tested waveform tomography on a much larger 

shallow basement section from line 1242, by following a similar approach as discussed in 

chapter 2.  

3.2. Seismic data 

A larger section (yellow line in Figure 3.1) of seismic reflection line 1242 consisting 

of 2550 shot gathers was used for current study. The data were recorded by a 160 channel 

hydrophone streamer with near and maximum offsets of 255 m and 4230 m respectively, 

and shot with an 8400 cubic inch airgun array. The shot interval is approximately 50 m, 

and the receiver interval is 25 m.  
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Figure 3.1. Bathymetry map showing location of seismic line 1242 and the 
section used in the current study is denoted by yellow line. SP is 
shot point location.  

Two key features at this location are a water bottom that is shallow i.e. less than 

100 m and igneous basement that is near surface. The corresponding shot gathers are 

contaminated with strong dispersive acoustic guided waves coupled with Scholte waves 

as shown in Figure 3.2. Both the acoustic guided waves and the Scholte waves have 
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significantly lower apparent velocity than the first-arrivals, whose high apparent velocity is 

due to the shallow igneous basement, but the guided waves completely obscure any later 

wide angle reflections, which can be used in the final stages of waveform tomography to 

improve the resolution of the velocity model.  

 

Figure 3.2. Raw shot gather from the section. Various seismic events are 
numbered from 1-4 on the raw shot gathers. 1B-strong dispersive 
guided wave coupled with Scholte waves, 2- strong dispersive 
Scholte waves  3- strong refraction multiples, 4-point scatterers. The 
region between red lines indicates guided wave noise.           

These guided waves have distinct propagation ray paths as shown in Figure 3.3. 

The acoustic guided waves (high frequency and high amplitude waves) coupled with the 

Scholte waves (low frequency and high amplitude) span the entire frequency bandwidth 

of the dataset, making them difficult to remove using standard processing techniques. In 
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summary, these guided waves pose a significant difficulty in the use of acoustic waveform 

tomography, because they can overlap and obscure the later part of the time window of 

data that is used for the inversion. Since these guided waves are elastic wave phenomena, 

they cannot be readily included in acoustic waveform tomography. Furthermore due to 

their dispersive nature, the attenuation or removal of such waves based on their apparent 

velocity, e.g. Frequency-wavenumber (F-K) domain filtering, is not effective.  

 

Figure 3.3. Schematic diagram of shallow marine survey showing propagation 
ray paths of various waves generated.            

3.3. Data preconditioning 

Preconditioning is necessary to ensure that the data input to waveform tomography 

are as consistent as possible with the acoustic assumptions of the method. This implies 

that any aspect of the data that is not predicted by the 2-D acoustic propagation scheme, 

e.g. shear waves, coherent noise, shot to shot energy variations, amplitude discrepancies, 

and bad traces should be removed or corrected (Brenders and Pratt, 2007a, b; Takam 

Takougang and Calvert, 2011). The other main objective of data preconditioning is to 

enhance the signal to noise ratio especially at lower frequencies. Figure 3.4 schematically 

illustrates a typical preprocessing workflow followed prior to waveform inversion.  
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Figure 3.4. The preprocessing flow used to bring time domain data through to 
2-D frequency domain acoustic waveform inversion.            

A detailed description of this workflow was discussed in chapter 2. Here I 

summarize the important steps used in preprocessing the current study dataset. The data 

were first sub-sampled to use every second shot, i.e. the shot spacing increased to 100 m 

from 50 m to reduce computational time. The data were then subjected to trace editing to 
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kill the bad traces with recording channel numbers 55, 81, 110. A sharp minimum phase 

Ormsby filter with corner frequencies 0-3-11-13 Hz was applied to reduce the effect of 

strong dispersive guided wave noise. A time window of 2 s was selected on the shot 

gathers that included first-arriving refractions and early secondary arrivals, but excluded 

late arrivals and multiples. The data were then muted 1 s below the first-arrivals. The shot 

gathers were then subjected to amplitude balancing to avoid any shot to shot variations, 

which can bias the model update during the inversion. The above process is achieved by 

normalizing each shot gather to the same maximum amplitude value in order to preserve 

the amplitude variations with offset of the dataset. A scaling factor was then applied to the 

amplitudes of the processed field data as described by Brenders and Pratt (2007a). 

However, it is important to note that the above preconditioning step will have a minimal 

effect when the phase-only objective function is used during inversion. The seismic data 

were then corrected to reduced time i.e. (t-x/vr) with a reduction velocity (vr) of 2000 m/s. 

3.4. Inversion strategy 

Waveform inversion is highly non-linear and often ill-posed (Mora, 1989; Pratt, 

2008). In the presence of noise, e.g. when the seismic data are contaminated by strong 

dispersive guided and Scholte waves, the inversion problem becomes more complex. By 

using the traveltime tomography model as a starting model, the non-linearity of the 

inversion can be reduced. In the present context starting model was derived using 

traveltime inversion of first-arrival times (Aldridge and Oldenburg, 1993). The initial model 

for traveltime inversion was calculated using a velocity gradient of 3 /s. Velocities above 

the seafloor were set to a constant value of 1480 m/s, a value which was estimated from 

the direct wave. Velocities just below the seafloor were assumed to linearly increase with 

depth. Regularized smoothing constraints based on the first and second spatial derivatives 

(horizontal and vertical) of the model slowness were employed in the inversion procedure. 

20 iterations were computed which reduced the RMS traveltime residual from 130 ms to 

6 ms. The starting velocity model derived from traveltime tomography should satisfy a 

common convergence criterion, i.e. it is able to predict the first-arrival to within half a cycle 

(Sirgue 2003). This requirement was tested by carrying out a single forward modeling step 

with the starting velocity model, and then overlaying first-arrival traveltime picks on the 



 

76 

generated synthetic data (Figure 3.5d). As previously discussed in chapter 2, absorbing 

boundary condition was used for forward modeling, and simulated the source and receiver 

ghosts by locating image sources and image receivers at mirror locations with respect to 

the sea surface (Kamei, 2012). In addition to 10 grid point extensions at the sides and 

bottom of the model, the water layer was extended upward by 10 grid points, resulting in 

5220 × 91 grid points for the 130 km × 2.25 km model size. Monochromatic wave 

propagation and the corresponding synthetic offset gather are shown in Figure 3.5. With 

these parameters, the guided waves are absorbed at the upper boundary and unwanted 

high amplitude guided waves are eliminated from the synthetic data. The initial source 

signature estimated using the method described in (Pratt, 1999) which was explained in 

detail in chapter 2. 

 

Figure 3.5. Monochromatic wave propagation generated using traveltime 
tomography velocity model with absorbing boundary condition at 
different frequencies a) 4 Hz b) 6 Hz c) 9 Hz, and d) corresponding 
synthetic constant offset gather generated using frequencies 0-10 
Hz. The red line denotes picked first-arrival times. 
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Further mitigation of the non-linearity of waveform inversion can be achieved by 

choosing an appropriate objective function, suitable frequency sampling, multi-scale and 

layer stripping approaches, and also by applying appropriate gradient pre-conditioning 

schemes, which include gradient filtering in the wavenumber domain and gradient 

weighting in the depth domain which are discussed in detail in section 2.10 of chapter 2. 

 In the present context, an identical inversion strategy was followed as described 

in section 2.10.2 of chapter 2. Logarithmic phase-only objective function which strictly 

utilizes just the phase information of data residuals, which is less sensitive to noise was 

chosen for inversion. A gradient smoothing filter was used as explained in section 2.10.1 

of chapter 2 and gradient weighting function consisted of a cosine taper with corner depth 

values of 0-50-1950-2000 m was also used. In addition to the gradient filtering and 

gradient depth weighting function, a residual offset tapering was used to attenuate the 

near offsets which are strongly contaminated with dispersive guided waves; and this 

consisting of a cosine taper with corner values of 255-500-4000-4230 m. 

 A small frequency sampling interval of 0.166 Hz was used for the inversion to 

enhance the signal to noise ratio.  As described in section 2.10.1 of chapter 2, I determined 

a strategy for scheduling 𝜏 values by examining the gradient images of test inversions as 

𝜏 was increased to higher values. To restrict the initial stages of the inversion to early 

arrivals, I started with a low 𝜏 value of 0.2 s for a 2 s time window. Subsequently, 𝜏  value 

was increased to 0.4 s for the 2 s time window. The inversion process was halted after the 

𝜏 = 0.4 s stage because no update was found in the gradient image, and the gradient 

image was becoming contaminated with high wavenumber artifacts. At each selected 𝜏 

value, a multi-scale approach, as described in in section 2.10.1 of chapter 2, i.e. sequential 

inversion from low to high frequencies, which helps to mitigate the non-linearities inherent 

in full-waveform inversion; cycle-skipping can be mitigated by starting the inversion at as 

low a frequency as possible. Following examination of the amplitude spectra of 

preconditioned shot gathers, I ran the inversion from 5 to 9 Hz. Sets of 5 frequencies with 

a frequency sampling interval of 0.166 Hz (e.g. 5.0, 5.166, 5.33, 5.5, and 5.66 Hz) were 

inverted simultaneously. At each set, the output velocity model after 5 iterations was used 

as input model to the next set of frequencies (e.g. 5.83, 6.0, 6.166, 6.333, and 6.5 Hz). 
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There was no overlap of frequencies between each set. The process was repeated until 

the final set of frequencies for inversion reached 9 Hz. 

3.5. Velocity models 

Figure 3.6a shows the velocity model obtained from traveltime tomography that 

was used as the starting model for waveform tomography. The final velocity model 

obtained after performing logarithmic phase-only inversion for frequencies 5-9 Hz up to 𝜏 

= 0.4 s is shown in Figure 3.6b. The top of high velocity igneous basement and thickness 

of overlying sediments are well resolved. But there are no significant improvements 

observed in the low velocity zones (black arrows in Figure 3.6). The final velocity model 

show laterally continuous low velocity zones within the basement (white arrows in Figure 

3.6b), and these may be artifacts created by the inversion algorithm trying to fit the strong 

refraction multiples present in the field data.  

 

Figure 3.6. a) Starting velocity model derived from traveltime tomography b) 
final velocity model from waveform tomography after inverting from 
5 - 9 Hz using logarithmic phase only objective function. White 
arrows indicates artifacts and black arrows indicates low velocity 
zones. 
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3.6. Model validation 

As discussed in section 2.11 of chapter 2, there are many techniques available for 

model validation. In the present study, two validation techniques were used: 1) physical 

comparison of the observed and synthetic waveforms in the time domain 2) comparison 

of residual phase error plots between initial and final waveform tomography models. 

3.6.1. Comparison of observed and synthetic waveforms in the 
time domain. 

An assessment of the quality of match between synthetic and field data along a 

seismic line can be obtained by comparing constant offset sections. Figure 3.7 shows the 

comparison of field data with synthetic data from the logarithmic phase-only objective 

function low pass filtered to 10 Hz in common offset gathers at two different offsets -1755 

m and -2755 m. Synthetic data (Figure 3.7b and 3.7d) are generated from the final velocity 

model by using acoustic finite-difference modeling and compared the results with the 

observed field data. In general, the phases appear to match well (yellow arrows in Figure 

3.7), along the section providing some confidence in our final velocity model. But some 

phase mismatch is clearly present at times greater than 0.6 s after the first-arrivals (blue 

arrows in Figure 3.7). 

 In summary, as demonstrated by our results, logarithmic phase-only waveform inversion 

produces a velocity model that is able to match the field data where the velocity structure 

changes significantly along a seismic line. 
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Figure 3.7. Common offset gathers (low-pass filtered to 10 Hz) at two different 
offsets: a) observed field data b) synthetic data at -1755 m, and c) 
observed field data d) synthetic data at -2755 m. Red line represent 
picked first break picks. Yellow arrows represent a good match and 
blue arrows represents bad match between observed field data and 
synthetic data. 



 

81 

3.6.2. Comparison of residual phase error plots between initial and 
final waveform tomography models 

In this section, I compare the residual phase error (Shin and Min, 2006) plots of 

the starting velocity model derived from traveltime tomography with the final velocity model 

derived from waveform tomography. The magnitude of the phase residuals have been 

significantly reduced in the waveform inversion result compared to that of the traveltime 

inversion result as shown in Figure 3.8. Some of the approximately vertical bands visible 

in the residual plot (Figure 3.8a), which are suggestive of large phase mismatch, have 

been eliminated or reduced in amplitude as observed in Figure 3.8b. 

 

Figure 3.8. Phase residuals calculated at 6 Hz a) final velocity model from 
traveltime tomography b) final velocity model from logarithm phase 
only waveform tomography at 6Hz frequency. 

3.7. Conclusions 

In this chapter, waveform tomography is successfully employed on a large shallow 

basement section of line 1242. The data were contaminated with strong dispersive guided 

and Scholte wave noise. The frequency range and dispersion characteristics of these 

guided waves depends not only on water depth, but also on the thickness of the underlying 

sediments and the depth to igneous basement. The waveform tomography results show 

that the top of the basement and overlying thin layer sediments are well resolved. The 
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results were validated by comparison of synthetic time domain waveforms with observed 

waveforms and also by comparison of residual phase errors derived from initial and final 

velocity models. A good agreement observed between field data and synthetic data for 

both sections indicating the overall reliability of the results. There is also significant 

reduction in phase residuals from starting velocity model to final waveform tomography 

model.  

In the present context, even though logarithmic phase only waveform tomography 

was able to provide better resolved velocity model, improvements in the final velocity 

model are generally small when compared to the traveltime tomography model. Since the 

objective of this thesis is to image the larger low-velocity anomalies that may be associated 

with major strike-slip faults, I conclude that traveltime tomography is itself sufficient in the 

present geological setting. 
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Seismic imaging of inner Bering shelf, southwestern 
Alaska offshore 

4.1. Introduction 

In the previous chapter, I showed that although waveform tomography produces 

velocity models with higher spatial resolution than is possible with traveltime tomography, 

these velocity models do not provide a significant amount of additional information about 

the larger low-velocity anomalies. For this reason and to minimize computational time, it 

was decided to carry out only traveltime tomography on the remaining seismic lines. This 

chapter discusses the application of traveltime tomography to these data and the 

assessment of final velocity models. I also present the seismic reflection processing steps 

used to generate the coincident post-stack time migrated images with which the velocity 

models will be correlated.  

4.2. Seismic data and Well log 

I analysed the three multi-channel seismic reflection profiles shown in Figure 4.1, 

which were acquired as part of the project EW9409 Pacific to Bering Sea deep seismic 

experiment. The motivation for selecting these seismic profiles was discussed in section 

1.3. For my present study, I truncated line 1243 to my region of interest as shown in Figure 

4.1, which reduced the total length of profiles analyzed to ~750 km. The seismic data were 

acquired by the R/V Ewing using a 4km long, 160 channel streamer with a 4.2 km 

maximum offset and an 8400 cubic inch airgun array; the shot interval was ~ 50 m. The 

record lengths varied from 16s to 17s.  

A total of five COST (Continental Offshore Stratigraphic Test) wells were drilled in 

several large Bering shelf basins to determine the hydrocarbon potential (Turner et al., 

1988; Marlow et al., 1994).The North Aleutian COST-1 well was drilled in the Bristol Bay 

basin in 1983, penetrates to a total depth of 5.2 km, and is characterised by cores and 
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wireline logs that include both density and sonic logs. The data from these logs were used 

to constrain the ages of seismic reflectors and are useful in establishing the approximate 

timing and evolution of the basin, which will be further discussed in Chapter 5. The North 

Aleutian COST well is intersected by line 1241 as shown in Figure 4.1.   

 

Figure 4.1. Topography map showing location of seismic profiles 1241, 1242 
and 1243.  Seismic profiles were annotated with distance along 
profile in km. White star denotes North Aleutian COST-1 well. 

4.2.1. First-arrival picking 

The seismic data for lines 1241, 1242, and 1243 were transcribed from SEGY into 

the internal format used by the ProMAX processing software, and a geometry database 

was created for each line. It is important to note that no streamer feathering is assumed 

for this dataset due to absence of navigation data for streamer. 

An example of a shot gather from line 1242 is shown in Figure 4.2 with a zero 

phase Ormsby bandpass filter of 10-15-60-70 Hz applied. Before initiating first break 



 

85 

picking, the seismic data were first subsampled to every 3rd receiver and 2nd shot to reduce 

the amount of time required for picking. First break picking on noise contaminated marine 

seismic data is often challenging: dispersive guided waves contaminate near offsets; swell 

noise, and poor signal-to-noise at the far offsets (>3500 m) also has a negative impact on 

the accuracy of traveltime picking.  

 

Figure 4.2. Example shot gather from line 1242. Red line indicates picked first 
break picks. 

The traveltimes of first-arrivals were picked on every shot gather using an 

automated neural-network first-break algorithm. This algorithm was trained to pick the 

initial peak of the source signature, but the accuracy of automated picking is poor on traces 

with a low signal-to-noise ratio. So, the automated picks were manually corrected by 

sorting the data into common offset gathers, where trace to trace correlations are easier 

to distinguish. The data were then sorted to shot gathers for final quality control of the 

manually edited picks. Traveltime picks, which were made on the wavelet peak, were 

shifted earlier by 8 ms, an average value estimated from the entire set of first-arrivals, to 
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align them with the onset of seismic energy at the receiver. These first-arrival picks were 

then input to the 2-D traveltime tomographic code.  

4.3. Traveltime tomography of lines 1241, 1242, 1243 

We used the Pronto first-arrival tomography code of Aldridge and Oldenburg 

(1993) which is based on a finite difference solution to the eikonal equation. Ray paths 

from each receiver back to the source are generated by following the steepest descent 

direction through the computed 2-D traveltime field. The nonlinear tomographic problem 

of inverting recorded traveltimes for a subsurface velocity model can be linearized and 

solved iteratively, in which an update perturbation to a velocity model is calculated from 

the traveltime misfit. Thus an initial starting model is required. So inversion is performed 

in two stages; 

4.3.1. 2-D Starting model 

The vertical and horizontal spacing of the velocity grid was 25 m. The starting 

model was extended to 10 horizontal grid points on either sides of the models. Velocities 

above the seafloor were set to a constant value of 1480 m/s, a value which was estimated 

from the direct wave. Velocities just below the seafloor were assumed to linearly increase 

with depth. To ensure that the velocity models tied at their intersection point, the same 

gradient of 3 m/s was chosen for all seismic lines. A smooth 2-D starting velocity models 

(Figure 4.3) for all the seismic lines was generated by running the tomographic inversion 

for 3 iterations with strong smoothing constraints. I then tested various second derivative 

regularizing constraints for all the lines, and selected the same regularizing smoothing 

constraint operator i.e. 1000*1000 (Pronto parameter) for all the lines to ensure 

consistency between intersecting lines. With these constraint values, the main structure 

of final velocity models did not change significantly in the final iteration.   
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Figure 4.3. 2-D starting models for lines 1241, 1242 and 1243.  DB: Deep 
basement, SB: Shallow basement. 

4.3.2. Final velocity model 

In the next stage, the inversion was run using 30 iterations with the second 

derivative regularizing constraint operator relaxed to 1000*100, which reduced the RMS 

(root mean square) traveltime residuals from 60 ms to 15 ms for line 1241, 50 ms to 16 

ms for line 1242, and 50 ms to 15 ms for line 1243. Additionally, a 50 * 50 m convolutional 

smoothing operator was applied to the updated slowness model between iterations to limit 

the introduction of any short wavelength variations into the velocity model. The resultant 

final velocity models are displayed in Figure 4.4.  
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Figure 4.4. Final velocity models for lines 1241, 1242 and 1243.  DB: Deep 
basement, SB: Shallow basement. Black arrows denotes the line 
intersections. 
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Figure 4.5. Ray density maps for lines 1241, 1242 and 1243.  DB: Deep 
basement, SB: Shallow basement. 

Plots of the ray density in the final velocity models (Figure 4.5) of all the lines 

indicates that rays are generally concentrated at the top of high velocity rocks where they 

are close to the seafloor, e.g. at depths of 500 – 700 m in the northern half of the models. 

However, in this region there are some locations where the rays penetrate more deeply, 

to depths greater than 1 km, due to the local presence of rocks with lower seismic 

velocities. Towards the southern ends of the models, the ray density increases in the upper 

500 m, because the higher velocity rocks lie at depths >2000 m, which is beyond the depth 

of first-arrival penetration, and the recorded first-arrivals correspond to relatively shallow 

refractions.   
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Figure 4.6. Traveltime residual plots a) line 1241 b) line1242 c) line 1243. DB: 
deep basement, SB: shallow basement. 

Traveltime residuals for each shot-receiver pair (Figure 4.6) are plotted to indicate 

the quality of the fit to the observations of the calculated first-arrivals. Although the 

amplitude of the travel time residuals is > 25 ms in certain sections of the profile, values 

are generally < 5 ms. Clusters of slightly higher residuals were found where the basement 

is shallow i.e. towards northern end of all the seismic lines and at far channels. Vertical 

and horizontal bands in the traveltime residual plot indicate skipped shot points and killed 

receiver groups respectively. Slightly high residual values of 10-15 ms are associated with 

far offset receivers and also at the crossover point from the direct water wave to seafloor 

refraction (Calvert et al., 2003).  
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4.4. Velocity models 

In this section, we describe the main characteristics of the three velocity models 

derived by tomographic inversion of the first-arrivals. A more complete interpretation is 

presented later in section 5.2 of chapter 5, where a detailed correlation of the velocity 

models with the well logs and corresponding reflection images is made. 

Figure 4.7 displays the final velocity models of all the lines with the region of deep 

basement on the left. Line 1242 velocity model is displayed at the top, because it is nearest 

to coast, followed by velocity models for line 1241 and line 1243. To the north, the velocity 

models for all the lines has shallow high velocity basement rocks, and to the south the 

basement is deeper, and is overlain by sediments with velocities ranging from 2 to 3 km/s. 

At the northern end of the velocity models, low velocity rocks with velocities approximately 

equal to 4 km/s occur in depressions or graben-like basins within the upper part of the 

high velocity basement rocks. 
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Figure 4.7. Final velocity models: a), c) and e) displayed using 2-6 km/s velocity scale. b), d) and f) are displayed using 5-7 km/s velocity scale. G1-G10 denoted by black arrows represents graben-like 
features. Red lines denotes locations of higher velocities ~5.9 km/s. Dotted lines represents surface location of faults interpreted using velocity discontinuities. Fault numbers 1- 4, 7 will be 
discussed in chapter 5. 
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A total of 10 graben-like features were identified along the profiles on all the lines 

denoted by G1, G2, G3…..G10 in Figure 4.7. These features appear to be fault-bounded, 

and near the seafloor on lines 1241 and line 1242, but buried more deeply on line 1243. 

Faults are interpreted based on sharp velocity discontinuities at the basement-sediment 

contacts along the profiles, shown as dashed lines in Figure 4.7. Some of these 

discontinuities were further constrained by features in potential field data, denoted by 

numbers 1-4 in Figure 4.7, which will be discussed in chapter 5. However, it is important 

to note that the dashed lines denote only the likely surface locations of faults since their 

vertical extent is not constrained at depth by propagating ray paths. The formation of 

graben-like features and low velocities associated with it, may well be the expression of 

strike-slip faults undergoing local extension offshore. So it is important to further constraint 

these features with other datasets which will be discussed in chapter 5. I will discuss in 

detail the basement variation in terms of its geology and also the fault bounded graben-

like features and their correlation from one velocity model to another, in chapter 5. 

4.5. Model consistency 

4.5.1. 1D profiles at line intersections  

Since the study area consists of intersecting seismic lines, a comparison was 

made between 1D velocity profiles at line intersections to check the consistency of the 

final velocity models and also the robustness of traveltime tomography inversion as shown 

in Figure 4.8. The two intersections, i.e. between 1241-1242 and 1242-1243 occur near 

the edges of the model. So to avoid discrepancies arising because of edge effects, the 1-

D velocity profiles at these two intersections were chosen ~5 km away from the 

intersection point as shown by black arrows in Figure 4.4. Overall, the extracted 1D 

velocity profiles are generally similar except a small difference was observed < 500 m 

depth at intersection 1241-1242 due to relatively higher velocities of line 1242 because of 

presence of ultramafic rocks at that location. 
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Figure 4.8. 1-D profiles at intersection point of lines a) 1241-1243 b) 1242-1243 
c) 1241-1242.   

4.5.2. Well-tie with line 1241 

In order to further assess the quality of the traveltime tomographic inversion, a 

comparison was made between the sonic log recorded in the COST-1 well and a 1-D 

velocity profile extracted from the velocity model for line 1241 where it intersected the well 

(Figure 4.9). Generally a good match exists between the estimated velocities from 

traveltime inversion of line 1241 and sonic velocities from well log up to a depth of 1300 

m, showing the reliability of the results. A mismatch, is however, evident below 1300 m, 

suggesting the model is not reliable below that depth, where the velocity model depth is 

not well constrained by rays. The relatively low sonic velocities compared to model 

velocities observed throughout the depth is may be due to borehole damage, velocity 

anisotropy and higher rock porosities in the vicinity of well. The possible reason for higher 

model velocities is because of strong lateral smoothing applied to the model at the 

inversion stage. 
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Figure 4.9. Comparison of COST-1 well sonic log with velocities estimated at   
well location of line 1241. 

4.6. Model Assessment 

From the ray density shown in Figure 4.4, it is clear that propagating rays are 

concentrated in the high velocity rocks of the shallow basement, and for this reason the 

top of the basement and the overlying sediment velocities are likely to be well constrained 

by the traveltimes observations; the number of rays passing through a single 25 m by 25 

m cell is usually over 100 and in places approaches 300. In other parts of the model where 

the basement is deep, the ray density falls below 75 and the degree of constraint is more 

difficult to assess. 

In the present context, the issue of lateral resolution in the final velocity model was 

addressed in a semi quantitative fashion by performing a corrugation test, essentially a 1-

D version of a 2-D checkerboard test (Calvert et. al., 2003); the latter does not provide 

much useful information on vertical resolution when applied in the presence of large 

vertical velocity gradient in the vertical plane (Calvert et. al., 2003).  
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A series of corrugation tests was carried out in order to evaluate the resolution of 

the estimated final velocity models, and also the sensitivity of the tomographic inversion. 

Since the results of the corrugation tests are broadly similar for all three seismic lines, I 

show the results of these tests for line 1242, and discuss the implications for resolving 

features in the velocity models. The corrugation test typically consists of adding a small 

perturbation to the final velocity model, and then computing synthetic traveltimes by 

forward modelling all receivers and sources used in the inversion, followed by an inversion 

of these synthetic traveltimes using the same parameters as for the field data. The final 

velocity model is then subtracted from this inverted corrugation velocity model, leaving the 

regenerated corrugations shown in Figure 4.10 (b, d, and f). The resolution of the 

recovered model, both laterally, and as a function of depth, is then estimated based on 

how well the perturbed model is recovered. The ability to resolve velocity perturbations of 

a particular half-width (half of wavelength) or size varies throughout an estimated final 

velocity model, and it is usually greatest where a large number of propagation ray paths 

intersect at wide range of azimuths. The resolution tends to be poor if propagation ray 

paths are parallel to one another at a particular point in the model. 

A perturbation to superimpose on the final velocity model was created that 

comprised a 1-D sinusoidal variation with a maximum amplitude that was 10% of the final 

model below the seafloor, but the velocity in the water layer was not varied. In the tests 

three different half-widths of sinusoidal variation were tested, 400 m, 800 m and 1600 m 

(Figure 4.10). The velocity perturbation with a half-width of 400 m (Figure 4.10) is very 

poorly recovered, but the perturbation with a half width of 800 m was recovered well to a 

depths of 200 m where the top of the basement was shallow, and to depths of 900 m 

where the basement was much deeper. With a half-width of 1600 m, the superimposed 

perturbation was recovered to approximately 500 m depth where the basement is shallow, 

but down to almost 2000 m where it is deep. The above tests reveal that the ability to 

resolve velocity anomalies at increasing depth. As previously discussed in section 4.4, the 

main focus of the interpretation is the larger-scale velocity variations, particularly where 

the basement is shallow. Therefore regions of lower velocity in the models that extend 

laterally over at least 1600 m are well constrained. 
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Figure 4.10. Corrugation tests for line 1242 using a 1-D vertical sinusoidal perturbation below the seafloor: a) original perturbation with 400 m half-width in area of ray coverage, b) recovered 400 m 
perturbation, c) original perturbation with 800 m half-width in area of ray coverage, d) recovered 800 m perturbation, e) original perturbation with 1600 m half-width in area of ray coverage, f) 
recovered 1600 m perturbation. DB: deep basement, SB: shallow basement. 
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4.7. Seismic Reflection Processing 

The data processing was carried out using Landmark Graphics ProMAX software 

package, and a typical seismic reflection processing sequence was used for all the seismic 

lines.  Following application of the acquisition geometry, the data were subject to trace 

editing, i.e. killing of noisy traces, and then band-pass filtering at 0-4-50-60 Hz based on 

a series of filter panel tests. To mute the direct wave and refractions, a laterally variable 

top mute was picked every 5 km from individual shot gathers; for example, when 

reflections are totally obscured by strong acoustic dispersive guided and Scholte waves, 

the mute stepped later at near offset traces, but when the reflections are not contaminated 

with noise, a simple near-liner mute function was used. Spherical divergence (1/distance) 

and time raised to a power amplitude corrections (exponent of 0.5) were used to recover 

the amplitude decay of reflections in the dataset. A single deconvolution operator design 

window was picked from just below the first arrivals to later in the section. After testing 

different deconvolution algorithms (spiking deconvolution, ensemble deconvolution, 

minimum phase predictive deconvolution) with various parameters, a minimum phase 

predictive deconvolution with operator length of 240ms and a gap of 24ms was applied to 

suppress the short period reverberations. An example shot gather comparing the different 

algorithms is shown in Figure 4.11: the gapped predictive deconvolution removes most of 

the multiple energy, and introduces less high frequency noise than the spiking 

deconvolution.  

A polygonal F-K filter was then applied to remove coherent noise from the dataset; 

to reduce the generation of artifacts, an AGC (Automatic Gain Control) with operator 

length of 500 ms was applied prior to the F-K filter and then removed afterwards. The 

deconvolved, F-K filtered gathers were then sorted to CDP (common depth point) gathers 

for velocity analysis. Velocity analysis was carried out using semblance velocity spectra 

every 250 CDP. Normal move-out correction was applied and final stack sections (Figure 

4.12) were created. In addition to the above processing steps, the final stacks from all the 

lines were subjected to further post–stack processing: predictive deconvolution with a 120 

ms operator length and 12 ms gap was applied to suppress some remnant multiples in the 

section. For post-stack migration two algorithms, F-K phase-shift and Kirchhoff migration 
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were tested. Post-stack Kirchhoff time migration with a maximum frequency of 60 Hz and 

maximum 450 dip angle was applied to all the lines, because this algorithm is able to 

handle both vertical and laterally varying velocities along the seismic profiles reasonably 

well. The final migrated seismic reflection sections (Figure 4.13) were then scaled for 

display.
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Figure 4.11. Shot gather from line 1241 displayed with different deconvolution algorithms 
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Figure 4.12. Final stack time sections: a) line 1242 b) line1241 c) line1243. DB: deep basement, SB: shallow basement 
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Figure 4.13. Post-stack migrated time sections: a) line 1242 b) line1241 c) line1243. DB: deep basement, SB: shallow basement 
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4.8. Conclusions 

In this chapter, the reprocessing of three intersecting multichannel deep seismic 

reflection profiles totalling ~750 line-km is presented. The data were acquired by the R/V 

Ewing across part of the inner Bering continental shelf in 1994. Since the upper most 

seismic section is often contaminated by high amplitude water layer multiples from the 

hard seafloor, the migrated reflection images are supplemented with high-resolution P 

wave velocity models derived by traveltime tomography of the recorded first-arrivals to a 

depth of up to 2000 m.  

The depth of the igneous basement increases from 100-500 m in the north, where 

it is characterized by velocities >5000 m/s, to at least 6000 m beneath the North Aleutian 

basin in the south. Where the basement is shallow, 1-D vertical sinusoidal corrugation 

tests with 10% perturbation indicate that velocity anomalies with a half-width of ≥ 1600 m 

can be resolved to depths of at least 500 m, and we have identified several zones of lower 

velocity, ~4000 m/s, that are up to 8000 m wide. Where tomographic velocities are 

determined within the North Aleutian basin, they increase with depth from 2000 m/s to 

3500 m/s, and broadly agree with sonic logs from the COST-1 well down to 1500 m depth.  

A total of 10 graben-like features were identified along the profiles on all the lines. 

These features appear to be fault-bounded, and near the seafloor on lines 1241 and line 

1242, but buried more deeply on line 1243.The formation of graben-like features and low 

velocities associated with them, may be the expression of strike-slip faults that extend 

from onshore. So it is important to further constraint these features with other datasets 

which will be discussed in chapter 5. 
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Integrated offshore interpretation of the major 
geological elements south-western Alaska  

5.1. Introduction 

This chapter provides a final interpretation of the inner Bering shelf by combining 

information from various data sources including well logs, seismic velocity models, 

migrated reflection sections, potential field datasets and regional geology. Various 

individual and integrated geophysical maps (basement velocity displays, mean seismic 

velocity, ship-board gravity and magnetics, and satellite-altimetry gravity) of the study area 

were created and interpreted. The inner Bering shelf sedimentary stratigraphy is 

constrained by well log data, combined reflection/velocity images and previous studies. 

Well log data is used to correlate the ages and velocities of seismic stratigraphy in the 

basin, while the combined reflection and velocity images allow the geological interpretation 

to be extended across the basin, with the velocity models being especially useful where 

reflection sections are contaminated by high amplitude, short-period multiples and noise. 

The inner Bering shelf basement is mainly constrained by basement velocity displays that 

are used to identify faults, terranes, and small sub-basins. Mean velocities were estimated 

near the top of basement to better reveal lateral variations in velocity, and also to correlate 

identified faults from one line to another. Finally, potential field data were used to trace the 

onshore faults and terranes to the sparse seismic lines offshore.  

5.2. Seismic interpretation of inner Bering shelf sediment 
stratigraphy 

5.2.1. Major formations in COST-1 well 

As discussed in section 4.2, the North Aleutian COST-1 well, which lies on the 

south side of line 1241, is the only well drilled in the Bristol basin study area. This well has 

been extensively studied by many researchers (Turner et al., 1988; Walker et al., 2003; 
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Finzel et al., 2005; Sherwood et al., 2006; Finzel et al., 2009) both for hydrocarbon 

exploration and tectonic studies. The COST-1 well did not penetrate Mesozoic basement, 

but reached a total depth of ~5200 m into Lower Eocene rocks of the lower part of the 

Tolstoi Formation (Sherwood et al., 2006; Turner et al., 1988). The other major formations 

which overlie the Tolstoi formation are Stepovak, Bear Lake, and Milky River formations 

as shown in the lithological chart in Figure 5.1.  

These formations are associated with three major phases of Cenozoic subsidence 

(Worrall, 1991; Walker et al., 2003; Finzel et al., 2005; Finzel et al., 2009): 1) Fault 

controlled subsidence caused by Paleocene and Eocene extensional and strike-slip 

faulting (Tolstoi formation), 2) Late Eocene to middle Miocene flexural subsidence caused 

by crustal loading due to development of the volcanic arc to the south (the Stepovak and 

Bear Lake formations), 3) Late Miocene to Holocene subsidence, which was driven mainly 

by sediment loading from the Alaska Peninsula (the Bear Lake and Milky river formations). 

The Bear lake formation is considered to have the highest reservoir potential in the gas 

rich frontier Bristol Bay basin (Finzel et al., 2009). The base of the Tolstoi formation is a 

prominent Paleocene unconformity that places the Tolstoi on a variety of older Mesozoic 

formations (Sherwood et al., 2006). 
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Figure 5.1. Velocity from COST-1 well sonic log (truncated to 4 km), and after 
median filtering and sub-sampling to 0.01 km sample interval. 
Velocity at the red event unconformity was estimated to be 
approximately 3.1 – 3.3 km/s. There is a good match with the 
tomographic velocity model above 1.3 km, but the deeper model is 
not well constrained. The corresponding lithostratigraphy chart was 
taken from BOEM (Bureau of Ocean Energy Management) 2009 
report (https://www.boem.gov/About-BOEM/BOEM-Regions/Alaska-
Region/Resource-Evaluation/north-aleutian-shelf-COST.aspx). 
Letters A, B1, B2, C, D, and E denote the units identified by Walker 
et al., (2003) using well log correlation with seismic. 

https://www.boem.gov/About-BOEM/BOEM-Regions/Alaska-Region/Resource-Evaluation/north-aleutian-shelf-COST.aspx
https://www.boem.gov/About-BOEM/BOEM-Regions/Alaska-Region/Resource-Evaluation/north-aleutian-shelf-COST.aspx
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5.2.2. Velocity estimation from COST-1 sonic log 

Using well-log correlation with seismic reflection data, Walker et al., (2003) has 

divided the stratigraphic column near the COST-1 well into six units A, B1, B2, C, D and 

E (Figure 5.1 and Figure 5.2) separated by five principal unconformities. To estimate a 

characteristic velocity for these principal unconformities, I filtered the sonic log with a 0.4 

km median filter at a 0.01 km sample interval as shown in Figure 5.1. The estimated 

velocities will then be used to pick various horizons in the velocity model when overlaid on 

migrated seismic reflection section which will be discussed in next section.  

The top of Unit E corresponds to the red event (Worrall, 1991), which is major late 

Eocene unconformity, and the seismic interval velocity near this contact is estimated to be 

approximately 3.1 - 3.3 km/s. The top of Unit D, which is middle Oligocene, has a seismic 

velocity of approximately 2.8-3.1 km/s. The top of Unit C is of late Oligocene age, and has 

a velocity of approximately 2.6-2.8 km/s. The top of Unit B2 is middle Miocene and 

corresponds here to a seismic velocity of approximately of 2.2-2.5 km/s, whereas the top 

of Unit B1 is early Pliocene with a velocity of approximately 1.9-2.1 km/s. In Figure 5.1, 

the sonic log is compared to the 1-D vertical velocity profile from the traveltime tomography 

model at that location, which was discussed earlier in section 4.5.2.  

5.2.3. Interpretation of inner Bering shelf sediment stratigraphy 
from combined reflection/velocity section 

In this section, the coincident post-stack migrated seismic reflection sections are 

combined with traveltime tomography velocity images to provide a unified interpretation of 

the near-surface geology. Figure 5.2 shows the overlay of velocity models on the migrated 

reflection sections. All three seismic sections (line 1241, 1242 and line 1243) show the 

northward thinning of the sedimentary section; in the south, the sedimentary thickness is 

2-3 km, but in the north, it decreases to a few hundred metres. The previous study by 

Walker et al., (2003) on a small section of reflection line 1241, which used seismic-well 

log correlation at the COST-1 well to identify reflections that correlate well with the principal 

unconformities, forms the basis for my current stratigraphic interpretation of all three lines 

across the Bristol basin. The reflections identified by Walker et al., (2003) can be traced 

across the basin on line 1241, but are difficult to locate accurately on lines 1242 and 1243 
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due to the intermittent nature of some reflections. To the south on line 1241, Unit E was 

deposited in a non-marine environment, and includes graben-like features (Walker et al., 

2003), which are filled with sedimentary deposits derived from volcanic source rocks, 

probably by erosion of the Peninsular terrane to the south (Turner et al., 1988; Walker et 

al., 2003). This unit may represent a continuation of the Carapace sequence (Walker et 

al., 2003). The late Eocene unconformity is the red event, which marks the onset of 

extension (Worrall, 1991), and forms the upper boundary of unit E. In the study area, the 

red event is typically a prominent continuous reflector and observed in most seismic 

sections. This red event experienced a long erosional history, as indicated by the 

northward-onlap of late Eocene-Oligocene reflectors of units D and C (Walker et al., 2003).  

Immediately above the red event, unit D, comprises late Eocene through early 

Oligocene interbedded sandstone and shale. Unit C consists of late Oligocene 

interbedded sandstone and siltstone. Both these units, D and C, represent a general 

transition from non-marine to shallow marine depositional environments, and both units 

are derived from volcanic and metamorphic source rocks (Turner et al., 1988; Walker et 

al., 2003). The sedimentary sequences of Unit B are divided into two subunits B1 and B2, 

separated by a high amplitude reflector and have a similar depositional environment to 

units D and C. Strata of Unit B are late Oligocene, Miocene and early Pliocene in age 

(Walker et al., 2003). Unit A generally appears to downlap to the north and comprises 

unconsolidated volcaniclastic sediments of late Pliocene to Quaternary age (Turner et al., 

1988; Walker et al., 2003).  
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Figure 5.2. Joint interpretation of velocity images overlaid on migrated seismic reflection sections a) line 1242 b) line 1241 c) line 1243. Black star on line 1241 denotes the location of COST-1 well 
log. A, B1, B2, C, D, and E denotes the units identified by Walker et al., (2003). Small white squares denotes the intersection point of layer boundaries with well log. Black lines on seismic 
reflection sections denote faults inferred from small reflection offsets and white line represents interpreted basement. Numbers 1-4, 7 represent faults identified from velocity 
discontinuities. The orange lines denote location of high velocity rocks with velocities equal to 5.9 - 6.0 km/s. The inverted arrows represent the locations of line intersections, G1-G10 
represents graben-like features, and M1, M2 represent aeromagnetic boundaries, PT-Peninsular Terrane, SKF-South Kahiltna Flysch, TT-Togiak terrane, GT- Goodnews terrane, RSZ – 
Regional Suture Zone.  
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The red event which was interpreted in the south, was traced updip into the areas 

of shallow basement in the north, in part, by following the ~3.1 km/s velocity contour 

estimated from the filtered sonic log, as discussed in the previous section. In the north, 

the red event forms a disconformity above the graben-like features (discussed in the next 

section) that are filled with older stratified pre-red sediments with velocities ranging from 

3.3 – 4.5 km/s. The origin of these older pre-red rocks may be the northern Kahiltna flysch 

(NKF) sediments of Hults et al. (2013) or the Carapace sequence of Worrall (1991). The 

highly deformed rocks denoted by SKF on line 1242 in Figure 5.2, may represent southern 

Kahiltna flysch sedimentary deposits. These deposits were probably derived from the 

Wrangellia and Peninsular arc terranes to the south, so they exhibit slightly higher 

velocities, i.e. around 4.5- 4.8 km/s, in comparison to northern Kahiltna flysch deposits, 

which were derived from terranes of North America affinity (Hults et al., 2013). The 

southern Kahiltna flysch deposits coincides with SAMT (Saltus et al., 1999; 2003; 2007) 

denoted by magnetic boundaries M1 and M2 (Figure 5.2). SKF deposits when traced onto 

other lines using potential field data  seem to be buried below a thick layer of sediments 

on lines 1241 and 1243. 

5.3. Seismic interpretation of inner Bering shelf basement 
structures 

The combined seismic image (Figure 5.2) reveals several important basement 

features. Generally, all three seismic reflections sections (line 1241, 1242 and line 1243) 

show the northward shoaling of the basement. On the post-stack migrated seismic section, 

the basement reflection is difficult to identify accurately, because it is commonly obscured 

by strong multiples and coherent noise. Therefore, the basement location is mainly 

interpreted by using the overlaid velocity image. Generally, high velocity rocks where 

velocity exceeds 5 km/s are interpreted to be basement. In the north, the interpreted 

basement on line 1241 and line 1242 is overlain by a thin layer (i.e. ≤0.3 km) of sediments, 

but on line 1243, the thickness of the sediments is approximately 1 km. To the south, the 

basement is not well constrained by velocity due to the limited depth of ray coverage and 

hence not traced. 
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5.3.1. Basement characterization 

To characterize the basement velocities in the north more accurately, the final 

velocity models were first masked with the corresponding ray coverage and plotted with a 

velocity scale of 5.0-7.0 km/s as shown in Figure 5.3. As stated earlier, the basement 

velocity along the profiles is mostly characterised by a value of ~5.0 km/s, but in some 

places basement velocity increases to ~5.9-6.0 km/s, as shown by orange lines in Figure 

5.2 and Figure 5.3, which probably indicates Mesozoic igneous basement. Elsewhere 

velocities inferred at relatively large depths may be less reliable due to the limited  ray 

coverage. 

Rocks with a relatively high velocity of ~6.0 km/s, which occur on line 1242 

between 0-30 km distance and on line 1241 at 260-275 km, might represent ophiolitic 

rocks of the Cape-Pierce subterrane of the Goodnews terrane (Figure 5.3). The above 

basement velocity seems to be consistent with the basement velocity estimated by an 

OBS refraction survey (Lizarralde, 1997), which will be discussed in the next section. 

Togiak terrane basement may lie between the southern Kahiltna flysch basement and 

Goodnews terrane basement. The Peninsular terrane basement, may lie to south of the 

southern Kahiltna flysch basement (Figure 5.3), and this will be further constrained by 

potential field data.  
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Figure 5.3. Basement characterization along the seismic profiles: a) 1242 b) 1241 c) 1243 done by using traveltime inversion velocity constraints. The orange lines denote location of high velocity rocks 
with velocities equal to 5.9 - 6.0 km/s. Numbers 1-4, 7 represents faults identified from velocity discontinuities. The inverted arrows represent the locations of line intersections, G1-G10 
represents graben-like features, M1 and M2 represents aeromagnetic boundaries, PT-Peninsular Terrane, SKF-South Kahiltna Flysch, TT-Togiak terrane, GT- Goodnews terrane, RSZ – Regional 
Suture Zone.  
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In addition, a total of 10 graben-like features G1, G2…G10 were identified at the 

top of the basement as shown in Figure 5.3. These features appear to be mostly fault-

bounded and are near the seafloor on lines 1241 and 1242, but buried more deeply on 

line 1243. Faults which are inferred from small reflection offsets on migrated sections 

coincide with the location of faults inferred using lateral velocity discontinuities. Faults 

denoted by numbers 1-3 are interpreted as the offshore extensions  of major onshore 

faults (e.g. 1-Togiak-Tikchik fault, 2-East Kulukak fault and 3-Chilchitna fault), while the 

origin of the fault denoted by 4 is unknown. The Togiak-Tikchik fault denoted by 1 probably 

offsets the Cape-Pierce subterrane basement creating graben-like feature G2 on line 1242 

and G6 on line 1241, whereas the fault denoted by 2 may represent offshore extension of 

East Kulukak fault; however, it is unclear from both these images (Figure 5.2 and Figure 

5.3) whether these faults extend vertically into the subsurface or are listric. Faults 3 and 4 

appear to bound and thrust the SKF deposits as shown in Figure 5.3.The correlation of 

the near-surface locations of the above faults from one line to another line is further 

constrained by potential field data, mainly by satellite altimeter gravity data which will be 

discussed in a later section. 

5.3.2. Comparison of MCS line 1242 velocity model with OBS 
velocity model 

In this section, I compare the current tomographic velocity model from MCS line 

1242 with an available interpreted offshore OBS refraction line (after Lizarralde, 1997). 

The upper crustal velocity model from line 1242 is consistent with the deeper model from 

OBS refraction profile BA3, providing general support for this final velocity model derived 

from traveltime tomography. Even though the depths of investigation of the MCS and OBS 

surveys differ, there are some striking similarities observed between the two velocity 

models which are denoted by s1-s5 in Figure 5.4. 
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Figure 5.4. Comparison of velocity models: a) Multichannel seismic (MCS) line 
1242 from current thesis with b) Ocean bottom seismometer (OBS) 
refraction velocity model (from Lizarralde, 1997). Symbols s1-s5 
denotes corresponding locations in the above models. Numbers 1-4, 
7 represents faults identified from velocity discontinuities. G1-G4 
represents graben-like features, M1, M2 represents aeromagnetic 
boundaries, PT-Peninsular Terrane, SKF-South Kahiltna Flysch, TT-
Togiak terrane, GT- Goodnews terrane, RSZ – Regional Suture Zone. 
Diamond shaped symbols are OBS locations. 

The two most important similarities between them are s1 and s4. Feature s1 on 

line BA3, i.e. the OBS velocity model, represents the 6 km/s basement contour dipping 

towards the south at location ~30 km, and s4 represents the upward shoaling of the 6 

km/s contour at ~130 km. These features appear similar to the upper crustal velocity model 

of line 1242. Features s3 and s5 represents the flanks of s4, and are similar in both velocity 
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models. On line BA3, s2 marks a small kink in the 6 km/s velocity contour at ~65 km, which 

coincides with a similar shallow feature on line 1242.    

5.3.3. Derivation of Mean velocity slices 

To distinguish different terranes and locate structural variation associated with top 

of the igneous basement, mean tomographic velocities were calculated over various depth 

ranges to characterize the lateral velocity variation (Figure 5.5). When displayed in map 

view, the mean velocity can be used to reveal lateral variations in velocity, allowing the 

correlation of velocity discontinuities and near-surface geology from one line to another. 

The mean velocity over a shallow depth range (from 0-125 m below the seafloor) 

does not reveal any significant lateral variations in velocity along profiles 1241, 1242 and 

1243. So, I tested four different scenarios for selecting an optimal velocity contour to serve 

as a starting depth for estimating the mean velocity over a 125 m depth range: 1) 2000 

m/s 2) 3000 m/s 3) 4000 m/s 4) 5000 m/s as shown in Figure 5.5. Higher mean velocities 

indicate where the interval velocity has increased rapidly below the specified isovelocity 

contour. From Figure 5.5, it can be clearly seen that by selecting the 2000 m/s and 3000 

m/s contours, estimated mean velocities are less than 3800 m/s, and are associated 

mostly with sediments. In contrast, the 4000 m/s velocity contour yields higher mean 

velocities that reveal lateral velocity variations close to the top of basement; the largest 

mean velocities, e.g. 5000 m/s at the north end of line 1242, indicate a rapid downward 

increase in seismic velocity that probably corresponds closely to the sediment-basement 

interface; lower velocities, e.g. 4200-4400 m/s near 100 km on line 1242, show a less 

rapid downward increase in velocity that likely marks the location of high velocity 

sedimentary rocks just above the igneous basement, such as pre-Eocene sedimentary 

rocks filling the graben-like structures.  Using the 5000 m/s contour produces a 

comparable degree of lateral velocity variation to the 4000 m/s contour where the 

basement is shallow, but is less reliable where the basement is deep due to limited ray 

penetration. 
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Figure 5.5. Mean velocity along the profiles 1241, 1242 and 1243 estimated 
using different velocity contours a) 2000 m/s b) 3000 m/s c) 4000 m/s 
d) 5000 m/s as initial depth. The velocities below these contours are 
averaged over a thickness of 125 m. Mean velocity estimated using 
4000 m/s shows good lateral velocity variation of the subsurface. No 
data along the profiles indicates absence of ray coverage. The 
numbers along the profiles denotes the distance in km. 
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5.3.4. Line-to-Line correlation of basement – sediment contacts 

To correlate basement – sediment contacts from one line to another and trace 

them across the shelf, mean velocity slices of all the lines are overlaid on the topographic 

map. I have chosen Figure 5.5c as the final mean velocity slice for interpretation and 

displayed it on a topographic map using a velocity scale of 4-5 km/s as shown in Figure 

5.6.  Towards the north end of the seismic profiles, higher mean velocities >4.8 km/s are 

punctuated by low mean velocities < 4400 m/s which  probably indicate fault-bounded 

graben-like features, also identified on vertical sections of the velocity models in Figure 

5.3. The faults identified on these vertical sections, which were inferred from velocity 

discontinuities correlate from line to line as shown in Figure 5.6 by the dotted lines. The 

T-TF fault denoted by 1 probably intersects line 1242 at ~30 km and line 1241 at ~260 km. 

The EKF fault denoted by 2 probably intersects line 1242 at ~65 km, line 1241 at ~210 km 

and line 1243 at ~215 km. The CF fault denoted by 3 probably intersects line 1242 at ~120 

km, line 1243 at ~135 km and line 1241 at ~140 km. The unknown fault denoted by 4 

probably intersects line 1242 at ~160 km, line 1243 at ~110 km and line 1241 at ~120 km. 

The tracing of these faults between the lines was further constrained by potential field 

data, mainly by satellite altimetry gravity data and to some extent by shipboard potential 

field datasets (see Figure A1 and Figure A2 of Appendix), which will be discussed in later 

sections.
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Figure 5.6. Overlay of mean velocity below 4 km/s velocity contour along profiles on topographic map. The color circles represents earthquake epicenters. Numbers 1-3, 7 in white color denotes possible 
extension of onshore faults in to offshore, while 4 is an unknown fault. The white dotted lines offshore represent predicted direction of faults. The numbers along the profiles denotes the 
distance in km.  
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5.4. Potential field data   

To provide further constraints on subsurface structures in the vicinity of the 

tomography velocity models, potential field data from ship-board gravity and magnetic 

surveys and from regional datasets such as satellite altimetry gravity measurements and 

airborne magnetics were used. 

Potential field geophysical surveys are particularly useful for geologic interpretation in 

offshore settings where bedrock exposures are remote and is covered by quaternary 

sedimentary deposits. In particular, regional remote-sensing surveys such as satellite 

altimetry and air-borne magnetic and gravity methods are effective, because of relatively 

rapid data acquisition over large areas making them particularly useful for regional crustal 

scale studies. Lateral variations in gravity and magnetic anomalies are the result of lateral 

contrasts in rock density and rock magnetic properties (susceptibility and remnant 

magnetisation) respectively. These contrasts may occur across geologic structures such 

as faults or folds, across lithological or stratigraphic contacts, or variations resulting from 

major facies changes in a single stratigraphic unit.  

In the following section, I discuss the regional satellite altimetry gravity and 

airborne magnetic datasets. The ship-board data (gravity and magnetic) description and 

their corresponding individual maps are presented in the Appendix.  

5.4.1. Satellite altimetry gravity data 

The global 1-minute grid high resolution free air gravity anomaly data from satellite 

measurements was compiled by Sandwell et al. (2014) and is freely available for download 

from the site (http://topex.ucsd.edu/cgi-bin/get_data.cgi). Gravity models derived from 

satellite measurements can be helpful in delineating long wavelength features from deeper 

sources. These models are powerful tools for mapping tectonic structures, especially in 

ocean basins where topography is buried by water and a thick layer of sediments 

(Sandwell et al., 2014). However, it is important to verify the above data with 

corresponding ship-board measurements. In the present context, the satellite altimetry 

http://topex.ucsd.edu/cgi-bin/get_data.cgi
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gravity highs (Figure 5.7) closely match the ship-board gravity highs (Figure A1 of 

Appendix), and altimetry map (Figure 5.7) provides a valuable constraint on the geometry 

of some interpreted terranes and faults.  

Free air gravity anomaly of the satellite-altimetry dataset is used for interpretation, 

as the Bouguer correction is assumed to be negligible because of relatively flat seafloor 

over the inner Bering shelf. Seven curved features with steep gravity gradients were 

identified as shown in Figure 5.7, and are numbered 1-7. These features are continuous 

and can be easily traced from one seismic line to another. Features 1- 4 can be traced 

offshore onto all the lines and indicate the probable extension of major faults: 1- Togiak-

Tikchik fault, 2- East Kulukak fault, 3- Chilchitna fault, 4- unknown. The location of these 

faults is consistent with faults inferred from the velocity discontinuities.  

A combined interpretation was made, by overlaying the mean velocities on satellite 

altimetry gravity data, and this will be presented later. The contact indicated by number 5, 

cannot be traced onto the seismic lines, which suggests that this feature characterized by 

a gravity high does not extend west of 159o W or its presence is obscured by the thick 

basin fill. The arcuate long wavelength feature denoted by number 6, north of the seismic 

profiles may indicate a deep-seated crustal anomaly or perhaps a laterally extensive 

shallow source, which will be further constrained by air-borne magnetics discussed in next 

section. Because of the bend in the shape of T-TF fault offshore, slip may have been 

distributed along a splay fault, denoted by fault ‘7’ (Figure 5.7). 
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Figure 5.7. Overlay of satellite based free air gravity anomaly on topographic map. The color circles represents earthquake epicenters. Numbers 1-3, and 5 in white color denote possible offshore 
extension of onshore faults, 4 – unknown fault, 7- possible splay fault of (T-TF) Togiak-Tikchik dextral strike-slip fault, 6-arcuate feature which indicate possible offshore extension of regional 
suture zone boundary (will be discussed in later section). The small dotted lines offshore represent predicted direction of faults. The numbers along the profiles denotes the distance in km. For 
the legend, refer to Figure 5.6
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5.4.2.  Air-borne magnetic data 

Two Aeromagnetic grids of Alaska: a composite grid and a merged grid were 

compiled at 1 km spacing. The composite grid includes all surveys at their original flight 

elevations but the merged grid, displays surveys which have been mathematically 

continued to a common flight height of 300 m above ground level (Meyer and Saltus, 

1995). The offshore Bering shelf data were first compiled by Godson (1994); most of this 

compilation was performed by hand by re-contouring analog maps and then digitizing 

them. The updated merged grid of North America magnetic anomaly was freely available 

to download from USGS mineral resources website (https://mrdata.usgs.gov/magnetic/). 

Figure 5.8 shows updated North America aeromagnetic anomaly merged grid plotted 

using Google Earth software package. 

Using the merged grid, Saltus et al. (1999) interpreted probable offshore 

extensions of the southern Alaska magnetic domains westward onto the Bering Shelf as 

shown in red lines in Figure 5.8. Southern Alaska magnetic high (SAMH) and southern 

Alaska magnetic trough (SAMT) are two prominent domains which are laterally continuous 

features (~2500 km), with deep magnetic features (Figure 5.8). The SAMH spatially 

coincides with the Peninsular and Wrangellia terranes, and its magnetic character is due 

to mafic igneous rocks associated with formation and accretion of the Wrangellia and 

Peninsular arcs (Saltus et al., 2007). The SAMT is a 30 to 100 km wide crustal scale 

feature bordered to the south by the SAMH; the western part of the SAMT largely coincides 

with deformed Mesozoic rocks of the Kahiltna flysch (Saltus et al., 1997; Saltus et al., 

2003; Saltus et al., 2007). 

In Figure 5.8, M1, M2 and M4 represents offshore boundaries of the SAMH and 

SAMT domains (Saltus et al., 1999), whereas M3 proposed from the current study denotes 

the possible offshore boundary of rocks with a neutral magnetic character. Boundary M3 

coincides with feature 6 on the satellite altimetry gravity map (Figure 5.7). The region 

between M3 and M1, may indicate the offshore extension of a deep crustal-scale feature 

which I define here as a regional suture zone (RSZ), which includes the entire Alaska 

Range suture zone (ARSZ) of Ridgway et al. (2002) and the interior neutral magnetic 

domain shown in Figure 5.8. To further constrain these features, a combined interpretation 

https://mrdata.usgs.gov/magnetic/
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of air-borne magnetic data overlaid on the satellite altimetry will be presented in next 

section.  

To focus on the deep, crustal-scale features in the magnetic compilation, Saltus et 

al. (2003) performed upward continuation by 10 km of the merged aeromagnetic 

compilation as shown in Figure 1.10 of chapter 1. The features discussed above can be 

clearly identified on that map.  
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Figure 5.8. Residual total intensity magnetic anomaly map of Alaska. The thick red lines M2, M1 and M4 are boundaries of SAMT and SAMH magnetic domains modified after (Saltus et al., 1999). The 
dotted line M3 is proposed northern boundary of the interior neutral magnetic domain from the present work. RSZ- regional suture zone, SAMT- southern Alaska magnetic trough, SAMH –
southern Alaska magnetic high. 
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5.5. Offshore extension of major geological elements 

5.5.1. Togiak-Tikchik fault 

The current study constrains the offshore extension of the Togiak-Tikchik dextral 

strike-slip fault in southwestern Alaska by using tomographic velocity, satellite-derived 

gravity data, subsurface geology and previous geophysical studies. The Togiak-Tikchik 

fault, which is fault 1 in Figure 5.9, is a dextral strike-slip fault, and considered to be the 

westernmost extension of the Denali fault. The offshore location of the fault is inferred 

from a velocity discontinuity identified on the vertical sections of the tomographic velocity 

models shown in Figure 5.3. The velocity discontinuity also coincides with a steep gravity 

gradient on the satellite altimetry gravity anomaly map (Figure 5.9). Using this 

characteristic feature, the fault was traced offshore intersecting line 1242 at ~30 km and 

line 1241 at ~260 km.  

Onshore southwestern Alaska, the Togiak-Tikchik fault appears to be an intra-

terrane fault cross-cutting the Hagmeister sub-terrane of the Togiak terrane. But on line 

1242 and line 1241, it appears to be a terrane bounding fault between the Hagmeister 

subterrane (of the Togiak terrane) and the Cape Pierce subterrane (of the Goodnews 

terrane), because on velocity models of line 1242 and line 1241, it vertically offsets the 

ophiolitic basement rocks of the Cape Pierce subterrane creating a graben-like feature 

(G2 on line 1242; and G6 on line 1241 in Figure 5.3). This interpretation is consistent with 

the deep crustal OBS refraction velocity model of Lizarralde (1997) where a variation in 

basement velocity from 6.0 km/s to 5.6 km/s was observed at around 30 km. The Togiak-

Tikchik fault might extend to a depth of 5-6 km based on the low velocity gradient observed 

in the OBS velocity model near the location of fault. But based on seismicity data, this fault 

seems to be relatively inactive, especially beneath the Bering shelf offshore. Onshore, 

there are three shallow earthquakes with M≥4 recorded in the early 1990s along the trace 

of fault, as seen in Figure 5.9.  Perhaps due to its curved geometry offshore, slip may have 

been distributed along a splay fault, denoted by fault ‘7’ (Figure 5.9), which intersects line 

1242 at ~55 km and line 1241 at ~230 km.  
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However, it is important to note that there could be other possible interpretations 

of Togiak-Tikchik fault:  For example, the single fault may have terminated near the coast, 

and evolved into a number of splays offshore. Pratt (2012) showed that when a large 

strike-slip fault terminates, it commonly distributes in three stress regime (extension, shear 

and thrust). In the present context, the Togiak-Tikchik fault may behave in the same way, 

which is suggested by the line 1242 velocity model that indicates multiple splays denoted 

by features 1 and 7 (Figure 5.9).The other possible interpretation can be fault 1 may curve 

onshore and may not merge with Togiak-Tikchik fault. 
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Figure 5.9. Overlay of mean velocities on satellite derived free air gravity anomaly map. The color circles represents earthquake epicenters. White numbers denote possible offshore extensions: 1- T-TF 
(Togiak-Tikchik dextral strike-slip fault), 2- EKF (East Kulukak thrust fault), 3- CF (Chilchitna thrust fault), 4- unknown fault and 5- LCF (Lake Clarke dextral strike-slip fault), 6- arcuate feature 
which indicate possible offshore extension of regional suture zone boundary (RSZ), 7- possible splay fault of (T-TF)Togiak-Tikchik dextral strike-slip fault. The white dotted lines offshore 
represent predicted directions of major geological elements constrained by data from seismic, potential-field (ship-board, airborne, satellite) and regional geology. DF- Denali fault, CMF- Castle 
Mountain fault, PT-peninsular terrane, SKF-southern Kahiltna flysch, TT- Togiak terrane, GT- Good news terrane, SAMT-southern Alaska magnetic trough, SAMH- southern Alaska magnetic 
high, ARSZ-Alaska range suture zone, M1-M4 red dotted lines denote aeromagnetic boundaries. The numbers along the profiles denotes the distance in km. For the legend, refer to Figure 5.6. 
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5.5.2. Togiak terrane and Goodnews terrane 

The Togiak terrane is composed of volcanic flows, coarse volcanoclastic breccias, 

tuffs and associated epiclastic rocks of Late Triassic through Early Cretaceous age, 

whereas the Goodnews terrane is considered to be an amalgamation of variably 

metamorphosed blocks of laminated tuff, chert, basalt, greywacke, limestone, gabbro and 

ultramafic rocks (Decker et. al., 1994). In the current study, both the above terranes are 

mainly constrained by tomographic velocity and satellite gravity map. Based on the 

interpretation of the T-TF (Togiak-Tikchik fault) as discussed earlier, I suggest  that the 

Togiak terrane may lie south of this fault, i.e. the region between ‘M2’ and the T-TF fault 

denoted by ‘1’ in Figure 5.9, whereas the Goodnews terrane lies to the north of the T-TF 

fault. The satellite gravity map indicates that dense rocks are associated with a gravity 

anomaly >40 mgal, as shown in Figure 5.9, and this anomaly may be due to Goodnews 

terrane ophiolitic ultramafic rocks, which are common in this terrane. 

5.5.3. East Kulukak fault 

The EKF (East Kulukak fault) fault is one of the poorly documented faults of 

southwestern Alaska. On previously published geologic maps (Plafker and Berg, 1994; 

Wilson et al., 2013) of Alaska, It is generally shown as a thrust fault, but it is unclear 

whether this fault is a sub-terrane boundary fault between the Hagmeister and Kulukak 

sub-terranes as shown in Figure 5.9. In the current study, this fault was constrained by 

both tomographic velocity and satellite-derived gravity data and it is denoted by ‘2’ in 

Figure 5.9. The fault doesn’t have a strong expression on the satellite gravity map. The 

EKF fault probably intersects line 1242 at ~65 km, line 1241 at ~210 km and line 1243, 

denoted by the dotted line at ~215 km. 

5.5.4. Lake Clarke fault 

The LCF (Lake Clarke fault) is a right lateral strike-slip fault onshore southwestern 

Alaska and considered to be the westernmost extension of the Castle Mountain fault 

(CMF). Aeromagnetic data over the fault reveal a north-trending band of magnetic 

anomalies that are right-laterally offset across the fault by approximately 26 km (Haeussler 
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and Saltus, 2005). In the present study, the LCF is denoted by ‘5’, and its offshore 

extension is constrained mainly by satellite derived gravity data, as shown in Figure 5.9. 

The fault coincides with a steep gravity gradient, and may involve reverse motion (Christie-

Blick and Biddle, 1985), i.e. thrusting, as it deviates into a more southerly orientation 

offshore southwestern Alaska. The LCF, cannot be traced onto the seismic lines, which 

indicates that the fault could terminate in the north-eastern part of the Bristol Bay basin or 

may extend south of the seismic reflection profiles. 

5.5.5. Kahiltna flysch & Chilchitna fault 

Using zircon geochronolgy, Hults et al. (2013) suggested that the Kahiltna flysch 

can be divided into two belts, the NKF (Northen Kahiltna flysch belt) and SKF (Southern 

Kahiltna flysch belt) as shown in Figure 5.10. The zircon data reveals that the southern 

flysch belt was derived from the Wrangellia composite terrane (Figure 1.2), whereas the 

northern flysch belt was derived from the terranes that make up the paleo-Alaskan margin. 

The CF (Chilchitna thrust fault) fault denoted by ‘3’ divide both NKF and SKF sedimentary 

deposits. In the current study, the location of the Kahiltna flysch is well constrained by the 

tomographic velocity models and aeromagnetic data. In the tomographic velocity models 

(Figure 5.2), the southern Kahiltna flysch (SKF) sedimentary deposits are associated with 

slightly higher velocities ~4800 m/s compare to northern Kahiltna flysch ~3300-4500 m/s. 

Here I suggest that the northern Kahiltna flysch (NKF) forms the sedimentary deposits 

found in the graben-like features identified on vertical sections of the tomographic velocity 

models (G1- G10 in Figure 5.2 ).  
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Figure 5.10. Overlay of ship-board residual magnetic anomaly map on satellite derived free air gravity anomaly map. The color circles represents earthquake epicenters. White numbers denote the possible 
offshore extensions: 1- T-TF (Togiak-Tikchik dextral strike-slip fault), 2-EKF (East Kulukak thrust fault), 3- CF (Chilchitna thrust fault), 4- unknown fault and 5- LCF (Lake Clarke dextral strike-slip 
fault), 6-arcuate feature which indicate possible offshore extension of regional suture zone boundary (RSZ), 7- possible splay fault of (T-TF) Togiak-Tikchik dextral strike-slip fault. The white 
dotted lines offshore are predicted directions of major geological elements constrained by data from seismic, potential-field (ship-board, airborne, satellite) and regional geology. DF- Denali 
fault, CMF- Castle Mountain fault, PT- peninsular terrane, SKF- southern Kahiltna flysch, TT- Togiak terrane, GT- Good news terrane, SAMT- southern Alaska magnetic trough, SAMH- southern 
Alaska magnetic high, ARSZ- Alaska range suture zone, M1-M4 red dotted lines denote aeromagnetic boundaries. The numbers along the profiles denotes the distance in km. For the legend, 
refer to Figure 5.6. 
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The southern Kahiltna flysch coincides with the southern Alaska magnetic trough 

(SAMT) aeromagnetic domain, and extends offshore where it is bounded by magnetic 

boundaries M1 and M2 (Figure 5.10) based on the interpretation of Saltus et al. (1999) 

discussed previously. The northern boundary M2 of the SAMT coincides with the 

Chilchitna fault (fault denoted by 3), whereas fault ‘4’ (unknown fault) coincides with 

southern boundary M1 of the SAMT across the seismic profiles, which may indicate that 

SKF is fault bounded. The CF fault denoted by 3 intersects line 1242 at ~120 km, line 

1241 at ~140 km and line 1243 at ~135 km. The unknown fault denoted by 4 intersects 

line 1242 at ~160 km, line 1241 at ~120 km and line 1243 at ~110 km. 

5.5.6. Peninsular terrane 

The Peninsular terrane (Figure 5.10) is a Triassic to Jurassic island-arc complex 

that was accreted to the North America continent by the Early Cretaceous (Jones et al., 

1987; Ridgway et al., 2002). These older terrane rocks show much less seismic character 

and are overlain by the Carapace strata (Worrall, 1991). Walker et al. (2003) using gravity 

modelling and seismic studies predicted that the Peninsular terrane probably extends 

north to km 175 on line 1241. They also estimated the Peninsular basement density to be 

2.76 g/cm3 immediately below the Eocene grabens by using gravity modelling studies. In 

the current study, the Peninsular terrane was mainly constrained by aeromagnetic data. 

The southern Alaska magnetic high (SAMH) spatially coincides with the Peninsular terrane 

in southwestern Alaska. The broad magnetic character of the SAMH crust is due to the 

mafic rocks of the Wrangellia and Peninsular arcs (Saltus et al., 2007). In Figure 5.10, the 

Peninsular terrane is defined as the region between the M1 and M4 aeromagnetic 

boundaries based on the interpretation of Saltus et al. (1999; 2003; 2007). However it is 

important to note that these boundaries only predict the approximate surface location of 

the terrane. Magnetic boundary M1 coincides with unknown fault ‘4’ on line 1242, line 1241 

and line 1243. The oroclinal geometry of the interpreted Peninsular terrane is probably 

associated with its accretion to the North American continent (Worrall, 1991). 
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5.5.7. Regional suture zone 

In southcentral Alaska, Ridgway et al. (2002) proposed that the entire flysch belt 

between the Talkeetna fault and the Hines creek strand of the Denali fault represents a 

suture zone called as Alaska Range Suture Zone (ARSZ) (Figure 5.11). ARSZ coincides 

with the central portion of SAMT (Brennan et al., 2011) as previously described in section 

1.5.1. Brennan et al. (2011) suggested that the ARSZ is a part of regional suture zone 

(RSZ) that extends from British Columbia to southwestern Alaska, but did not provide any 

boundaries for RSZ. The current study suggests possible boundaries for the RSZ which 

are mainly constrained by aeromagnetic data and satellite-derived gravity data. M3 in 

Figure 5.11 denotes the possible northern offshore boundary, M3, of the region of neutral 

magnetic character, which coincides with feature ‘6’ of the satellite altimetry gravity 

anomaly map. The region between the M3 and M2 magnetic boundaries may indicate the 

offshore extension of the RSZ (regional suture zone) which includes the entire ARSZ and 

the interior neutral magnetic domain (Figure 5.10). 
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Figure 5.11. Simplified map showing probable offshore extensions of major geologic elements of southwestern Alaska. Black dotted lines denote the offshore continuation of faults mapped onshore: 1- T-
TF (Togiak-Tikchik dextral strike-slip fault), 2-EKF (East Kulukak thrust fault), 3- CF (Chilchitna thrust fault), 4 – unknown fault and 5- LCF (Lake Clarke dextral strike-slip fault), 6-arcuate feature 
which indicate possible offshore extension of regional suture zone boundary (RSZ), 7- possible splay fault of (T-TF)Togiak-Tikchik dextral strike-slip fault. The dashed red lines are the 
predicted boundaries of major geological elements constrained by data from seismic, potential-field (ship-board, airborne, satellite) and regional geology. DF- Denali fault, CMF- Castle 
Mountain fault, PT-Peninsular terrane, SKF-Southern Kahiltna Flysch, TT- Togiak terrane, GT- Good news terrane, SAMT-southern Alaska magnetic trough, SAMH- southern Alaska magnetic 
high, ARSZ-Alaska range suture zone, M1-M4 denote aeromagnetic boundaries. The color circles represents earthquake epicenters. The numbers along the profiles denotes the distance in km. 
For the legend, refer to Figure 5.6. 
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5.6. Conclusions 

The results presented in this chapter provide evidence of the likely locations of the 

offshore extensions of the major geological elements of southwestern Alaska (Figure 

5.11), and were derived from a wide range of geophysical data: seismic, ship-board 

gravity, ship-board magnetic, satellite altimetry gravity and airborne magnetics. Various 

individual and integrated geophysical maps (mean seismic velocity, ship-board gravity, 

ship-board magnetics and satellite-altimetry gravity) of the study area were created for 

use in this integrated interpretation. Based on the current study, I suggest the following:  

1. Togiak-Tikchik fault (T-TF) extends offshore onto lines 1242 and 1241, and 
is a terrane bounding fault between the Hagmeister subterrane (Togiak 
terrane) and the Cape Pierce subterrane (Goodnews terrane)  

2. East Kulukak fault (EKF) is a thrust fault that extends offshore and cross-
cuts all seismic lines 

3. Lake Clarke fault (LCF) extends offshore and curves into the northeastern 
part of the Bristol Bay basin 

4. Chilchitna fault (CF) extends offshore, crosscuts all the seismic lines and 
coincides with the northern boundary of the southern Alaska magnetic 
trough (SAMT)  

5. Southern Kahiltna flysch (SKF) coincides with the southern Alaska 
magnetic trough (SAMT) aeromagnetic domain, and the northern Kahiltna 
flysch (NKF) forms the sedimentary fill of the graben-like features revealed 
by the vertical sections of the tomographic velocity models  

6. Peninsular terrane coincides with the southern Alaska magnetic high 
(SAMH), and its northern boundary crosscuts all seismic lines 

7. Togiak terrane extends offshore where it is defined by the region between 
T-TF and the northern boundary of SAMT 

8. Goodnews terrane extends offshore and lies to north of the Togiak-Tikchik 
fault 

9. Regional suture zone extends offshore and includes the entire ARSZ and 
the interior neutral magnetic domain.  
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Thesis contributions and Conclusions 

6.1. Main contributions of thesis 

In the inner Bering shelf area of southwestern Alaska, the identification of sub-

vertical faults in conventional seismic reflection images is often difficult, due to low fold at 

shallow depths, the presence of a shallow seafloor, and also shallow basement that can 

generate high amplitude, short-period multiples and dispersive guided waves noise. As an 

alternative, this thesis aims to infer the location of these faults in velocity models derived 

using seismic traveltime and waveform tomography techniques, which is the first 

application in this area. The tomography studies carried out in this thesis lead to two 

significant contributions 

1) A practical approach for mitigating dispersive guided wave noise in waveform 
tomography;  

2) Mapping of the offshore extension of the major geological elements of 
southwestern Alaska. 

6.1.1. A practical approach for mitigating dispersive guided wave 
noise in waveform tomography. 

In this thesis, I have successfully tested waveform tomography on two small 

seismic reflection sections of line 1242 from different geological settings, which are 

strongly contaminated with different types of dispersive guided wave and Scholte wave 

noise. I have shown that it is possible to obtain reasonable P-wave velocity models of the 

sub-surface in these challenging settings.  

In the first area, where deep basement is overlaid by sediments, the first-arrivals 

have a relatively low apparent velocity, and shot gathers are contaminated with strong 

dispersive acoustic guided waves that arrive soon after the first refractions. These acoustic 

guided waves are of relatively high frequency and contaminate the later part of the early 

arrival wavetrain, particularly at near offsets. Scholte waves are not strongly observed 
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here due to the presence of a large thickness of soft sediments below the seafloor, which 

are likely characterized by low shear-wave velocities and high intrinsic attenuation. For 

this section, I first mitigated the dispersive wave contamination of the seismic field data by 

trace editing, bandpass filtering and careful choice of the data window for inversion. I also 

tested different objective functions for waveform inversion, and conclude that the 

logarithmic phase-only objective function is sufficient to produce a good quality P-wave 

velocity model in the presence of this strong dispersive guided wave noise. 

In the second area, where the basement is shallow, only a very thin layer of 

sediments (~100 m) is present, and the corresponding shot gathers are contaminated with 

strong dispersive acoustic guided waves coupled with Scholte waves. Both the acoustic 

guided waves and the Scholte waves have significantly lower apparent velocity than the 

first-arrivals, whose high apparent velocity is due to the shallow igneous basement. The 

acoustic guided waves (high frequency and high amplitude waves) coupled with the 

Scholte waves (low frequency and high amplitude) span the entire frequency bandwidth 

of the dataset, making them difficult to remove using standard processing techniques. For 

this section, I developed a methodology that coped with a starting model for the inversion 

from traveltime tomography that itself generated guided waves in the synthetic data due 

to interaction between the shallow igneous basement and the free surface, and applied 

the logarithmic phase-only objective function for inversion. I also used offset-tapering of 

the data residuals to suppress the guided wave noise at near offsets.  

In both geological areas, I used a multi-scale approach to waveform inversion, i.e. 

sequentially inverting the data from low to high frequencies to mitigate non-linearity. 

Further mitigation of non-linearity was achieved by careful preconditioning of the gradient 

in the wavenumber domain and gradient weighting in the depth domain. Waveform 

tomography results were validated by comparison of synthetic time domain waveforms 

with observed waveforms, comparison of residual phase errors derived from initial and 

final velocity models, and also by comparing final waveform tomography models with 

migrated images. There is a good agreement between field data and synthetic data in both 

areas indicating the overall reliability of the results. A significant reduction in phase 

residuals was observed from starting velocity model to final waveform tomography model 
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for both datasets. The final waveform tomography velocity models from both the sections 

correlate well with their corresponding time migrated images.  

6.1.2. Mapping of the offshore extension of major geological 
elements of southwestern Alaska. 

The offshore extensions of major geological features (e.g. strike-slip faults, 

Mesozoic and early Tertiary tectono-stratigraphic terranes, Jurassic to Cretaceous flysch 

deposits, suture zone) of southwestern Alaska were not well known or poorly documented 

untill now. To characterize the offshore extension of the above features, I have 

reprocessed three intersecting multichannel deep seismic reflection profiles totalling ~750 

line-km that were shot by the R/V Ewing across part of the inner Bering continental shelf 

in 1994. Since the upper most seismic section is often contaminated by high amplitude 

water layer multiples from the hard seafloor, I have supplemented the migrated reflection 

images with high-resolution P-wave velocity models derived by traveltime tomography of 

the recorded first-arrivals to depths up to 2000 m. In addition to tomographic velocity 

models, I have incorporated other geophysical datasets to create various individual and 

combined geophysical maps (mean seismic velocity, well log, ship-board gravity, ship-

board magnetics and satellite-altimetry gravity), allowing an integrated interpretation of the 

upper crustal structure of the inner Bering shelf. 

I have successfully demarcated several zones of lower “basement” velocity, ~4000 

m/s that are up to 8000 m wide in the seismic velocity images. The depth of the igneous 

basement increases from 100-500 m in the north, where it is characterized by velocities 

>5000 m/s, to at least 6000 m beneath the North Aleutian basin in the south. Where the 

basement is shallow, 1-D vertical sinusoidal checkerboard tests with 10% perturbation 

indicate that velocity anomalies with a half-width of >1500 m can be resolved to depths of 

at least 500 m. Many of these low-velocity anomalies coincide with gravity and magnetic 

anomalies, and may be associated with faulting within or between accreted terranes. 

Where tomographic velocities are determined within the North Aleutian basin, they 

increase with depth from 2000 m/s to 3500 m/s, and agree with sonic logs from the COST-

1 well up to 1500 m depth. Across much of the basin, the Eocene red unconformity, which 

marks the onset of extension, correlates approximately with a velocity of 3100 m/s, with 
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younger sedimentary strata characterized by lower velocities. A total of 10 graben-like 

features, which were previously unknown, have been identified along the three seismic 

profiles. These features appear to be fault-bounded, and near the seafloor on lines 1241 

and line 1242, but buried more deeply on line 1243.The formation of graben-like features, 

and the low velocities associated with them, may be the expression of strike-slip faults 

that extend from onshore. In summary, the results provide evidence of the probable 

offshore extension of various major geological elements onshore such as: Togiak-Tikchik 

fault (T-TF), East Kulukak fault (EKF), Chilchitna fault (CF), Lake Clarke fault (LCF), 

Togiak terrane, Goodnews terrane, Peninsular terrane, Northern (NKF) and Southern 

Kahiltna flysch (SKF), Regional suture zone (RSZ). 

6.2. Practical limitations of waveform tomography 

Waveform tomography attempts to find an elastic or visco-elastic model that 

predicts the waveforms of the early arrival wavetrain and can provide velocity models with 

higher spatial resolution than is possible with ray-based methods (Williamson, 1991; 

Williamson and Worthington, 1993). But it is essential to understand the limitations of 

waveform tomography when applied to shallow marine datasets which are characterized 

by shallow basement. In this thesis, I employed waveform tomography on a large shallow 

basement section of line 1242. In this section, the data were contaminated with strong 

dispersive guided and Scholte wave noise. This noise spans the entire frequency 

bandwidth, and is difficult to remove at the data preconditioning stage. The presence of 

this noise affects the waveform inversion at various points. Firstly, it makes the non-linear 

inversion problem more complex. Secondly, it totally obscures the reflections that are used 

in later stages of waveform inversion to improve the resolution of the velocity model. 

Thirdly, the quality of the final velocity model obtained from waveform tomography is 

degraded by the presence of artifacts. Even though logarithmic phase only waveform 

tomography is useful in mitigating noise, improvements in the final velocity model are 

generally small when compared to traveltime tomography model. Since the objective of 

this thesis is to image the larger low-velocity anomalies that may be associated with major 

strike-slip faults, I showed that traveltime tomography is itself sufficient in this geological 

settings. 
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6.3. Suggestions for future studies 

1) Further constraints on the Togiak-Tikchik fault and its offshore extension may 
be possible, with additional seismic lines.  

2) The extension of major features to the west of current seismic lines, and their 
complex relation to the Beringian margin could be further investigated. 

3) Aeromagnetic data is especially important in constraining faults and various 
regional scale features. In the present area, i.e. southwestern Alaska, the data 
is very coarse, especially in the inner Bering shelf offshore, where there are 
very few traverses. For a more complete and detailed lithological studies in the 
area, a more closely spaced magnetic surveys are recommended.  

4) The unknown fault identified in the inner Bering shelf offshore, may be the 
possible extension of the onshore Mulchatna fault (Anderson et al., 2017), and 
this could be further constrained by a targeted study which needs to be further 
investigated. 

5) Satellite gravity anomaly data provide a high resolution map. In this map, there 
are other linear features in the offshore, which are not explained in the current 
study could be further investigated for a large-scale regional studies.  

6) Potential field models to better support interpretation of boundaries / features. 
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Appendix. 
 
Ship-board data 

Data description 

Along with multichannel seismic reflection data (lines 1241, 1242 and 1243), ship-

board gravity and magnetic data were also collected during the 1994 Maurice Ewing 

“EW9409” cruise. These datasets are useful in delineating short-wavelength anomalies 

originating from sources at shallow-depths. And sometimes, shiptrack datasets serve as 

ground truth for the calibration of satellite-derived global grids (Sandwell et al., 2014). 

Apart from the current cruise trackline, I have also included gravity and magnetic datasets 

from other near-by cruise tracklines: BBAY212 (1970), L576BS (1976), L982BS (1982). 

But, in the following figures, the L982BS trackline data are not shown, because of its 

inconsistency with near-by tracklines. 

Gravity 

The free-air gravity anomaly plotted in Figure A1 suggests significant lateral 

variation in the density of rocks along the seismic profiles. The gravity low <30 mGal 

observed towards the south of the seismic lines indicates the presence of a thick layer of 

Quaternary sediment cover. The gravity high >40 mGal may indicate the presence of high 

density Mesozoic igneous basement. Most discontinuities in the gravity anomaly map 

coincide with faults inferred from the tomographic velocity models as indicated by numbers 

1-4 on Figure A1. 
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Figure A1. Overlay of free-air gravity anomaly on topographic map. The color circles represents earthquake epicenters. Numbers 1-4 and 7 in white color denote possible offshore extension of onshore 
faults. The white dotted lines offshore represent predicted direction of faults. The numbers along the profiles denotes the distance in km. For the legend, refer to Figure 5.6. 
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Magnetic 

Residual magnetic field intensity is overlain on top of the topographic map in Figure 

A2.The lateral extent of residual magnetic field anomalies depends mainly on the depth to 

the source. The shallower the depth of a body, the higher the amplitude, the shorter the 

wavelength, and the sharper the gradients of the anomaly.  

In the Figure A2, magnetic highs > 200 nT were observed towards the south end 

of the seismic profiles as denoted by feature ‘A’, which may indicate mafic and ultramafic 

rocks of the Peninsular arc terrane. This is consistent with airborne magnetic data 

discussed previously.  To the north, shorter wavelength anomalies with sharper gradients 

were observed which may be due to lateral variations of shallow intrusive igneous rocks. 

These features are generally consistent with the strong lateral variation of velocities along 

the seismic profiles. Faults 1-4 which are inferred from velocity discontinuities coincide 

with sharp magnetic gradients as shown in Figure A2.
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Figure A2. Overlay of residual-field magnetic anomaly on topographic map. The color circles represents earthquake epicenters. Numbers 1-4 and 7 in white color denote possible offshore extension of 
onshore faults. The feature ‘A’ with magnetic high > 200 nT may indicate Peninsualr terrane. The white dotted lines offshore represent predicted direction of faults. The numbers along the 
profiles denotes the distance in km. For the legend, refer to Figure 5.6 


