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1 INTRODUCTION

The mapping of Earth’s interior is among the most successful achievements in the 

geosciences. For much of the last century geoscientists and in particular, seismolo-

gists, have refined ideas and improved maps of the internal structure of our planet. 

From elementary observations of Earth’s shape, mass, and inertial properties, it is 

widely accepted that the planet is highly differentiated (Poirier, 1991) with a light, 

thin crust, lying on a thick mantle, which in turn rests on a dense core. From work 

based primarily on seismic observations, this differentiated structure can be closely 

approximated by homogeneous shells of uniform or slowly varying properties of 

depth (e.g. Dziewonski and Anderson, 1981). Material properties change with 

depth as a result of composition changes, or pressure and temperature increases. 

Major changes in Earth structure generally represent chemical and/or thermal 

boundaries, while other global transitions signal the onset and the end of pressure 

induced changes in mineralogy (e.g. Brown and Mussett, 1993). 

Earth’s outermost “shell” is the crust, which accounts for only a fraction of a per-

cent of Earth’s mass and volume (Turcotte and Schubert, 1982). However, the crust 

is an important geochemical reservoir, enriched with more than 30% of Earth’s 

potassium, uranium, and thorium (Taylor and McLennan, 1995). About 79% of the 

volume of Earth’s crust is continent, 21% is ocean, and the remaining 1% is transi-

tional between the two (Condie, 1993). The crust is about 40 km deep beneath the 
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continents and is composed principally of SiO2-rich igneous and metamorphic 

rocks overlain by sedimentary material (e.g. Meissner, 1986; Condie, 1993). The 

continents range in age from the earliest parts of Earth’s history to the present; the 

oldest crustal rocks are about 4 Ga (e.g. MacDougall, 1996). The long history of the 

continents is reflected in their complexity; continental crust can be strongly hetero-

geneous,  even its thickness ranges from about 15 to 70 km. Like the continents, the 

oceanic crust is a volcanic extract from the mantle but it is structurally and chemi-

cally different from the continents. For example, oceanic crust is much thinner, on 

the order of 7 km (ranges from 5 to 15 km), much younger (< 200 Ma), and chem-

ically more uniform than its continental counterpart. 

Beneath the crust is the mantle, the largest component of Earth by volume. The 

mantle is almost 3000 km thick and composed mainly of ultramafic silicates rich in 

olivine, pyroxene, garnet, or higher P equivalents (e.g. Condie, 1993). The mantle 

accounts for approximately 83% of Earth’s volume, and just under 68% of its mass 

(Turcotte and Schubert, 1982). At the greatest depths is Earth’s mostly iron core, 

composed of a liquid outer shell (the source of the geomagnetic field) and a solid 

inner (perhaps anisotropic) sphere. The core accounts for 16% of Earth’s volume 

and 32% of its mass (Turcotte and Schubert, 1982).

1.1 Important Questions

Many questions regarding the details of Earth’s structure remain unanswered, and 

are the focus of ongoing research. In this dissertation I focus on the nature of the 

continental crust underlying North America. Specifically, I explore the variations 
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in bulk crustal chemistry by estimating Poisson’s Ratio, a parameter sensitive to the 

amount of silica in rocks. The relationship between Poisson’s ratio and composition 

is not unique, but generally provides more information on composition that either 

P or S velocity alone. I also map variations in the Mantle-to-Crust Transition 

(MCT) thickness beneath the continent. The MCT may hold clues to the answers to 

important questions regarding crustal evolution. Is the MCT frozen at the time of 

creation of the crust? Is it modified only during large-scale plate interactions (sub-

duction, collision) or does it evolve as material is added to the base of the crust 

during underplating during rifting, plume or other volcanic processes? Can the 

character of the MCT be related to the recent or ancient geologic history of the 

region? The work described here does not provide answers to all these questions, 

but represents a step towards those answers. 

1.2 Why North America?

Central to any scientific study are  the observations. North America is an ideal field 

area for this work since it is a composite of tectonic provinces that vary in age and 

history, and it is the home of many seismic stations that provide a substantial data 

set for this survey (Figure 1.1). The western cordillera of North America includes 

the volcanic provinces in Mexico and the U.S. Pacific Northwest, a major strike-

slip boundary along the coast of California, the elevated, wide continental rift in the 

Basin and Range, and the Rocky Mountains. The large, stable eastern portion of the 

continent hosts the Appalachian Mountains, as well as the shields and platforms that 

comprise the eastern conterminous U. S. and Canada. Figure 1.1 is a map of the 
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locations of the seismometers used in this study. The stations are concentrated in 

regions of active tectonics, particularly in the western conterminous United States. 

Coverage of Mexico is limited to a single station, but Canada has a nice distribution 

of stations sampling several geologic provinces. Although many of the “older” 

regions of the continent suffer from less coverage, the number of stations is suffi-

cient to make a first -order investigation of crustal and MCT heterogeneity. 
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Figure 1.1 Broadband three-component seismic stations over the study area. 
Each symbol identifies the location of a station used in this work. Permanent and 
temporary stations are included. Regions of active earthquake activity are much 
better sampled than the more stable continental interior.
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1.3 Methods and Techniques

To estimate Poisson’s ratio I use receiver functions to examine the propagation 

times of P and S-waves traveling between Earth’s surface and the MCT (Zandt and 

Ammon, 1995; Zandt et al., 1995). I also use receiver functions to explore varia-

tions in the MCT thickness, but focus on the frequency-dependent amplitudes of 

waves converting from P-to-S waves at the MCT. The receiver function technique 

is ideal in regions of simple structure, but has some rather simple assumptions that 

often are inappropriate in regions of complex structure. Still, the method has proven 

to be a powerful tool, with relatively easy and inexpensive application, which pro-

vides a straightforward approach for imaging seismic velocity transitions in the 

lithosphere (e.g. Ammon et al., 1990; Owens, 1984; Langston, 1979) and upper 

mantle transition zone (e.g. Gurrola et al. 1994). Further, recent advances in seismic 

data collection and storage provide an unprecedented opportunity to gather large 

amounts of high quality, broadband, data that comprise an ideal data set for this 

study.

1.4 An Outline

Before launching into the seismological aspects of these investigations, I begin with 

a review of properties of the MCT and ideas on the evolution of continental crust in 

Chapter 2. This literature search was written as much for myself as for the reader, 

but the material forms the background under which the seismological results 

described in later chapters must be viewed. Since receiver functions are the primary 

data used in both investigations of the North American crust, I provide an overview 
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of receiver functions and receiver-function methods in Chapter 3. Again, much of 

this material is available in existing literature, but I also describe the method I 

developed and used to estimate the MCT thickness, which cannot be found else-

where. In Chapter 4, an alternative method to calculate receiver functions is 

described and tested. This method, based on the iterative process introduced to seis-

mology by Kikuchi and Kanamori (1982), results in simpler signals that ease inter-

pretation. Much of Chapter 4 appeared in Ligorría and Ammon (1999). With the 

reviews complete, I describe the data used in Chapter 5, which includes maps and 

a tectonic classification used to interpret the results in later chapters. Finally, 

Chapter 6 is a description of the Poisson’s ratio study, using the iterative deconvo-

lution method outlined in Chapter 4. Chapter 7 is a report of the variations in MCT 

thickness beneath North America. Although some interpretation is included in 

Chapters 6 and 7, a summary of the results and implications of this work is provided 

in Chapter 8. Since the data set is large and the interpretation is focussed on medi-

ans, averages, and general trends in the observations, I provide many of the detailed 

numbers and measurements in appendices that follow the main body of the text.



2 THE CONTINENTAL MANTLE-
TO-CRUST TRANSITION

In this chapter, I discuss the nature of the Mantle-to-Crust Transition (MCT), i.e. its 

composition, formation, and the processes that can affect those properties. This 

material is drawn from the published literature, and my goal is to provide adequate 

background for my investigations of crustal Poisson’s ratio and thickness variations 

of the MCT beneath North America, which are described in later chapters. The 

study of the MCT has a direct relationship to the study of all thermomechanical pro-

cesses that occur in the lithosphere (or tectosphere, if you like). The crust and upper-

most mantle form the plates of plate tectonics, and they constitute a package whose 

interactions forge most of the large scale surface tectonics that are the focus of geo-

logic investigation. The MCT is the structure across which the crust and mantle 

interact, couple, and sometimes decouple. An investigation of the MCT may pro-

vide valuable insights on lithosphere structure, evolution, and or the role of mag-

matic underplating in crustal growth, etc. (e.g. Clowes, 1993; Mengel and Kern, 

1992; Nelson, 1991; Rudnick, 1990; Mooney and Braile, 1989; Furlong and Foun-

tain, 1986). The MCT is a global boundary with global geologic importance. 

From a seismologists’ viewpoint, the MCT is in a class of geologic features that are 

perhaps most suitable for seismic investigation - major boundaries in elastic prop-

erties. Elastic boundaries are the source of specific seismic waves (reflections, 
7
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refractions, diffractions) that affect seismograms, the central data in any seismic 

analysis. In Chapter 6 I use waves traveling between Earth’s surface and the MCT 

to estimate the bulk elastic properties of the North American continental crust, in 

Chapter 7 I focus on the MCT, mapping thickness variations looking for systematic 

trends in the evolution of this compositional boundary between crust and mantle. 

Because of proximity of the lower crust and upper mantle to the MCT, a literature 

review of these regions is relevent to my later investigations of the crust and MCT 

beneath North America. Since the mantle provides the basic material to assemble 

the crust and the heat to drive element redistribution in the crust via magmatic and 

fluid activity (e.g. Taylor and McLennan, 1995; O’Reilly et al., 1997), the compo-

sition and structure of the continental mantle are important in any discussion of the 

continents and the MCT. The lower crust is perhaps the most enigmatic part of the 

continents and certainly the composition of the lower crust is the largest unknown 

in estimates of the bulk composition of the crust (e.g. Taylor and McLennan, 1995; 

Rudnick and Fountain, 1995).

I begin with a definition of such common terms as mantle, crust, and MCT, which 

can be distinct from the “seismic Moho”. Following a brief introduction to the tran-

sition, I review the nature of the upper mantle and lower crust. Next I describe pre-

vious investigations of the MCT after which I conclude with a review of tectonic 

processes that can affect the nature of the MCT. The subject is vast and this review 

is by necessity limited in scope. I hope to introduce the most relevant material on 

the subject, and I hope to provide a starting point for the interested readers.
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2.1 Moho, Crust-Mantle Boundary, and MCT

The distinction between crust and mantle as petrological units is relevant for the 

interpretation of large-scale processes such as the nature of Earth’s accretion, crust-

mantle evolution, and the concept of crustal growth (O’Reilly, 1989). The differ-

ence between the seismic Moho and petrological crust-mantle boundary goes 

beyond semantics and is related to the very definition of the Earth’s crust and man-

tle. I use the term crust to identify material that has been extracted from the mantle. 

It consists largely of silicate material formeed during Earth's early differentiation 

and extraction of the continental crust, with later additions through a variety of 

magmatic processes. The petrologic crust-mantle boundary is a compositional fea-

ture. The seismic-geophysical Moho is a boundary between materials with differing 

elastic properties (Mengel and Kern, 1992). Neither is necessarily a first-order 

(sharp) boundary.

Usually, it’s acceptable to assume that the two features coincide, but that is not 

always the case. The continental lower-crust and the upper mantle materials may 

have similar seismic velocities. For example, mafic lower crust could have indistin-

guishable seismic properties from mantle rocks at 30 – 50 km depth, as long as the 

constituent minerals have attained thermodynamic equilibrium (Hynes and Snyder, 

1995). An increase in lower-crustal velocity from “pure-crustal” to “pure-mantle” 

values may reflect the appearance of garnet, which depends on composition and 

thermomechanic environment where mineralogical changes occur (e.g. O’Reilly 

and Griffin, 1996; Anderson, 1989; Jordan, 1979). In other cases, hydrated upper-
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mantle rocks may be seismically indistinguishable from lower crustal rocks (Ander-

son, 1989). Under hydrous conditions at shallow mantle temperatures, peridotite 

can metamorphose to serpentinite resulting in a significant reduction in density and 

seismic velocity. 

Two notable examples illustrate the potential differences between the MCT and the 

seismic Moho. First, beneath the relatively simple oceanic crust, the MCT and the 

seismic Moho are not coincident (e.g. Brown and Mussett, 1993). Thus our best 

example of the MCT shows a seismic-petrologic discrepancy. Second, at one well 

studied exposed section of continental MCT near Val Malenco in the Italian Alps, 

Hermann et al. (1997) inferred that mantle-like seismic velocities for a garnet-rich 

restitic granulite (crustal material). Although their inference is based on a density-

velocity extrapolation, it is possible that in this one-kilometer thick MCT, the seis-

mic Moho does not coincide with the petrologic crust-mantle boundary but is prob-

ably located in the lowermost continental crust (Hermann et al., 1997).

Two other examples of discordant MCT and seismic Moho’s based on in situ 

observations on continents are:

• Hynes and Snyder (1995) observed anomalous strong seismic reflectors  20-

30 km deeper than the presumed seismic Moho beneath the Scottish Cale-

donides. Hynes and Snyder (1995) hypothesized that the deep reflector is the

petrologic crust-mantle boundary and the shallower structure is a result of rocks

with crustal composition possessing a high-pressure mineralogy that produces

mantle-like seismic characteristics. 
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• In southeastern Australia, a seismic-petrologic discrepancy is suggested by a

difference between xenolith and seismic observations (Figure 2.1). Xenolith

data place the MCT at the depth several kilometers above the seismic Moho

(O’ Reilly and Griffin, 1996). However, Clitheroe (1999) suggested that the

what’s observed is only an apparent discrepancy resulting from measurement

and interpretation uncertainty in both seismic and petrologic observations.

To better understand these observations, and the nature of the MCT, we must inte-

grate information regarding the composition and mineralogy of the lower crust and 

upper mantle with observations of the MCT and seismic Moho. In the next section 

I outline some of what we know about the upper mantle and lower crust. 
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Figure 2.1 Example of discrepancy between estimations of the seismic Moho 
and the petrologic crust-mantle boundary (modified after O’Reilly and Griffin, 
1996). The latter is determined by reference to a known geotherm (Southeastern 
Australia Geotherm), that points out the spinel-lherzolite stability field (~ 800 
ºC). The cartoon of a seismic reflection section contains strong reflections near 
the base of the crust, which are interpreted as the seismic Moho.
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2.2 General Trends in Continental Lithosphere 
Properties

Shields and platforms occupy by far the largest area of continents. Hence, although 

several authors have overemphasized the significance of crustal structure of Phan-

erozoic crust, Precambrian crust is more “typical” continental crust (Christensen 

and Mooney, 1995). As explained later, there seems to be a secular change in the 

nature of lithosphere genesis processes. Therefore, models of lithosphere formation 

based on modern processes may be inadequate, even for Proterozoic time, and are 

almost certainly not applicable to Archean time. Crustal volumes and the underly-

ing lithosphere mantle have been formed together, and generally have remained 

coupled together thereafter (Griffin et al., 1998).

The Archean lithosphere may be the refractory residue of an ancient high-tempera-

ture differentiation process. Lithosphere under Archean cratons has been protected 

from outside influences by a combination of circumstances: it is cold, strong, it has 

high viscosity, it is probably refractory compared to lithosphere elsewhere, it is also 

buoyant and is isolated from active tectonics (Anderson, 1995). The stability and 

thickness of Archean mantle is directly related to its low density, which in turn 

reflects its high degree of depletion in basaltic components (Griffin et al., 1998).

The traditional idea of Archean crust of the shield-type is that it tends to be thick, 

with a dominant gabbro underplate, with Vp higher than 7 km/s (Durrheim and 

Mooney, 1994). There is an apparent correlation between tectonothermal age and 

MCT depth: crust thickens with age. This may be due to (a) magmatism associated 
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with extension processes, (b) accretion to existing continents, and (c) long term 

chemical and volume changes of crust-forming, mantle-derived magmas (Jarchow 

and Thompson, 1989). As a rule of thumb, the velocity contrast around the MCT 

tends to be less drastic beneath young orogenic zones (0.5-1.5 km/s) than beneath 

cratons (1-2 km/s) (Anderson, 1989).

There are differences between the lowermost structure of Archean and Proterozoic 

crust (Durrheim and Mooney, 1994) that may reflect different modes of crustal for-

mation. In addition, the bimodal distribution of P-velocities beneath shields and 

platforms suggests two crust-forming processes: 1) Low-velocity lower-crust 

implies an arc magmatism mechanism, and 2) High velocities, suggest underplating 

processes or the presence of high-grade metamorphic rocks of supracrustal origin 

(metapelites). During the Phanerozoic, magmatic underplating appears to supple-

ment arc magmatism as a means of continental growth (Holbrook et al., 1992). The 

evidence of a Proterozoic crust thicker than Archean crust, suggests that Archean 

crust generally lacks the basal high velocity layer (and it appears taht way where it 

can be checked). Further, geochemical analyses of sediments and mantle xenoliths 

have been interpreted to show clear difference between Archean and Proterozoic 

lithosphere (Durrheim and Mooney, 1994). A further difference is in the velocity 

gradient of the MCT, which is estimated to be about 0.4 ± 0.2 s-1 at the base of 

Archean crust, while the gradient beneath Proterozoic crust is generally smaller 

(Durrheim and Mooney, 1994).
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The latter observation is consistent with the information provided by xenolith stud-

ies, which indicate that Archean mantle contains significant amounts of depleted 

garnet lherzolites, concentrated in zones 150-180 km deep, and the dominance of 

depleted lherzolites at shallower depths. Phanerozoic samples from the same data 

set show a lithospheric mantle characterized by more fertile compositions, abundant 

evidence of multiple metasomatic events and rare harzburgites. Therefore, xenolith 

data suggests an increase in average clinopyroxene/garnet ratio from Archean 

through Proterozoic to Phanerozoic time (O’Reilly et al., 1997). This secular 

change can be due to a decline in mantle temperature, which plays a major role in 

the magmatic and rheologic processes of crustal evolution (Christensen and 

Mooney, 1995). A consequence of the depleted character of Archean lithosphere is 

that it may have become more refractory, less vulnerable to partial melting, stiffer 

and more stronger, thereby inhibiting convection and reducing heat flow (Durrheim 

and Mooney, 1994). 

While there is a good correlation between Archean cratons and high velocities, lit-

tle correlation exists for younger cratons and mobile belts. The high velocity 

region beneath cratons may be a static keel or a dynamic down-welling (Anderson, 

1995). Common features for Proterozoic crust include (Mooney and Braile, 1989):

• Top of the middle crust (Vp ~ 6.6 km/s) is everywhere at 19 ± 4 km

• A mafic lower-crust (Vp ~ 7.0 - 7.6 km/s) is present with 7 to 15 km thickness

• Crust thickness is about 45 ± 5 km
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• Lower-crustal layer often has high velocity gradient and sometimes grades

smoothly into the upper-mantle. This layer most likely consists of high-grade

intermediate-to-mafic composition metamorphic crust.

Average cratonic (or shield) geotherms are the lowest lithospheric geotherm. 

Indeed, geotherms constructed from xenoliths in kimberlites may suggest a lithos-

phere that is relatively thermally unperturbed (O’Reilly and Griffin, 1996).

After the marked change at the Archean-Proterozoic boundary, there has been a 

steady change in mantle melting and crustal generation process, to produce progres-

sively less depleted subcontinental mantle through time (Griffin et al., 1998). Phan-

erozoic (Cambrian and younger) crust tends to be about 30 km thick, with relatively 

low average velocity, indicative of high degree of crustal differentiation (Durrheim 

and Mooney, 1994). Nearly all continental crust with thickness outside the 24 – 56 

km range is late Cenozoic in age. This observation implies that thick crust will not 

remain thick but will evolve toward typical ~40 km crust (Christensen and Mooney, 

1995). However, if underplating of mafic magma is a process taking place every-

where, it may suggest that the hypotheses of a constant crustal thickness is likely to 

be misleading, since the crustal thickness seems to change with time (age) (Nelson, 

1991).

2.2.1 Physical Properties of The Continents
I conclude with a summary of important properties of the continental crust. The pre-

cise breakdown of global crustal geology depends on the reference. Condie (1993)  

lists area extents of shields, platforms, paleozoic, and younger orogens separately. 
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Christensen and Mooney combine orogens, but list extended crust separately. Zandt 

and Ammon (1995) used the classification of Condie in their analysis of global 

Poisson’s Ratio variations. For global comparisons, I will later use the classifica-

tions of Christensen and Mooney (1995). Table 2-1 is a summary of several impor-

tant physical properties of the continental crust. Surface area and mean thickness 

are taken directly from Christensen and Mooney (1995), Volume percentage is 

computed from the area and thickness, and average heat flow is from Condie (1993) 

with two exceptions. The average heat flow is from Pollack et al., (1993) and the 

continenal arcs heat flow corresponds to the Cenozoic igneous province in the same 

reference.

2.3 The Upper Mantle and Lower Crust

Observations of the in situ environment around the continental MCT are key to any 

understanding of the processes taking place near the MCT and how they relate to 

the lithosphere. The term lithosphere has different connotations within subdisci-

plines of the geosciences. Geochemists view the lithosphere as a reservoir that can 

Table 2-1: Physical Properties of the Continents

Crustal
Type

Surface 
Area
(%)

Mean 
Thickness 

(km)
Volume

(%)

Average
Heat Flow
(mW/m2)

Shields (15%) &  Platforms (44%) 69 41.5 73 46 

Orogens 16 46.3 19 62

Extended Crust (Basin & Range) 9 30.5 7 77                                         

Continental Arcs 1 38.7 1 97

Total 100 41.0 100 65
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remain isolated from convective mantle for more than 109 yrs and that can be remo-

bilized or melted to provide continental flood basalts (Anderson, 1995). Other 

“lithospheres” in the literature include the crust and the seismic high-velocity layer 

(i.e. lid), the elastic shell, tectosphere, the mechanical boundary layer (MBL), the 

plate, and the thermal lithosphere (e.g. O’Reilly and Griffin, 1996; Anderson, 1995; 

Chapman and Furlong, 1992; Jordan, 1988). Usually the thermal definition is 

favored in geophysics. In this view, the base of the lithosphere is bounded by the 

1300 °C isotherm, which also defines the boundary between strong, elastic, brittle, 

high velocity mantle and weak ductile, low-velocity mantle immediately below 

(Anderson, 1995).

2.3.1 The Upper-Mantle
Because it is inaccessible, the composition of the upper-mantle has been inferred 

through indirect evidence and theoretical models. The upper-mantle is assumed to 

be the residuum of crust formation (O’Reilly, 1989) and petrological models sug-

gest that since basalts represent melts, and some peridotites residues of melting, 

some mixture of these rocks should approximate the composition of primitive 

upper-mantle. The source of mid-ocean ridge basalt (MORB) has been the logical 

choice for upper-mantle composition, since MORBs represent the most uniform 

and voluminous magma type (e.g. Anderson, 1995; Rudnick and Fountain, 1995; 

Anderson, 1989), although non-MORBs have been attributed to continental crustal 

contamination or to melting of “primitive” lower mantle plumes. Approximately 

four billion years of crustal extraction from the mantle have resulted in an upper 

mantle depleted in elements that are concentrated in the continents (Anderson, 
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1995). Since the extraction process was gradual, the mantle became more and more 

depleted as the continental reservoir grew. The evolution of these reservoirs may 

produce systematic variations in crustal composition with age, but any such trends 

have been difficult to identify with geophysical measures. The only well established 

differences are between Archean and younger crust (e.g. Durrheim and Mooney, 

1994; Griffin et al., 1998).

Petrologic models also suggest that the extraction of crustal material from the 

mantle leaves behind ultramafic materials which are chiefly composed of ferro-

magnesian minerals with relatively low silica content. Peridotite  (lherzolite, dunite, 

harzburgite) is the general name applied to ultramafic rocks composed primarily of 

olivine, orthopyroxene, and clinopyroxene (Figure 2.4). A potential problem in 

confirming peridotite as the major upper mantle constituent is that it has similar 

compressional wave velocities as eclogite, a dense clinopyroxene-garnet-rich rock, 

i.e. a high-pressure form of MORB and picrite (Anderson, 1989). However, the 

 ratio of mafic rocks increases with garnet, clinopyroxene, or FeO content, 

enabling eclogitic rocks to be distinguished from peridotitic rocks (the anisotropic 

properties of these two rocks also differ).The integration of different sets of elastic 

constants (i.e. velocities) and consideration of possible rock types (from felsic to 

ultramafic), leads to the conclusion that velocities of ultramafic rocks most closely 

fit observed Pn velocities, supporting a dominant ultramafic composition of the 

upper-mantle (Jarchow and Thompson, 1989). Further support for the ultramafic 

nature of the mantle comes from ophiolite studies, which suggest that the upper 

V P V S⁄
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mantle beneath oceanic crust is dominantly composed of plagioclase lherzolite 

beneath slow spreading ridges and harzburgite (with dunite) beneath fast spreading 

ridges.

Xenoliths, rocks brought to Earth’s surface by volcanic activity,  provide additional  

information on upper-mantle composition. Xenoliths observed in alkali basalts 

from continental rifts contain ultramafic spinel lherzolites, while garnet lherzolites 

(assumed to have originated from depths greater than about 100 km) are more 

common in kimberlite volcanics (Condie, 1993). Both samples suggest that the 

mantle rocks have had less than 10% basalt extracted from the original rock. Evi-

dence from garnet lherzolites supports an upper-mantle under continents containing 
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Figure 2.2 General classification of ultramafic rocks according to the relative 
content of the three main constituent minerals: olivine, orthopyroxene (opx) and 
clinopyroxene (cpx) (modified after Anderson, 1989).
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garnet (~6%), clinopyroxene (~3%), orthopyroxene (~27%) and olivine (~64%) 

(Jordan, 1979). Lastly, geochemical analyses indicate that the upper-mantle is het-

erogeneous. Although the configuration of distinct mantle geochemical reservoirs 

is poorly mapped, variations in the mineralogy and composition in the upper mantle 

should be kept in mind when interpreting observations and drawing conclusions 

from seismic observations. 

2.3.2 The Lower-Crust
The composition of the lower-crust is the largest source of uncertainty in determin-

ing the continental crust’s overall composition (e.g. Rudnick and Fountain, 1995; 

Taylor and McLennan, 1995). In general, the lower-crust is presumed to be litho-

logically heterogeneous, with an average mafic composition, but it may range to 

intermediate bulk composition in some regions (Rudnick and Fountain, 1995). Esti-

mates of Poisson’s ratio (e.g. Zandt and Ammon, 1995; Chapter 6) suggest that at 

times the lower crust may approach felsic compositions. The strong heterogeneity 

in the lower crust suggests that it can be composed of metamorphosed rocks 

(including sediments pushed deep during collisions) or igneous rocks. As reference 

for the following discussion, Figure 2.3 is a summary the main groups of crustal 

igneous rocks and their major mineral components.

Part of the conundrum in unraveling the average properties of the lower crust arises

from one of the major paradoxes in crustal geochemistry - xenolith data suggest a

mafic composition, while exposed sections of the lower crust favor a more interme-

diate composition. Both data sets are subject to problems of interpretation, includ-
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ing the simplest question, is either is representative of the true lower crust? Exposed

geologic cross-sections of the lower crust may be grouped according to the mecha-

nism that exposed the terrane. The four main groups, and some examples of conti-

nental locations are (Percival et al., 1992): a) Compressional uplifts (e.g.

Kapuskasing uplift, Ontario, Canada; Ivrea Zone, Italy; Kohistan arc, Pakistan), b)

Wide-oblique transitions (e.g. Pikwitonei granulite domain, Manitoba, Canada;

Western gneiss terrane, Australia), c) Impactogenic uplifts (e.g. Levack gneiss

complex, Superior Province, Canada; Vredefort dome, South Africa), and d)

Transpressional uplifts (e.g. Tehachapi complex, Sierra Nevada, California; Fiord-

land, South Island, New Zealand).

Many of the exposed geologic sections are in fact segments of continental or arcs

that were deeply buried during collisions but relatively quickly (they didn’t equili-

brate under lower crustal conditions) worked their way back to Earth’s surface
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Plagioclase
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Groups
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Figure 2.3 General classification of igneous rocks according to mineral content 
(modified after Hambling and Howard, 1995).



22
(Taylor and McLennan, 1995; Rudnick and Fountain, 1995). Recent analysis of the

pressure-temperature history of many of the more felsic high-grade terranes suggest

that they experienced only a brief time in the deep crust, and thus follows the infer-

ence that they are not representative of “mature” continental lower crust (e.g. Rud-

nick and Fountain, 1995; Hermann et al., 1997). Isobarically cooled granulites,

which are generally more mafic, are interpreted as more representative of the lower-

crust (Hermann et al., 1997). Thus although many exposed high-grade terranes sug-

gest a more felsic composition, xenoliths and isobarically cooled high grade expo-

sures are believed to be more representative of typical continental lower crust, and

they are more mafic (Taylor and McLennan, 1995; Rudnick and Fountain, 1995).

Other data are consistent with a mafic lower crust. Heat flow observations on the

continents and estimates of the upper crustal composition indicate that the lower

crust must be relatively depleted in heat-producing elements (Taylor and McLen-

nan, 1995). If this is not the case, then the entire heat flowing out Earth’s surface

above many low heat-flow provinces of the continents would be produced within

the continental crust, leaving no input from the mantle. Seismic evidence also sup-

ports a lower crust of mafic composition. Holbrook et al., (1992) performed a

world-wide compilation of seismic refraction studies and concluded that roughly

half (53%) of the lower continental crust has “mafic” like velocities. Their average

continental crustal thickness was 41 km, with an average  of 6.45 km/s overlying

an upper-mantle of  ~ 8.09 km/s. These values and the work of (Christensen and

Mooney, 1995) suggest that a lower continental crust lithology that is chemically

equivalent to gabbro, but garnet granulite seems to be the dominant rock type

V P

V P
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immediately above the MCT. Using observations of  in combination with

geochemical and heat flow information, the P-velocity measurements can be satis-

fied by a lower crust composed of mafic granulites (e.g. Rudnick and Fountain,

1995). An “average” lithology for the lower-crust would include at least as 65%

mafic granulite with 5% metapelites and perhaps 30% intermediate felsic granu-

lites. Estimated normative mineralogies for the upper and lower crust from Taylor

and McLennan (1995) are shown in Figure 2.4.

These are of course, average properties of a complex geologic environment. Sev-

eral properties of the lower crust are believed to vary with tectonic age and or geo-

logic province. For example, the continental lower crust ranges from nearly 
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transparent to highly reflective (Mooney and Meissner, 1992). Mooney and Meiss-

ner (1992) outline the variation for several tectonic environments:

• Precambrian crust has a structureless lower crust, which contrasts with struc-

tural features in upper and middle crust. 

• In Proterozoic orogens there is sometimes evidence of suture zones extending

throughout the lower-crust. Phanerozoic orogens, have apparently lost their

roots and show sub-horizontal reflectivity although some suture zones remain.

Paleozoic orogens tend to have a transparent lower-crust; e.g. most of the Appa-

lachians, show a transparent lower-crust, with exception of the eastern section,

where the lower-crust seems to be affected by collision and becomes highly

reflective as it extends into the passive opening of the Atlantic platform.

• Young (post-Mesozoic) orogens show crustal roots that seem to be in isostatic

equilibrium. The lower-crust reflects recent tectonics, and sub-horizontal pat-

terns may be the result of multiple shear zones and delamination.

• Recently extended crust has a highly reflective lower-crust, in contrast to nearly

transparent upper crust and upper-mantle.

The origin of extensive lower-crustal layering inferred from its high reflectivity, 

could be explained as a combination of (e.g. Mooney and Meissner, 1992; Rudnick 

and Fountain, 1995): high velocity intrusions (  ~ 6.6 km/s) within a lower 

velocity matrix (  ~ 6.0 km/s), fine scale layering typical of high-grade meta-

morphic terranes, faults that juxtapose contrasting rock types, significant anisot-

ropy associated with metamorphic rocks, and or thin metamorphic layers together 

V P

V P
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with high pore pressure or partial melt. Warner (1990) discussed the following 

hypotheses regarding the highly reflective character of the lowermost crust:

1. Shear zones due to strain fabrics, faults or ductile shearing. Shear zones are 

favored if we assume that different rheologies of lower-crust and upper-mantle 

might produce a different character on seismic data. Shearing of equi-dimen-

sional pre-existing heterogeneities would produce laminar (or lenticular) bodies 

within shear zone. An objection to the shear zones model is the fact that no 

direct correlation exists between the present day position of the brittle-ductile 

transition and the top of the reflective layering. Further, unrealistically large 

strains are necessary to produce continuous shear structures to explain continu-

ity of reflections throughout the whole lower-crust. Indeed, rheologic models of 

the crust predict weakening of strain with depth, which makes juxtaposition or 

shearing heterogeneity very unlikely.

2. Underplating processes at the base of the crust. Underplating is related to sills, 

layered intrusions, or cumulates, thought to be trapped around the MCT by a 

combination of density contrast and/or changing rheology. This hypothesis is 

supported by the reflective coefficient (> 0.1) of mafic intrusions into granitic or 

andesitic crust. Lower-crust xenoliths indicate mafic granulites as dominant 

components of the medium. Further, underplating may provide a heat source to 

drive high-grade metamorphism and produce crustal granulites, which would be 

difficult to explain without partial melting within the underlying upper-mantle. 
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3. Aqueous fluids within stratified porosity. This idea is supported by the fact that 

seismic velocity in rocks can be dramatically reduced by the presence of small 

amounts of fluids. The high electrical conductivity of the lower-crust is difficult 

to explain without saline fluids (although graphite has also been proposed to 

explain these observations). However, petrological observations are inconsistent 

with long-lasting free water at the MCT - observed small scale heterogeneity in 

oxygen isotopic ratioswould be homogenized in the presence of water. The lat-

ter objection is supported with the occurrence of anhydrous granulites within 

lower-crustal xenoliths and at the base of exposed geologic cross sections. In 

support of these ideas, experimental work by Markl and Bucher (1998) showed 

that salt and chlorine-rich minerals may form from an originally water-rich fluid 

through short-lived series of hydration reactions in granulites. Their work shows 

that fluid was present in the lower-crust in only small amounts and was not sta-

ble over geologically long periods of time, i.e. lower-crust is likely devoid of 

free fluid phase during most of its history. 

2.3.3 The Upper Crust
The upper crust is generally much better exposed and sampled by geologic pro-

cesses, and thus its composition is much better known. From the analysis of 

exposed rock types, the composition of sedimentary rocks and soils, a fairly stable 

estimate of the composition of the upper crust (Figure 2.4) has been established 

(Taylor and McLennan, 1995). In comparison with the lower crust, the upper crust 

is more enriched in felsic materials, including heat producing elements. Typically 
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the upper crust has a lower seismic velocity, Poisson’s ratio, and density than its 

lower counterpart (Christensen and Mooney, 1995).

The chemical differences between the upper and lower crust are thought to be the 

result of magmatic differentiation and enrichment of the upper crust by crustal melt-

ing (at least since the Proterozoic) (Taylor and McLennan, 1995). The depletion of 

Europium (Eu) in post-Archean sediments provides the evidence that much of the 

post-Archean upper crust has an intracrustal origin (crustal melting leaves Eu in 

plagioclase) (Taylor and McLennan, 1995). Exactly when differentiation occurs 

may vary, but likely events include arc volcanism, underplating, and collisional 

processes.   

2.4 The Mantle-To-Crust Transition

Since we have two general classes of crust, oceanic and continental, it is reasonable 

to expect that there may be differences between the MCT that underlies each 

(Figure 2.5). My  comparison of the properties of the oceanic and continental MCT 

structures closely follows the earlier work of Jarchow and Thompson (1989). Some 

of the inferences regarding the nature of the MCT are questioned later when more 

recent surveys are reviewed.

2.4.1 Continental and Oceanic MCTs

In general, differences between oceanic and continental MCT can be summarized 

as follows (Jarchow and Thompson, 1989):
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• The Oceanic MCT is a zone of almost constant thickness, containing mafic and

ultramafic lithologies mostly made of discontinuous lenses with sharp contacts.

It forms contemporaneously with the oceanic crust and is not significantly mod-

ified with time. The oceanic MCT seems to be continuous, about one-km thick,

but may be thicker near hot-spots. 

• The continental MCT has a heterogeneous nature, separating an upper-mantle

composed of several varieties of peridotitefrom a lower-crust composed of

eclogite, mafic granulite, some silicic granulites and gabbro-amphibolite. The

continental MCT has a complex genesis. In old shields and cratons it tends to be

deeper and a smooth gradational contrast, possibly due to relatively less melting

and differentiation subsequent to its formation. Young orogenic zones, on the

other hand, show substantial MCT topography, possibly associated with crustal

thickening by means of low-angle thrust slivering. The Continental MCT under

island arcs resembles the oceanic MCT, i.e. a mafic-ultramafic transition due to
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active igneous-metamorphic processes, but the mantle directly below the MCT

may be actively deforming. A similar case occurs beneath regions of recent,

continental extension. 

In short, the main differences between typical continental and oceanic MCT’s are 

that the transition beneath the continents can be much older and is more variable. 

Investigations of the boundary continue, and more insights into the MCT complex-

ity have been uncovered in recent seismic surveys.

2.4.2 Seismic Images of the MCT
Although seismic methods are arguably the best geophysical tool for observing the 

MCT in situ, clearly the best constraints regarding the structural characteristics of 

the continental MCT come from coincident application of complementary methods, 

including seismic reflection/refraction studies, xenolith analysis, petrologic model-

ing, etc. Associated with any seismic study must be consideration of resolution. Ver-

tical resolution of seismic reflection profiling is comparable to one quarter of the 

wavelength (λ) of seismic signal. For a  ~ 6.0 km/s and a frequency around 25 

Hz, vertical resolution could be up to 60 m. Fresnel zone (horizontal resolution) is 

about 3 km at 30 km depth for such frequency range (Mooney and Meissner, 1992; 

Dobrin and Savit, 1988; Telford et al., 1985). 

Normally, resolution is incorrectly assumed to increase with frequency. More cor-

rectly, resolution increases with signal band-width. In particular, one short-coming 

of reflection and to some extent refraction studies of the MCT are their lack of long-

period signals, which would be more sensitive to smooth changes in velocity that 

V P
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produce no high-frequency response. The high-frequency signals in reflection data 

show sharp changes in structure but any discussion of broad variations must include 

other observations (such as diving waves, or longer-period body wave studies such 

as receiver functions). Other problems with reflection studies include the variability 

in signal quality from the deep crust caused by variations in signal amplitude result-

ing from differences in geometrical spreading, scattering, intrinsic attenuation, as 

well as near-surface complexity.

Comparison of synthetically derived seismic amplitude spectrum, amplitude varia-

tions with offset, waveform character, and travel time curves, suggest a structure 

that resembles a laminated arrangement with alternating lenses of high and low 

velocities as a plausible explanation for the MCT (e.g. Mooney and Meissner, 

1992; Mooney and Braile, 1989; Hale and Thompson, 1982). Among the possible 

explanations for a laminated MCT are the presence of relatively undeformed 

metasediments in the lower-crust, cumulate layers after a mix of mantle-derived 

magma and lower-crustal rock, ductile deformation of rocks, lenses of partial melt 

and the respective crystallization products (Hale and Thompson, 1982). However, 

Larkin et al. (1997) pointed out that a rough MCT could generate a similar seismic 

reflection response as a velocity gradient which again complicates direct interpre-

tation of high-frequency, narrow-band reflection and refraction observations.

Uniformity in data quality is also important for sound generalizations of seismic 

profiles. Hammer et al. (1997) re-examined trends in MCT structure inferred from 

previous seismic reflection/refraction studies using a modern, more uniform qual-
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ity set of observations from the Canadian LITHOPROBE program. From these 

high quality data, Hammer et al. (1997) inferred a more complicated nature of the 

MCT than had previously been surmised from reflection and refraction profiling. 

Their conclusions suggest that the nature of the MCT is dependent on the tectonic 

history of the structure. They found that regions experiencing substantial crustal 

strain (extensional or compressional) were likely to have a sharp, strong signal to 

the MCT. However, their primary conclusion was that the variations in Moho 

reflectivity signatures are not simply correlated with tectonic age or geologic prov-

ince.

2.4.3 Exposed MCT Cross-Sections
Metamorphic rocks from exposed sections assumed to equilibrate under pressure 

and temperature conditions comparable to those expected at the base of the conti-

nental crust may provide key information of the MCT environment. Seismic veloc-

ities and densities of samples from these complexes correlate with values 

determined for the lower-crust through geophysical observations (e.g. Percival et 

al., 1992; Fountain and Salisbury, 1981). Therefore, examination of exposed cross-

sections of the continental crust can place valuable constraints on theories concern-

ing the evolution of the MCT.

The dominant structural fabrics of exposed sections are sub horizontal, which prob-

ably result from a combination of processes including (Percival et al., 1992): 1) silt-

like igneous transition; 2) compressional low-angle shear; and 3) extensional col-

lapse or spreading. The idea of lower-crust growth through underplating is sup-

ported in places like the Ivrea zone, where nearly 17% of the crust section was 
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formed through underplating of magma derived from the mantle (Voshage et al., 

1990). But alternative interpretations of exposed cross sections indicate that 

exposed cumulates may result from fractionation of mafic magmas ponded at the 

base of the crust, mafic and ultramafic cumulates would become part of the geo-

physically-defined mantle (Percival et al., 1992). 

The most cited example of an exposed, continental paleo-MCT is the Ivrea Zone in 

the western Italian Alps, although recent work suggests that the feature is actually 

a fossil accretionary prism, not “typical” lower continental crust (Hermann et al., 

1997). Herrmann et al., (1997) studied the Val Malenco exposure, also located in 

the Italian Alps, which they believe is more representative of a “typical” MCT. 

They observed a complex, at least one-kilometer thick transition from mafic lower 

crust to ultramafic, peridotite mantle. The Val Malenco transition (Figure 2.6) is 

composed of a mixture of dense pelitic granulite, gabbro, and peridotite (Hermann 

et al., 1997).

Figure 2.6 Sketch of the petrologic variations in the Val Malenco, Italy exposed 
section of the MCT. The boundary is complex and about one kilometer thick 
(From Herrmann et al., 1997).
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In summary, the continental MCT is rarely exposed at Earth’s surface and difficult 

to image in detail with indirect methods. The variability of the structure is signifi-

cant and complicates our understanding its role in tectonics, history, and evolution 

of the continents. In view of the observed structural complexity, any effort at under-

standing the nature of the MCT must include consideration of the processes that are 

involved in the formation and modification of the transition. 

2.5 Formation of the Continental MCT

The processes through which the continental MCT forms and evolves are a matter 

of current scientific debate. In continental arc regions, it seems obvious that these 

processes are very similar to those found in oceanic island arcs. However, fraction-

ation processes are probably different beneath continental crust environments, 

because the chemical transition from mantle to crust environments will be strongly 

affected by the heterogeneity of the medium in anatectic processes. 

After basalt fractionation at the critical pressure-temperature level, at the top of the 

mantle, the residual material cannot return to the deep mantle at the site of differen-

tiation, because its density is lower and its resistance to deformation has increased 

by the elevation of its solidus through loss of volatiles. Therefore depleted mantle 

attaches to the lithosphere in the region surrounding the site of differentiation (Jor-

dan, 1979). The fact that some ultramafic xenoliths and all mafic xenoliths recov-

ered at some volcanic arcs (e.g. Adak region, Alaska) are undeformed, suggests that 

the deformation at these depths may be localized at the MCT (De Bari et al., 1987). 

Accordingly, hybridization is always likely to happen in strong compositional con-
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trasts between crustal rocks and mafic magmas (McCarthy and Patiño-Douce, 

1997). MCT formation in continental lithosphere could also be a process through 

which gabbroic rocks, at depths typical of the seismic Moho (~35 km), form garnet 

and sodic pyroxene at the expense of plagioclase and this process would lead to 

eclogitization (Hynes and Snyder, 1995).

Through the simulation of hybridization processes, a scale of about 103 m was 

assigned for the melt extraction and hybridization processes to take place at the 

MCT (McCarthy and Patiño-Douce, 1997). The crystallization sequence in gabbros 

at the Val Malenco region (Italian Alps) is consistent with crystallization at 1 – 1.2 

GPa, which correspond to 35 – 42 km depth for the MCT at the time of gabbro intru-

sion (Hermann et al., 1997). Formation of the MCT by magmatic underplating and 

overplating will be accompanied by an elevated, strongly curved geotherm. This 

geotherm will decay when magmatic activity ceases and a conductive geotherm 

takes over, with a time constant around 10 Ma. (O’Reilly, 1989).

The thickness of the MCT is a function of the volume of emplaced material, since 

crustal addition is directly related to the volume of melt generated at the MCT, 

which depends on the amount that the temperature of the mantle surpasses the soli-

dus and also the behavior of the involved material (Furlong and Fountain, 1986). 

Critical factors that affect crustal anatexis processes and MCT dimensions include 

temperature, enthalpy, rheological properties, and composition of rocks undergoing 

partial fusion (Raia and Spera, 1997).



35
2.6 Modification of the Continental MCT

The processes of modification of the continental MCT have a direct relationship

with all those mechanisms of dynamic exchange between crust and mantle materi-

als. The mapped structure of the MCT does not always reveal a direct correlation

with surface geology structures, suggesting that the MCT can be a relatively young

feature that may not be able to sustain deformation for long periods of time or is

decoupled from upper crustal tectonics (Larkin et al., 1997). Although the MCT at

accreted terranes can be structurally modified through terrane collision or slivering,

the fundamental character of the transition seems to be ruled by igneous processes

originated at the upper mantle (De Bari et al., 1987).

Some of the more relevant processes affecting the evolution of the MCT would 

include (Mengel and Kern, 1992; Arndt and Goldstein, 1989), (Figure 2.7):

• Influx of mafic magma from the mantle, accompanied with differentiation of

this magma in the lower-crust and return to the mantle of ultramafic cumulates

such as the intrusion of basaltic magmas at the base of the crust.

• Continent-continent collision, which induces lower-crustal mafic material to be

transported deep enough to become eclogite-facies rocks. Former granulites and

gabbros increase their velocities but still are not olivine dominated rocks; i.e.

the petrologic crust-mantle boundary would be deeper than the mapped seismic

Moho.
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Figure 2.7 Schematic diagrams of the evolution of mafic lower crust during three 
main processes: Magmatic underplating, crustal thickening and post-orogenic 
uprise (modified after Mengel and Kern, 1992). At different stages the vertical 
transport of mafic granulites takes place together with gabbros and cumulates, 
creating and modifying the typical upper (+) and intermediate (~) crust materials. 
The correspondent Vp vs. depth  sections change in response to different depths 
of mafic rocks of the lower crust, and show the different locations of the seismic 
Moho (SM) and the petrologic crust-mantle boundary (PCMB). 
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• Thermal and post-orogenic isostasy and thermal relaxation processes would

induce the MCT to rise at “normal” depths but eclogite-facies assemblages are

still preserved and the seismic Moho and petrologic crust-mantle boundary are

at different depths. The former lower-crust mafic material transformed into

eclogite may become detached and sink into the mantle.

• Generation of and/or return to the mantle of mafic restites left after the intrac-

rustal melting that produces granitoid magmas; i.e. foundering.

In the following, I divide these processes in two major groups: 1) Mechanical pro-

cesses, that take place as the product of mechanical interactions driven by tectonic 

and/or gravitational forces, and 2) Igneous processes, driven by interaction and/or 

generation of magma at the MCT environment.

2.6.1 Mechanical Processes
In general, three major mechanical processes can be identified: Collisional thicken-

ing, foundering and shearing. The first one, has a direct relationship to delamination 

mechanisms and is therefore discussed in the same context. Foundering is con-

ceived as the product of transport of material through the MCT due to its negative 

buoyancy. Shearing at the base of the crust is a consequence of the stress regime 

throughout the lithosphere, but deserves a separate treatment because it may be 

induced either by tectonic or shearing motions in the upper-mantle, related to exten-

sion.
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2.6.1.1 Collisional Thickening and Delamination
Collisional processes have severe implications for the evolution of continental 

lithosphere, such as (Nelson, 1991): a) Island arcs are amalgamated and form con-

tinents, in which case the MCT will separate ultramafic cumulate rocks and residual 

mantle; the seismic Moho would lie at a distance above the base of the crust, b) 

Lithospheric delamination removes mantle lithosphere and a portion of the lower-

crust; the MCT will become topographic as well as compositionally complex, c) 

Over-thickened crustal welts become gravitationally unstable when tectonic forces 

relax and will collapse into the upper-mantle, the MCT would be a dubious feature 

before the crustal material is assimilated by the upper-mantle (Figure 2.8).

Delamination also denotes the separation of the mantle portion of the lithosphere 

beneath the collision zone and it may also involve a significant portion of the lower-

Collision

Seismic
Moho

Island Arc

Seismic 
Moho

delamination

Folded Sediments

Mafic Lower Crust

Eclogite

Figure 2.8 Illustration of the two main processes that drive collisional thickening 
and delamination and consequent modification of the MCT: Island Arcs and Col-
lisions (modified after Nelson, 1991).



39
crust, which may undergo eclogitization. This material becomes gravitationally 

unstable and tends to sink together with the mantle portion leaving a relatively 

silicic upper crust behind. Hence, delamination acts as a mechanical process that 

pushes the bulk composition of the continental crust toward intermediate composi-

tion (Nelson, 1991). Thus, delamination of lower continental crust may be an 

important process by which continental material is recycled into the convecting 

mantle, implying that the lower-crust must be mafic so it can transform into eclogite 

with a density exceeding that of underlying mantle (Rudnick and Fountain, 1995).

2.6.1.2 Foundering
Foundering is the differentiation of the crust caused by intracrustal melting and the 

separation of lighter, felsic magma from heavier,  mafic cumulates (Arndt and 

Goldstein, 1989). Foundering may be a significant process for losing incompatible 

trace elements from continents due to interlayered evolved rock types within a 

mafic-dominated MCT (Rudnick and Fountain, 1995). Foundering takes place in a 

variety of environments, e.g. continental volcanism, orogenesis, island arc volcan-

ism (Figure 2.9). The scale of crustal foundering through the MCT may be a signif-

icant contributor in growth process of crust. Indeed, crustal foundering is a 

plausible explanation for the reworking and refining of ascending mafic magmas in 

subduction and flood basaltic volcanism, where two stages may be identified: 1) 

Products of mafic differentiation segregate at the MCT and 2) Material left in the 

crust goes to partial melting and further crust-mantle segregation. The final end 

member of the process is felsic material, i.e. mature continental crust (Arndt and 

Goldstein, 1989).
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Using the volumetric argument that the mass of granitoids seems to be less that the 

portion expected from their supposedly mafic source, it has been suggested that 

mafic restites left after intracrustal melting that produces granitoid magma founder 

and return to the mantle. A similar process may occur beneath magmatic arcs, 

where basaltic-picritic magmas interact with crustal rocks and, after relaxation of 

compression and erosion, the crust will return to normal thickness and residual 

mafic minerals with high densities will return to the mantle (Arndt and Goldstein, 

1989).

2.6.1.3 Shear motions at the MCT
Deformation in the lower-crust and MCT cannot be separated from the deformation 

of the entire lithosphere. To assess the extent of strain within the lower-crust, whole 

lithosphere deformation must be considered and, in particular, the role of lower-

Continental
Volcanism

Orogenesis
Island Arc
Volcanism

Foundering
Crust-Mantle
Differentiation

Magma
Uprising

Figure 2.9 Cartoon illustrating where crustal foundering processes lead to forma-
tion and recycling of continental crust through the MCT (modified after Arndt 
and Goldstein, 1989).
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crust in that deformation. Shear deformation in the lower-crust seems to be a com-

bination of pure and simple shear, depending on the role of the lower-crust in the 

extension regime. However, both pure and simple shear seem to accommodate 

along localized zones of simple shear, which in places are a likely explanation for 

the seismic reflectivity of the lower-crust (Reston, 1990), (Figure 2.10).

Shear process at the base of the crust have been associated to extensional terranes, 

as well as collision zones. In both environments, processes other than shear motions 

Pure
Shear

Simple
Shear

upper crust

lower crust

mantle

Figure 2.10 Simplified diagrams of lithosphere sections under extension. The 
upper sections is being deformed by bulk pure shear, whereas the lower sections 
is being accommodated by simple shear. The arrows show relative amount and 
sense of simple shear in the lower-crust which is also being stretched (modified 
after Reston, 1990).
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have been demonstrated to have more relevance in the modification of the MCT, 

such as magmatic underplating and collisional related mechanisms (Warner, 1990). 

However, crucial questions about the relative contribution shear motions, size and 

shape of underplating, melt fractions, and instantaneous pervasiveness remain 

unanswered (Jarchow et al., 1993).

2.6.2 Igneous Processes
Extensive magmatic and metamorphic events in continental interiors occur when 

sub-lithospheric heat sources are focused for long periods of time in the same loca-

tion. This effect, rather than being a continent-wide phenomena, suggests a local-

ized source and in some cases uplift and fracturing precede volcanism (Anderson, 

1989). For instance, frequent association of magmatism and continental extension, 

and the high elevation of some appreciably extended terrains (e.g. Basin and Range 

province) suggest that hot, less dense mantle and magma play and important role in 

the mechanics that rule temperature and strength regimes, and the most obvious 

indicator of massive magmatism may be its effect on buoyancy and elevation 

(Lachenbruch and Morgan, 1990).

The amount of melt generated around the MCT will depend on (Warner, 1990): 

• Coincidence of lithospheric extension with high temperatures, which is not

uncommon since nearly one-third of the globe’s area has an asthenospheric tem-

perature anomalously high.



43
• Small amounts of lithospheric extension would produce moderate amounts of

melt with low viscosity, which could be rapidly emplaced in the continental

crust.

• Thermal boundary layer at the base of the lithosphere may delaminate and

founder immediately prior to any stretching episode.

The two major magma-related processes that change the configuration of the MCT 

are: underplating and metasomatism. The former has been recently presented as a 

major mechanism in continental growth and a feasible explanation for MCT struc-

ture. Metasomatism, is a very important dynamic process, related to migration of 

fluids, that may change the bulk composition of the region where it occurs, e.g. 

mantle enrichment.

2.6.2.1 Mafic Underplating
The process of underplating, i.e. the emplacement of mafic magma to the base of 

the crust, may be a factor in the growth and modification of continental crust (Fur-

long and Fountain, 1986). Geochronological studies have established that episodes 

of basaltic underplating correlate with major regional geological events, but also 

imply that significant underplating occurs without manifestation at Earth’s surface 

(Rudnick and Fountain, 1995).

Underplating could take place in many environments, such as continental margin 

(calc-alkaline suites), localities of continental flood basalts, or near basalt-rhyolite 

volcanic suites (Furlong and Fountain, 1986). Simply put, basaltic underplating 

may occur anywhere that mantle upwelling is likely to generate mafic magmas; e.g. 
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above subduction zones, continental rifts and/or intraplate settings (Rudnick, 1990), 

(Figure 2.11). 

The most viable mechanisms that could cause magmatism leading to underplating 

are (Warner, 1990): 

• Arc magmatism

• Rising mantle plumes

• Melting by adiabatic decompression following lithospheric extension.

• Delamination of an over-thickened and unstable thermal-boundary layer
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erupted
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Figure 2.11 Cartoon showing the constraints provided by geological, xenolith 
and seismic evidence (right) that lead to infer the structures (left) that suggest the 
configuration of underplating at the MCT.



45
Shallow (30 km) underplating can produce thick layers with mantle-like velocities. 

A deeper emplacement, on the other hand, will produce either mantle or intermedi-

ate lower-crust-upper-mantle velocities (Furlong and Fountain, 1986). The maxi-

mum MCT depth attainable through mafic underplating process may be limited by 

the gabbro/eclogite phase transition (~50 km). However, any subsequent magmatic 

addition would result in thickening of the MCT, but not deepening of the seismic 

Moho (Nelson, 1991). 

2.6.2.2 Metasomatism
Metasomatism is the enrichment of magma by migrating fluids. Metasomatism can 

occur in magma chambers at or near the MCT and includes injection of mantle-

derived magmas, which may occur in combination with melting and assimilation of 

lower-crust material (Voshage et al., 1990). The widespread presence of melt intru-

sions in ultramafic xenoliths, from several locations worldwide, indicates that 

mantle metasomatism is a general mechanism, related to the worldwide occurrence 

of acidic melts in the lithosphere (Schiano and Clocchiatti, 1994). Further, deriva-

tion from metasomatized mantle is an appealing concept to explain the chemical 

signature of continental flood basalts. The isotopic characteristics of some xenoliths 

from lithospheric mantle resemble lower continental crust, suggesting that material 

from the lower-crust finds its way into the mantle (Arndt and Goldstein, 1989), 

through the MCT.
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2.7 Conclusion

In conclusion, the nature of the MCT is likely to be complex, varying from one tec-

tonic province to another and within tectonic provinces. We have learned much 

from the few available exposed sections, and much from high-frequency seismic 

imaging. However, to date no one has performed a more systematic investigation 

of the boundary with longer seismic periods that will be more sensitive to the broad 

variations in structure and velocity changes. That is one of the goals of the work in 

this dissertation.



3 RECEIVER FUNCTIONS

Receiver function analysis is a straightforward approach to estimate the shear-

velocity structure of the upper-mantle and crust beneath a three-component seismic 

station (Langston, 1979;1989). Although receiver functions can be defined for any 

wave, the most commonly used arrivals are teleseismic P-waves, which approach a 

seismic station with a relatively steep (< 25°) angle of incidence, and are well 

approximated with a simple plane-wave. Under these conditions, the vertical com-

ponent of motion is much less sensitive to P-to-S conversions from sub-horizontal 

velocity contrasts in the underlying medium and contains predominantly near-

source and lower-mantle propagation effects. The essence of receiver function anal-

ysis is to use the vertical component of motion to isolate the nearby receiver effects 

from the horizontal components of motion. The idea was first used by Phinney 

(1964) who modeled frequency-domain spectral amplitude ratios of teleseismic P-

waves recorded at stations located in Albuquerque, New Mexico and Bermuda. 

Langston (1979) created the modern view of a receiver function when he used 

deconvolution and a time-domain analysis to study converted phases generated 

from structures beneath Mount Rainier, Washington. He called the process of iso-

lating the receiver response from the observed seismograms “source equalization”. 

Several methods have been proposed for source equalization (e.g. Burdick and 
47
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Langston, 1977; Langston, 1979; Gurrola et al., 1995; Sheehan et al., 1995; Ligor-

ría and Ammon, 1999). 

In this chapter, I introduce the frequency-domain deconvolution method used by 

Langston (1979) and which has been widely applied to broadband data for determi-

nation of average crustal structure (e.g. Owens et al., 1987; Mangino et al., 1993; 

Randall and Owens, 1994; Langston, 1994; Cassidy, 1995). Also, I illustrate the 

application of receiver functions to the description of the mantle-crust transition, as 

it is the focus of a later chapter in this dissertation.

3.1 What Is A Receiver Function?

A receiver function is a time series consisting of the response of the velocity struc-

ture beneath the receiver station to an incident plane P-wave. Mathematically, it is 

the result of deconvolving the vertical component of the P-wavetrain from a hori-

zontal component. In simple (plane-layered) media, the shape of a receiver function 

is similar to the radial component of displacement without the P-wave multiple 

(Langston, 1979; Ammon, 1991), and are characterized by signals of the direct P 

arrival, the P-to-S conversion at an interface m and the multiples of these (Figure 3.1). 

The amplitude and arrival times of phases in a given receiver function provide infor-

mation about both the travel time from the interface to the surface (essentially the 

depth divided by the average velocity above the interface) and the character of the 

velocity contrast (its thickness and velocity change). A significant trade-off exists 

between the depth of an interface and the average wave velocity above it (Langston, 

1979; Ammon et al., 1990). 
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3.2 Receiver Function Estimation

3.2.1 Water-Level Deconvolution
Water-level deconvolution was introduced to seismology by Clayton and Wiggins 

(1976) and is a common approach used in seismic deconvolution problems, includ-

ing receiver function analyses, empirical Green’s function studies, and instrument 

deconvolution. Several descriptions of the application of water-level deconvolution 

to receiver functions are available in the literature (e.g. Mangino et al., 1993; 

Cassidy, 1992; Ammon et al., 1990; Owens, 1984; Langston, 1979). A thorough 

study and comparison of deconvolution methods, including the water-level method 

can be found in Oldenburg (1981). In this section, I briefly outline of the method.

The water-level method is a pragmatic solution to the often troublesome problem 

of deconvolution. In an ideal situation we could simply perform a complex division 

of Fourier spectra to compute a receiver function. However, noise in the observed 
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Figure 3.1 (Left) Radial receiver function generated by a simple layer over a half 
space. The nomenclature used to identify the arrivals is from Berteussen (1977). 
(Right) The paths for the converted (Ps) and multiples in the a simple model. 
Each interface in a model produces a set of similar arrivals that sum to create the 
complete receiver function.
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signals or missing spectral content in the signal produce low-spectral amplitudes in 

the spectrum of the vertical seismogram. Dividing by small-amplitude values is 

numerically unstable. The essence of successful deconvolution is the stabilization 

of the quotient for values with small values in the denominator.

Water-level stabilization is simple. Never divide by small values. The response at 

frequencies where the vertical spectrum has a low amplitude is artificially attenu-

ated by increasing the amplitude in the denominator. Specifically, in the frequency 

domain, the receiver function spectrum, , is obtained from the deconvolution 

of the vertical component, , from the radial component, :

(3−1) 

where

 , (3−2) 

and  is the water-level parameter.  is a Gaussian filter applied to reduce high-

frequency noise amplified by the deconvolution.

(3−3) 

where , the Gaussian width parameter, controls the filter width. A useful rule of 

thumb would be that the Gaussian filter gain is 0.1 at a frequency about one half the 

value of the maximimum value of ω equal to three times the Gaussian width factor.

Clayton and Wiggins (1976) discuss the relationship between the water-level 

parameter and the trade off between amplitude resolution and arrival time resolu-
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tion. If , the deconvolution is the best estimate of the true impulse response 

and provides the best arrival time resolution, but the amplitudes can have substan-

tial variance. If , on the other hand, the deconvolution is the scaled cross-cor-

relation of  and , and thus is a least-squares estimate of the true arrival 

amplitude at the sacrifice of arrival time resolution (Clayton and Wiggins, 1976; 

Owens, 1984). For most applications the value of  is chosen using visual inspection 

of the deconvolution stability. The choice is made to reduce the value of  and min-

imize the effects of the water-level on the solution.

3.2.2 Stacking
An optional process that has become standard practice in receiver functions analy-

ses is the stacking of signals approaching the seismometer with a common back azi-

muth and slowness. The purposes of stacking are improving  signal-to-noise ratio, 

smoothing differences in arrival amplitude due to slight changes in slowness, and 

reducing the contribution from local scattering. The imposed bounds for stacking 

data depend on the particular study, but one must consider (Owens et al., 1983) that 

for a given change in epicentral distance the change in travel-time is least at larger 

distances, and that deep interfaces are least likely to be enhanced by stacking unless 

the events used are closely clustered in distance. To avoid the distortion of multiple 

arrivals by stacking, the selected clusters should be confined within a distance range 

of 15º for events with epicentral distance larger than 70º and this range should be 

kept to < 10º for closer groups of events (Owens, 1984). Cassidy (1992) recom-

mended a back-azimuth bracket of ±10º.
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3.3 Receiver-Function Interpretation

3.3.1 Receiver Function Frequency Analyses
By varying the pass band of the Gaussian filter used in the source equalization pro-

cedure, the receiver response at different frequency bands can be analyzed (e.g. 

Owens and Zandt, 1985). If the focus of interest is on broad velocity structure, scat-

tering effects may be avoided by reducing the width parameter, a, in the Gaussian 

filter (Equation 3-3 on page 50) and looking at longer periods (Mangino et al., 1993). 

This idea is illustrated in Figure 3.2 using a simple gradient velocity structure. As 

illustrated in the figure, while narrow-band receiver functions (i.e. ) show 

only gross features, the broader bandwidths (i.e. ) provide better resolution 

of the details of the structure. The interpretation of a broad-band receiver function is 

usually more complicated, but that’s the price for estimating more details of the 
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receiver structure. In general, the chosen Gaussian width parameter is a compromise 

between the signal-to-noise ratio and the extent of detail sought in the analysis. Later 

I use the Gaussian filter to explore the frequency dependence of the crust-mantle tran-

sition response while exploring for variations in the nature of the boundary between 

crust and mantle.

3.3.2 Receiver Function Inversion
I will use the method of Ammon et al. (1990) to estimate earth models needed to 

account for the effects of the near-surface on the arrivals generated at the crust 

mantle-transition. This inversion scheme incorporates an efficient calculation of 

differential seismograms developed by Randall (1989), and based on the reflection-

matrix theory of Kennett (1983). The main limitation of the inversion algorithm is 

the assumption of flat-lying interfaces, and substantial non-uniqueness is likely 

using observations from a single station. 

The relationship between the observed receiver function and the earth model is 

nonlinear, so the inversion is handled using a first-order linearization and iterative 

inversion (e.g. Jackson, 1972; Wiggins, 1972; Ammon et al., 1990). The nonlinear 

relationship between the receiver function, d, and the velocity model, m, can be 

represented as

(3−4) 

where F is a nonlinear functional representing the computation of a receiver func-

tion. To estimate m, an initial model, , is constructed and a first-order Taylor 

expansion about , allows us to approximate (3-4) as

d F m[ ]=

m0

m0
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(3−5) 

where  is the inner product between D, the partial derivative matrix of 

, and the model correction vector . If we define , then 

we can use

(3−6) 

to invert directly for m. The partial derivatives for the matrix D are estimated using 

a finite-difference approximation, implemented by Randall (1990), based on the 

propagator-matrix method of Kennett (1983). To stabilize the inversion I appended 

a smoothness constraint to the equations and minimize model roughness (Ammon 

et al., 1990). The inversion is performed using a singular-value decomposition.

The residual vector,  (the observed receiver function less the predicted receiver 

function), is related to a vector of shear-velocities, , by

. (3−7) 

The matrix  contains partial derivatives of the receiver function with respect to 

the layer shear velocities, and the matrix  constructs the model roughness (sec-

ond-difference). The parameter  balances the fit to the data and the minimization 

of model roughness. The second term on the right is added to allow a direct solu-

tion for the shear velocities as opposed to a correction vector - the jumping algo-

rithm of Parker (e.g. Constable et al., 1987; Ammon et al., 1990). 
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Shear-wave velocity is used because all the arrivals following the direct P-wave on 

the radial receiver function are shear waves or P-to-S converted multiples. Owens 

(1984) showed that the radial receiver function waveform is more sensitive to the 

shear-velocity than the P-velocity. While subsequent work has shown that this is a 

good, but not perfect observation (e.g. Zandt and Ammon, 1995), we retained the 

approach in this analysis because our primary interest in our inversions is in ana-

lyzing the frequency dependence of the MCT-generated waves, not estimating the 

detailed geology beneath the site.

Convergence of the algorithm is usually good, and assessing the large number of 

candidate models is usually much more trouble than finding an adequate fit of most 

reasonable-amplitude receiver functions. For examples and more details regarding 

the algorithm I refer the reader to Ammon et al. (1990). As used in this work, the 

inversion is a tool to help reduce the affects of the near-surface structure on conclu-

sions drawn regarding the MCT. I conclude this chapter with an illustration of the 

receiver function analyses that form the basis of future chapters.

3.3.3 Receiver Function Lateral Sampling Range
Related to the simplicity of the structure is the range of structure sampled by a 

receiver function. The lateral distance sampled by a receiver function is roughly 

equal to the horizontal distance traveled by the deepest multiple arrival and is illus-

trated in Figure 3.3. This lateral distance is of course a function of how far back into 

the signal we look, but for typical crustal depths (~40 km), this multiple is recorded 

within approximately the first 20 seconds after the onset of the P arrival. In other 
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words, the “multiples” portion of the radial receiver function sample an area of 

radius approximately one to two times the depth of the reflecting interface; for 

example, for deep crustal boundaries (~ 35 – 50 km) the total lateral extent is about 

70-120 km (Cassidy, 1992).

Since the assumption of a laterally-homogeneous, horizontally-layered, velocity 

structure is an obvious idealization of a more complicated reality, both radial and 

transverse receiver functions are computed, although the interpretation process is 

focused on the radial receiver function. For simple, sub-horizontal structures, the 

transverse receiver function amplitudes are small (e.g. Langston, 1979; Ammon 

and Zandt, 1993). The effect of lateral complexities (e.g. major structures, dipping 

interfaces) is moderate on the vertical component of motion which is dominated by 

the steeply incident P-wave. In most instances, variations with back azimuth are 

observed in the radial component, but the most dramatic effect of heterogeneity is 

the production of a distinct and complicated transverse signal (e.g. Mangino et al., 
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h

Figure 3.3 The lateral sampling of a receiver function can be estimated using 
Snell’s Law to compute the path of the deepest sample interface. When multiples 
are included in the analysis the result is that the lateral sampling is roughly one to 
two times the depth to the interface.
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1993; Cassidy, 1992; Langston, 1977) which often varies strongly with incident 

angle and P-wave back azimuth. 

3.3.4 Limitations of Receiver Function Analysis
The usual problem faced in receiver function studies is the contamination of radial 

receiver functions by scattered signals. Fortunately the transverse receiver function 

amplitude is a direct and easy-to-compute measure of the scattering (e.g. Cassidy, 

1995; Ammon and Zandt, 1993; Cassidy, 1992). Complications in the interpretation 

caused by scattered waves can be reduced by stacking different receiver functions 

arriving from slightly different azimuths and epicentral distances (Ammon, 1991). 

With observations from a single station, there is little you can do to constrain lateral 

variations in structure. For the simplest heterogeneity like dipping layers some sys-

tematic variations with azimuth provide some constraints on the dip and velocity 

contrast of the interface (Langston, 1979). When heterogeneity is large, stacking 

observations from all azimuths may enhance the part of the signal generated from 

sub-horizontal interfaces (Hebert and Langston, 1981). 

Large velocity variations are usually well constrained by receiver function analyses, 

but broad velocity transitions are not easy to resolve (Cassidy, 1992). Further, even 

with well-resolved features, a significant compromise exists between the velocity 

above the discontinuity and the depth to the interface (Ammon et al., 1990). This 

limitation is a consequence of relative travel time constraints combined with a lim-

ited range of seismic arrivals suitable for the technique.
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3.4 Receiver Functions and the MCT

3.4.1 A Numerical Example
In relatively simple areas, the receiver function is dominated by wave interactions 

near Earth’s surface and at the crust-mantle transition. In a later chapter I use 

observed receiver functions for stations throughout North America to explore for 

systematic variations in the thickness of the crust mantle transition. Obviously 

important then is how a change in mantle-crust transition thickness affects a 

receiver function. The key to the resolution of velocity transition thickness is band-

width (Owens and Zandt, 1985). 

To illustrate the ideas, consider the receiver functions shown in Figure 3.4. For a 

sharp contrast, the converted waves are broad-band and visible even at high frequen-

cies. The broad transition is visually indistinguishable from the sharp contrasts at 

long-periods, but produces little high-frequency response. Careful study of the figure 

also reveals that the Ps converted wave pulse width and amplitude is also sensitive to 

the change. In fact, because the multiple arrivals sample the MCT twice, they are 

more strongly affects by a transition feature than the converted Ps wave. For exam-

ple, if you study the response at periods below 0.25 hertz, you see that the ratio of 

amplitudes of the multiple and converted phases differ for the different thickness 

transitions. The effect is subtle, but allows us to use both the broadband aspects and 

the amplitude ratios and longer periods to estimate the velocity transition thickness. 

Using the amplitude ratio is important because it allows us to use longer-period 
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receiver responses, which may be less affected by scattering than those at short-peri-

ods. 

To investigate the potential of amplitude ratios more thoroughly, I simulated a set 

of receiver functions using a Gaussian factor of 1.0, for a set of different thickness 

MCT’s. The Gaussian factor of 1.0 produces longer period receiver functions than 

are usually used in analyses, but which are likely to be less contaminated by scat-
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Figure 3.4 Receiver function response as a function of velocity transition thick-
ness and frequency. Each panel shows the radial and tangential receiver functions 
in five band-widths - the low-pass filter corner frequency is indicated to the left of 
each pair of traces. The upper trace is the radial, the zero trace is the tangential. 
First-order indicates a velocity step. The sharper the interface the broader band 
are the converted waves. For the broad transition, the high-frequency receiver 
functions show little evidence of the feature.
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tering from small-scale heterogeneity. Amplitude ratios for each of the arrivals 

commonly observed in receiver functions were computed for the synthetic seismo-

grams and are shown in Figure 3.5. The results of this test illustrate that the ratio of 

the amplitude of the PpPms arrival to the amplitude of the Ps (B/A in Figure 

Figure 3.5), as is the ratio of the amplitude of PpSms+PsPms to the amplitude of Ps 

(C/A in Figure 3.5, see Figure 3.1 for ray definitions). The ratio varies by up to 40-

50% for a range in thickness of 10 kilometers. Generally the two easiest to identify 

arrivals in a receiver function are the Ps and PpPms waves, so we selected those for 

use in our analyses.
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Figure 3.5 Three amplitude ratio estimates of the more prominent signals of a 
synthetic receiver function (inset), for different thicknesses of an MCT-like 
boundary. A Gaussian width factor of 1.0 is used for all signals. The test shows 
the sensitivity of the technique to changes in the discontinuity thickness larger 
than 2 km.
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Although the example is oversimplified by using a single-layer over a half-space 

velocity structure, it illustrates the sensitivity of receiver functions to variations in 

MCT thickness. Variations in MCT width less than 2 km are difficult to assess, but 

changes of more than 2 km show 30% to 60% amplitude-ratio variations which 

should often be resolvable. Before continuing with an example using actual obser-

vations, we point out that the resolution from this method is likely to be on the order 

of two kilometers. Although we desire a better resolution, measurements with this 

lower resolution are likely to be more reliable since we use lower-frequency obser-

vations which are less contaminated by scattering. In some instances we, or others, 

may achieve higher resolution, but for the survey study discussed later, we focus on 

the resolution that we can achieve with routine processing.

The heterogeneous nature of the environment surrounding the MCT and that near 

Earth’s surface precludes the analysis at high frequencies ( > 1.5-2 Hz). For this rea-

son, a qualitative comparison with synthetic data would provide the best estimate 

of MCT thickness. To do so, after the selection of best signals for a particular site, 

the data are inverted to estimate a gross model from an overall stacked receiver 

function. This gross model is then used as a reference for the correspondent MCT 

amplitude-ratios plot, which is constructed for different frequency content (i.e. 

values of a), as well as slowness values. The velocity model is also used for the fur-

ther estimation of synthetic receiver functions that are visually compared with the 

observed receiver function stacks.
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3.4.2 An Application - Station ANMO, Albuquerque, NM
To demonstrate the suitability of the receiver functions technique for this study, I 

present an example of the receiver functions calculated for station ANMO, Albu-

querque, New Mexico (Figure 3.6). Station ANMO is situated on Pennsylvanian and 

later sediments overlying a Pre-Cambrian basement (Padovani and Carter, 1977). 

The main regional tectonic feature is the Rio Grande Rift which is associated with a 

broad region of negative gravimetric anomalies in the western United States (Hanna 

et al., 1989). To the east of the Rift is the southernmost part of the Great Plains and, 

to the west, the Colorado Plateau (Bally et al., 1989). Seismic events with magni-

tudes greater than 6, with epicentral distances from ANMO between 30° and 95°, 

and recorded between 1990 to 1997, were collected and receiver functions were com-

puted. The data consist on P-wave arrivals from 119 events, including sources 
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Figure 3.6 (Left) Location of station ANMO, Albuquerque, New Mexico. (Right) 
Distribution of P-wave used in receiver function analysis of ANMO. Each point 
represents a receiver function estimate. The location of the point shows the azi-
muth from the station to the event (back azimuth) and the epicentral distance. The 
events are grouped into azimuth and distance clusters for analysis.
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located to different azimuths of the station: southeast (37 events, clusters 1-4), south-

west (27 events, clusters 5-6) and northwest (55 events, clusters 7-10) (Figure 3.6). 

To reduce interference from the shallow structure on the MCT thickness estimate, 

a time-domain inversion was performed to estimate the “average” structure appro-

priate for station ANMO. All the receiver functions were stacked, regardless of their 

azimuth and distance. The resulting average receiver function is shown in Figure 3.7. 

An initial model based on the average structure of the rift was used to start the inver-

sion and the resulting shear-wave structure is shown in Figure 3.7. It contains a shal-

low low velocity zone (between about 2-10 km) and a crust-to-mantle velocity 

contrast approximately six kilometers thick (Figure 3.7). No interpretation the struc-

ture is made because we only seek a model suitable for partially accounting for near-

surface affects on the MCT thickness measurements (I’ll be doing a similar analysis 

for more than one hundred sites across North America). 
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Figure 3.7  (Left) Receiver function stack of all observations (dashed line), 
regardless of azimuth and distance compared with the prediction (solid line) 
resulting from a linearized time-domain inversion. (Right) The initial (dashed) and 
final model from the inversion.
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At this stage the receiver functions were grouped into clusters that have similar 

back-azimuths and incidence angles, or horizontal slownesses (Figure 3.6). The 

observations from different directions and horizontal slownesses were analyzed sep-

arately to produce an estimate of the thickness for each incident wave direction. We 

explored the MCT thickness by appending different MCT thicknesses beneath the 

upper-crustal model to prepare MCT amplitude-ratio curves appropriate for each dis-

tance for which we had observations. Then the observed amplitude-ratios of the 

PpPms to Ps phases were measured and plotted on the MCT amplitude-ratio dia-

grams. We performed calculation for three bandwidths corresponding to Gaussian 

width factors of 1.0, 1.5, and 2.5, and P-wave horizontal slowness values of 0.04, 

0.05, 0.06 and 0.07 s/km. Horizontal slowness, or ray parameter is related to the inci-

dence angle of the wave by Snell’s Law ( , where  is the P-velocity and 

 is the wave incidence angle). Values of the ray parameter for teleseismic P-waves 

are available from standard travel time tables, once the earthquake location is known.

Individual receiver function stacks were computed for the 10 clusters and PpPms / 

Ps amplitude-ratios were calculated for each cluster’s stack. Each amplitude ratio 

was compared with a theoretical amplitude ratios computed using the shear-veloc-

ity structure from the inversion and using the appropriate horizontal slowness. In 

practice, we found it helpful to visually compare a synthetic receiver function cal-

culated using the estimated MCT thickness with the observed (stacked) receiver 

function. Visual comparison is subjective but can often identify the quality of the 

estimate by considering many factors such as the overall complexity of the receiver 

p isin α⁄= α

i
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function and the size of the tangential receive function, which is a direct measure of 

complexity.

Figure 3.8 is a summary of the results obtained for clusters 2 (southeast) and 5 

(southwest) at station ANMO. The MCT amplitude-ratio plots for slowness values 

of 0.05 and 0.04 are presented at the top. The stars identify the observed measures, 
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Figure 3.8 MCT receiver function analysis for clusters 2 (left) and 5(right), sta-
tion ANMO (solid diamonds in events map of Fig. III.8). The MCT amplitude-
ratio diagrams (upper plots) are obtained from the velocity structure inverted 
from a stack of all receiver functions (see text for explanation). The observed 
ratios of the amplitudes of the Ps and PpPms phases are also plotted as stars for 
three different values of Gaussian filters width a (black star =1.0, grey star=1.5 
and white star =2.5). Synthetic radial receiver functions (thin traces in the mid-
dle) for the estimated MCT thickness range (2-4 km for cluster 2 and 6-8 km for 
cluster 5) are compared with the observed signals (solid curves in the bottom) 
for confirmation of the MCT thickness assessment.  The waveforms were com-
puted using a Gaussian width factor of 2.5. The transverse receiver functions 
(dashed curves) are also displayed as a qualitative measure of the level of scatter-
ing in the structure beneath the station.
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the diamonds, crosses and squares identify the theoretical values. Each diagram 

shows the measured ratios using Gaussian widths factors of 1.0, 1.5 and 2.5. The 

thickness of the transition can be read off the chart. Beneath the amplitude ratio dia-

gram are predicted receiver functions computed using transition thickness values 

that bracket the measured ratios. Below that diagram are the stacked radial and tan-

gential receiver functions, calculated using a Gaussian width factor of 1.5. The syn-

thetic/observed match is never perfect - the idea here is to focus only on the MCT 

arrivals since the velocity structure used to calculate the predicted waveforms is an 

average of a laterally varying structure.

The results on the left suggest that the MCT to the southeast of ANMO is relatively 

sharp, on the order of 2-4 km thick. Support for this conclusion is available in the 

observed receiver function, which has a large, strong Ps conversion and an easily 

observable PpPms arrival. Although the timing of these waves on the predicted 

waveforms for 2 and 4 kilometer transition thickness is not perfect, the main char-

acter of the arrivals is reproduced well. One might suggest that an even sharper 

MCT may be present based on the narrowness of the Ps converted phase (compared 

with the predictions) on the observed radial receiver function. Finally, note the 

small amplitude of the scattered wavefield as illuminated by the modest-amplitude 

tangential receiver function. This is a high-quality measurement.

The implications for the southwest are more complicated because the observed 

signal is more complicated. First, note the tangential receiver function contains two 

relatively large, but distinct arrivals. The first appears to be associated with near-
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surface structure to the southwest of ANMO, the latter shows up later and ascertain-

ing its source is impossible with data from a single station. Still, the MCT associ-

ated waves on the radial component arrive at different times than these scattered 

waves, so we proceed with the analysis. In this case, the PpPms arrival is difficult 

to identify - we only really know that no larger arrival exists. Our measurements of 

the amplitude ratio in the region therefore represent maximum values. The results 

suggest a value of MCT thickness between 6 and 8 kilometers. The comparison of 

the observed and predicted receiver functions is not bad, but a detailed assessment 

is difficult. Again, the width of the observed Ps is narrower than the predicted, sug-

gesting that the measurement may be over-estimating the true thickness. One pos-

sibility is that lateral variation of the MCT is causing a sharp Ps and a broad PpPms 

arrival. If this is the case, our estimate of MCT thickness will lie between the two 

extremes, perhaps closer to the thicker transition, since the PpPms multiple ampli-

tude is more sensitive to the transition than is the converted Ps phase. 

Considering the surrounding tectonics, these observations suggests that igneous 

activity in the Rio Grande rift may have left it with a thicker MCT structure com-

pared with structures immediately east of the rift (southeast of ANMO). The exam-

ple also illustrates potential problems with our approach. For example, the 

amplitude ratios are susceptible to noise and at time can be difficult to make. 

Clearly the method will not work at every station and every azimuth. However, only 

a substantial survey will indicate the potential of the approach. My application of 

this analysis method to waveforms recorded at more than one-hundred seismic sta-

tions distributed across North America is described later in Chapter 7. As work pro-
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gressed on this project it became clear that an additional tool in receiver function 

analysis, a broad-band iterative deconvolution method applied to receiver function 

analysis would help make more accurate measurements. In the next chapter, I 

describe this iterative, time-domain approach to receiver function estimation.



4 ITERATIVE DECONVOLUTION 
APPLIED TO RECEIVER 
FUNCTION ANALYSIS

Receiver-function analysis (e.g. Langston, 1979) is a straightforward, simple 

method of extracting constraints on crust and upper-mantle structure from teleseis-

mic waveforms recorded at three-component seismic stations. A receiver function 

is the time series that when convolved with the vertical-component seismogram 

reproduces the horizontal-component seismogram and the timing an amplitude of 

the arrivals in the receiver function are sensitive to the local earth structure (Lang-

ston, 1979). Langston (1979) pointed out that the basic characteristics of receiver 

functions, perhaps most impressive is the clean, causal, seismogram-like signal that 

results from the deconvolution of the vertical from the radial response of a plane-

layered structure. The simplicity of the method assures it is a routine component of 

analyzing observations from permanent network stations and portable stations 

deployed as part of passive-source temporary networks. The wide application of the 

technique has produced several complete descriptions of the receiver-function 

methodology (e.g. Langston, 1979; Owens, 1984; Ammon et al., 1990; Ammon, 

1991; Cassidy, 1992; Mangino et al., 1993). 

Computing a receiver function is a deconvolution problem, the reader may refer to 

Oldenburg (1980) for a comprehensive discussion of deconvolution methods.  The 
69
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most commonly employed method in receiver-function studies is a water-level sta-

bilized, frequency-domain division (e.g. Clayton and Wiggins, 1976), described in 

the previous chapter, although others have used time-domain approaches (e.g. Gur-

rola, 1995; Sheehan et al., 1995) based on linear inverse theory. When the data are 

wide-band with good signal-to-noise levels, most deconvolution methods work 

well and the advantages of one technique over the other are insignificant. Thus, 

often the best approach to compute receiver functions for permanent stations with 

years of data available is simply to exploit signals from large events. However, for 

select azimuths at most permanent stations and in the case of most temporary 

deployments, we never have enough observations from all azimuths and we must 

incorporate signals from smaller events, which leads to difficult deconvolutions and 

noisy receiver functions. Then the choice of a deconvolution technique may make 

a difference. 

In this chapter, another tool in the receiver-function toolbox is investigated, an iter-

ative time-domain deconvolution commonly used to estimate large-earthquake 

source time functions (Kikuchi and Kanamori, 1982). The iterative time-domain 

approach has several desirable qualities such as a constraint on the spectral shape at 

long periods that can be advantageous in receiver-function analyses and an intuitive 

stripping of information from the original signal, garnering the largest, most impor-

tant features first, and then extracting the details. The mathematical basis of the 

approach is clearly described in Kikuchi and Kanamori (1982) and is summarized 

in the following section. 
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4.1 Receiver-Function Iterative Deconvolution

In receiver-function estimation, the foundation of the iterative deconvolution 

approach is a least-squares minimization of the difference between the observed 

horizontal seismogram and a predicted signal generated by the convolution of an 

iteratively-updated spike train with the vertical component seismogram. This dis-

cussion is conducted in terms of the radial receiver function but the approach is 

equally applicable to the transverse motion and can be easily generalized to accom-

modate simultaneous deconvolution of any number of signals. 

The basis of the approach is to minimize the difference between an observed signal 

and the synthetic signal generated by the iterative convolution of a spike wavelet 

train with the unperturbed response of the propagating medium. For our case of 

interest, the spike wavelet train seek is the receiver function, h(t), which is con-

volved with the vertical component of motion, v(t), to obtain the radial component 

of motion, r(t),

, (4−1) 

where * represents the convolution operator. In the iterative deconvolution process, 

we obtain an iterative receiver function, , that will be equivalent to h(t) if the 

misfit between r(t) and the convolution of  with v(t) is below a preset toler-

ance level.

First, the vertical component is cross-correlated with the radial component to esti-

mate the lag of the first and largest spike in the receiver function (the optimal time 

is the largest peak in the absolute sense in the cross-correlation signal). To con-

r t( ) h t( ) * v t( )=

hi t( )

hi t( )
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struct , we add a series of time lagged Gaussian pulses with form in the fre-

quency domain,

(4−2) 

Then the convolution of the current estimate of the receiver function with the verti-

cal component seismogram is subtracted from the radial component seismogram, 

and the procedure is repeated to estimate other spikes lags and amplitudes. With 

each additional spike in the receiver function the misfit between the vertical-and-

receiver-function convolution and the radial-component seismogram is reduced 

and the iteration halts when the reduction in misfit with additional spikes becomes 

insignificant. 

To estimate the misfit, a weighted norm is applied, using the sum of the square val-

ues of r for the scaling of a residual vector between  and . Hence, the scaled 

error (ε) of the j-th iteration of the process is

(4−3) 

where

 . (4−4) 

The misfit is  defined as

(4−5) 
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 . (4−6) 

The approach is introduced in the following sections using several numerical exam-

ples followed by examples that include short-period and broad-band observations.

4.2 Numerical Experiments

The synthetic tests begin with two simple layer-over-a-half-space models – one 

with a sharp boundary and one with a smooth transition from a crust-like layer to a 

mantle-like half space. The third example is constructed using a more complex 

velocity model based on the refraction wide-angle reflection results of Benz et al., 

(1990). In each case, the synthetic seismograms were computed using the method 

of Randall (1989), that is based on the propagating-matrix technique of Kennett 

(1983). The seismograms were computed to correspond to a P-wave arriving with 

a horizontal slowness of 0.06 s/km, equivalent to a shallow source about 60° distant. 

The results shown in Figures 4.1 and 4.2 include a comparison of the iterative time-

domain with a water-level receiver function estimate. In each case the receiver func-

tions computed using Gaussian width factors of 1.5 and 2.5 are shown. The Gauss-

ian width factor controls the bandwidth of the signal, the larger the value, the larger 

the bandwidth (2.5 is a value commonly used in receiver-function analyses). Also in 

each case we allowed iteration to continue until the change in fit resulting from the 

addition of a spike was 0.01%.

For the sharp contrast model (Figure 4.1), each significant arrival is accurately recov-

ered by the iterative method, for the smooth-transition model, the response is recov-

ε1 1.0≡
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ered well, but not perfectly. Although noticeable in the time-domain signals, the 

differences in the receiver function estimates are limited to the frequencies above 

approximately one Hertz, and are a result of the Gaussian filter width selected for the 

process. Such details are inaccessible with even a modest amount seismic noise ubiq-

uitous in observed seismograms, so these minor differences pose no problem for 

analysis.

In Figure 4.2 the iterative time-domain and frequency-domain approaches for a more 

complex velocity structure are compared. The variation of velocity with depth is 

shown on the left, and the iterative construction of the radial receiver function esti-
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Figure 4.1 Comparison of frequency-domain (water-level) and iterative time-
domain deconvolution results for two receiver responses with contrasting fre-
quency characteristics. The estimated receiver functions are plotted on top of 
each other for two Gaussian pulse widths (shown above the right edge of the sig-
nals) for each model.
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mate is shown on the right (the numbers to the right of each signal refer to the number 

of spikes in the receiver function estimate). Receiver functions estimated from itera-

tive time- and frequency-domain approaches are overlaid on the lower right. The iter-

ative time-domain receiver function shown satisfies the convolution definition of a 

receiver function (convolve the radial receiver function and the vertical seismogram 

to match the radial seismogram) to within 0.5% of the signal power. The comparison 

is excellent, although the match late (greater than 30 seconds) in the receiver function 

is less accurate because the number of spikes recovered by the iterative process was 

limited. The frequency-domain results at later lag times were matched, but only 

enough spikes to match all the important arrivals were chosen. 
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Figure 4.2 Comparison of the frequency-domain and time-domain receiver-func-
tion estimates for a more complicated velocity model. The intermediate estimates 
of the receiver function for select iterations are shown in the upper right. The 
receiver function which explains 99.5% of the original signal power in the radial 
response is compared with the frequency-domain solution in the lower right.
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4.3 Applications to Recorded Observations

The advantages of the iterative time-domain technique with observed seismograms 

are now illustrated, beginning with an example using signals recorded during the 

1988 PASSCAL Basin and Range Passive Source experiment. These data include 

intermediate and short-period signals, and like all deployments have their share of 

noisy data. Several authors have used these data to investigate the velocity structure 

beneath the region (e.g. McNamara and Owens, 1993; Randall and Owens, 1994; 

Peng and Humphreys, 1997) and the reader may refer to their works for detailed 

locations, instrument descriptions, and interpretation of the receiver functions. 

Figure 4.3 summarizes the results of a receiver function estimation using a short-

period station located near the center of the PASSCAL temporary network. The 

teleseismic P-wave was generated by an mb 5.2, 500 km deep earthquake, located 

about 82° to the southwest of the seismometers. In Figure 4.3, the recorded seismo-

grams are shown in the upper left, and the radial and transverse receiver functions 

estimated using a water-level and iterative time-domain approaches are overlaid in 

the lower panel. Also, the predicted radial and transverse seismograms (the match 

from the water-level deconvolutions is similar) are presented on the upper right. 

The predictions are quite good, fitting about 95% of the observed power in the hor-

izontal seismograms. The agreement in receiver function estimates is also good, 

most arrivals are visible on each receiver function. However, the long-period stabil-

ity of the iterative time-domain results is evident in the amplitude of the early arriv-
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als. Unlike the water-level deconvolution, the time-domain signals have flat 

spectral levels at long periods (by design since the results are a sum of Gaussian 

pulses and all reasonable receiver responses are relatively flat at long periods). 

Also, the estimated receiver function does not suffer the acausal trough surrounding 

the P arrival that decreases the amplitude of the first few arrivals on the water-level 

radial receiver function. Also, the noise running throughout both the radial and 

transverse frequency-domain receiver functions is absent in the time-domain 

results.

Time (s) Time (s)

Time (s)

Vertical

Radial

Radial

Radial

Transverse

Transverse

Transverse

Observed Seismograms Predicted Seismograms

Receiver

Functions

0 20 400 10 3020
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Figure 4.3 Receiver function estimation using a short-period signal from the 
1988-89 PASSCAL Basin and Range experiment. The original signals from a 
500 km deep, mb 5.2 earthquake are shown in the upper left, the receiver func-
tions estimated using a water-level frequency-domain approach (thin line) are 
compared with those of the iterative time-domain approach (thick line) on the 
lower left. The predicted horizontal signals (the iterative deconvolution con-
volved with the observed vertical) are compared with the observed horizontal sig-
nals in the upper-right panel.
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Next, the iterative approach is illustrated on relatively simple and relatively com-

plex receiver functions from two broad-band seismic stations, ANMO, located near 

Albuquerque, New Mexico, and MLA, located near Mammoth Lakes, California. 

Based on an examination of the observed receiver functions, the crustal structure to 

the southeast of ANMO is relatively simple, and a comparison of time- and fre-

quency-domain receiver-function estimates is presented in Figure 4.4. On the left and 

center are individual receiver functions estimated using the two approaches. For these 

well-behaved signals the results are similar, but the sometimes-inescapable limita-

Iterative Time-Domain Frequency-Domain

Radial

Transverse

Stacks

Time (s) Time (s)

Time (s)

0 10 3020

0 10 3020

0 10 3020

Figure 4.4 Comparison of receiver function deconvolutions for events approach-
ing station ANMO, Albuquerque, NM, from the southeast. On the left are the 
time-domain estimates of the radial receiver function, in the middle are the corre-
sponding water-level frequency-domain receiver functions. On the right are the 
average radial and transverse receiver functions from these six events (the thick 
line identifies the time-domain estimate).
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tions of deconvolution are evident for both methods on the fourth deconvolution 

from the top. Neither technique produces a satisfactory result on this waveform. On 

the right the averages of the frequency-domain and iterative time-domain receiver 

functions are shown (excluding the problematic signal). The results compare very 

well and differ primarily in the amplitude of the P arrival, which is related to increased 

bandwidth in the iterative time-domain deconvolution. Examination of the spectra of 

the individual estimates indicates that the iterative time-domain approach produces 

more coherent amplitude spectra than the water-level approach, but the average time-

domain variability between the two methods is small.

The receiver responses at MLA are much more complex as a result of its location 

in the Long Valley Caldera, a structure with a shallow low-velocity layer with a 

large velocity contrast at its base. The results are presented in Figure 4.5 using the 

same format as Figure 4.4. The complexity of the receiver response is apparent in the 

receiver functions estimated with either approach and the results from both tech-

niques vary from waveform to waveform. Each signal begins with a small arrival 

(that’s the P wave) and is followed by a large P-to-S converted phase from the 

bottom of the surface-layer. That P-arrival actually has an amplitude similar to that 

observed at ANMO but it is overwhelmed by the converted phase and reverbera-

tions in the caldera fill. Note how consistent the P arrival is on the iterative time-

domain estimates but indistinguishable from the acausal noise on the individual fre-

quency-domain responses. Again the results are consistent when all the observa-

tions are averaged, although the reliability of the P-arrival might be questioned after 
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examining the noise in the frequency-domain estimates. Once again the average 

time-domain variability between the two methods is small but the amplitude spectra 

of the iterative time-domain approach are more coherent.

Since the iterative approach constructs a receiver function in a way that allows trun-

cation to include only the main arrivals, a potential application includes receiver-

function estimation using secondary arrivals (e.g. PP, sPdiff, etc.). The iterative 

Iterative Time-Domain Frequency-Domain
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Stacks

Time (s) Time (s)

Time (s)

0 10 30200 10 3020
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Figure 4.5 Comparison of receiver function deconvolutions for events approach-
ing station MLA, located near Long Valley Caldera in eastern California, from 
the northwest. On the left are the time-domain estimates of the radial receiver 
function, in the middle are the corresponding water-level frequency-domain 
receiver functions. On the right are the average radial and transverse receiver 
functions from these six events (the thick line identifies the time-domain esti-
mate).
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method was therefore tested using PP arrivals. Figure 4.6 shows receiver functions 

calculated using recorded signals at station ANMO. To the left receiver functions 

from four distant events using the PP arrivals are shown. In the right panel, the stack 

of those four signals is matched with a cluster stack of receiver functions estimated 

using P arrivals coming from approximately the same backazimuth. Although the 

results of the PP signals are not as clean as the P derived receiver functions, the 

major characteristics of the receiver structure can be recognized, i.e. the major 

0 10 20

Time (s)

∆ 139°Back Az: 318°

∆ 136°Back Az: 295°

∆ 123°Back Az: 285°

∆ 123°Back Az: 286°
0 10 20

Time (s)

∆ 47°Back Az: 315°
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P

Stacks

Iterative time-domain
radial PP receiver functions

Figure 4.6 Resulting receiver functions using secondary PP signals. On the left 
panel, the iterative time-domain receiver functions from four events approaching 
station ANMO from similar teleseismic distances (∆ above the right edge of the 
signal) and back azimuths. The amplitude of the signals are normalized to unity, 
for comparison. On the right, comparison between the average radial receiver 
functions from the four signals on the left (PP, solid line) and a cluster of 13 P 
arrivals from a much shorter distance and approximately the same back azimuth 
(P, dashed line).
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phases are unequivocally reproduced. This test demonstrates the potential of the use 

of secondary arrivals to extend the amount of data available for receiver studies and 

expand the azimuthal coverage at most stations.

4.4 Discussion

The iterative time-domain deconvolution is equally effective for estimating 

receiver functions using high-quality signals, although less efficient than simpler 

methods such as water-level deconvolution. However, for a modest increase in 

computation costs, we have a simple, intuitive way of estimating receiver functions 

that is free of complex relationships between water-level values, time-domain 

smoothing and damping parameters, and the resulting receiver function. Addition-

ally, the iterative approach has the advantage of requiring a level long-period spec-

trum a priori , which helps alleviate acausal troughs in the resulting receiver 

function. Like other time-domain inversion approaches, the iterative approach 

easily generalizes to a multi-waveform receiver-function estimation. Initial experi-

ments with PP arrivals have been encouraging, but as expected the problem is not 

nearly as simple as that for the direct P wave and a greater number of secondary-

phase observations are necessary to attain the confidence level in receiver functions 

estimated from direct P waveforms. 



5 OBSERVATIONS

Observations are central to any scientific study. In this chapter, I describe the data 

collected, processed, and interpreted in Chapters 6 and 7. I begin with a brief over-

view of the different tectonic environments that make up North America, and which 

are used to classify the observations. I conclude this brief chapter with details 

regarding the compilation and organization of the data.

5.1 Tectonic Provinces of North America

The North American plate is home to a rich variety of tectonic environments. 

Many descriptions of the major tectonic and geomorphic elements present in North 

America are available in the literature (e.g. see the volume edited by Bally and 

Palmer, 1989). A comprehensive review of the many interpretations and tectonic 

divisions of the region is out of the scope of this study. In my description of the 

MCT beneath the continental crust of North America, I use a simplified tectonic 

classification based in the division proposed by Bally et al. (1989), and sketched in 

Figure 5.1. The main tectonic provinces included are:
83
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Figure 5.1 Tectonic setting distribution in North America (modified after Bally et 
al., 1989).
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• Precambrian shields are stable regions of the craton that include precambrian

outcrops of the Canadian and Greenland shields. The exposed shield is mostly

Archean in age (about 84%), although only about 55% of the whole craton has

this age (Hoffman, 1989).

• Platforms are subsurface extension of the precambrian shield basement unit,

overlaid by various sedimentary basin deposits (Bally, 1989). In North America,

the platform regions include the Great Plains, the southern and eastern Coastal

Plains and passive Margins, and the Central and Arctic lowlands. The North

American passive margins extend throughout the Atlantic ocean coast of North

America, including the Yucatan peninsula and the Gulf of Mexico. These sedi-

mentary basins usually exhibit rifting events that preceded the deposition of a

thick sedimentary wedge. The subsidence of the sedimentary cover has been

attributed to a combination of thermal cooling and sediment loading (Bally,

1989).

• Paleozoic folded belts include the Innuitian folded belt region, the Northeast

Greenland Mountains, and the Appalachian Mountains. Basement rocks under-

lying these regions are believed to be precambrian, but the folding events took

place during the Paleozoic (Rast, 1989).

• Mesozoic-Tertiary folded belts extend throughout all the western part of North

America, including: the Pacific (California) Coast-ranges, the Rocky Moun-

tains, the Sierra Madre systems in Mexico (i.e. Occidental, Oriental and Del
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Sur). The mountainous regions surround the Basin and Range extensional

regime, the Colorado Plateau, the Columbia Plateau, and contain numerous Ter-

tiary and Quaternary volcanics.

Seismic study of the structure of North America has a long history. For the purpose 

of this study, it is useful to have a summary of the seismic structure “typical” of 

each tectonic environment. Frontally the recent literature contains quality summa-

ries of these aspects of the continent. Mooney and Braile (1989) summarized the 

seismic properties of North America, focussing on crustal thickness and velocity 

structure, using information primarily from refraction and reflection seismic pro-

files. More recently, Christensen and Mooney (1995) re-visited the subject using 

an extended data base of seismic refraction profiles. Both of these summaries point 

out the complex composition of continental crust, acknowledging the involvement 

of “multiple episodes of accretion, deformation, metamorphism, plutonism, and 

volcanism” in crustal evolution (Christensen and Mooney, 1995). For comparison 

with the present work, six velocity structures were adapted from the results pre-

sented by Christensen and Mooney (1995) and Mooney and Braile (1989). These 

velocity models are summarized in Table 5-1.

5.2 Broadband Seismic Stations in the Study Area

With the increased deployment of broadband seismic stations over the last 15 

years, the number of stations suitable for receiver function analysis has continued 

to increase. In fact, one of the reasons for pursuing the study of North America is 

the ideal combination of broad regions of distinct tectonics and the quantity of 
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quality seismic stations deployed across the continent. Efforts by seismologists 

during the same time have provided a wonderful computer-based facilities for 

accessing data recorded on these stations. I am deeply grateful for the efforts of 

researchers and scientists in the development of IRIS (the Incorporated Research 

Institutions for Seismology), the U.S. Geological Survey’s National Seismic Net-

work, as well as operators of the Canadian National Seismic Network, the Univer-

sity of California at Berkeley, the California Institute of Technology. The main 

resources of data for this study are the following institutions:

Table 5-1:  Average Continental Crust and Upper Mantle
Seismic Velocity Modelsa

P-wave velocity (km/s)

Depth to 
Top of 

Layer (km)
Orogens

Shields and 
Platforms

Continenta
l Arcs

Extended 
Crust

California 
Coast 
ranges

Rifts

0 5.69 ± 0.67 5.68 ± 0.81 5.80 ± 0.34 5.59 ± 0.88 5.30 ± 0.40 5.64 ± 0.64

5 6.06 ± 0.39 6.10 ± 0.40 6.17 ± 0.34 6.02 ± 0.45 5.60 ± 0.42 6.05 ± 0.18

10 6.22 ± 0.32 6.32 ± 0.26 6.38 ± 0.33 6.31 ± 0.32 5.90 ± 0.31 6.29 ± 0.19

15 6.38 ± 0.34 6.48 ± 0.26 6.55 ± 0.28 6.53 ± 0.34 6.60 ± 0.32 6.51 ± 0.23

20 6.53 ± 0.39 6.65 ± 0.27 6.69 ± 0.28 6.69 ± 0.30 6.60 ± 0.30 6.72 ± 0.35

25 6.68 ± 0.43 6.80 ± 0.27 6.84 ± 0.30 6.89 ± 0.40 6.80 ± 0.41 6.94 ± 0.37

30 6.81 ± 0.40 6.96 ± 0.30 6.99 ± 0.29 6.93 ± 0.46 - 7.12 ± 0.33

35 6.92 ± 0.44 7.11 ± 0.33 7.14 ± 0.25 - - 7.12 ± 0.30

40 6.96 ± 0.43 7.22 ± 0.39 - - - -

45 6.99 ± 0.52 - - - - -

Crustal
Average

6.39 ± 0.25 6.42 ± 0.20 6.44 ± 0.25 6.21 ± 0.22 6.05 ± 0.21 6.36 ± 0.23

Pn velocity 8.01 ± 0.22 8.13 ± 0.19 7.95 ± 0.23 8.02 ± 0.19 8.00 ± 0.17 7.93 ± 0.15

a. From Christensen and Mooney (1995) and Mooney and Braile (1989)
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• The Northern California Earthquake Data Center (NCEDC) that provided data

recorded by the UC Berkeley Digital Seismic Network (BK).

• The Incorporated Research Institutions for Seismology Data Management Cen-

ter (IRIS-DMC), that provided data recorded by the Canadian National Seismic

Network (CNSN), Geoscope (G), IRIS – IDA (II), IRIS – USGS (IU) and Terra-

scope (TS) seismic networks.

• United States Geological Survey (USGS), that provided data recorded by the

United States National Seismic Network (USNSN)

• The Canadian government’s CNSN network.

Table 5-2 is a list of each network’s stations and their correspondent tectonic set-

ting, as based on the tectonic division of North America shown in Figure 5.1. The 

character codes used to identify the tectonic environment of each station are listed 

in Table 5-3.  Station locations are shown on topographic maps in Figure 5-2.         

5.3 Data compilation and organization

For the interest of student readers, I review the basic steps in the collection, organi-

zation, and pre-processing of seismic signals to be used in this study. When dealing 

with a large, heterogeneous data set, organization is a critical aspect of insuring 

quality results, easing analysis, and investigating trends or patterns in the measure-

ments. The routine processing at the heart of this study consisted of requesting, 
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retrieving and preparing the observations, and integrating and organizing the data. 

I describe each step in more detail in the following sections.

5.3.1 Data request, retrieval, and preparation
The first step is acquiring the waveforms. Data requests to individual networks can 

be constructed in a variety of ways, the easiest is to create an electronic-mail request 

for the waveforms. Each request requires a station information and time windows 

that are computed using the earthquake origin time and estimates of the P-wave 

travel time computed using standard travel time tables such as those of Jeffreys and 

Bullen (which can be found in Simon (1981)). The data are usually supplied in 

SEED format which can be unpacked and converted to separate files for each wave-
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Figure 5.2 Broadband seismic stations available for this study. For convenience 
the location of the different sites, the stations are grouped in different maps (a to 
g).
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form along with information on the instrument response and history. Harley Benz 

generously provided data from USNSN stations in SAC format for the events that 

occurred between 1994 to the first trimester of 1998.

To perform a P-wave receiver function study, we required three-component (verti-

cal, north-south and east-west) broadband signals. The event selection varies from 

study-to-study, in this effort I used signals from events with magnitude M ≥ 6, and 
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Figure 5-2a. Broadband seismic station locations in the Pacific southwest.
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with source-to-receiver epicentral distances between 30° and 95°, recorded between 

1990 to 1997. Station locations are listed in Table 5-2.

Once the data were retrieved and organized into groups by recording station, infor-

mation on each event location, component angles and component incidence angle 

were stored in each signal’s SAC header fields. Because of the nature of receiver 
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Figure 5-2b. Broadband seismic station locations in the Intermountain region.
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function analysis, we do not necessarily need information on the instruments as 

long as the instrument responses of the three components are matched. This is 

invariably the case with modern instruments, but for instances where the gain is dif-

ferent for the each component, it was correct before computing the receiver func-

tions. Also, before computing the receiver functions it is necessary to window the 

P-waveform from the signal. For this study, a 90 second-long window (30 seconds 

before and 60 seconds after) relative the onset of the P-wave arrival was used. To 

reduce the influence low-frequency noise on the receiver functions, all the signals 

were high-pass filtered with a two-pass Butterworth 0.02 Hz corner frequency filter. 

Finally, each three-component signal was reviewed to remove signals that con-

tained low signal-to-noise ratios and/or when any of the three components were not 
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Figure 5-2c. Broadband seismic station locations in the Pacific northwest region.
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recorded properly due to obvious instrument malfunction. After the removal of 

noisy and incomplete signals, receiver functions were calculated using a frequency-

domain deconvolution, using a Gaussian filter width factor of 1.0. Following this 
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Figure 5-2d. Broadband seismic station locations in the eastern United States (top) and Canada 
(bottom).
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suite of deconvolutions, each receiver function was reviewed and noisy receiver 

functions were discarded.
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Figure 5-2e. Broadband seismic station locations in the Aleutian Islands (top) and Mexico (bot-
tom).
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Table 5-2: Seismic Stations Used in This Study 

Station Latitude Longitude Region Station Latitude Longitude Region

BERKELEY DIGITAL SEISMOGRAPHIC NETWORK (BK)

ARC 40.877 -124.075 F BKS         37.877 -122.235 F

BRK 37.873 -122.260 F CMB       38.035 -120.383 D

HOPS 38.994 -123.072 F JRSC      37.404 -122.238 F

KCC 37.324 -119.318 D MHC       37.342 -121.642 F

MIN 40.345 -121.605 D ORV       39.556 -121.500 D

PKD 35.945 -120.541 F SAO       36.765 -121.445 F

STAN 37.404 -122.174 F WDC       40.580 -122.540 D

YBH 41.732 -122.709 D -

CANADIAN NATIONAL SEISMIC NETWORK (cnsn)

BBB 52.185 -128.113 G DAWY 64.066 -139.391 D

DLBC 58.437 -130.030 D DRLN 49.256 -57.504 C

EDM 53.222 -113.350 B FCC 58.762 -94.087 A

FRB 63.747 -68.547 A GAC 45.703 -75.478 A

INK 68.307 -133.520 D LMN 45.852 -64.806 C

LMQ 47.548 -70.327 B MBC 76.242 -119.360 C

MOBC 53.197 -131.900 G PGC 48.650 -123.45 G

PMB 50.519 -123.077 G PNT 49.317 -119.617 D

RES 74.687 -94.900 B SADO 44.769 -79.142 B

SCHQ 54.832 -66.834 A ULM 50.249 -95.875 B

WALA 49.059 -113.911 D WHY 60.660 -134.881 D

YKW 62.562 -114.605 A -

NETWORK: Geoscope (G)

SCZ 36.600 -121.400 F UNM 19.332 -99.183 G

NETWORK: IRIS – IDA (II)

ALE 82.503 -62.350 C FFC 54.725 -101.978 B

PFO 33.609 -116.455 D -

NETWORK: IRIS – USGS (IU)

ADK 51.884 -176.684 G ANMO 34.946 -106.457 D

CCM 38.056 -91.245 B COL 64.900 -147.793 D

COR 44.586 -123.303 G HKT 29.962 -95.838 B

HRV 42.506 -71.558 C SSPA 40.640 -77.891 C

TUC 32.309 -110.785 E -

NETWORK: Terrascope (TS)

BAR 32.680 -116.672 F CALB 34.143 -118.627 F

CWC 36.439 -118.080 D GLA 33.052 -114.827 E

GSC 35.303 -116.808 D ISA 35.663 -118.473 D

MLA 37.631 -118.834 G NEE 34.823 -114.596 E

PAS 34.148 -118.172 F RPV 33.744 -118.404 F

SBC 34.442 -119.713 F SMTC 32.949 -115.720 E

SNCC 33.248 -119.524 F SVD 34.105 -117.097 D

USC 34.021 -118.287 F VTV 34.567 -117.333 D

NETWORK: U.S. National Seismic Network (USNSN)
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5.3.2 Data Integration and Organization
Once the useful signals has been identified, another round of deconvolutions were 

applied, this time with the iterative time-domain method describe in Chapter 4. 

Each pair of horizontal-component signals (i.e. north-south and east-west compo-

nents) where rotated to their corresponding radial- and transverse-directions and 

receiver functions where calculated for each event using the iterative deconvolution 

method. Each receiver function was deconvolved using 100 iterations with a limit-

ing error of 0.001 (i.e. up to 100 spikes make up the receiver function) and a Gaus-

sian width factor of 2.5. All the resulting receiver functions were grouped in clusters 

AAM 42.300 -83.656 B BINY 42.199 -75.986 C

BLA 37.211 -80.421 C BMN 40.431 -117.222 E

BW06 42.778 -109.556 D CBKS 38.814 -99.737 B

CEH 35.891 -79.093 C DAC 36.277 -117.590 E

DUG 40.195 -112.813 E ELK 40.745 -115.239 E

EYMN 47.946 -91.495 A GOGA 33.411 -83.467 C

GWDE 38.826 -75.617 C HWUT 41.700 -111.200 D

ISCO 39.800 -105.613 D JFWS 42.915 -90.249 B

KNB 37.017 -112.822 D LBNH 44.240 -71.926 C

LDS 37.243 -113.350 D LSCT 41.678 -73.224 C

MCWV 39.658 -79.846 C MIAR 34.546 -93.573 C

MNV 38.433 -118.153 E MYNC 35.074 -84.128 C

NEW 48.263 -117.120 D OXF 34.512 -89.409 B

TPH 38.075 -117.223 E TPNV 36.929 -116.224 E

WCI 39.100 -86.500 B WMOK 34.738 -98.781 B

WVOR 42.434 -118.637 D WVT 36.130 -87.830 B

YSNY 42.476 -78.537 C -

Table 5-3: Tectonic Region Codes for Table 5-2

A: Shield B: Continental Platform

C: Paleozoic Orogen D: Mesozoic-Tertiary Orogen

E: Extended Crust F: California Coast ranges

G: Continental Arc

Table 5-2: Seismic Stations Used in This Study (Continued)

Station Latitude Longitude Region Station Latitude Longitude Region
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of common source origin and final radial and transverse stacks where computed. 

The stacking constraints previously discussed in Chapter 3 were followed, that is, 

we averaged signals corresponding to events with back azimuth and epicentral dis-

tance variations ≤ 10º. For those stations with poor data distributions, stacking bins 

as wide as 15º were used.

The complete set of observations which form the foundation of this dissertation is 

documented in Appendix 2. I summarize the distribution of the data with respect to 

tectonic setting in Table 5-4  and Figure 5.3. As you might expect, the data set is 

dominated by stations located in active tectonic settings (e.g. Mesozoic-Tertiary 

Orogens, California Coast Ranges, Paleozoic Orogens). We separated the Califor-

nia Coast Ranges out from the other regions simply because of the large number of 

stations in this region (Figure 5.2). Strictly speaking, they should be included in any 

Table 5-4:  Event Distribution Summary

Tectonic Setting Stations Clusters Clust/Sta # Obs.
Evn/
Clust

Shield 6 39 6.5 188 4.8

Continental Platform 15 74 4.9 281 3.8

Paleozoic Orogen 17 105 6.2 415 4.0

Mesozoic-Tertiary 
Orogen

27 234 8.7 1191 5.1

Extended Crust 11 73 6.6 278 3.8

San Andreas System 17 152 8.9 701 4.6

Continental Arc 8 54 6.8 266 4.9

TOTALS 101 731 6.94 3320 4.43
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discussion of the Mesozoic-Tertiary Orogenic regions. The mean epicentral dis-

tance for the different settings is roughly similar (around 65º). The mean number of 

events included for each station is about 31 and the mean number of events per clus-

ter is about 4. The back azimuth and epicentral distance bounds for cluster collec-
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Figure 5.3 (a) Distribution of observations by tectonic province. Most of the sta-
tions are in regions of active tectonics (Mesozoic and Tertiary Orogens, and Cali-
fornia Coast Ranges), and so most of the observations are also in this category. 
(b) Average number of azimuthal and/or distance clusters for stations in each tec-
tonic province.
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tion show consistent mean values of 3.5º and 3.9º respectively, which are well 

below the suggested limits for receiver function analysis ( ≤10º). 

In the next two chapters I document my investigations of two aspects of lithospheric 

structure beneath these seismic stations. I begin with an investigation of the Pois-

son’s Ratio variations and discuss their relationship to the bulk crustal composition 

of North America in Chapter 6 and I continue with an investigation of the MCT 

thickness in Chapter 7. 



6 POISSON’S RATIO OF THE 
NORTH AMERICAN CRUST

Seismic studies have traditionally provided useful constraints regarding the physi-

cal and structural properties of Earth’s crust. Usually the easiest parameters to con-

strain are the P or S velocities variations of the structure, and so these are the most 

commonly available parameters for tectonic and geologic interpretation. Although 

valuable, seismic velocity variations alone are limited in geologic applications 

because the correlation between lithology and such VP (or VS) is far from simple and 

the assignment of a lithologic equivalent to seismic velocities is far from straight-

forward. For instance, in typical lower crust rocks, an increase of mafic content or 

metamorphic grade both increase seismic velocities. Thus, using only seismic 

velocities there is no way to tell the difference between mafic rocks and metapelites 

(Holbrook et al., 1992). The problems of interpretation of seismic velocities is an 

old one, and has no easy solution. However, the non-uniqueness of lithologic inter-

pretation is reduced by combining P- and S-wave information, or equivalently 

using Poisson’s ratio estimates (Holbrook et al., 1992). The ratio of P to S veloci-

ties, or Poisson’s ratio, which is a function of , is sensitive to quartz  and 

SiO2 content in rocks. However, the relationship of decreasing VP with the presence 

of SiO2 is not simple; VP is almost constant for granulite facies rocks between 65-

75% SiO2. Metapelites with high VP exhibit strong anisotropy related to preferred 

V P V S⁄
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phases orientation and this could help to distinguish them from granulite mafic 

rocks (Rudnick and Fountain, 1995).

Several studies have attempted to integrate crustal seismic velocities through Pois-

son’s ratio (e.g. Christensen, 1995; Zandt and Ammon, 1995; Clarke and Silver, 

1993; Holbrook et al., 1992; Braile et al., 1989; Gajewski et al., 1987), but not all 

studies agree in their conclusions. For instance, Holbrook et al. (1992), interpreted 

relatively low Poisson’s ratios (0.24-0.27) in shields and platforms to favor less 

mafic compositions. In contrast, Zandt and Ammon (1995), measured higher values 

(0.27-0.29) in similar environments, and concluded that an initial intermediate-to-

mafic precambrian crust evolves to a refractory lithosphere. The apparent contro-

versy seems to stem from the accuracy of Poisson’s ratio estimations.

In this chapter, I estimate Poisson’s ratio for the bulk crust beneath North America. 

I have two goals. First, to investigate observed Poisson’s ratio variations obtained 

by Zandt and Ammon (1995). They found a complicated relationship between Pois-

son’s ratio and crustal province, but they observed a systematically high Poisson’s 

ratio for shield regions. Although they applied the same method used here, the 

number of observations in this study is much larger. Second, in addition to provid-

ing additional evidence regarding the nature of crust beneath stations, the estimated 

Poisson’s ratios are used in the inversion of velocity structures beneath the stations 

in Chapter 7, when the nature of the MCT is investigated. 
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6.1 Poisson’s Ratio and Crustal Composition

6.1.1 Poisson’s Ratio

In an isotropic linear-elastic material, Poisson’s ratio is the ratio of radial to axial 

strain when uniaxial stress is applied; i.e. the ratio of lateral contraction to longitu-

dinal extension (Lay and Wallace, 1995). In terms of the Lamé elastic parameters 

(λ and µ), σ can be expressed as:

(6−1) 

Poisson’s ratio is a dimensionless elastic modulus that has a maximum value of 0.5 

for a fluid (when µ = 0). Using the definitions of VP and VS, also in terms of the 

Lamé parameters, and the material’s density ρ: 

(6−2) 

σ may be written in terms of the  as

(6−3) 

For most rocks, the values of µ and λ are similar and σ varies from 0.20 to 0.35. 

The average Poisson’s ratio for all rock types is 0.27 (Christensen, 1995). The rela-

tionship between Poisson’s ratio and the  ratio is unique so we can use 

either in our discussion. The inverse relationship of 6-3 is

 (6−4) 
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An increase in  corresponds to an increase in Poisson’s ratio. A Poisson 

solid has a Poisson ratio of 0.25, and a  ratio equal to , (~ 1.732).

6.1.2 Poisson’s Ratio and Rocks
Although the value σ is sensitive to mineral composition, both its pressure and tem-

perature dependence is small for most rocks (e.g. Christensen, 1995; Tarkov and 

Vavakin, 1982). Christensen (1995) showed that the dependence of Poisson’s ratio 

on temperature and pressure within the crust is minor for most common crustal 

rocks and environments. Of course extreme crustal temperatures that induce melt 

are likely to affect  and  differently, producing an increase in Poisson’s ratio 

since  will decrease more rapidly with melt. Therefore, laboratory measurements 

of σ should be applicable throughout the crust. 

In Figure 6.1, I show the laboratory high-pressure measurements of σ, corrected for 

temperature effects. The ranges of compressional velocity and Poisson’s ratio for a 

range of rock types commonly assumed to comprise the mid and lower crustal 

lithology are shown on the left and right respectively. The boxes indicate the typical 

range of velocity and Poisson’s ratio observed in laboratory measurements. As 

illustrated in this diagram, although Poisson’s ratio can help distinguish between 

rock types, it alone cannot uniquely constrain the rock type. Clearly additional con-

straints on such diverse properties as seismic velocity, heat production, electrical 

properties, temperature and pressure conditions, fluid content, etc. are necessary to 

tightly identify crustal composition or mineralogy.

V P V S⁄
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Of the typical mid-crustal lithologies, quartzite has the lowest value, near 0.20 

while the largest values correspond to serpentine, which also has a relatively low P-

wave velocity. Information on both P-velocity and Poisson’s ratio would clearly 

distinguish these two rocks. The lithologies expected to comprise the lower crust, 

on the other hand, share common values of σ. However, the more mafic materials 

(e.g. granulites and pyroxenites) have higher velocities which provides and impor-

tant means of favoring some lithologies when both velocity information is avail-

able.

6.2 Poisson’s ratio estimation using receiver 
functions

In this study, I measured bulk crust Poisson’s ratios, following the method initially 

proposed by Zandt et al. (1995) and later applied by Zandt and Ammon (1995). 

This simple method, based on the relationship of the ratio of the Ps-P time (tPs) 

and the PpPms-Ps time (tPpPms) to the value of , follows (Zandt et al., 

1995). Ray nomenclature is indicated in Figure 6.2, the explicit relationship is:

(6−5) 

where p is the horizontal slowness or ray parameter. Equation (4) is independent of 

the crust thickness, but depends on an assumed value of VP. The dependence, how-

ever, is second order in p, which is a relatively small number for teleseismic P-

waves (typical values are 0.07 to 0.04 s/km). The small multiplicative coefficient in 

front of VP reduces the sensitivity of the measurement to the assumed P-velocity, 
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and the range in σ for a typical range in VP is acceptably small (but not negligible). 

The point is that we can use (6-5) to estimate the  ratio, and then use (6-3) 

to estimate σ.

Of course implicit in the method is the fact that you must identify the two arrivals 

of interest. In practice, to enhance these arrivals and reduce the effects of scattering 

on the measurements, the receiver functions are low-pass filtered before the mea-

surements are made. The resulting degradation in pick accuracy is worth the sacri-

fice for a more clear identification of the Ps and PpPmS arrivals. As expected, σ 

S wave

P wave

Seismic Station

MCT

 

Pp
Pm

s

Ps

tPs tPpPms

Figure 6.2 Simple cartoon showing Ps and PpPms phases used in the estimation 
of Poisson’s ratio from radial receiver functions. The lower panel illustrates the 
correspondent traveling paths.
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estimates obtained through receiver functions travel times are sensitive to factors 

that affect the travel times, tPs and tPpPms. A change of 0.02 seconds in either time 

would induce a 0.001 change in σ, for a slowness of 0.05 s/km. Also, the deriva-

tion of equation (4) begins with the assumption that the MCT is horizontal. MCT 

dip will influence Poisson’s ratio estimates (Figure 6.3). Waves traveling up-dip 

S wave

P wave

Seismic Station

MCT
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Figure 6.3 The effect of dipping MCT in Poisson’s ratio (s) measurements is 
shown. The ray paths in three hypothetical models are shown to the left where the 
arrival to a horizontal (upper-left), down dip (middle-left) and up dip (lower-left) 
induce a moveout between the correspondent MCT phases (right). The resulting 
effect in σ is a larger estimate for down dip incidence of the wavefront in the 
transition and the contrary for an up dip incidence.
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will result in an underestimate of σ, those traveling down-dip will produce an over-

estimate. Such factors can be important in regions of rapid crustal thickness varia-

tions such as coastal regions of California.

Before concluding, I note that we can also obtain an estimate of crust thickness, h, 

using the converted wave travel time, tPs, and the assumed values of VP (also using 

the Poisson’s ratio to compute the corresponding VS) (Zandt et al., 1995):

. (6−6) 

Note that the dependence on the assumed VP value is not second order in this equa-

tion, and the uncertainty on the thickness estimate can be large - on the order of 10 

km. Still the values are obtained for virtually no extra effort, and worth some com-

putation and thought. Zandt and Ammon (1995) used equation 6-6 to identify sys-

tematic variations in the mean estimates of crustal thickness with tectonic province.

Clearly, there are a number of problems that are likely to arise in an analysis of 

observations of this type. Earth’s crust can be strongly heterogeneous and the 

simple assumptions that are used in this method are certainly going to be violated 

in more than one instance during a large reconnaissance study such as this. How-

ever, the large number of observations may allow the most important trends in 

crustal structure to rise above the scatter of individual observations. We draw no 

conclusions from single measurements and focus our attention on creating a large 

set of measurements suitable for exploring the major trends in the data - if any exist.
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6.3 Observations - processing and organization

An obvious advantage in studying such an extensive region as North America is that 

various tectonic environments are investigated and therefore, different proposed 

crustal composition scenarios could be tested. In this case, the basic tectonic regions 

discussed in Chapter 5 are the subject of analysis. The Paleozoic folded belts, rep-

resented by recording sites in the Appalachian mountain system and the Innuitian 

Folded belt region, are treated here as a special group of orogens with the intention 

of investigating differences with the younger (i.e. Mesozoic and later) orogens. 

Also, the San Andreas Fault system has been treated as a separate group because of 

its involvement in recent tectonic activity.

Table 6-1 is a compilation of the average values of Poisson’s Ratio for each station 

for which we had measurements. Average values for each station are listed, even 

though the measurements were made for each azimuth and distance clustered 

receiver function stack. Average VP values listed in Table 6-1 were used as central 

values for the estimation of σ values in each tectonic setting group of stations. 

Radial receiver functions were computed using iterative deconvolution (Chapter 4) 

with a Gaussian-width parameter of 2.5. Receiver function stacks where low-pass 

filtered using a corner period of 3 seconds. The peak time of Ps and PpPms phases 

were manually picked in all signals. Once these times are measured we estimated 

values of  and crustal thickness using equations 6-5 and 6-6. Both equations 

equations require an assumption of a mean crustal P-wave velocity. In practice a 

range of P-velocities was investigated and the change in estimated Poisson’s ratio 

V P V S⁄



110
is reflected in the uncertainty listed in the table. Still, the affect of this assumption 

on the results must be kept in mind when interpreting the results.

As discussed earlier, lateral heterogeneity can cause problems with receiver-func-

tion-based Poisson’s ratio measurements. Therefore, after an initial suite of mea-

surements, those signals which resulted in obviously extreme σ values (i.e. above 

0.4 and/or below 0.1) were rejected. The exclusion of outliers resulted in a collec-

tion of observations from 82 stations distributed throughout the study region. 

The complete set of measurements are provided in Appendix 3. The median value 

of Poisson’s ratio for each station is shown on the map in Figure 6.4. Blue symbols 

identify sites with higher than the median Poisson ratios, red symbols identify sites 

with lower than the median ratios. No simple, overall pattern is discernible in the 

ratio map, which contains all the measurements without regard to quality. Undoubt-

edly some of the observation shown on the map are outliers. This should be 

expected in such a large survey of structures using a relatively simple assumption 

of simple structure.

To simplify our discussion of the results, we organized the measurements into 

groups, classifying stations by the tectonic province in which they are located. Of 

course some station are on the boundary of two provinces and some lateral varia-

tions are likely to be masked by the course grouping of measurements. The geologic 

classifications used to divide the observations are illustrated in Figure 5.1 on 

page 84. The results are displayed in Figure 6.6 through Figure 6.10.   Each plot 
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shows the variations in the median values of Poisson’s ratio and crustal thickness 

(estimated using equations 6-3 and 6-5, and 6-6 respectively). That is, the value 

shown is the median for all azimuths and distance clusters. Since some stations 

located near the boundary between disparate tectonic provinces, the median values 

may not be indicative of both provinces. For convenience in displaying the results, 

we split the California coastal measurements from the others (there are numerous 

stations in the state). Although this division was constructed only for convenience, 

as described in the next section, the observations from this transform boundary 

region show a systematic variation from other measurements. A numerical tabula-

tion of the results is presented in Table 6-1 . 
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Figure 6.5 Poisson’s ratio and crustal thickness estimates (median values from all 
azimuths and distance ranges) observed at seismic stations located on shields. Sta-
tion locations are shown in Figure 5.2 on page 89. 
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Figure 6.6 Poisson’s ratio and crustal thickness estimates (median values from all 
azimuths and distance ranges) observed at seismic stations located on continental 
platforms. Station locations are shown in Figure 5.2 on page 89. 
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Figure 6.7 Poisson’s ratio and crustal thickness estimates (median values from all 
azimuths and distance ranges) observed at seismic stations located on Paleozoic 
orogens. Station locations are shown in Figure 5.2 on page 89. 
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Figure 6.8 Poisson’s ratio and crustal thickness estimates (median values from all 
azimuths and distance ranges) observed at seismic stations located on extended 
crust. Station locations are shown in Figure 5.2 on page 89. 
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Figure 6.9 Poisson’s ratio and crustal thickness estimates (median values from all 
azimuths and distance ranges) observed at seismic stations located in California’s 
San Andreas Fault System. Station Locations are shown in Figure 5.2 on page 89. 



119
6.4 Poisson’s Ratio Variations Beneath North 
America

It is important to consider that the methodology followed in this study is based in 

the assumption of two idealizations of a more complicated reality: Horizontal layer 
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Figure 6.10 Poisson’s ratio and 
crustal thickness estimates 
(median values from all azi-
muths and distance ranges) 
observed at seismic stations 
located on continental arcs. Sta-
tion locations are shown in 
Figure 5.2 on page 89. 
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Table 6-1: Poisson Ratio Estimates 

Station Cluster ±
Thickness 

(km)
± σ ±

Shield (Vp 6.42 – 0.2 km/s)

FCC 3 1.86 0.02 34.09 2.18 0.297 0.007

FRB 9 1.85 0.21 39.62 5.60 0.281 0.055

GAC 6 1.79 0.05 37.97 1.23 0.271 0.018

SCHQ 4 1.90 0.15 40.04 7.87 0.302 0.044

YKW 13 1.78 0.15 34.76 3.50 0.259 0.055

Average 7.00 1.84 37.29 0.282

Median 6.00 1.85 37.97 0.281

Standard D. 4.06 0.05 2.74 0.018

Continental Platform (Vp 6.42 – 0.2 km/s)

AAM 3 1.83 0.16 43.03 4.98 0.280 0.054

CBKS 6 1.81 0.09 44.10 2.64 0.278 0.031

CCM 9 1.86 0.16 41.77 5.65 0.290 0.046

EDM 3 1.84 0.12 38.39 6.21 0.287 0.042

FFC 8 1.70 0.09 38.99 4.56 0.232 0.042

JFWS 3 1.99 0.02 33.34 0.72 0.331 0.005

LMQ 2 1.88 0.07 37.81 4.14 0.301 0.022

OXF 2 1.79 0.04 42.46 1.83 0.271 0.017

RES 5 1.74 0.09 35.32 15.50 0.249 0.038

SADO 3 1.82 0.16 35.88 5.66 0.277 0.051

ULM 4 1.79 0.03 32.13 1.51 0.274 0.011

WMOK 3 1.90 0.06 44.17 3.75 0.308 0.018

Average 4.25 1.83 38.95 0.281

Median 3.00 1.83 38.69 0.279

Standard 

Deviation

2.30 0.07 4.19 0.026

Paleozoic Orogen (Vp 6.39 – 0.25 km/s)

ALE 12 1.69 0.08 29.72 2.18 0.224 0.042

BINY 4 1.74 0.10 46.20 3.93 0.250 0.038

BLA 5 1.83 0.07 45.72 3.36 0.286 0.026

CEH 5 1.75 0.07 36.16 2.01 0.256 0.028

DRLN 4 1.80 0.04 31.36 1.98 0.275 0.013

GOGA 6 1.80 0.14 37.52 4.86 0.267 0.051

HRV 12 1.68 0.07 30.84 1.30 0.224 0.036

LMN 2 1.68 0.01 44.42 5.25 0.227 0.007

LSCT 4 1.73 0.09 30.19 3.31 0.244 0.040

MBC 10 1.75 0.09 29.78 2.16 0.252 0.039

MCWV 3 1.96 0.12 38.53 5.62 0.323 0.029

MIAR 3 1.96 0.03 41.18 2.26 0.324 0.006

MYNC 2 1.79 0.04 48.88 1.32 0.274 0.014

SSPA 6 1.88 0.20 40.38 9.07 0.290 0.063

Average 5.57 1.79 37.92 0.265

Median 4.50 1.77 38.03 0.262

V P V S⁄
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Standard D. 3.39 0.09 6.79 0.032

Mesozoic-Tertiary Orogen (Vp 6.39 – 0.25 km/s)

ANMO 10 1.66 0.05 40.13 1.92 0.216 0.026

CMB 5 1.74 0.11 46.00 8.30 0.249 0.044

COL 9 1.71 0.11 30.05 3.56 0.234 0.052

CWC 2 1.83 0.07 31.91 3.32 0.284 0.025

DAWY 3 1.79 0.09 34.00 1.61 0.270 0.036

DLBC 4 1.78 0.09 35.70 4.40 0.268 0.036

GSC 9 1.89 0.11 25.88 3.11 0.302 0.030

HWUT 2 1.79 0.08 30.89 1.15 0.271 0.030

ISA 13 1.68 0.10 44.83 5.21 0.221 0.050

INK 7 1.80 0.14 28.78 6.37 0.270 0.050

ISCO 5 1.73 0.13 45.35 6.09 0.238 0.068

KNB 4 1.98 0.32 34.36 3.40 0.305 0.096

KCC 5 1.92 0.21 36.63 4.82 0.301 0.064

LDS 3 1.96 0.10 31.79 6.21 0.322 0.024

MIN 6 1.71 0.06 40.04 1.72 0.236 0.029

NEW 7 1.71 0.10 34.19 4.34 0.234 0.050

ORV 5 1.76 0.08 36.24 4.01 0.259 0.033

PFO 9 1.68 0.04 30.19 0.74 0.226 0.018

SVD 8 1.80 0.07 36.40 3.23 0.276 0.023

VTV 9 1.78 0.14 30.98 4.32 0.262 0.048

WDC 4 1.87 0.10 29.01 10.19 0.298 0.029

WHY 8 1.67 0.08 39.79 4.95 0.217 0.048

WVOR 8 1.82 0.19 29.47 3.64 0.271 0.059

Average 6.30 1.79 34.90 0.262

Median 6.00 1.78 34.19 0.268

Standard D. 2.85 0.09 5.63 0.031

Extended Crust (Vp 6.21 – 0.22 km/s)

BMN 9 1.69 0.06 29.12 1.16 0.228 0.029

DAC 5 1.84 0.12 31.50 1.07 0.284 0.044

DUG 4 1.75 0.06 27.85 2.24 0.257 0.028

ELK 6 1.74 0.07 30.68 1.18 0.251 0.032

GLA 7 1.63 0.06 27.63 1.55 0.195 0.037

MNV 8 1.76 0.05 34.86 1.25 0.259 0.022

NEE 5 1.85 0.06 26.02 2.14 0.292 0.020

TPH 7 1.73 0.07 34.95 1.13 0.245 0.034

TPNV 6 2.01 0.08 33.10 1.10 0.335 0.017

TUC 8 1.70 0.07 30.73 1.71 0.234 0.032

Average 6.50 1.77 30.65 0.261

Median 6.50 1.75 30.71 0.257

Standard D. 1.58 0.11 3.05 0.040

California Coast ranges (Vp 6.05 – 0.21 km/s)

Table 6-1: Poisson Ratio Estimates (Continued)

Station Cluster ±
Thickness 

(km)
± σ ±V P V S⁄
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distribution and lateral homogeneity in the crust. In other words, any generalities 

about continental crust composition cannot be drawn without overseeing specific 

cases, which most likely will deviate from any average. However, interesting trends 

can be identified in terms of the average (mean and median) , thickness, and 

σ values obtained for different tectonic settings. Actually, we prefer the median 

values of the different distributions to discuss the observed results.

BAR 9 1.85 0.16 34.22 6.42 0.281 0.064

BKS 4 1.75 0.05 30.22 4.10 0.257 0.021

CALB 5 1.88 0.08 26.19 0.85 0.301 0.023

HOPS 4 1.64 0.06 31.57 1.04 0.200 0.034

JRSC 3 1.63 0.03 29.77 0.58 0.195 0.021

MHC 6 1.85 0.09 21.39 1.33 0.293 0.029

PAS 8 1.89 0.17 24.31 2.78 0.299 0.041

RPV 5 1.90 0.04 20.16 4.24 0.307 0.012

SAO 6 1.80 0.19 26.36 1.93 0.264 0.068

SBC 5 1.88 0.06 28.25 3.24 0.301 0.018

STAN 2 1.80 0.12 34.16 4.38 0.274 0.043

Average 5.18 1.81 27.87 0.270

Median 5.00 1.85 28.25 0.281

Standard D. 2.04 0.10 4.71 0.039

Volcanic Arc (Vp 6.44 – 0.25 km/s)

ADK 7 1.95 0.10 31.51 2.13 0.320 0.022

BBB 3 1.78 0.06 25.93 0.78 0.269 0.024

COR 13 1.98 0.09 40.17 4.05 0.327 0.019

MOBC 2 2.07 0.41 24.24 3.54 0.331 0.085

PGC 1 2.05 0.00 32.13 0.00 0.343 0.000

PMB 2 1.69 0.00 37.90 0.43 0.230 0.061

UNM 5 1.78 0.14 49.33 7.07 0.262 0.053

Average 4.71 1.90 34.46 0.297

Median 3.00 1.95 32.13 0.320

Standard D. 4.19 0.15 8.73 0.043

Table 6-1: Poisson Ratio Estimates (Continued)

Station Cluster ±
Thickness 

(km)
± σ ±V P V S⁄

V P V S⁄
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In any survey with a large number of observations, some measurements are bound 

to be outliers. There are two reasons to look carefully at outliers. First, if the mea-

surement is correct, the structure is unusual and worthy of note. Second, if the mea-

surement turns out to be misleading, through careful examination we may learn 

something important about our methodology that will help us in future applications 

of the method. Before proceeding to a general discussion of the results, I discuss 

those stations with unusually low or high Poisson’s ratios.

6.4.1 Investigating Outliers

6.4.1.1 Yellowknife, Canada
Station YKW-CN has the lowest median Poisson’s ratio among shield-type sites. 

YKW is at the border between the Slave province (shield), and the Western plains 

(Precambrian platform). The site has been investigated in detail by Cassidy (1995), 

who described “significant lateral variations in the earth structure” in the vicinity of 

YKW. Indeed, receiver functions that sample crust from the shield area tend to 

higher σ values (above 0.29) whereas low σ values (below 0.25) are calculated 

from signals that travel through the platform crust, which may to be affected by the 

sedimentary cover of the western plains (Figure 6.11).

6.4.1.2 Flin Flon and Resolute, Canada
FFC-II and RES-CNSN: Although not significant, these two stations tend to have 

low σ values among the Continental platform sites. Low σ values at FFC would 

support the influence of a quartz rich sedimentary cover, as suggested by Zandt and 

Ammon (1995). A tendency that may also be reflected in RES-CNSN site, although 
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Figure 6.11 Radial receiver functions for station YKW-CNSN, located in Shield 
setting (onset map). The different back azimuth of arrival and estimated Poisson’s 
ratio (σ) are indicated in the right edge of the signals. The gray boxes indicate the 
approximate time-window of the arrival of the Ps and PpPms phases. The num-
ber of identification of each cluster is shown to the left. (See text for discussion). 
The solid line is a filtered receiver function (used to make the time picks, which 
are indicated by the vertical lines) and the dashed line is a amplitude normalized 
version of the receiver functions (Gaussian width factor = 2.5), scaled to match 
the filtered signal amplitudes.



125
the proximity of this station to the Innuitian folded belts could also play a factor that 

bias the crust composition towards acid bulk composition.

6.4.1.3 Jewel Farm, WI, United States
JFWS-USNSN: This station’s outstanding median (0.331) among platform sites 

could reflect a modest sedimentary cover (crustal thickness is around 33 km) com-

bined with a strong Precambrian basement signature.

6.4.1.4 Mont Chateau, WV and Mount Ida, AK, United States
MCWV-USNSN and MIAR-USNSN: These two stations show the higher σ esti-

mates among sites in Paleozoic orogens (Figure 6.12). MCWV is located in the 

western flank of the Appalachian thrust and signals coming from the south (clusters 

1 and 2) are apparently being affected by structural complexities at the MCT, 

although transverse stacked signals do not show notorious higher amplitudes (Fig-

ure 6.12 (top)). The high σ value at station MIAR, on the other hand, may be an 

effect of conversions at a dipping structure, perhaps associated with the Ouachita 

mountains, as suggested by both the radial and transverse receiver functions stacks 

(Figure 6.12 (bottom)). 

6.4.1.5 Goldstone, CA, Kanab, UT,  Kaiser Creek, CA,  and Leeds, UT, United 
States
GSC-TS, KNB-USNSN, KCC-BK and LDS-USNSN: Although it is not surprising 

to find high variability in Mesozoic-Tertiary orogenic crust, only four out of 23 sta-

tions show unusually high σ values (σ ≥ 0.30). These four stations are all located 

in neighboring sites of the Basin and Range extended crust province. Station GSC 

has consistently high σ values (0.302 ± 0.03), perhaps due to its location on Pre-



126
cambrian metamorphic and plutonic rocks. KCC (σ = 0.301 ± 0.06) is located 

nearby the active volcanic area surrounding Long Valley Caldera in eastern Cali-

fornia, whose structural complexity is evident in moderate, yet consistent, trans-

verse receiver signals. KNB (σ = 0.305 ± 0.09) and LDS (σ = 0.322 ± 0.02) are both 

located in the western border of the Colorado Plateau, a major physiographic prov-
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Figure 6.12 Time-domain receiver functions for stations MCWV (top) and 
MIAR-USNSN (bottom), located in Paleozoic Orogen settings. The transverse 
receiver functions are shown as dashed lines beneath the radial receiver func-
tions. The gray regions identify the travel time windows for Ps conversions and 
multiples in typical crustal structures (See text for discussion).
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ince of Cenozoic age (Morgan and Swanberg, 1985) whose lower crust has been 

interpreted as a Garnet-bearing intermediate-to-mafic granulite and amphibolite 

(Padovani et al., 1982). Thus, the high σ values at KNB and LDS are in good agree-

ment with the influence of mafic partial melt systems interpreted by Benz and 

McCarthy (1994), at the Basin and Range-Colorado Plateau transition zone. The 

transverse receiver function stacks show notable amplitudes and low-velocity layer 

signatures in the radial receiver functions at KNB and LDS, suggest local structural 

complexity.

6.4.1.6 Tonopah, Nevada, United States
TPNV-USNSN: This is the only high σ value among the extended crust sites. All 

the receiver function stacks used for TPNV were calculated using signals arriving 

from the west-southwest or west-northwest, and the high measurement may be 

related to the influence of active volcanism present in that region. Although mag-

matic rocks in this area are mostly acidic, that would push Poisson’s ratios towards 

lower values. The only way to increase the value would be with partial melt, but the 

data are not of the highest quality, and such a conclusion should be based on only 

the best data. Visual examination of the receiver-function stacks used for this sta-

tion (Figure 6.13), indicates the complexity of the local structure (see notable 

amplitude of transverse signals).

6.4.1.7 HOPS-BK and JRSC-BK, United States
 These two stations are the only sites where values are bellow 0.25 (0.200 and 0.195 

respectively (Figure 6.14). The only four signals used for HOPS (all arriving from 

the southwest and northwest) show substantial local scattering, which could be due 
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to structural complexities related to the San Andreas fault (Figure 6.14 (top)). A 

clear, but variable amplitude, Ps arrival is visible on all the stations, but no conclu-

sions can be drawn from these signals, they violate the simple assumptions of the 

technique. JRSC receiver functions, on the other hand, show the presence of a sur-
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Figure 6.13 Receiver functions for station TPNV-USNSN located in an 
extended-crust setting. The transverse receiver functions are shown as dashed 
lines beneath the radial receiver functions (See text for discussion).
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face low velocity layer (Figure 6.14 (bottom)) but are not that complex. Clear can-

didates for the Ps and PpPms arrivals are visible in the shaded regions of 6.14 

(bottom). The extreme low values for the southeast back azimuth may be biased by 
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Figure 6.14 Radial receiver functions for stations HOPS-BK (top) and JRSC 
(bottom), located in California Coast-ranges. The notation is the same as in Fig-
ure VI.6 (See text for discussion).
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interference with scattered waves, but the low values from the northwest were mea-

sured from relatively simple receiver functions.

6.4.2 General Observations
The median value of  (1.794 ± 0.098) from all of our measurements is mar-

ginally higher than the average continental crust value (1.768), reported by Chris-

tensen and Mooney (1995) for a worldwide survey; with the  estimates at 

orogens (1.77 at Paleozoic and 1.78 for Mesozoic-Tertiary) approaching that global 

mean. The highest values obtained here, were those in volcanic arcs (1.95) and pre-

cambrian settings (1.85 and 1.83 for shields and platforms respectively). This 

observation would support the idea that  increases with temperature, pres-

sure and partial melting (Anderson, 1989) and a refractory nature of Precambrian 

crust. 

6.4.3 Poisson’s Ratio
The overall Poisson’s ratio average and median values coincide (0.270 and 0.271, 

respectively), in good agreement with average values for continental crust values 

reported by Christensen (1995) and Zandt and Ammon (1995). The highest median 

value corresponds to volcanic arcs (0.320 ± 0.043), which suggests these regions 

may have a dominant mafic composition, fluids (partial melt) or both. The story is 

more complicated however, since arc measurements actually split into two groups. 

Stations with low Poisson’s ratio values are BBB, PMB, and UNM, which are all 

located on continental material. So are several of the other stations. The scatter 

could be a result of the difficulty of making the measurements in regions of com-

V P V S⁄

V P V S⁄

V P V S⁄
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plicated geology, or may indicate a variation within the arc province. With more 

observations we can do little more than note the variation. 

The median values observed in shields (0.281± 0.018) and platforms (0.279 ± 

0.026) overlap with the high σ estimates reported by Zandt and Ammon (1995) 

(0.29 ± 0.02 and 0.27 ± 0.03, respectively) which they interpreted as an indication 

of mafic lower crust composition. The California coast-ranges have notable high σ 

value with high variability (0.281 ± 0.039), which could reflect the influence of 

multiples signals from the south- and northwest Pacific ocean crust (e.g. CALB, 

RPV, SBC) and/or the moderate sedimentary cover in the Great Valley, underlain 

by the oceanic (Franciscan) basement (Irwin, 1990). Orogens show Poisson’s ratio 

values below the 0.27 overall average (Paleozoic σ = 0.262 ± 0.031, Mesozoic-Ter-

tiary σ = 0.268 ± 0.031), that would be expected from an upper crust material (sed-

iments and dominantly felsic aggregates) recycling and/or thickening. 

The relatively low values obtained in extended crust (0.257 ± 0.040) can be inter-

preted in several ways. One is to conclude that the Basin and Range crust includes 

a limited mafic contribution and is predominantly a thin felsic crust.  Previous seis-

mic refraction work in the Basin and Range region (Jarchow et al.,1993) favored 

mafic crust composition induced by active magmatic underplating, the presence of 

repeated metamorphic events in several locations could explain the involvement of 

upper crust material in the overall crustal composition. Investigating the variations 

in MCT structure, that is the subject in the following chapter, could test the latter 

hypothesis.
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6.4.4 Crustal Thickness
Crustal thickness estimates are formally less reliable than  and σ values, 

due to their enhanced sensitivity to the assumed average crustal P-velocity values. 

Still, the patterns are in many ways simpler than those associated with Poisson’s 

ratio. Our knowledge about the crustal thickness is much better than that of Pois-

son’s ratio, so these results actually provide somewhat of a check on the identifica-

tion of the Ps wave. Estimates of crustal thickness are summarized in Figure 6.15. 

Several trends are clear on the illustration. First, the crust is thin beneath the western 

conterminous United States - as expected from decades of other studies. A few sta-

tions with thicker than average crusts in the region are located along the spine of the 

Sierra Nevada (CMB, ISC). Coastal stations are also generally thinner than average. 

Stations in the U.S. Great Plains and along the spine of the Appalachian Mountains 

are thicker than average. The values for crustal thickness beneath the shield region 

of Canada are thinner than expected. 

6.4.5 Do Poisson’s Ratio and Crustal Thickness Correlate?
Since we’ve collected measurements of two fundamental parameters of the conti-

nental crust, it is natural that we would look for a correlation between the measures. 

In fact, if the evolution of the crust was a simple, step-by-step process evolving arc-

like structures into shield like structures with thicker crusts while steadily modify-

ing the composition of mafic to intermediate, we might expect a simple correlation. 

Such a simple view of continental crust, which is the product of billions of years of 

plate interaction and mantle convective processes is unlikely. The evidence is 

V P V S⁄
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shown in Figure 6.16. A breakdown of the measurements is presented in 

Figure 6.17. The only province which shows a visible correlation between the two 

values is the Mesozoic/Tertiary orogenic crust, which shows a tendency towards 

low Poisson’s ratios in regions of thick crust. Even in this case, however, a thick 

crust is not a prerequisite of a low Poisson’s ratio.

6.5 Discussion

A number of interesting trends in crustal parameters were uncovered in the study. 

The results are summarized in Figure 6.18 and Table 6-2. The “oldest” crust is 

shown on the left, the amount of “active deformation” is higher on the right. Pois-

son’s ratio is shown on the top, crustal thickness on the bottom. The error bars rep-

resent plus or minus the absolute median deviation from the median. The stippled 
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region on the Poisson’s ratio plot indicates the region with lower-than-average 

values compared with the global survey of 114 stations by Zandt and Ammon 

(1995). The variation of Poisson’s ratio from province to province is complex, and 
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there appears to be no simple evolution of from a high value to a low value of Pois-

son’s ratio with “tectonic age”. However, the observations are intriguing. 

The median shield and platform median values are above the global average, per-

haps indicating a slightly more mafic composition as suggested in Zandt and 

Ammon (1995). Our results suggest that the picture may be more complicated. The 

Paleozoic mountain ranges (the Appalachian region) show a lower than average 

median value, indicative of a more silicic composition. The younger orogenic 

regions in the western part of the continent show the largest variability with a 

median value equal to the global average. Variations in these regions are large 

enough to be hiding some more intriguing geologic variations that may become 

more clear as more stations are installed and observations are collected. 

Perhaps the most interesting observations in the collection are those for the 

extended regions of the crust. Poisson’s ratio values are consistently low for these 

stations (mostly in the Basin and Range). The estimated crustal thickness for these 

stations is also internally consistent, the crust is uniformly thin beneath the sites, 

undoubtedly as a result of extension. The low Poisson’s ratio values for these sta-

Table 6-2: Median Values for Each Tectonic Province

Median Poisson's 
Ratio

 Median Absolute 
Deviation

Median Crustal 
Thickness (km)

 Median Absolute 
Deviation (km)

Shield 0.28 0.02 38 2.1

Platform 0.28 0.01 39 3.6

Paleozoic 0.26 0.02 38 6.9

Mesozoic-Tertiary 0.27 0.03 34 4.0

Extended 0.25 0.02 31 3.2

Continental Arcs 0.32 0.02 32 6.2

SAF System 0.28 0.02 28 3.3
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tions are consistent with a silicic composition. And if this crust began as arc-like 

material, it has since that time evolved to a more felsic composition. We cannot say 

whether extension or earlier deformation episodes caused the change since the 

region has a long history of tectonic activity associated with subduction along the 

western margin of North America. Since the orogenic regions also seem to have 

more felsic compositions (than arcs), an argument could be made that at least part 

of the transition from mafic to felsic material in the extended crust probably 

occurred during earlier episodes of deformation. I point out however, that the path 

from arc-like to felsic composition need not be unique; many different tectonic his-

tories could cause the transition in composition. However, felsic rocks are not the 

only materials that can have low Poisson’s ratio and the crust beneath the Basin and 

Range could still be more mafic.

In the above discussion I dealt with median values of the parameters, which are less 

sensitive to the outliers in the data. For completeness, I conclude with a list the aver-

age and standard deviation values show similar trends. Crustal thickness values are 

thicker beneath shields (38 ± 3) and platforms (39 ± 4), which show notably low 

standard deviations. Orogenic crust, on the other hand, shows larger variability (± 

7 in Paleozoic, ± 5 in California Coast-Ranges and ± 6 in Mesozoic-Tertiary), that 

reflects its structural complexity. Volcanic-arc crustal thickness has a large standard 

deviation (±9) that could be attributed to offshore stations (ADK, BBB and MOBC) 

although volcanic regions are structurally complex settings. Stations on extended 

crust have thinner crust (31 ± 3), a result that supports previous observations in the 

Basin and Range province (Mooney and Braile, 1989).
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6.6 Conclusions

The observations suggest that transformation from arc-like crust to shield-like crust 

is more complicated than a simple smooth evolution. Measurements from continen-

tal arcs are consistent with a mafic composition, which is consistent with geochem-

ical arguments for arc composition. If continental crust is born at arcs, it starts out 

with a mafic composition. Since on average the crust has a more intermediate com-

position, this means that crust must evolve to a more silicic composition. How does 

it evolve? The values measured for stations located in regions with recent orogenic 

events suggests a more silicic value. Together these observations suggest that oro-

genic processes lead to a relative increase in silica, perhaps by delamination pro-

cesses that remove mafic material from the lower crust when increases in thickness 

push the lower crust deeper. Extended crust appears to be even more silicic than the 

orogens, which suggests that large-scale extensional processes may also mechani-

cally favor a decrease in mafic content. It is not clear how this may proceed physi-

cally, but the extended region measurements are some of the most consistent in all 

the observations. The thicker and more intermediate structures of the shields and 

platforms suggest that later alterations to continental crust may include the under-

plating of more mafic material in the lower crust to bring the average composition. 

These results are intriguing and raise many questions regarding the evolution of the 

continents, but perhaps most importantly we have identified trends in the character-

istics of the crust upon which future research, benefitting from more dense seismic 

station coverage, may shed more light.



7 THE MANTLE-CRUST 
TRANSITION BENEATH NORTH 
AMERICA

Earth is unique in a number of ways, it’s the only known planet to harbor life, the 

only planet in the solar system with large quantities of liquid water, and the only 

planet in the solar system that has a highly differentiated, enriched crust (e.g. 

Condie, 1993). Earth has two types of crust, continental (the focus of this study) and 

oceanic. The continents are much thicker and are comprised of lighter material, and 

their buoyancy results in the elevation well above the ocean floor. Although the 

continental crust accounts for a fraction of one percent of the planet’s mass, it con-

tains a large portion of the budget for several elements, including more than 30% of 

the heat producing elements, K, U, and Th (Taylor and McLennan, 1995). These 

facts, together with our obvious dependence on this region for survival, provide 

ample incentive for investigation of the continents. 

Perhaps the most important scientific reason to study the continental crust is the fact 

that it houses most of our information on most of our planet’s history. Packing all 

that information beneath about one-third of Earth’s surface created complexity in 

geologic structure and composition. The relative simplicity of the “young” oceanic 

crust is a sharp contrast with the battered and weathered continents. Partially 

because of the availability of information from the simpler, younger oceanic litho-
140
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sphere, the history of the continents is reasonably well known for the last few hun-

dred million years. But the farther back we probe, the more uncertain our 

reconstructions become. The prime example of our uncertainty is the fact that we 

remain unsure of the growth rate of the continents (Condie, 1993; Taylor and 

McLennan, 1995). The range of acceptable models for crustal growth is substantial 

(Figure 7.1) ranging from early, rapid growth with recycling to more moderate, 

steady growth, with alternatives for episodic surges in continent production. The 
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favored model is intermediate in growth rate, with at least 50% of the continents in 

place by about 2.5 Ga, to satisfy freeboard constraints (Taylor and McLennan, 

1995). Episodes of crustal growth are thought to occur at times of supercontinent 

assembly, when arc activity is near a maximum because the amount of subduction 

is great. Also continental collisions associated with super-continent formation 

would produce large scale crustal thickening and melting which would create more 

stable continental material suitable for long term survival (Taylor and McLennan, 

1995).

Estimating the growth rate of the continents requires an understanding of the pro-

cesses that produce continents, such as island or continental arc magmatism, and 

possibly, crustal underplating. Since the Archean, island arc accretion is thought to 

have dominated the production of new continental material, although large-scale 

volcanism which produces oceanic plateaus (e.g. Ontong Java) may have contrib-

uted significantly to the continents in the past (Abbott and Mooney, 1995). The 

level of their contribution depends on the subductibility of oceanic plateaus, which 

in turn depends on the nature of the lower crust beneath these structures (Neal et al., 

1997). 

Lingering on the sidelines of any discussion of continental growth is the possibility 

of underplating material directly to the base of continental crust (e.g. Furlong and 

Fountain, 1986; Rudnick, 1990). Understanding the nature and amount of under-

plating is a challenge because few examples of the MCT are available for direct 

inspection (e.g. Hermann et al., 1997). The most cited example of an exposed, 
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paleo-MCT is the Ivrea Zone in the western Italian Alps, although recent work sug-

gests that the feature is actually a fossil accretionary prism, not “typical” lower con-

tinental crust (Hermann et al., 1997). Hermann et al., (1997) studied the Val 

Malenco exposure, also located in the Italian Alps, which they believe is more rep-

resentative of a “typical” MCT. They observed a complex, at least one-kilometer 

thick transition from mafic lower crust to ultramafic, peridotite mantle. The Val 

Malenco transition (Figure 2.6) is composed of a mixture of dense pelitic granulite, 

gabbro, and peridotite (Hermann et al., 1997). 

Understanding the growth and evolution of the continental crust remains one of the 

most encompassing and important problems in global geology. Its solution will 

require laboratory and numerical models, and field evidence constraining the com-

position, nature, and history of the crust and major crustal boundaries, such as the 

Mantle-Crust Transition (MCT). Many years of seismic studies of the continents 

have led to generalizations about the nature of the continental MCT and variations 

of the boundary with tectonic age or province. Older, stable regions are thought to 

host a more gradational transition, younger regions of active deformation are 

thought to be underlain by more variable, but often sharper transitions (Nelson, 

1991, Hammer and Clowes, 1997). 

In this chapter I summarize the results of my investigation of the thickness of the 

MCT beneath North America. I have two main goals in this work, to investigate the 

feasibility of using receiver functions to constrain MCT thickness, and to look for 

systematic variations in MCT thickness with tectonic age and/or history. I break my 
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discussion into three sections: First, I report the estimated thickness of the MCT 

beneath those stations for which the measurements were possible. Then, I synthe-

size the thickness variations in a discussion of the geo-tectonic setting of the sta-

tions. And third, I discuss particular cases in light of observations that may provide 

further understanding of the nature of the MCT.

7.1 A Limit for Resolution

Two factors limit our ability to use receiver functions to estimate precise thick-

nesses of the MCT. First, since the incident P-waves travel great distances before 

sampling the receiver structure, they are inherently low-frequency (up to several 

hertz). In addition, receiver functions are commonly complicated by scattered 

waves, often generated in the shallow structures underlying seismic stations. Scat-

tering generally decreases with increasing period, since longer period waves are 

less sensitive to small-scale heterogeneities. Velocity heterogeneity and its con-

comitant scattering restrict our resolution of the MCT thickness by limiting the 

bandwidth available for reliable observation of both the Ps and PpPms arrivals. For 

most practical purposes, experience suggests that useful receiver function informa-

tion is available at periods from perhaps one second to a few tens of seconds (the 

long-period limit is imposed by Earth’s background noise levels).

Since by definition, heterogeneity will vary from site to site, a precise limit on the 

resolution of the MCT thickness depends on the site. At times it may be possible to 

push the resolution smaller than a kilometer, if the high frequency signals are avail-

able. However, this is certainly not the case at every station. In most cases, the res-
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olution of the MCT thickness will be on the order of one to two kilometers if we 

restrict our measurements to include periods longer than one to three seconds. For 

this initial survey of thicknesses, I accept the coarse resolution in order to obtain a 

broad sampling of the MCT thickness. I obviously will not resolve fine details in 

the structure or fine details in the variability of the MCT with tectonic age and/or 

history. Available resolution, while not high, should allow us to investigate the most 

important variations from “sharp” to “broad” and to explore any patterns that may 

arise during the mapping of the thickness across North America.

7.2 Estimating MCT Thickness

The entire set of observations was carefully reviewed and processed - details are 

provided in Appendix 2. The method used to estimate the MCT thickness was out-

lined in Section 3.4 on page 58. The procedure consists of several steps, which are 

reviewed in the following sections. 

7.2.1 Receiver function cluster/stacks preparation
First, the iterative time-domain receiver functions (Chapter 4) were calculated for 

each event in each receiver-function distance-azimuth cluster. I used a Gaussian 

width factors of 2.5, 1.5, and 1.0, performed the deconvolution with a maximum of 

one hundred iterations and a misfit tolerance of 0.001. The resulting radial and 

transverse receiver functions were averaged to create signal “stacks” that were used 

to represent the response for each cluster. Only the radial receiver functions were 

kept for interpretations, transverse observations were used as a qualitative measure 

of the level of scattering influencing the radial measurements. An example is pre-
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sented in Figure 7.2, but I only show the transverse signal for the Gaussian width of 

2.5. In general, the relative amplitude of the transverse receiver functions decrease 
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Figure 7.2 Example of observed receiver functions at station CCM-IU. Differ-
ences between the shape of Ps and PpPms phases (gray boxes) indicate changes in 
the configuration of the MCT. The four panels to the right are presented in clock-
wise azimuth order and the correspondent back azimuth and slowness for each 
cluster is indicated. The radial receiver function (solid curves) is shown for three 
different Gaussian widths a= 1.0, 1.5 and 2.5 (indicated in the right edge of the 
signals). The transverse receiver functions for a Gaussian width of 2.5 are shown 
as dashed lines beneath the radial receiver functions.
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with decreasing width factor (lower frequencies).

The peak arrival times of the Ps and PpPms phases were picked for the three radial 

receiver function stacks (Gaussian width = 2.5, 1.5 and 1.0). This completes the 

preparation of the observations. The next step was to create the theoretical MCT 

amplitude-ratio thickness curves (Section 3.4 on page 58).

7.2.2 Inversion for receiver velocity crustal structure 

To account for shallow structure influence on the MCT thickness measures, we 

constructed “average” shallow velocity structures for each station using a linear-

ized, time-domain waveform inversion method (Ammon et al., 1990). For each 

station I computed the average receiver function by computing the mean of all 

available distance-azimuth cluster stacks and inverted the “average” waveform for 

an “average” structure. For convenience, I used frequency-domain deconvolutions 

in this part of the analysis. 

The nonlinear relationship between the receiver function, d, and the velocity 

model, m, can be represented as

(7−1) 

where F is a nonlinear functional representing the computation of a receiver func-

tion. To estimate m, an initial model, , is constructed and a first-order Taylor 

expansion about , allows us to approximate (7-1) as

(7−2) 

d F m[ ]=

m0

m0

D δm,( ) j F j m[ ] F j m0[ ]–=
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where  is the inner product between D, the partial derivative matrix of 

, and the model correction vector . If we define , then 

we can use

(7−3) 

to invert directly for m. The partial derivatives for the matrix D are estimated using 

a finite-difference approximation, implemented by Randall (1990), based on the 

propagator-matrix method of Kennett (1983). To stabilize the inversion I appended 

a smoothness constraint to the equations and minimize model roughness (Ammon 

et al., 1990). The inversion is performed using a singular-value decomposition. See 

Ammon et al., (1990) for details.

I used a value of 0.1 for the smoothness parameter and a 0.001 singular-value 

decomposition truncation factor. Five iterations were found to be sufficient to 

obtain a reasonable model that fitted the data satisfactory. I used an inversion with 

one significant change to the method outlined by Ammon et al. (1990). Receiver 

functions do not usually have much energy at periods longer than about 30 seconds 

(C. J. Ammon, personal communication). The lack of long-period signal often pro-

duces acausal side-lobes on each arrival in the signal. Although experience suggests 

that the side-lobes are not a major factor in the inversions, I accounted for the lack 

of long-period energy in the observations by band-limiting our inversion to include 

periods longer than about 30 seconds (second-order, two-pass Butterworth filter 

with a corner at 0.03 hertz).

D δm,( )

F j m0[ ] δm m m0 δm+=

D m,( ) j d j F j m0[ ]– D m0,( ) j+=
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To construct the initial model for the inversions, I used structures available in the 

literature when available (e.g. CCM, COR, MNV, ANMO, PGC, YKW, INK, 

WHY, EDM). When existing models were not available, I used a modified version 

of the “standard” models for each province (Table 5-1 on page 87). In each case I 

fixed the crustal Poisson’s Ratio to be consistent with that estimated in Chapter 6. 

The purpose of this inversion was to obtain a velocity model of the upper and 

middle crust layers at each station and use these structures to compute the amplitude 

ratios for different MCT thicknesses. Therefore, the velocity model for each site 

should not be considered as definitive. The inherent non-uniqueness of seismic 

velocity inversions cannot be avoided (Ammon et al., 1990), but the models are 

suitable for mapping MCT structure beneath the stations. 

An example inversion is illustrated in Figure 7.3. The receiver functions are shown 

to the left and bottom of the models. Immediately the absence of a large converted 

wave and multiple suggests the need for a smooth transition from crust to mantle 

velocities. A possible Ps arrival with a peak at about 6 seconds lag suggests a rela-

tively thick crust. The inversion starting model contains a relatively sharp MCT 

beneath a thick, simple crust. Inversion drives the model towards a smoother MCT 

and more crustal complexity including a faster near-surface velocity. The fit to the 

observations is acceptable for the three different bandwidths. Plots of each station-

average receiver function and the estimated velocity structure used in this study are 

presented in Appendix C.
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7.2.3 MCT Amplitude-Ratio Thickness Diagrams
Using the upper- and middle-crust layers from the station-average velocity-models, 

synthetic receiver functions were calculated using the method of Randall (1990), 
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Figure 7.3 Inversion results for crustal velocity structure at station SCHQ-CNSN 
(onset map). The resulting velocity structure (solid line in upper-right panel) was 
obtained using the 1.5 Gaussian width receiver function stack (dotted line in 
lower-left panel) and a velocity model obtained by Cassidy (1995) (dotted line in 
upper-right panel). The solution was tested by matching the synthetics (solid 
curves) in three different Gaussian widths with their observed counterparts (dot-
ted curves).
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for ten MCT structures varying in thickness from 1 to 10 km thickness, and Gauss-

ian widths of 1.0, 1.5 and 2.0. Then, the peak amplitude values of the Ps and PpPms 

arrivals were used to calculate an MCT amplitude-ratio diagram for each velocity 

structure. An example set of curves are shown in Figure 7.4 (an earlier example was 

0.3

0.4

0.5

0.6

0.7

0.8

0.9

A
m

pl
itu

de
 R

at
io

MCT thickness (km)

Slowness 0.04 (Cluster 6)

0 2 4 6 8 10

a = 1.0

a = 1.5

a = 2.5

A
m

pl
itu

de
 R

at
io

MCT thickness (km)

Slowness 0.05 (Cluster 4)

0 2 4 6 8 10

a = 1.0

a = 1.5

a = 2.5

0.3

0.4

0.5

0.6

0.7

0.8

A
m

pl
itu

de
 R

at
io

MCT thickness (km)

Slowness 0.06 (Cluster 1)

0 2 4 6 8 10

a = 1.0

a = 1.5

a = 2.5

0.3

0.4

0.5

0.6

0.7

A
m

pl
itu

de
 R

at
io

MCT thickness (km)

Slowness 0.07 (Cluster 8)

0 2 4 6 8 10

a = 1.0

a = 1.5

a = 2.5

0.3

0.4

0.5

0.6

PAS - TS

Figure 7.4 MCT amplitude-ratio diagrams for four different slowness values 
(0.04 - 0.07) used to estimate the MCT thickness at station PAS-TS (onset map). 
The corresponding observed Ps-PpPms phases amplitude ratio at clusters 6,4,1 
and 8 are also plotted on top of the correspondent Gaussian width a curves (black 
star =1.0, gray star=1.5 and white star =2.5), suggesting the MCT thickness mea-
sured by the correspondent receiver functions. The results are checked with syn-
thetic signals.
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shown in Figure 3.8 on page 66). Since the receiver function observations were 

available with a range of horizontal slownesses, the MCT amplitude-ratio diagrams 

were calculated for ray parameters of 0.04, 0.05, 0.06 and 0.07 s/km. Once the the-

oretical curves are computed, the observed amplitudes ratios were plotted on the 

amplitude-ratio diagram and an estimate of MCT thickness for each cluster’s 

receiver function stack can be directly read from the curve. 

7.3 Measured MCT Thickness Variations Beneath 
North America

Details of the results obtained after the analysis of 640 azimuth-distance-cluster sig-

nals, and a total of 93 stations, are reported in Appendix D. Figure 7.5 is a chart 

showing the distribution of observations with tectonic province. Most observations 
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are from the western Cordillera of North America, where most of the continents 

seismic stations are located. We have few values from shield regions, but adequate 

numbers from platforms and Paleozoic orogens (mostly the Appalachian Moun-

tains). We separate the large number of observations from within the San Andreas 

Fault System from the rest of the US for convenience. We have only a few measure-

ments from arc regions, and these are generally areas of complex structure which 

make simple measurements a challenge.

Estimated values of MCT thickness are summarized in Table 7-1, Figure 7.6, and 

Figure 7.7. In the following section we discuss each tectonic grouping individually. 

First, the fact that we have no measurements below two kilometers is more a reflec-

tion of our data band width than a true statement regarding the thickness of the 
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Table 7-1: Mean MCT Thickness Estimates 

Station Clusters MCT SD Station Clusters MCT SD

Shields
FCC 3 5.83 1.61 FRB 10 5.95 1.36
GAC 6 4.08 2.01 SCHQ 5 5.30 2.39
YKW 13 3.81 2.62

Average
Median

SD

4.57
4.08
1.10

Continental Platforms

AAM 3 6.67 0.58 CBKS 6 3.50 1.05

CCM 11 6.45 2.11 EDM 3 4.00 1.73

FFC 10 3.95 1.42 HKT 5 5.80 2.28

JFWS 3 3.83 2.75 LMQ 2 4.50 3.54

RES 8 4.81 1.73 SADO 3 2.33 0.58

ULM 3 2.83 0.29 WCI 3 3.17 0.29

WMOK 3 6.50 1.50 WVT 4 5.38 1.38

Average

Median

SD

5.01

4.81

1.55

Paleozoic — Orogens

ALE 17 3.97 1.14 BINY 5 4.40 1.67

BLA 5 6.60 1.67 CEH 5 4.60 2.22

DRLN 5 6.20 2.02 GOGA 6 4.58 1.91

HRV 12 4.21 1.21 LBNH 5 9.10 0.22

LMN 2 5.50 0.71 LSCT 4 4.88 2.59

MBC 14 3.00 0.98 MCWV 3 6.50 2.18

MIAR 5 7.00 2.83 MYNC 3 5.67 1.53

SSPA 7 4.64 1.31 YSNY 3 8.33 0.58

Average

Median

SD

5.57

5.19

1.64

Mesozoic-Tertiary Orogens

ANMO 10 4.25 1.60 CMB 12 6.42 2.75

COL 11 4.23 2.92 CWC 2 3.00 1.41

DAWY 3 1.33 0.58 DLBC 3 1.83 0.29

GSC 10 2.95 1.04 HWUT 4 4.75 1.19

ISA 12 4.25 1.48 INK 11 5.68 2.44

ISCO 5 7.00 2.45 KNB 8 3.44 1.40

KCC 7 4.86 2.69 LDS 3 4.33 2.31

MIN 10 3.50 0.75 NEW 8 3.19 1.25

ORV 16 4.38 1.68 PFO 13 3.81 1.79

PNT 5 4.20 1.04 SVD 8 2.38 1.19

VTV 9 3.72 1.00 WDC 12 3.00 1.43

WALA 3 2.33 0.58 WNY 1 5.00 2.28
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MCT. The resolution of the technique is at best one kilometer, so it would not be 

surprising for any individual measurement to jump from one column to another in 

the distribution, and it is certainly possible that measurement showing one or two 

kilometers thickness could in fact be sharper. The distribution as a whole is skewed 

towards thin MCT’s with a median and mean values of 4 km. The harmonic mean 

WVOR 10 3.95 0.96

Average

Median

SD

3.92

4.20

1.33

Extended Crust

BMN 8 3.63 1.60 DAC 5 3.40 1.14

DUG 6 2.17 0.41 ELK 5 3.80 1.30

GLA 7 5.43 2.76 MNV 8 6.00 2.88

NEE 4 2.50 0.58 TPH 7 3.36 0.63

TPNV 6 2.83 0.93 TUC 8 3.88 1.62

Average

Median

SD

3.70

3.51

1.21

San Andreas Fault System

ARC 6 3.00 0.89 BAR 9 3.50 1.39

BKS 15 3.33 1.75 BRK 1 2.00 0.00

CALB 6 4.42 2.69 HOPS 11 1.91 0.83

JRSC 11 2.50 0.50 MHC 13 2.58 1.12

PAS 9 3.61 1.82 PKD 8 2.31 0.84

RPV 6 2.83 1.47 SAO 16 3.34 1.61

SBC 8 1.94 0.18 SCZ 8 4.25 1.67

SNCC 6 2.75 1.25 STAN 4 2.25 0.50

Average

Median

SD

2.91

2.79

0.78

Continental Arc

ADK 11 3.73 1.31 BBB 3 2.33 0.58

COR 13 4.27 1.88 MOBC 2 5.25 3.89

PGC 1 2.00 0.00 PMB 3 2.50 0.50

UNM 5 2.70 0.45

Average

Median

SD

3.17

3.21

1.02

Table 7-1: Mean MCT Thickness Estimates (Continued)

Station Clusters MCT SD Station Clusters MCT SD
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of all measures, which weights smaller values more, is slightly lower, 3.6 km. 

Clearly, within the resolution of routine processed receiver functions, the average 

thickness of the MCT is about 4 kilometers. Including smaller values that we could 

not resolve would decrease all of the means, but is unlikely to change the median.

As illustrated in Figure 7.7, most of the thin MCT’s are located beneath stations 

within recently deformed, or currently deforming crust. A few exceptions are 

located in the central and eastern portions of the continents and perhaps an equal 

number of outliers lie in the other direction and suggest thick transitions beneath the 

western Cordillera. We discuss these stations below. The overall pattern of sharp 

MCT’s beneath regions of active or recent tectonics indicates that the lower crust 

and upper mantle are participants in tectonic activity, and change in response to 

lithospheric scale stresses. This in itself is not an expected result, but suggests that 

the main trends in the observations are reliable. 

7.4 Variations in MCT Thickness With Tectonic 
Setting

The results reiterate the heterogeneous nature of the continental lower-crust (e.g. 

Rudnick and Fountain, 1995). Mesozoic-Tertiary orogens have more stations than 

any other province, followed by similar numbers for Continental Platform, Paleo-

zoic orogen and San Andreas Fault System. MCT thicknesses for stations on shields 

are centered in the 4-6 MCT thickness range, but the measurements from Continen-

tal Platform, Paleozoic- and Mesozoic-Tertiary orogens are spread widely. Perhaps 
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the only robust, systematic variation is a tendency for a thin MCT for younger tec-

tonic settings (e.g. Extended Crust, SAF System, and Volcanic Arc). 

In general, the MCT thickness mean around four km suggests stable MCT charac-

ter, whose dependence on tectonic setting is limited. Conversely, the general over-

lap of standard deviation bounds among the different groups of data (SD in Table 7-

1) hinders the formation of definite conclusions, and demands a close inspection of 

the observations. In the following seven sections I briefly describe the observations 

and discuss the major findings in the different tectonic-setting groups (i.e. Shield, 

Continental Platform, etc.). I emphasize median values of MCT thickness to avoid 

corruption of conclusions by outlier observations (which are interesting but a prob-

lem for generalization).
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7.4.1 Shields
Shield observations are summarized in Figure 7.8. The median MCT thickness 

value of 4.08 km is robust (± 1.1km). Stations FCC and FRB fall above the median, 

and have the lowest azimuthal variation. SCHQ also has a thick MCT (5.3 ± 2.4) 

but more variable with the thicker values being observed to the south, southwest 

and northwest directions of the station. Two shield stations (GAC and YKW) have 

thinner MCT’s. Both are located at the edge of the Canadian craton. GAC (4.1 ± 

2.0) shows an eight-km MCT towards the south which contrasts with value 

observed in the other five measurements. Station YKW has the thinner MCT 

median that is a result of waves that approach the station from the southwest and 

northwest and show an MCT thickness between two and four kilometers. Arrivals 

from the east-southeast, on the other hand, show a much thicker MCT, between four 

and nine kilometers.
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Figure 7.8 Only four measurements from 
shield stations were stable. The MCT thick-
nesses all differ from a first-order contrast, 
but are not too thick.
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7.4.2 Continental Platform
There is a tendency in Continental Platform stations towards thicker MCT values 

than shield stations, although more variable (4.81 ± 1.55 km). The histogram sum-

mary in Figure VII.6b points out stations AAM, CCM, HKT, WMOK and WVT 

with notably thicker MCT than the rest of their group, with station AAM being the 

more stable estimate (± 0.58). The results obtained in HKT are probably less reli-

able due to the difficulty of modeling the upper-crust layer. Clusters 3, 4 and 5 

(southeast) in station CCM are probably being affected by local scattering inferred 

from notable transverse receiver signals; consistent thicker MCT values are 

observed towards the southwest and northwest of this site. Stations WMOK and 

WVT have few samples (three and four clusters respectively). At WMOK trans-
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Figure 7.9 Platform measurements of MCT thickness are variable, ranging from 
thin to intermediate thickness. Small error bars does not necessarily indicate high-
quality measurements - sparse measurements can produce small ranges in the 
observations.
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verse receiver functions recovered from signals arriving from the southwest and 

northwest show significant amplitude, making those measurements less reliable. 

Station WVT, on the other hand, shows a contrasting difference between three sig-

nals from the southeast, with notable transverse receiver function amplitudes and 

clear Ps conversions in the radial receiver stacks, and the only signal from the north-

west that has a modest transverse signal and subtle Ps and PpPms phases.

Among the stations whose MCT thickness is close to the median, JFWS and LMQ 

show the largest standard deviations. LMQ has only two observations that deviate 

from each other, despite common arrival azimuth. The transverse receiver signal 

from cluster 2 in LMQ has substantial amplitude. JFWS, on the other hand have 

clear MCT phases (i.e. Ps and PpPms); small transverse signals and the difference 

between southeast (2.0 ± 1.0 and 2.5 ± 1.0 MCT) and northwest (7.0 ± 2.0) signals 

may reflect a real change in MCT structure. Values observed at station RES are also 

close to the median (4.81 ± 1.73) and its proximity to the Innuitian folded belt may 

explain the variability of the observed MCT structure, although all transverse func-

tions have small amplitudes suggesting limited scattering influence. 

The Continental Platform stations that have thinner MCT thickness are CBKS, 

SADO, ULM and WCI. Despite the influence of a shallow low-velocity sedimen-

tary cover in station CBKS, the observed Ps phases are very clear and the transverse 

receiver function signals are insignificant. Although stations SADO, ULM and 

WCI have only three clusters each one, the results obtained have small variability. 
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Transverse signals in SADO and WCI have small, yet notable, amplitudes support-

ing the reliability of the estimated values.

7.4.3 Paleozoic Orogens
The median MCT thickness in Paleozoic Orogen stations (5.19 ± 1.64 km) is the 

largest value of all tectonic settings, although this estimate has also the largest stan-

dard deviation. The variety of the estimates is evident in the histogram distribution 

of Figure 7.10. However, the distribution is almost symmetric around the median, 

and the majority of the observations (11 out of 16) are one kilometer around the 

center of the distribution (Figure 7.6). The stability of the sample seems surprising 

if we consider the expected MCT topographic complexity in orogen settings, 

although some of the transverse receiver function signals show notable amplitudes, 

arguing for a structural complex crust (e.g. MBC, DRLN, MCWV, MIAR). The sta-
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Figure 7.10 MCT thickness estimates for stations situated in Paleozoic Orogens. 
the range is again variable, but several large values (LBNH and YSNY) are 
located in New York - New Hampshire area.
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tions that fall closer to the median are CEH, GOGA, LMN, LSCT and SSPA. LMN 

has only two clusters, both sampling the south-southwest region; cluster number 2 

is affected by a shallow low-velocity layer and show substantial transverse ampli-

tudes. The four radial receiver functions from station LSCT have distinctive MCT 

phases and the only notable transverse receiver amplitudes are seen in the signal 

approaching the station from the south (184.4º back-azimuth). Stations CEH and 

GOGA, both located to the southeast of the Appalachian mountains show simple 

radial receiver functions and only the signals approaching GOGA from the north-

west have large transverse amplitudes. Radial receiver functions recovered at sta-

tion SSPA show a complex crustal structure and the MCT phases are difficult to 

identify, but only clusters 1,3 and 4 (arriving from different azimuths) show sub-

stantial transverse amplitudes.

Stations ALE, MBC and MIAR are the only three stations located in non-Appala-

chian sites. MIAR is in the Ouachita mountains (Figure 5-2d). ALE and MBC are 

both located in the Innuitian folded belt (Figure 5-2d). The resulting MCT thickness 

at MBC (3.00 ± 0.98 km) is notably stable, the radial receiver functions at this sta-

tion have clear Ps conversions and the PpPms phase is consistently clear despite the 

complex overall characteristics of the signals, confirmed by steady large transverse 

receiver-signal amplitudes. Station ALE (3.97 ± 1.14 km), on the other hand, tends 

to thinner MCT values towards the northeast and southeast and the transverse 

receiver functions show small amplitudes in general with only one exception (clus-

ter 4, back azimuth 84.1º). Station MIAR (already discussed in chapter 6), shows 
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thinner MCT thickness towards the southeast, whereas the MCT thickens to the 

south-southwest and northwest.

The median MCT thickness values obtained at stations LBNH (9.10 ± 0.22) and 

YSNY (8.33 ± 0.58) are the only two notably thick estimates in the Paleozoic 

Orogen group. The observations at LBNH are reliable measurements, with the 

radial receiver function stacks showing clear Ps conversions and small amplitude 

PpPms multiples in all five cases; all transverse receiver functions have small-to-

moderate amplitudes. Radial receiver functions at YSNY are all affected by a shal-

low low-velocity layer but Ps conversions are notably clear, although the thick 

MCT makes it hard to identify the PpPms phase; transverse receiver function ampli-

tudes are small, yet notable.

7.4.4 Mesozoic-Tertiary Orogens
An apparently stable median MCT thickness (4.20 ± 1.33 km) could imply an indif-

ferent-to-tectonics MCT nature (Figure 7.11). Conversely, the inherent structural 

complexity due to the extensive tectonic deformation in young (Mesozoic and 

younger) orogens could be associated to the scatter of the MCT thickness distribu-

tion shown in Figure 7.11. There does not seem to be any geographical preference 

for the estimates close to the median (e.g. ANMO, HWUT, ISA, KNB, LDS, MIN, 

PNT, VTV, WVOR) and the notable standard deviations argue for MCT structural 

complexity.

Stations COL, DAWY, DLBC, INK and WHY, located in the northern Cordillera 

(northwest Canada and Alaska), illustrate the variable character of the MCT in oro-
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gens. The variable MCT thickness estimate at COL (4 ± 3 km) is the effect of a thick 

MCT structure to the northwest and a thinner MCT (lower than three km) seen by 

the rest of the clusters. The radial receiver functions of station WHY are all affected 

by a shallow low-velocity layer; transverse receiver functions from the southeast 

and southwest have notably larger amplitudes than the northwest signals. The west-

northwest Ps signal is very clear at WHY, but the PpPms phase has a small and dif-

fuse character supporting the interpretation of a thicker MCT structure. The Ps 

phases at station INK are clear, but the PpPms phases change abruptly around a 

230º azimuth. The latter suggests a change of MCT structure at INK, from moderate 

thickness structure (around 4-5 km) to the southeast that becomes thick from the 

south-southwest to the northwest; transverse receiver signals are notable towards to 

the west-northwest of the station. The two thinner MCT estimates among the entire 

Mesozoic-Tertiary orogen sample are stations DAWY and DLBC (1.5 ± 1 km and 

2 ± 0.5 km, respectively). The three cluster signals analyzed for station DAWY 

show simple receiver functions, with clear MCT phases in the radial stacks and 

small transverse amplitudes. The MCT at DLBC, on the other dips to the southeast, 

as evident from the large negative amplitude of the direct-P phase towards the 

southwest and northwest, and confirmed by the moveout of the PpPms phase.

The thick MCT at stations CMB (6.5 ± 3) and ISCO (7 ± 2.5) are notable in 

Figure 7.11. At CMB, the small transverse receiver-function amplitudes to the 

southwest contrast with large positive direct-P transverse phases to the northwest, 

suggesting a northeast dipping MCT. Both Ps and PpPms phases in most radial 

receiver functions are broad and have small amplitudes, with the notable exception 
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of clear Ps phases in signals approaching the station from the southeast. At station 

ISCO, the MCT shows a clear azimuthal change. To the northwest, despite the obvi-

ous influence of a shallow low-velocity layer, the MCT phases are clear and trans-

verse amplitudes are moderate, meanwhile to the southwest and southeast the Ps 

phase in the radial receiver stacks is broad and has small amplitudes, with small 

amplitudes in the transverse stacks too.

7.4.5 Extended Crust
The Extended crust stations (Figure 7.12) are all located in the Basin and Range 

province. The relatively thin MCT median (3.51 km) agrees with the idea of a rel-

atively young transition. Two stations with notably thicker MCT bias the variability 

estimate for this group (± 1.21 km): GLA and MNV. The MCT thickness to the 

B
M

N

D
A

C

D
U

G

E
LK

G
LA

M
N

V

N
E

E

T
P

H

T
P

N
V

T
U

C

0

2

4

6

8

10

12

M
C

T
 T

h
ic

kn
es

s 
(k

m
)

Station

Figure 7.12 The MCT beneath the extended regions is thin for the most part. The 
two exceptions are GLA and MNV. MNV is located in a region of recent volca-
nic activity and complex structure. Several of the stations show large variations 
possibly complicated by shallow structure.
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west-southwest of GLA is consistently thick (> 7 km), in contrast with thinner esti-

mates towards the southwest and southeast of the station. At MNV (6.00 ± 2.88) the 

MCT thickness is thinner (2-3 km) to the southwest and thicker to the southeast and 

northwest (7 km), where it also shows large transverse receiver-function ampli-

tudes.

In general, the stations located in extended crust have a constant MCT thickness, 

although in some cases the large standard deviation estimates reflect the variability 

of the median. Station BMN (MCT ~ 3.63 ± 1.60 km), for instance, has a notable 

difference in the amplitude of transverse receiver stacks between the small signals 

from the east-southeast and the increasingly larger signals to the south, southwest 

and northwest. The MCT thickness estimates at BMN are notably thicker for the 

first group whereas the latter show a thinner transition structure. Another notably 

variable MCT thickness estimate is seen in station DAC (3.40 ± 1.14 km), where 

variation is influenced by the only five km thickness estimate in cluster 3 (back azi-

muth 236º). In general, the radial receiver signals in DAC show clear MCT phases, 

with the exception of cluster 3 where a diffuse PpPms phase and a broad Ps phase 

are observed. At station ELK, the resulting MCT thickness estimate (3.80 ± 1.30 

km), is supported by clear Ps and PpPms phases. However, the MCT at ELK seems 

to have a southeast dip, suggested by the large direct-P phase in the transverse 

receiver stacks.

7.4.6 San Andreas Fault System
The median MCT thickness from the observations in the San Andreas Fault system 

stations is the thinnest value of the seven tectonic groups (2.79 ± 0.78 km), and the 
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estimated MCT thickness values are all within the 2-4 km range (Figure 7.13). The 

influence of a recently deformed crust and the San Andreas fault system is evident 

in the variability of this group’s estimates (Figure VII.6.f). Some stations show 

notably large standard deviations (e.g. BKS, CALB, PAS, SAO, SCZ), whereas 

others have very stable estimates (e.g. HOPS, JRSC, SBC, STAN), despite struc-

tural complexity in the local crust.

The radial receiver functions at BKS (MCT ~ 3.33 ± 1.75) show a complicated pat-

tern, yet clear MCT phases (i.e. Ps and PpPms) are easy to identify. The outcome 

after the analysis of 14 clusters in BKS is a northwest-north very thin MCT (~ 2 

km), with possible structural complexities suggested by large transverse receiver 

signals, contrasting with a thicker (3-6 km) southeast and southwest MCT. The 

results obtained at station CALB (MCT ~ 4.42 ± 2.69) are questionable. Transverse 
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Figure 7.13 Stations within the San Andreas Fault System show relatively sharp 
MCT’s with only a few measurements exceeding 4 km.
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receiver function signals at CALB have notably large amplitudes, and the influence 

of a shallow low-velocity layer, may be reflected in some of the estimates at this 

station, like a dubious nine-km MCT thickness estimated to the south (back azimuth 

184.1º). The MCT beneath SAO, on the other hand, show a clear pattern. The mean 

MCT thickness (3.34 ± 1.61) seem to be thicker to the southeast and southwest. 

Also, the MCT beneath SAO shows a clear northeast dip, suggested by clear nega-

tive-to-positive direct-P large amplitude in the transverse signals approaching from 

southeast to northwest back azimuth. At SCZ, the variable MCT thickness estimate 

(4.25 ± 1.67) does not seem to be the artifact of any azimuthal MCT change. How-

ever, the amplitudes in transverse signals from the northwest agree with the pattern 

seen in the neighboring site SAO. Radial receiver functions at SCZ show clear Ps 

conversions in signals approaching from the southeast and northwest, whereas 

radial Ps conversions from the southwest have smaller amplitudes, in agreement 

with a northeast dipping MCT.

7.4.7 Volcanic Arcs
The seven stations located in volcanic arc sites have a median MCT thickness (3.21 

± 1.02 km). Specific values are shown in Figure 7.14. The thickness distribution in 

volcanic arc settings is mostly constant, with the notable exceptions at stations 

ADK, COR and MOBC (Figure VII.6.g). Station ADK, located in the Aleutian 

Islands, shows a complex MCT structure and clear Ps conversions with notable 

moveout in the radial receiver stacks, which sometimes appear in the transverse 

stacks, arguing for dipping structure. The transverse receiver signals have generally 

large amplitudes but no azimuthal pattern seems obvious. The MCT thickness at 



171
station COR is difficult to assess due to the presence of a thick low-velocity layer 

in the lower-crust. However, clear Ps conversions are consistent in the southeast 

and southwest quadrants, contrasting with a diffuse Ps signal in receiver signals 

approaching from the northwest. Further, the transverse receiver functions at COR 

have notable amplitudes in the southeast and southwest groups, but are smaller in 

the northwest group, which suggest a east dipping MCT structure. The two clusters 

analyzed for station MOBC approach the station from the southwest and northwest 

and clearly suggest a MCT dipping to the east. Another interesting MCT structure 

is seen in station UNM, whose transverse receiver functions have large amplitudes, 

as expected in a complex crustal structure. However, the MCT beneath UNM is thin 

(2.70 ± 0.45) and argues for a young but actively deforming lower-crust.
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Figure 7.14 MCT thickness estimates for 
the seven stations located within regions 
of arc volcanism.
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7.5 Discussion

Since the ideas and observations of estimating MCT thickness using single-station 

receiver functions are subject to some uncertainty, I have focussed only on broad 

scale trends in my interpretation to avoid reliance on any single measurements. Per-

haps the most consistent measurements in the data are those from the extended crust 

and the California coastal regions, dominated tectonically by the San Andreas Fault 

System, but also strongly influenced by the association with subduction of the Far-

allon Plate for much of the late Mesozoic. Although there may be some variation 

within these measurements beyond the resolution of receiver functions, the fact that 

they show a more-or-less uniformly sharp transition is an indication that tectonic 

activity can modify the MCT. 

The median values for each tectonic province is shown in Figure 7.15. Although we 

must be cautious when drawing conclusions for a large heterogeneous collection of 

measurements, the trends that we observe are interesting. The first-order trend is 

illustrated in the chart. Regions of current or recent tectonic activity have thin 

MCT’s. Older regions tend to show an increase in thickness. In detail the observa-

tions suggest that any particular site may deviate from the general pattern, and indi-

cate that the MCT is a complex feature.
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Figure 7.15 Median values of MCT thickness for each tectonic province. Mantle-
Crust transition thickness estimates in the continental crust of North America for 
different tectonic settings. Error-bars equal two standard deviations from the 
median values (Table 7-1). A subtle indication that young MCT is thinner and old 
MCT maintains a “stable” thickness. Tectonic activity, in particular extension and 
active large scale faulting may rejuvenate the MCT, again creating a thin, sharp 
boundary.



8 CONCLUSIONS

Mapping the Earth’s interior is an ultimate goal in Geoscience. Despite the exten-

sive study of the continental lithosphere in the last century, there are still many 

questions regarding the composition and dynamic evolution of the middle- and 

lower-crust, as well as the upper-mantle. The continental Mantle-Crust Transition 

(MCT) is a key region, whose detailed study may provide relevant information 

regarding the different processes involved in the evolution of the lithosphere. The 

MCT reflects the different thermo-mechanical processes that affect the lithosphere. 

It is a geochemical transition zone that takes place in a 103 meter and larger scale 

(McCarthy and Patiño-Douce, 1997). The transition separates a lower-crust with 

dominant mafic composition from an ultramafic upper-mantle (Rudnick and Foun-

tain, 1995). The main characteristics of the MCT, as suggested from a variety of 

evidence (e.g. seismic profiles, xenoliths, exposed cross sections) are: layered 

mafic and ultramafic composition, sub-horizontal structure and high thermal gradi-

ent.

In this study, I mapped thickness variations in the continental MCT beneath North 

America. The present availability of broadband seismic data made the goal of map-

ping the MCT structure beneath North America, an attractive approach to study the 

evolution of the continental lithosphere. I implemented a new method, based on 

techniques common in earthquake source analyses, to perform receiver-function 
174
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source equalization. The method is stable and produces receiver functions with 

stable long-period spectral levels. That work has been published in Ligorría and 

Ammon (1999) and is in use in a number of receiver function studies.

Deconvolution is however, just a tool, the focus of this work has been the nature of 

the North American crust and variations in thickness of the MCT beneath the con-

tinent.

8.1 The Nature of the North American Crust and 
Mantle-Crust Transition

If the structure and the composition of the continental structure and the thickness of 

the MCT are related to simple evolutionary history of the crust we may see a corre-

lation between values estimated in the previous chapter (Poisson’s ratio and crustal 

thickness and MCT thickness). Comparisons between the three parameters are 

shown in Figure 8.1 and Figure 8.2. The values do not correlate well, consistent 

with preconceptions of complex continental structures and perhaps reflecting noise 

in the observations. Examination of trend for each tectonic province separately 

(Figure 8.3 and Figure 8.4) suggests that the crustal thickness and MCT thickness 

increase together beneath stations on platforms and in general, the MCT tend to be 

thicker than the median value of 4 km for stations on “mature” crust. The consis-

tency of measurements from stations on extended crust and within SAF system is 

also clear. A few outliers complicate the issue but overall, the MCT is thin beneath 
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regions of recent extension and recent shearing associated with the San Andreas 

system.

The comparisons between Poisson’s ratio and MCT thickness are more interesting. 

The data are shown in Figure 8.5 and Figure 8.6. The mature crusts beneath shields, 

platforms, and Paleozoic orogens show consistently thicker MCT’s and which cor-

relates with Poisson’s ratio. The correlation is intriguing, considering the uncertain-

ties in measuring each of these quantities with receiver functions. The 

measurements beneath shields are too sparse to draw any conclusions, but together 

with the Platforms and Paleozoic orogens provinces, a pattern can be discerned. The 

cause of the trend is problematic. Adding a few kilometers of transitional material 
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Figure 8.1 Comparison of all Poisson’s ratio and MCT thicknesses estimated in 
this study. There is little correlation between the values when all measurements 
are combined. 
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at the base of the crust would not produce such a dramatic change in the receiver 

function travel times and hence would not strongly affect Poisson’s ratio. Also, a 

transition comprised of a mix of crustal and mantle material could not produce the 

trend since the Poisson’s ratio of ultramafic rocks is actually more similar to felsic 

rocks, i.e. it is not very high. Thus a correlation of higher Poisson ratio and more 

transitional MCT are indications of a differences in crustal composition. If we 

assume that the Poisson’s ratio is indicative of a mafic composition, then the obser-

vations suggest that the lower crust of mature continental crust is mafic. A correl-

tion of high Poisson’s ratio and thick MCT does not necessarily indicate an increase 

in crustal thickness with age, they may simply indicate the level of crustal melting 

experienced in each region as these crusts experienced the transition from “imma-
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Figure 8.2 Comparison of all crustal thickness and MCT thickness values esti-
mated in this study. The data show large variability but most of the thickest MCT 
are located beneath thick crusts.
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ture” to “mature” or cratonic crust. The amount of differentiation to produce what 

is typical of continental crust may depend on the thickness of the crust (which influ-

ences the pressure-temperature regime experienced by the lower crust), but our 

results suggest that other factors must also be involved, since our observed relation-

ships between MCT thickness and crustal thickness, or Poisson’s ratio and crustal 

thickness are less clear as those for Poisson’s ratio and MCT thickness.
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Figure 8.3 Crustal thickness and 
MCT thickness variations for 
mature crust. The measurements 
tend to favor thicker transitions, 
suggesting an increase in transition 
thickness with age. There are outli-
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recently actively deformed crust. The Mesozoic measurements show large scat-
ter, but cluster near the median value of all measurements. The SAF System, 
Extended crust, and arc regions are predominantly thin.
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MCT thickness variations for sta-
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Figure 8.6 Variation of Poisson’s ratio and MCT thickness for tectonically active, 
or recently active crust. The Mesozoic-Tertiary structures again show a large vari-
ability. Several outliers are noticeable on the extended and SAF system crusts, but 
for the most part the measurements in those provinces are consistent. The arc clus-
ter into two groups with high Poisson’s ratio and low Poisson’s ratio.



 A STATION DISTANCE AND 
AZIMUTH CLUSTERS

Table A-1: Observations Summary 

ID # Obs ∆ (°) (±)
Back
Az (°)

(±)
Depth 
(km)

(±)
p

 (s/km)
(±)

NETWORK: Berkeley (BK)

ARC     (Lat: 40.877 Lon: -124.075, Calif. Coast ranges)

1 5 77 (4.9) 127.6 (3.7) 305.6 (290.9) 0.049 (0.003)

2 3 60.9 (0.8) 124.1 0.0  54.3 (42.3) 0.061 (0.001)

3 4 56.5 (1.9) 114.1 (2.2) 44.2 (53.9) 0.064 (0.001)

4 4 34.6 (2.6) 127 (3.7) 59.2 (68.1) 0.077 (0.002)

5 2 45.3 (10.6) 307.2 (3.1) 52 (26.9) 0.071 (0.006)

6 4 65.3 (2.6) 305.7 (1.7) 47.2 (43.7) 0.058 (0.002)

BKS     (Lat: 37.877 Lon: -122.235, Calif. Coast ranges)

1 5 31.9 (2.1) 126.5 (3.6) 50.4 (62.2) 0.079 (0.002)

2 7 53.2 (1.6) 116.1 (1.7) 38.4 (43.3) 0.067 (0.001)

3 3 58.6 (0.9) 124.1 (0.1) 75.7 (42.3) 0.062 (0.001)

4 2 70.5 (3.0) 127.4 (5.1) 332 (422.8) 0.053 (0.002)

5 3 80 (1.8) 134.6 (2.2) 32 (13.7) 0.048 (0.001)

6 2 54.5 (8.1) 179.6 (12.7) 12.5 (3.5) 0.065 (0.006)

7 6 73.9 (3.1) 233.2 (2.1) 201.7 (275.1) 0.052 (0.003)

8 6 86.3 (0.8) 241 (1.3) 95.5 (74.9) 0.044 0.000  

9 8 84.5 (1.6) 250.3 (3.5) 39.6 (27.1) 0.045 (0.001)

10 7 89.4 (2.0) 262.3 (1.8) 56.1 (36.3) 0.043 (0.001)

11 2 82.5 (2.7) 284.3 (3.2) 327.5 (379.7) 0.046 (0.001)

12 6 37.9 (4.8) 310 (4.1) 28.3 (9.0) 0.076 (0.002)

13 4 55 (0.7) 312.1 (0.7) 41 (21.6) 0.065 (0.001)

14 16 66.8 (3.4) 307.4 (1.1) 43.2 (32.3) 0.057 (0.002)

15 8 81.4 (5.3) 304.8 (3.6) 179.8 (187.6) 0.047 (0.003)

16 2 96.7 (0.5) 303.3 (3.1) 91 (110.3) 0.041 (0.001)

BRK     (Lat: 37.873 Lon: -122.260, Calif. Coast ranges)

1 2 75.2 (1.8) 298.7 (5.4) 32 (32.5) 0.051 (0.001)

CMB     (Lat: 38.035 Lon: -120.383, Orogen)

1 4 31.4 (1.8) 128.6 (4.1) 57.8 (69.3) 0.079 (0.002)

2 10 54.1 (3.0) 120.9 (4.5) 50.8 (43.7) 0.066 (0.002)

3 3 69.6 (2.1) 128.1 (3.9) 420 (335.6) 0.053 (0.001)

4 11 80.8 (3.0) 133.6 (2.9) 230.1 (236.4) 0.047 (0.002)

5 14 79.4 (4.7) 233.2 (3.2) 219.5 (251.8) 0.048 (0.003)

6 9 87.1 (1.2) 243.9 (2.8) 71.3 (69.7) 0.044 (0.001)

7 7 90 (0.7) 263.1 (1.4) 103 (130.0) 0.042 0.000  

8 3 83.5 (2.0) 285 (2.3) 223 (323.8) 0.045 (0.001)

9 9 38.3 (4.9) 310.1 (3.6) 26 (10.5) 0.075 (0.003)
182
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10 4 56.2 (0.4) 312.4 (0.6) 67.5 (56.0) 0.065 0.000  

11 16 67.2 (3.2) 308.7 (2.6) 53.3 (35.7) 0.057 (0.002)

12 10 78.4 (4.3) 306.1 (3.4) 164.8 (181.6) 0.049 (0.003)

13 3 94.4 (3.4) 304.5 (1.9) 111.7 (87.5) 0.041 (0.001)

HOPS    (Lat: 38.994 Lon: -123.072, Calif. Coast ranges)

1 2 32.3 (2.3) 125.6 (4.9) 91 (99.0) 0.078 (0.002)

2 4 58.5 (2.8) 122 (4.1) 94.8 (46.3) 0.063 (0.002)

3 3 73.8 (4.9) 128.9 (4.1) 222 (315.3) 0.052 (0.003)

4 2 86.3 (2.1) 225.4 (0.3) 70.5 (53.0) 0.044 (0.001)

5 4 77.1 (3.9) 229.9 (1.4) 102.5 (55.4) 0.05 (0.003)

6 2 86.9 (1.4) 239.6 (2.1) 88.5 (78.5) 0.044 (0.001)

7 3 87.9 (0.1) 260.6 (0.6) 44.7 (29.0) 0.043 0.000  

8 2 77.6 (3.0) 290 (5.9) 302.5 (415.1) 0.049 (0.003)

9 2 40 (0.8) 306.8 (0.2) 33 0.0  0.074 (0.001)

10 6 59.2 (5.4) 310.2 (4.4) 31.8 (7.4) 0.062 (0.004)

11 3 77.4 (6.3) 303.5 (3.0) 149 (187.6) 0.05 (0.005)

JRSC    (Lat: 37.404 Lon: -122.238, Calif. Coast ranges)

1 3 30.7 (1.7) 125.9 (4.2) 67.7 (80.8) 0.079 (0.002)

2 4 53 (2.0) 115.1 (1.6) 56.5 (52.1) 0.066 (0.002)

3 2 58 (1.0) 124 0.0  65 (53.7) 0.063 (0.001)

4 4 76.4 (5.8) 133.1 (2.5) 37.5 (13.8) 0.05 (0.004)

5 5 78.1 (4.7) 230.2 (2.6) 165.4 (218.2) 0.049 (0.003)

6 3 86.1 (1.3) 241.8 (3.1) 70 (64.1) 0.043 (0.001)

7 2 84.1 (2.4) 251.7 (2.1) 53 (28.3) 0.045 (0.001)

8 4 88.1 (0.4) 261.6 (1.1) 130 (172.3) 0.043 0.000  

9 2 78.7 (2.9) 290.8 (6.0) 302.5 (415.1) 0.049 (0.003)

10 2 41.8 (1.2) 308.3 (0.1) 24.5 (12.0) 0.074 0.000  

11 13 67.6 (5.1) 307.4 (2.1) 99.8 (145.2) 0.056 (0.004)

KCC     (Lat: 37.324 Lon: -119.318, Orogen)

1 2 71.4 (7.3) 133.9 (0.9) 41.5 (12.0) 0.054 (0.004)

2 4 77.3 (4.3) 233.1 (1.7) 183.8 (246.7) 0.049 (0.003)

3 2 87.6 (4.1) 257.2 (7.2) 58.5 (20.5) 0.044 (0.002)

4 3 61.8 (9.7) 313 (1.7) 100.7 (110.8) 0.061 (0.007)

5 5 71.2 (4.7) 307.6 (3.0) 84 (80.2) 0.054 (0.003)

6 2 81.2 (3.4) 291.8 (6.8) 79 (99.0) 0.047 (0.003)

7 3 85 (0.6) 306 (0.5) 27 (20.0) 0.045 0.000  

MHC     (Lat: 37.342 Lon: -121.642, Calif. Coast ranges)

1 3 30.7 (1.6) 126.7 (4.3) 65.7 (82.6) 0.079 (0.002)

2 10 50.9 (3.7) 116.2 (3.0) 30.6 (37.6) 0.068 (0.002)

3 3 57.4 (0.8) 124.5 0.0  54.3 (42.3) 0.064 (0.002)

4 4 69.4 (2.1) 126.3 (3.4) 464.8 (288.3) 0.054 (0.001)

5 4 79.3 (1.5) 133.7 (3.1) 79.2 (95.2) 0.049 (0.001)

6 2 88.6 (5.9) 225 (2.5) 46 (18.4) 0.043 (0.003)

7 10 75.9 (3.0) 232.8 (2.5) 218.2 (240.7) 0.05 (0.002)

8 11 85.9 (1.0) 243.3 (2.7) 97.1 (70.5) 0.044 (0.001)

9 3 85.8 (2.0) 253.4 (2.4) 20.7 (11.6) 0.044 (0.001)

Table A-1: Observations Summary (Continued)

ID # Obs ∆ (°) (±)
Back
Az (°)

(±)
Depth 
(km)

(±)
p

 (s/km)
(±)
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10 7 89 (0.9) 262.4 (1.4) 110.6 (133.0) 0.043 0.000  

11 3 86.1 (5.4) 284.5 (2.3) 221.7 (325.1) 0.043 (0.002)

12 2 31.5 (0.3) 320.8 (5.6) 121.5 (126.6) 0.079 (0.001)

13 4 43.9 (3.4) 309.3 (2.0) 30.8 (3.9) 0.072 (0.002)

14 3 56 (0.5) 312.2 (0.3) 41.7 (26.4) 0.065 0.000  

15 14 67.3 (3.2) 308.9 (3.4) 82.4 (154.3) 0.056 (0.002)

16 5 81.8 (5.1) 302.9 (1.2) 97.2 (142.4) 0.047 (0.003)

17 2 97.4 (0.5) 303.6 (3.1) 91 (110.3) 0.04 0.000  

MIN     (Lat: 40.345 Lon: -121.605, Orogen)

1 3 31.1 (0.6) 133.1 (0.1) 21 0.0  0.079 0.000  

2 3 56.3 (2.2) 119.5 (6.6) 38.7 (26.5) 0.064 (0.001)

3 3 74.2 (4.9) 130.1 (4.5) 237 (341.3) 0.051 (0.003)

4 4 76.5 (3.9) 233 (1.0) 318 (327.0) 0.049 (0.003)

5 6 86.6 (2.0) 246.2 (5.2) 64.8 (72.0) 0.044 (0.001)

6 5 90.8 (2.7) 263.5 (2.4) 52 (43.5) 0.042 0.000  

7 3 37.5 (5.3) 307.3 (2.9) 32 (1.7) 0.076 (0.003)

8 3 85.4 (5.5) 284.3 (2.2) 221.7 (325.1) 0.044 (0.003)

9 8 60.6 (4.3) 309 (3.8) 44.4 (41.2) 0.061 (0.003)

10 8 74.7 (6.0) 305.3 (3.7) 128.4 (178.0) 0.051 (0.004)

ORV     (Lat: 39.556 Lon: -121.500, Orogen)

1 6 32.1 (2.0) 130.1 (3.5) 45.5 (56.9) 0.078 (0.001)

2 7 54.2 (1.7) 116.2 (3.0) 38.6 (43.2) 0.066 (0.001)

3 3 58.6 (0.8) 125.7 0.0  54.3 (42.3) 0.063 (0.001)

4 2 67.5 (2.2) 131.4 (1.0) 69.5 (51.6) 0.056 (0.002)

5 10 82.8 (3.0) 133.9 (3.4) 195.6 (221.0) 0.046 (0.002)

6 15 77.7 (3.5) 232.2 (2.2) 256.5 (270.5) 0.049 (0.003)

7 11 86.3 (1.7) 245.8 (4.9) 68.7 (65.1) 0.044 (0.001)

8 8 90.1 (2.3) 263 (2.1) 93.2 (123.4) 0.042 0.000  

9 4 84.6 (4.9) 284.1 (1.8) 169.8 (285.0) 0.045 (0.003)

10 3 32.2 (2.1) 311.1 (3.3) 24.3 (11.6) 0.078 (0.001)

11 4 40.8 (0.8) 305.9 (1.0) 29.2 (6.8) 0.074 0.000  

12 5 54.5 (0.3) 311.3 (0.5) 60.6 (50.9) 0.066 (0.001)

13 19 65 (2.8) 307 (0.9) 39.2 (25.6) 0.058 (0.002)

14 2 68.6 (8.0) 314.5 (3.4) 252 (309.7) 0.054 (0.006)

15 4 77.8 (3.4) 303.4 (1.7) 111 (160.9) 0.049 (0.002)

16 9 84.4 (7.5) 303.3 (1.5) 93 (113.8) 0.046 (0.004)

PKD     (Lat: 35.945 Lon: -120.541, Calif. Coast ranges)

1 4 52.9 (3.7) 120.6 (4.9) 53.2 (40.6) 0.066 (0.002)

2 2 68.2 (3.0) 128.2 (5.0) 332 (422.8) 0.054 (0.002)

3 4 78.7 (3.5) 131.2 (1.8) 286.2 (231.4) 0.049 (0.003)

4 7 77.4 (4.1) 233.3 (3.6) 200 (246.4) 0.049 (0.003)

5 2 86.1 (0.4) 244.1 (2.9) 33 0.0  0.043 (0.001)

6 2 85.8 (1.4) 253.5 (1.3) 26.5 (9.2) 0.045 (0.001)

7 2 39.2 (5.5) 312.6 (3.9) 31.5 (2.1) 0.075 (0.003)

8 9 69 (3.7) 307.9 (1.7) 49.1 (30.0) 0.056 (0.002)

9 3 86.8 (1.9) 304.1 (1.3) 26.7 (4.5) 0.044 (0.001)

Table A-1: Observations Summary (Continued)

ID # Obs ∆ (°) (±)
Back
Az (°)

(±)
Depth 
(km)

(±)
p

 (s/km)
(±)
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10 2 71.8 (7.9) 315.9 (3.7) 252 (309.7) 0.052 (0.005)

SAO     (Lat: 36.765 Lon: -121.445, Calif. Coast ranges)

1 3 36 (5.8) 121.2 (1.7) 72.3 (77.0) 0.076 (0.002)

2 2 58.9 (1.4) 95.9 (4.3) 10 (7.1) 0.063 (0.001)

3 9 52.7 (1.6) 114.7 (2.7) 56.9 (76.2) 0.067 (0.001)

4 5 57.7 (1.2) 124.7 (0.9) 56.8 (39.6) 0.063 (0.001)

5 4 69.7 (1.8) 124.7 (0.4) 603 (19.5) 0.053 (0.001)

6 4 79.5 (3.7) 131.7 (1.4) 229.8 (260.5) 0.048 (0.003)

7 3 89.1 (2.9) 225.4 (1.8) 166.7 (146.1) 0.042 (0.001)

8 7 74.3 (3.3) 233.8 (2.0) 204.3 (246.9) 0.051 (0.003)

9 8 86 (1.1) 243.3 (2.9) 71.4 (51.0) 0.044 (0.001)

10 3 85.5 (2.4) 253.4 (2.5) 38.7 (31.9) 0.044 (0.001)

11 5 89.1 (1.1) 262.9 (1.4) 146.4 (144.6) 0.042 (0.001)

12 2 83.4 (2.7) 284.9 (3.2) 327.5 (379.7) 0.045 (0.001)

13 2 32 (0.3) 321.3 (5.5) 121.5 (126.6) 0.078 0.000  

14 4 42 (1.4) 308.5 (0.8) 22.8 (11.5) 0.074 0.000  

15 5 54.5 (3.2) 313.3 (1.5) 58.8 (52.2) 0.066 (0.002)

16 12 67.6 (3.1) 307.8 (1.2) 44.2 (34.8) 0.056 (0.002)

17 3 79.6 (4.8) 303.1 (1.2) 138.7 (185.3) 0.048 (0.003)

STAN    (Lat: 37.404 Lon: -122.174, Calif. Coast ranges)

1 2 31.9 (3.8) 125.7 (4.0) 27.5 (9.2) 0.079 (0.003)

2 3 51.5 (0.7) 115.7 (1.6) 15 (5.6) 0.068 (0.001)

3 3 76.8 (5.3) 129.8 (5.0) 282 (288.4) 0.05 (0.003)

4 2 78.3 (9.7) 228.5 (3.6) 18 (4.2) 0.049 (0.006)

5 5 62.7 (7.0) 309.9 (2.2) 51.8 (39.5) 0.06 (0.005)

WDC     (Lat: 40.580 Lon: -122.540, Orogen)

1 6 54.8 (1.8) 116.8 (2.4) 68.8 (91.5) 0.066 (0.002)

2 4 71.9 (2.0) 128.2 (3.9) 323.2 (335.5) 0.051 (0.001)

3 6 83.4 (2.4) 133.5 (3.4) 154.7 (214.0) 0.045 (0.002)

4 2 77.8 (0.8) 165.8 (3.2) 10 0.0  0.049 0.000  

5 2 88 (2.6) 225.9 (0.1) 183 (212.1) 0.043 (0.001)

6 10 76.9 (4.1) 231.7 (2.0) 196.6 (243.3) 0.05 (0.003)

7 5 87.6 (0.9) 240.6 (1.4) 90.6 (76.1) 0.043 0.000  

8 4 84.9 (1.2) 247.9 (2.9) 37.8 (24.1) 0.045 (0.001)

9 7 38.5 (3.5) 306 (2.0) 30 (6.3) 0.075 (0.002)

10 5 52.2 (1.5) 311.3 (1.5) 38.2 (19.2) 0.067 (0.001)

11 11 64.9 (3.2) 306.5 (1.4) 64.5 (64.3) 0.058 (0.002)

12 3 74.1 (1.0) 308.8 (2.3) 428 (55.8) 0.051 (0.001)

13 4 77.1 (1.9) 295.7 (4.8) 268 (175.3) 0.049 (0.002)

14 2 84 (0.1) 301.8 (0.1) 29 (2.8) 0.045 (0.001)

YBH     (Lat: 41.732 Lon: -122.709, Orogen)

1 2 65.2 (12.5) 122 (4.4) 409 (250.3) 0.057 (0.010)

2 3 81.1 (2.8) 231.9 (1.3) 545.3 (20.4) 0.046 (0.002)

3 4 87.9 (1.3) 241 (2.5) 59.5 (56.4) 0.043 (0.001)

4 6 89.7 (2.6) 262.7 (2.2) 104.7 (143.6) 0.043 (0.001)

5 3 84.2 (5.5) 283.4 (2.1) 221.7 (325.1) 0.045 (0.003)
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6 3 36.8 (3.9) 304.5 (0.5) 20 (11.5) 0.076 (0.002)

7 6 63.9 (2.8) 305.1 (0.5) 32.2 (14.0) 0.059 (0.002)

8 2 66.4 (8.1) 313.4 (3.3) 252 (309.7) 0.056 (0.005)

9 2 79.6 (5.3) 300.9 (1.0) 189 (229.1) 0.048 (0.003)

10 3 92.9 (1.7) 304.4 (1.2) 14.7 (4.7) 0.041 0.000  

NETWORK: Canadian National Seismic Network (CN)

BBB     (Lat: 52.185 Lon: -128.113, Continental arc)

1 3 84.7 (2.4) 226.2 (2.5) 400 (250.3) 0.044 (0.001)

2 2 87.1 0.0  248.3 (10.5) 83.5 (55.9) 0.043 0.000  

3 2 40.4 (0.5) 302 (0.9) 33 0.0  0.074 0.000  

DAWY    (Lat: 64.066 Lon: -139.391, Orogen)

1 2 67.4 (11.1) 118 (7.9) 146.5 (120.9) 0.056 (0.008)

2 3 89.7 (2.9) 215.9 (1.9) 400 (250.3) 0.042 (0.001)

3 2 87.1 (2.4) 238 (10.2) 83.5 (55.9) 0.043 (0.001)

4 2 30.5 (0.6) 279.8 (0.8) 33 0.0  0.079 0.000  

DLBC    (Lat: 58.437 Lon: -130.030, Orogen)

1 3 56.9 (10.4) 128.4 (7.9) 108.7 (107.7) 0.064 (0.008)

2 2 89.7 (1.9) 223.2 (1.7) 330.5 (310.4) 0.042 0.000  

3 2 88.5 (1.1) 246.4 (10.4) 83.5 (55.9) 0.043 (0.001)

4 2 36.5 (0.6) 294.1 (0.9) 33 0.0  0.076 0.000  

DRLN    (Lat: 49.256 Lon:  -57.504, Paleozoic orogen)

1 4 74.7 (4.0) 190.9 (1.9) 104.2 (114.5) 0.051 (0.003)

2 3 62.7 (3.5) 197 (4.1) 261 (289.0) 0.059 (0.002)

3 3 50.1 (4.0) 205 (0.2) 136.3 (103.2) 0.069 (0.002)

4 5 46.1 (1.9) 239.7 (7.3) 65 (55.8) 0.071 0.000  

5 4 77.9 (6.0) 339.3 (2.4) 55 (47.0) 0.049 (0.004)

EDM     (Lat: 53.222 Lon: -113.350,Continental platform)

1 4 82.9 (9.3) 141.1 (2.6) 76.2 (58.6) 0.046 (0.006)

2 2 91.3 (1.6) 239.4 (1.8) 544.5 (7.8) 0.041 0.000  

3 2 95.9 (0.3) 260 (10.5) 83.5 (55.9) 0.041 (0.001)

4 3 47 (0.6) 307.6 (0.5) 33 0.0  0.071 (0.001)

FCC     (Lat: 58.762 Lon:  -94.087, Shield)

1 3 86.8 (3.8) 158.7 (1.4) 47 (3.0) 0.044 (0.002)

2 3 66.7 (9.3) 157.1 (2.3) 300 (247.8) 0.056 (0.007)

3 3 51.6 (0.6) 313.9 (0.3) 33 0.0  0.067 (0.001)

FRB     (Lat: 63.747 Lon:  -68.547, Shield)

1 2 67.1 (4.3) 64.8 (0.5) 21.5 (16.3) 0.057 (0.003)

2 4 88 (2.0) 178.9 (3.0) 234.5 (244.3) 0.043 (0.001)

3 5 76 (2.6) 184.2 (4.0) 306 (284.8) 0.05 (0.002)

4 4 58.5 (2.3) 187.9 (2.7) 67.5 (109.7) 0.063 (0.002)

5 10 51.2 (0.8) 218 (5.1) 48.5 (42.8) 0.068 0.000  

6 3 40.8 (1.5) 254.8 (6.7) 11.7 (5.7) 0.074 (0.001)

7 5 46.9 (4.0) 306.3 (3.7) 28.4 (10.1) 0.071 (0.002)

8 2 59.5 (0.4) 327.8 (0.5) 45.5 (36.1) 0.062 0.000  

9 20 70.9 (4.8) 333.7 (3.2) 69.9 (108.0) 0.054 (0.003)

10 3 93.3 (2.5) 350 (0.4) 65.3 (89.8) 0.041 0.000  
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GAC     (Lat: 45.703 Lon:  -75.478, Shield)

1 2 45 (4.7) 181.8 (2.0) 129.5 (145.0) 0.071 (0.003)

2 2 58.8 (2.3) 180.7 (0.7) 69.5 (51.6) 0.062 (0.001)

3 10 34.7 (1.0) 220.5 (6.8) 47 (43.1) 0.077 0.000  

4 2 74.8 (1.4) 225.6 (13.5) 12.5 (3.5) 0.052 (0.001)

5 2 57.3 (7.9) 315 (2.4) 32 0.0  0.064 (0.006)

6 2 70.8 (3.2) 328.4 (0.3) 52 (26.9) 0.054 (0.003)

INK     (Lat: 68.307 Lon: -133.520, Orogen)

1 2 79.8 (4.2) 11.2 (1.3) 21.5 (16.3) 0.049 (0.003)

2 5 78.8 (6.0) 121.3 (2.0) 94 (98.2) 0.049 (0.004)

3 5 55.6 (2.3) 138.9 (4.7) 59.4 (57.7) 0.065 (0.002)

4 4 92.9 (4.0) 220.5 (2.3) 310.2 (272.0) 0.041 (0.001)

5 4 90.8 (1.8) 242.1 (6.2) 68.2 (40.2) 0.042 (0.001)

6 4 32.9 (1.8) 277.3 (0.6) 29.8 (6.5) 0.078 (0.001)

7 5 44.9 (1.1) 279.3 (1.0) 57.4 (38.2) 0.072 (0.001)

8 4 53.1 (2.5) 282.9 (3.0) 83.2 (97.7) 0.066 (0.002)

9 3 65.2 (2.3) 286.8 (0.4) 26.7 (4.5) 0.058 (0.001)

10 3 76.9 (5.0) 291.5 (0.8) 27.7 (6.8) 0.05 (0.003)

11 5 90.9 (5.8) 284.4 (1.9) 26.6 (10.1) 0.043 (0.002)

LMN     (Lat: 45.852 Lon:  -64.806, Paleozoic orogen)

1 4 75.4 (8.0) 185.8 (1.1) 43.5 (7.4) 0.051 (0.005)

2 3 46.7 (6.7) 194.6 (2.7) 182 (43.9) 0.071 (0.004)

LMQ     (Lat: 47.548 Lon:  -70.327, Continental Platform)

1 2 79.3 (11.6) 181.5 (2.4) 41.5 (12.0) 0.048 (0.007)

2 2 49.7 (8.4) 186.2 (2.2) 157 (9.9) 0.069 (0.006)

3 2 37.8 (0.3) 219 (5.3) 47 (19.8) 0.075 (0.001)

MBC     (Lat: 76.242 Lon: -119.360, Paleozoic orogen)

1 3 70 (5.5) 2.1 (3.5) 19.0 (19.2) 0.054 (0.004)

2 2 94.9 (0.2) 134.0 (5.6) 332.0 (422.8) 0.040 (0.000)

3 5 77.6 (4.7) 135.6 (3.1) 19.6 (9.8) 0.050 (0.003)

4 9 60.6 (1.6) 156.5 (3.6) 45.4 (45.4) 0.061 (0.002)

5 3 39.1 (3.0) 181.7 (5.6) 11.7 (5.7) 0.075 (0.001)

6 4 95.5 (1.7) 263.0 (4.1) 38.0 (10.4) 0.041 (0.000)

7 3 79.3 (3.8) 280.3 (3.6) 27.7 (27.2) 0.049 (0.003)

8 2 39.0 (0.4) 279.5 (0.7) 45.5 (36.1) 0.075 (0.001)

9 14 49.8 (3.8) 286.9 (4.2) 90.6 (124.1) 0.069 (0.003)

10 3 64.2 (0.7) 296.3 (0.1) 27.0 (20.0) 0.058 (0.001)

11 6 73.8 (1.2) 303.4 (1.2) 19.3 (7.5) 0.052 (0.001)

12 4 86.0 (2.7) 297.3 (4.0) 33.8 (20.2) 0.044 (0.001)

13 3 95.7 (0.4) 297.9 (3.3) 27.0 (10.4) 0.041 (0.000)

14 2 75.4 (2.3) 325.9 (3.0) 66.5 (78.5) 0.051 (0.002)

15 3 67.5 (0.5) 350.0 (4.9) 89.0 (109.3) 0.056 (0.001)

MOBC    (Lat: 53.197 Lon: -131.900, Continental Arc)

1 2 85.1 (1.8) 221.7 (1.8) 330.5 (310.4) 0.044 (0.000)  

2 2 37.9 (0.5) 299.4 (1.0) 33 0.0  0.073 (0.000)  

PGC     (Lat: 48.650 Lon: -123.45, Continental Arc)
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1 2 65.8 (7.7) 124.7 (4.1) 198 (48.1) 0.057 (0.005)

2 4 85.5 (2.5) 233.8 (7.5) 330.8 (246.9) 0.044 (0.001)

3 2 44.9 (0.5) 307 (0.9) 33 0.0  0.07 (0.001)

PMB     (Lat: 50.519 Lon: -123.077, Continental Arc)

1 2 66.6 (7.8) 125.8 (3.8) 198 (48.1) 0.057 (0.005)

2 2 87.5 (0.2) 132.8 (0.3) 47 (4.2) 0.043 0.000  

3 2 85.9 (3.2) 230.3 (3.7) 325 (302.6) 0.044 (0.002)

4 3 54.3 (17.9) 304.3 (2.2) 29.3 (6.4) 0.066 (0.012)

PNT     (Lat: 49.317 Lon: -119.617, Orogen)

1 2 40.1 (2.4) 139.4 (3.5) 47 (19.8) 0.037 (0.053)

2 3 68.4 (9.2) 128.8 (2.7) 327.3 (226.6) 0.055 (0.007)

3 3 87 (3.2) 136.9 (2.5) 47 (3.0) 0.044 (0.001)

4 3 87 (2.2) 233.1 (2.7) 400 (250.3) 0.043 (0.001)

5 2 91.3 (0.8) 254.9 (10.5) 83.5 (55.9) 0.042 (0.001)

6 2 46.5 (0.5) 307.8 (0.8) 33 0.0  0.071 0.000  

RES     (Lat: 74.687 Lon:  -94.900, Continental Platform)

1 4 82.5 (5.8) 161.5 (1.5) 64.2 (66.6) 0.046 (0.004)

2 4 57.2 (1.3) 185.4 (5.6) 66 (64.4) 0.064 (0.001)

3 4 42.4 (1.8) 301.4 (0.4) 29.8 (6.5) 0.074 0.000  

4 6 53.7 (0.9) 307.1 (0.9) 53.3 (35.6) 0.066 (0.001)

5 3 65.7 (4.6) 309.7 (2.3) 35 (23.6) 0.058 (0.003)

6 3 70.8 (2.2) 319 (0.1) 34 (13.7) 0.054 (0.002)

7 2 79.7 (1.6) 325.9 (0.2) 25 (7.1) 0.049 (0.001)

8 2 89.3 (1.3) 323.5 (4.1) 33 0.0  0.042 (0.001)

SADO    (Lat: 44.769 Lon:  -79.142, Continental Platform)

1 3 74 (9.3) 172.8 (3.2) 42.3 (8.6) 0.052 (0.006)

2 4 48.3 (9.0) 172.9 (3.2) 283 (205.2) 0.069 (0.007)

3 2 32.1 0.0  207.5 (6.2) 47 (19.8) 0.078 (0.001)

SCHQ    (Lat: 54.832 Lon:  -66.834, Shield)

1 2 70.3 (4.2) 63 (1.2) 21.5 (16.3) 0.054 (0.003)

2 3 80.1 (4.6) 181.9 (2.6) 124.3 (131.4) 0.048 (0.003)

3 3 67 (3.5) 186.4 (3.8) 261 (289.0) 0.056 (0.002)

4 4 54 (5.0) 192.9 (1.1) 76.5 (104.0) 0.065 (0.003)

5 6 44.9 (1.0) 224.1 (7.1) 59.7 (51.6) 0.072 (0.001)

6 4 67.8 (5.6) 331.9 (2.1) 52.5 (48.1) 0.056 (0.004)

ULM     (Lat: 50.249 Lon:  -95.875, Continental platform)

1 2 35.1 (1.3) 176.7 (5.3) 47 (19.8) 0.038 (0.055)

2 2 55.2 (8.5) 154.2 (1.7) 157 (9.9) 0.065 (0.006)

3 4 82.5 (7.1) 158.5 (3.8) 43.5 (7.4) 0.047 (0.004)

4 3 57 (0.6) 317.3 (0.4) 33 0.0  0.064 (0.001)

WALA    (Lat: 49.059 Lon: -113.911, Orogen)

1 2 47.4 (11.6) 138 (9.0) 146.5 (120.9) 0.069 (0.008)

2 4 76.4 (7.5) 137.7 (2.9) 211 (256.0) 0.05 (0.005)

3 2 91.8 (5.2) 147.5 (4.7) 40 (9.9) 0.042 (0.002)

4 3 89.9 (2.1) 237.5 (2.8) 400 (250.3) 0.042 (0.001)

5 2 94.9 (1.0) 259.1 (10.5) 83.5 (55.9) 0.041 (0.001)
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6 2 49.6 (0.5) 310.2 (0.7) 33 0.0  0.069 0.000  

WHY     (Lat: 60.660 Lon: -134.881, Orogen)

1 5 51.1 (3.6) 132.5 (5.5) 65 (55.8) 0.068 (0.002)

2 2 72.5 (6.2) 118.2 (3.6) 20.5 (9.2) 0.053 (0.004)

3 4 86.7 (4.0) 219.3 (2.2) 310.2 (272.0) 0.043 (0.002)

4 2 86 (1.3) 239.8 (2.9) 53 (28.3) 0.044 (0.001)

5 2 87.8 (2.5) 253.3 (5.4) 51.5 (10.6) 0.043 (0.001)

6 2 90.1 (0.3) 268.3 (0.4) 32.5 (0.7) 0.042 (0.001)

7 5 44.2 (4.5) 285.7 (0.6) 36.6 (12.7) 0.072 (0.002)

8 4 54.6 (2.1) 287.2 (3.4) 83.2 (97.7) 0.065 (0.002)

9 2 66.4 (2.6) 289.2 (0.9) 26.5 (6.4) 0.057 (0.002)

10 4 79.7 (4.1) 291.7 (1.3) 38.5 (22.4) 0.048 (0.003)

11 4 91.1 (6.3) 282.8 (1.7) 25 (10.9) 0.042 (0.002)

YKW     (Lat: 62.562 Lon: -114.605, Shield)

1 2 82.7 (4.3) 27 (0.6) 21.5 (16.3) 0.047 (0.003)

2 6 93.7 (2.0) 139.1 (1.9) 132.7 (211.3) 0.041 0.000  

3 3 81.5 (4.0) 138.5 (3.9) 276 (314.3) 0.046 (0.004)

4 5 64.9 (1.1) 135.5 (2.4) 144 (120.5) 0.058 (0.001)

5 11 47.8 (2.2) 157 (4.8) 51.8 (39.4) 0.07 (0.002)

6 9 95.2 (2.3) 238.2 (1.5) 489.8 (168.4) 0.041 (0.001)

7 3 96.2 (0.4) 264.8 (4.4) 40.3 (6.4) 0.041 (0.001)

8 6 42.1 (1.3) 298.5 (0.6) 30.8 (5.3) 0.074 0.000  

9 9 54 (0.6) 298.9 (0.6) 49.3 (42.8) 0.066 (0.001)

10 7 61.8 (2.1) 302.4 (3.7) 120.6 (171.9) 0.06 (0.002)

11 8 73.2 (1.8) 305 (0.4) 27.1 (9.4) 0.053 (0.001)

12 6 87.3 (4.6) 309 (1.9) 29.3 (22.5) 0.044 (0.002)

13 2 81.4 (0.7) 354 (6.4) 26 (9.9) 0.047 (0.001)

NETWORK: Geoscope (G)

SCZ     (Lat: 36.600 Lon: -121.400, Calif. Coast ranges)

1 3 42.5 (8.9) 119.7 (2.7) 44.7 (30.4) 0.073 (0.005)

2 5 75.1 (4.8) 233 (4.0) 131 (256.1) 0.051 (0.003)

3 4 84.6 (2.0) 252.4 (3.2) 38.2 (35.2) 0.045 (0.001)

4 2 91.7 (3.8) 264.6 (1.6) 53.5 (6.4) 0.042 (0.001)

5 2 83.8 (2.2) 283.3 (0.9) 36.5 (31.8) 0.045 (0.002)

6 3 36.4 (5.5) 313.7 (4.3) 33 (3.6) 0.076 (0.002)

7 2 56.8 (0.5) 312.7 (0.4) 52.5 (26.2) 0.064 (0.001)

8 5 74.3 (3.4) 306.8 (3.4) 84.4 (149.2) 0.052 (0.003)

UNM     (Lat: 19.332 Lon:  -99.183, Continental Arc)

1 6 43 (6.3) 138.7 (4.2) 249.3 (272.4) 0.072 (0.004)

2 6 87.2 (5.8) 249.1 (3.2) 212.8 (218.8) 0.044 (0.002)

3 4 32.9 (4.7) 322.3 (4.7) 15.2 (3.4) 0.078 (0.002)

4 2 53.9 (5.8) 327.2 (5.1) 23 (12.7) 0.066 (0.004)

5 4 84 (3.7) 321.5 (2.0) 42.2 (20.0) 0.045 (0.002)

NETWORK: IRIS – IDA (II)

ALE     (Lat: 82.503 Lon:  -62.350, Paleozoic orogen)

1 5 71.2 (6.0) 18.8 (3.0) 38 (48.3) 0.054 (0.004)
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2 4 60.8 (3.0) 41.6 (3.4) 145 (96.2) 0.06 (0.002)

3 4 55.6 (7.3) 64.4 (4.1) 14 (4.8) 0.065 (0.005)

4 2 57 (7.8) 84.1 (7.5) 12 (2.8) 0.064 (0.006)

5 2 95.9 (0.5) 187.4 (3.2) 368 (371.9) 0.04 0.000  

6 3 86.6 (1.8) 195.3 (0.5) 26.7 (6.5) 0.044 (0.001)

7 5 77.5 (1.6) 193.6 (2.8) 42.2 (46.9) 0.05 (0.001)

8 2 73.3 (0.1) 202.3 (1.3) 16 (8.5) 0.052 0.000  

9 8 67.1 (1.4) 218.1 (4.5) 52 (46.2) 0.056 (0.001)

10 3 47.9 (3.7) 246.8 (5.1) 13 (4.4) 0.07 (0.002)

11 6 37.8 (3.8) 295.1 (7.9) 57.2 (75.8) 0.075 (0.001)

12 4 43.7 (1.4) 322.3 (5.0) 68.8 (54.6) 0.073 (0.001)

13 10 51.6 (0.5) 331 (0.9) 45.2 (40.9) 0.068 0.000  

14 12 59.7 (5.1) 339 (2.2) 124.4 (185.6) 0.062 (0.004)

15 3 80.9 (2.9) 332.9 (0.9) 223 (323.8) 0.047 (0.001)

16 6 73 (1.8) 354.3 (2.4) 43.5 (55.2) 0.052 (0.001)

17 4 84.1 (3.0) 355.3 (2.3) 34.2 (24.7) 0.045 (0.002)

FFC     (Lat: 54.725 Lon: -101.978, Continental platform)

1 2 91.3 (3.1) 10.3 (6.6) 116.5 (156.3) 0.042 (0.001)

2 2 85.8 (4.4) 36.8 (0.1) 21.5 (16.3) 0.045 (0.003)

3 2 52.5 (1.8) 147.5 (0.8) 69.5 (78.5) 0.067 (0.002)

4 5 81.7 (5.3) 149.5 (3.2) 194 (230.2) 0.047 (0.004)

5 8 37.9 (1.7) 174.9 (6.4) 47.8 (47.4) 0.075 (0.001)

6 2 73.1 (5.7) 199.6 (12.3) 12.5 (3.5) 0.052 (0.004)

7 2 94.4 (3.6) 247.4 (1.9) 302 (369.1) 0.041 0.000  

8 4 40.2 (4.3) 296.3 (1.6) 23.2 (10.1) 0.074 (0.002)

9 10 62 (4.0) 311.3 (0.5) 46.7 (40.9) 0.06 (0.003)

10 8 75.7 (5.8) 312.8 (4.3) 120.9 (182.5) 0.051 (0.004)

PFO     (Lat: 33.609 Lon: -116.455, Orogen)

1 4 46.7 (1.8) 119 (0.8) 109 (100.5) 0.052 (0.021)

2 3 60.5 (5.7) 128 (0.9) 401.7 (330.6) 0.06 (0.006)

3 3 74.7 (3.2) 133.5 (2.3) 296.7 (257.6) 0.051 (0.003)

4 2 53.4 (3.0) 178 (2.0) 9.5 (0.7) 0.067 (0.003)

5 8 79.7 (4.4) 235.3 (2.7) 255.5 (270.8) 0.048 (0.003)

6 2 88.6 (0.3) 245 (0.6) 98.5 (58.7) 0.043 (0.001)

7 3 86.7 (0.8) 251 (2.1) 130.3 (10.2) 0.043 (0.001)

8 2 90.1 (1.0) 257.7 (1.4) 21.5 (16.3) 0.042 (0.001)

9 2 93.6 (1.8) 265.5 (2.4) 111.5 (95.5) 0.041 0.000  

10 3 47.7 (1.0) 311.4 (0.2) 33 0.0  0.07 (0.001)

11 5 57.7 (2.9) 317.9 (3.9) 24.8 (8.6) 0.064 (0.003)

12 7 70 (1.1) 310.9 (0.5) 45 (34.0) 0.055 (0.001)

13 19 77 (6.6) 308.3 (3.8) 90.7 (135.3) 0.05 (0.004)

ADK     (Lat: 51.884 Lon: -176.684, Volcanic Arc)

1 5 67.9 (3.0) 89.8 (1.3) 34.6 (17.3) 0.056 (0.002)

2 2 40.6 (5.9) 88.7 (1.4) 14 (5.7) 0.074 (0.002)

3 4 72 (3.7) 178.8 (2.6) 182.5 (247.7) 0.053 (0.003)

4 4 66.7 (2.2) 198.7 (3.5) 54.8 (59.1) 0.057 (0.002)
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5 3 65.7 0.0  221.3 (0.1) 27.3 (2.5) 0.058 0.000  

6 10 71.8 (4.6) 236.7 (3.3) 67.8 (57.9) 0.054 (0.003)

7 3 86.2 (0.3) 247.9 (0.4) 19 (7.5) 0.044 (0.001)

8 3 68.8 (7.0) 249.8 (1.9) 33 0.0  0.056 (0.005)

9 4 32.2 (2.2) 265.1 (6.5) 137.2 (222.9) 0.078 (0.002)

10 4 42.1 (4.4) 255.8 (6.2) 104.5 (164.6) 0.073 (0.002)

11 2 55.3 (2.4) 263.9 (1.4) 14.5 (2.1) 0.065 (0.001)

12 3 87.8 (0.4) 265 (5.4) 35.3 (21.6) 0.043 0.000  

ANMO    (Lat: 34.946 Lon: -106.457, Orogen)

1 3 88.9 (4.2) 91.6 (3.2) 12.3 (3.2) 0.043 (0.002)

2 14 71.9 (3.4) 144.7 (3.8) 208.3 (243.9) 0.053 (0.003)

3 12 54.1 (5.6) 139.3 (2.5) 207.5 (245.3) 0.065 (0.005)

4 13 37.6 (4.4) 131 (4.6) 43.5 (57.2) 0.076 (0.002)

5 21 85.7 (3.3) 242.6 (2.1) 247.3 (244.6) 0.044 (0.002)

6 11 95.6 (1.1) 256 (3.5) 73.8 (57.5) 0.041 0.000  

7 3 95.1 (2.1) 293.2 (2.3) 223 (323.8) 0.041 (0.001)

8 13 46.7 (5.2) 315.3 (5.5) 45.5 (56.3) 0.071 (0.003)

9 30 74.5 (6.1) 316 (2.1) 65.8 (108.0) 0.052 (0.004)

10 11 90.1 (2.5) 310.9 (3.9) 193.8 (207.6) 0.042 (0.001)

CCM     (Lat: 38.056 Lon:  -91.245, Continental platform)

1 4 92 (3.3) 32.1 (2.4) 17.8 (7.5) 0.041 0.000  

2 3 81 (1.4) 43.7 (4.2) 38.7 (43.6) 0.048 (0.001)

3 3 77.1 (4.0) 101.2 (3.6) 12.3 (3.2) 0.05 (0.003)

4 2 46.4 (7.1) 102.5 (8.5) 10 0.0  0.071 (0.004)

5 11 34.4 (2.4) 154.2 (5.8) 28.8 (36.2) 0.077 (0.002)

6 8 52.3 (5.0) 157.7 (3.5) 215.8 (248.4) 0.066 (0.004)

7 12 68.1 (3.1) 156.6 (3.3) 273.2 (234.3) 0.055 (0.003)

8 2 64.9 (2.1) 197.8 (7.4) 10.5 (0.7) 0.058 (0.001)

9 12 53.2 (5.9) 316.9 (5.6) 49.1 (57.4) 0.066 (0.004)

10 6 69.1 (4.1) 322.6 (2.6) 34.7 (21.0) 0.055 (0.002)

11 25 84.5 (5.0) 322.7 (2.8) 103.3 (164.3) 0.045 (0.003)

COL     (Lat: 64.900 Lon: -147.793, Orogen)

1 9 81.5 (6.8) 105.2 (3.7) 34.6 (37.9) 0.047 (0.004)

2 5 64.3 (5.6) 115.6 (5.9) 31.8 (27.9) 0.059 (0.004)

3 2 35.8 (0.5) 134.3 (2.0) 9.5 (12.0) 0.076 (0.001)

4 8 86.1 (3.1) 206.8 (2.4) 230.8 (246.6) 0.044 (0.002)

5 11 86.6 (2.9) 223.3 (2.5) 63.9 (67.6) 0.044 (0.002)

6 8 84.1 (1.6) 242.8 (3.9) 59.2 (64.1) 0.045 (0.001)

7 2 67.2 (2.3) 254.7 (0.3) 36.5 (31.8) 0.057 (0.001)

8 3 88 (4.0) 257.4 (2.1) 44.7 (29.3) 0.043 (0.002)

9 34 42.3 (7.0) 272.1 (3.2) 99.9 (133.6) 0.073 (0.005)

10 7 69.5 (5.0) 279.5 (2.1) 68.4 (68.6) 0.055 (0.003)

11 9 86.4 (5.1) 268.4 (2.2) 86.4 (169.1) 0.044 (0.002)

12 3 78.5 (4.2) 302.9 (1.7) 56.3 (58.2) 0.049 (0.003)

13 5 75.3 (1.5) 327.4 (4.2) 136.8 (111.8) 0.051 (0.001)

14 3 73.5 (1.8) 351.8 (2.1) 20 (6.1) 0.052 (0.001)
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COR     (Lat: 44.586 Lon: -123.303, Continental Arc)

1 7 87.2 (2.9) 131.5 (2.7) 288.6 (263.4) 0.043 (0.002)

2 5 75.8 (1.8) 125.9 (1.6) 508 (213.1) 0.049 (0.001)

3 12 55.9 (5.8) 122 (3.9) 45.2 (46.9) 0.065 (0.005)

4 9 34.3 (3.2) 135.5 (4.5) 51 (45.0) 0.077 (0.002)

5 2 78.1 (6.1) 162.8 (0.5) 10.5 (0.7) 0.049 (0.004)

6 15 82.1 (5.7) 228.5 (2.0) 194.1 (185.5) 0.047 (0.004)

7 14 87.1 (2.0) 244.1 (4.2) 87.6 (64.6) 0.043 (0.001)

8 6 89.1 (0.9) 260.7 (3.0) 72.8 (65.1) 0.043 0.000  

9 3 78.6 (0.5) 282.8 (2.3) 252 (305.8) 0.049 (0.001)

10 8 38.7 (5.4) 306.4 (6.6) 25 (9.3) 0.075 (0.003)

11 14 61.9 (3.9) 306 (3.5) 120.1 (183.4) 0.06 (0.003)

12 3 73.4 (0.5) 297.3 (4.0) 216.3 (182.2) 0.052 (0.001)

13 4 89.8 (3.3) 303.3 (1.9) 87 (86.8) 0.042 (0.001)

HKT     (Lat: 29.962 Lon:  -95.838, Continental platform)

1 2 36.2 (1.9) 109.9 (3.7) 76 (100.4) 0.076 (0.001)

2 3 33.4 (3.0) 142.5 (5.7) 128 (102.5) 0.077 (0.001)

3 4 61.5 (3.4) 154.6 (2.6) 39 (13.5) 0.06 (0.002)

4 2 60.2 (8.1) 193 (10.1) 10 0.0  0.062 (0.006)

5 4 91.8 (3.5) 247.7 (2.4) 201 (234.7) 0.042 (0.001)

6 3 74.6 (10.1) 319.1 (2.9) 32 (11.5) 0.052 (0.007)

HRV     (Lat: 42.506 Lon:  -71.558, Paleozoic orogen)

1 4 91.6 (3.3) 24.9 (6.6) 128.2 (99.8) 0.042 (0.001)

2 2 81.2 (4.5) 43 (0.9) 17.5 (2.1) 0.047 (0.003)

3 3 66.7 (1.0) 54.6 (4.7) 38.7 (43.6) 0.057 (0.001)

4 3 64.3 (3.3) 117.3 (4.6) 12.3 (3.2) 0.059 (0.002)

5 10 68.3 (3.1) 174.8 (2.8) 321.1 (227.7) 0.055 (0.002)

6 4 55.9 (2.3) 177.7 (1.8) 488.5 (240.9) 0.062 (0.001)

7 3 46.8 (1.6) 187.8 (1.0) 49.3 (41.3) 0.07 (0.001)

8 13 36.3 (1.8) 190.8 (8.6) 46.8 (57.2) 0.076 (0.001)

9 9 35 (0.6) 232.5 (4.4) 31.6 (15.2) 0.077 (0.001)

10 8 38.7 (1.4) 282.9 (6.5) 12.9 (6.2) 0.075 (0.001)

11 9 63.8 (4.6) 318.7 (2.6) 22.7 (8.7) 0.059 (0.003)

12 16 83.6 (5.3) 333.2 (3.0) 73.5 (144.0) 0.046 (0.003)

SSPA    (Lat: 40.640 Lon:  -77.891, Paleozoic orogen)

1 2 72.1 (1.0) 53.5 (0.8) 13.5 (0.7) 0.054 (0.001)

2 4 61.1 (7.9) 171.9 (4.6) 235.5 (258.9) 0.06 (0.005)

3 7 39.7 (4.2) 177 (2.7) 103.3 (74.7) 0.074 (0.002)

4 3 31.2 (1.7) 229.5 (8.5) 34 (13.5) 0.079 (0.001)

5 4 63.2 (5.8) 317.2 (1.4) 28.8 (8.5) 0.06 (0.004)

6 2 72.5 (0.7) 328.1 (0.4) 33 0.0  0.054 (0.001)

7 7 86.6 (3.9) 330.2 (2.8) 39.4 (14.4) 0.044 (0.002)

TUC     (Lat: 32.309 Lon: -110.785, Extended crust)

1 12 70.9 (2.9) 140.3 (3.3) 171 (208.4) 0.054 (0.002)

2 3 58.1 (3.6) 135.8 (4.2) 256.7 (326.2) 0.062 (0.004)

3 10 45 (2.6) 124.9 (6.6) 40.5 (35.6) 0.072 (0.002)
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4 15 81.7 (4.0) 240 (3.0) 242.3 (257.3) 0.046 (0.003)

5 12 91.7 (1.3) 252.7 (4.4) 91.7 (64.4) 0.042 (0.001)

6 3 92.8 (1.9) 290.6 (2.4) 223 (323.8) 0.041 0.000  

7 7 48.7 (5.1) 317 (7.6) 27 (8.4) 0.07 (0.003)

8 23 76 (7.6) 314.3 (3.5) 76.5 (110.5) 0.051 (0.005)

NETWORK: Terrascope (TS)

BAR     (Lat: 32.680 Lon: -116.672, Calif. Coast ranges)

1 7 70 (6.3) 132.6 (4.7) 314.9 (288.8) 0.054 (0.004)

2 5 48.8 (2.0) 121.4 (4.5) 53.2 (45.3) 0.069 (0.001)

3 2 49.7 (7.0) 186.7 (14.7) 12.5 (3.5) 0.07 (0.004)

4 4 83.7 (6.4) 231.1 (4.1) 76.2 (36.7) 0.046 (0.004)

5 4 87.8 (0.4) 244.9 (0.8) 102.8 (87.2) 0.043 0.000  

6 2 88.3 (2.5) 287.8 (3.3) 327.5 (379.7) 0.042 0.000  

7 2 43.6 (5.5) 314.8 (3.6) 31.5 (2.1) 0.073 (0.003)

8 4 66.1 (4.9) 315.8 (3.5) 51 (44.5) 0.057 (0.004)

9 9 82 (5.7) 309.3 (3.7) 115.7 (170.8) 0.047 (0.003)

CALB    (Lat: 34.143 Lon: -118.627, Calif. Coast ranges)

1 2 50.2 (1.5) 115.9 (2.9) 43.5 (36.1) 0.069 (0.001)

2 3 69.6 (6.8) 132.3 (6.7) 228 (349.1) 0.055 (0.005)

3 2 50.9 (7.4) 184.1 (14.0) 12.5 (3.5) 0.068 (0.004)

4 2 75.9 (6.0) 234.3 (3.0) 71 (56.6) 0.051 (0.004)

5 3 87.3 (1.1) 244.1 (3.2) 70 (64.1) 0.043 (0.001)

6 6 71.1 (6.9) 312.4 (4.4) 106.8 (178.8) 0.054 (0.005)

CWC     (Lat: 36.439 Lon: -118.080, Orogen)

1 3 87.4 (1.9) 251 (6.0) 83.3 (56.2) 0.043 (0.001)

2 2 55.6 (16.1) 314.3 (6.8) 33 0.0  0.064 (0.011)

GLA     (Lat: 33.052 Lon: -114.827, Extended crust)

1 2 60.9 (12.3) 92.2 (2.9) 12.5 (3.5) 0.061 (0.009)

2 5 48.8 (2.3) 125 (4.6) 60 (50.5) 0.07 (0.002)

3 2 67.9 (4.3) 132.5 (6.4) 340.5 (410.8) 0.056 (0.001)

4 2 89.1 (0.2) 247.9 (2.3) 88.5 (78.5) 0.043 (0.001)

5 4 94.2 (1.1) 266.7 (1.2) 150.5 (163.3) 0.041 0.000  

6 4 45 (5.1) 313.9 (2.9) 23.2 (11.4) 0.072 (0.003)

7 10 72.7 (5.1) 313.3 (3.3) 84.1 (139.0) 0.053 (0.004)

GSC     (Lat: 35.303 Lon: -116.808, Orogen)

1 15 49.6 (4.4) 121.6 (5.7) 39.7 (36.5) 0.064 (0.006)

2 11 76.5 (4.3) 134.3 (3.5) 332 (252.1) 0.049 (0.003)

3 2 50.1 (4.0) 187.6 (12.1) 12 (4.2) 0.069 (0.003)

4 14 79.1 (4.5) 235.6 (3.2) 208.1 (246.9) 0.048 (0.003)

5 7 89 (0.7) 244.5 (1.3) 101.9 (70.4) 0.042 0.000  

6 6 87.8 (1.9) 253.9 (3.2) 40.5 (50.4) 0.043 (0.001)

7 5 93.2 (1.1) 265.5 (1.5) 84.2 (68.7) 0.041 0.000  

8 3 87 (2.0) 287.3 (2.3) 223 (323.8) 0.043 (0.001)

9 11 44.6 (6.2) 315.7 (7.3) 32.5 (28.3) 0.072 (0.004)

10 20 69.3 (7.4) 311.2 (2.2) 61 (77.4) 0.055 (0.005)

ISA     (Lat: 35.663 Lon: -118.473, Orogen)
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1 4 66 (8.3) 87.7 (6.3) 11.2 (2.5) 0.058 (0.006)

2 7 48.7 (4.2) 117.5 (2.9) 50.9 (41.8) 0.07 (0.002)

3 6 66.2 (2.9) 129.6 (2.9) 264.8 (268.5) 0.057 (0.002)

4 8 77.7 (3.2) 135.6 (3.0) 175.9 (249.6) 0.049 (0.003)

5 3 52.7 (5.2) 181.8 (10.5) 11.3 (3.2) 0.067 (0.004)

6 15 78.7 (4.4) 234.1 (2.6) 258 (252.2) 0.049 (0.003)

7 2 87.5 (0.3) 243.9 (1.1) 119.5 (122.3) 0.043 (0.001)

8 7 86.3 (1.5) 253 (2.2) 40 (30.2) 0.044 (0.001)

9 6 91.7 (2.5) 264 (3.0) 101 (141.3) 0.042 0.000  

10 2 91.4 (4.9) 285.1 (1.0) 34.5 (34.6) 0.042 (0.001)

11 7 37.7 (4.9) 317 (7.7) 43.7 (31.1) 0.075 (0.003)

12 5 56.8 (2.7) 316.3 (4.0) 27.8 (10.8) 0.064 (0.002)

13 9 72.4 (4.7) 309.8 (2.1) 84.9 (147.8) 0.053 (0.003)

MLA     (Lat: 37.631 Lon: -118.834, Continental Arc)

1 3 30.9 (1.5) 129.2 (4.4) 70 (79.4) 0.079 (0.001)

2 6 53 (2.4) 121.2 (5.3) 58 (48.6) 0.067 (0.002)

3 9 76.8 (5.7) 134.3 (3.9) 196 (245.9) 0.05 (0.004)

4 2 54.4 (7.5) 183.6 (13.3) 12.5 (3.5) 0.066 (0.005)

5 3 78.7 (4.6) 233.9 (2.0) 230.7 (279.4) 0.048 (0.003)

6 5 88.5 (1.0) 243.8 (2.3) 88.8 (81.7) 0.043 (0.001)

7 3 86.2 (1.9) 253.1 (1.9) 82.7 (55.1) 0.043 (0.001)

8 4 90.8 (0.4) 263.5 (1.2) 118 (179.0) 0.042 0.000  

9 3 84.8 (2.0) 285.9 (2.3) 223 (323.8) 0.044 (0.001)

10 7 39.9 (4.8) 310 (3.3) 27.1 (8.7) 0.075 (0.002)

11 19 68.2 (6.7) 309.4 (3.6) 78.2 (121.5) 0.056 (0.005)

12 3 86.9 (1.9) 305 (1.3) 26.7 (4.5) 0.044 (0.001)

NEE     (Lat: 34.823 Lon: -114.596, Extended crust)

1 6 49.3 (2.4) 124.9 (5.3) 62.5 (44.0) 0.069 (0.001)

2 5 69.2 (5.9) 135.7 (4.5) 194.4 (248.1) 0.055 (0.004)

3 2 52 (6.6) 188.9 (14.4) 12.5 (3.5) 0.068 (0.004)

4 3 80.4 (9.9) 240.3 (2.5) 35 (5.3) 0.049 (0.006)

5 4 72.5 (8.3) 313.1 (2.9) 153 (212.8) 0.053 (0.006)

PAS     (Lat: 34.148 Lon: -118.172, Calif. Coast ranges)

1 2 63.7 (12.3) 90.9 (3.1) 12.5 (3.5) 0.059 (0.008)

2 15 48 (5.7) 120.6 (4.5) 40.9 (39.3) 0.07 (0.003)

3 12 71.6 (6.8) 131.2 (4.1) 324.2 (250.6) 0.053 (0.004)

4 14 78.3 (5.5) 233.7 (3.6) 123.2 (160.5) 0.049 (0.004)

5 11 86.6 (1.2) 247 (3.6) 85.5 (72.9) 0.044 (0.001)

6 7 92.5 (2.2) 264.8 (1.8) 74.7 (58.5) 0.041 (0.001)

7 2 85.2 (0.4) 287.6 (2.3) 305 (411.5) 0.045 (0.001)

8 8 40.8 (4.7) 316.5 (5.6) 49.5 (65.7) 0.074 (0.002)

9 15 69.6 (5.7) 312.2 (3.3) 84.8 (147.7) 0.055 (0.004)

10 7 85.3 (4.0) 304.3 (3.2) 106.4 (147.2) 0.044 (0.002)

RPV     (Lat: 33.744 Lon: -118.404, Calif. Coast ranges)

1 4 49.6 (1.0) 116.6 (2.1) 56 (52.6) 0.069 0.000  

2 3 71.9 (3.8) 130.5 (4.5) 299.7 (299.8) 0.053 (0.002)
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3 2 79 (10.5) 242.1 (7.7) 32 (1.4) 0.049 (0.007)

4 2 86.6 (2.5) 286.8 (3.3) 327.5 (379.7) 0.044 (0.001)

5 3 40.1 (5.5) 315.8 (4.1) 31.3 (1.2) 0.074 (0.003)

6 11 71.3 (5.5) 311 (2.0) 82.1 (132.4) 0.054 (0.004)

SBC     (Lat: 34.442 Lon: -119.713, Calif. Coast ranges)

1 9 49.9 (5.5) 118.9 (4.8) 54 (46.4) 0.069 (0.004)

2 11 73.8 (5.7) 131.4 (4.0) 269.9 (269.1) 0.052 (0.004)

3 2 51.2 (7.6) 182.8 (13.8) 12.5 (3.5) 0.068 (0.004)

4 7 78.4 (5.1) 233.2 (4.1) 206.3 (242.3) 0.049 (0.004)

5 5 85.9 (1.5) 244.5 (3.4) 63.8 (79.9) 0.044 (0.001)

6 4 88.4 (1.2) 258.2 (3.5) 20.5 (9.9) 0.043 (0.001)

7 2 85.4 (2.5) 286 (3.3) 327.5 (379.7) 0.044 (0.001)

8 5 42.3 (4.0) 314 (5.1) 24.6 (9.6) 0.073 (0.002)

9 10 71.2 (4.3) 311 (3.4) 83.1 (139.6) 0.054 (0.003)

SMTC    (Lat: 32.949 Lon: -115.720, Extended crust)

1 3 49.5 (1.6) 125 (4.0) 24 (10.8) 0.069 (0.002)

2 3 73.9 (7.4) 131.8 (3.9) 598.7 (33.6) 0.051 (0.004)

3 3 87.8 (1.5) 248.3 (4.8) 125.3 (90.2) 0.043 (0.001)

4 2 71.3 (1.3) 311 0.0  26 (9.9) 0.054 (0.001)

SNCC    (Lat: 33.248 Lon: -119.524, Calif. Coast ranges)

1 3 50.5 (1.1) 114.8 (2.4) 51.7 (63.6) 0.069 (0.001)

2 2 75 (2.5) 135.7 (3.2) 33.5 (19.1) 0.051 (0.001)

3 4 74.8 (3.6) 233.2 (1.9) 68 (44.6) 0.052 (0.003)

4 2 86.4 (1.5) 243.7 (4.5) 33 0.0  0.044 (0.001)

5 4 89.8 (0.4) 263.3 (1.1) 130 (172.3) 0.042 0.000  

6 5 73 (5.0) 312.1 (4.8) 126.2 (193.1) 0.053 (0.004)

SVD     (Lat: 34.105 Lon: -117.097, Orogen)

1 2 49.2 (1.8) 114.9 (3.7) 72.5 (74.2) 0.069 (0.001)

2 6 69.7 (7.1) 133.2 (4.1) 201.8 (201.1) 0.055 (0.005)

3 3 81.6 (3.4) 235 (4.7) 392.7 (311.6) 0.045 (0.002)

4 4 87.9 (0.4) 245.7 (1.8) 102.8 (87.2) 0.043 0.000  

5 2 92 (0.2) 264 (0.7) 21 (7.1) 0.041 0.000  

6 3 87.2 (1.9) 287.2 (2.4) 223 (323.8) 0.043 (0.001)

7 3 40.2 (5.9) 315.7 (4.0) 30.7 (2.3) 0.074 (0.003)

8 8 72.6 (4.2) 311.9 (3.8) 98.1 (154.0) 0.053 (0.003)

USC     (Lat: 34.021 Lon: -118.287, Calif. Coast ranges)

1 3 51 (4.3) 122.3 (5.7) 48 (48.1) 0.068 (0.003)

2 5 70.7 (7.3) 130 (3.5) 416.4 (272.7) 0.052 (0.005)

3 2 50.8 (7.3) 184.5 (14.1) 12.5 (3.5) 0.068 (0.004)

4 4 79.9 (6.9) 236.5 (3.6) 181.2 (248.6) 0.048 (0.004)

VTV     (Lat: 34.567 Lon: -117.333, Orogen)

1 5 51 (3.2) 122.6 (5.9) 39 (36.5) 0.068 (0.002)

2 6 68.4 (7.5) 131.6 (3.6) 335.7 (301.0) 0.055 (0.006)

3 2 51.4 (7.1) 185.7 (14.1) 12.5 (3.5) 0.068 (0.004)

4 4 77.4 (3.8) 235 (2.0) 180 (249.6) 0.049 (0.003)

5 4 87.7 (0.7) 246.5 (2.6) 82 (60.1) 0.043 0.000  
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6 3 90.9 (1.7) 261.3 (4.4) 31 (14.1) 0.042 (0.001)

7 4 44.7 (4.6) 312.1 (2.6) 28 (8.1) 0.072 (0.002)

8 8 68.4 (6.4) 313.2 (3.4) 101.8 (152.2) 0.055 (0.005)

9 2 87 (5.4) 304.6 (0.6) 189 (229.1) 0.044 (0.003)

NETWORK: U.S. National Seismic Network (USNSN)

AAM     (Lat: 42.300 Lon:  -83.656, Continental platform)

1 3 47.8 (9.3) 169.5 (1.9) 129.7 (99.6) 0.049 (0.026)

2 3 29 (1.5) 217.5 (11.1) 45.3 (21.4) 0.08 0.000  

3 4 65.3 (4.0) 320.1 (5.9) 33 0.0  0.058 (0.003)

BINY    (Lat: 42.199 Lon:  -75.986, Paleozoic orogen)

1 3 44.9 (6.1) 179.4 (1.6) 173.3 (54.6) 0.071 (0.003)

2 3 59.6 (5.6) 175.1 (4.2) 223 (314.5) 0.061 (0.004)

3 2 77.9 (7.3) 211 (7.3) 10 0.0  0.049 (0.005)

4 3 32.9 (2.1) 229.6 (9.6) 45.3 (21.4) 0.078 (0.002)

5 3 67.2 (3.7) 321.4 (6.5) 33 0.0  0.056 (0.003)

BLA     (Lat: 37.211 Lon:  -80.421, Paleozoic orogen)

1 4 38.5 (6.0) 172.2 (1.4) 167.5 (46.1) 0.075 (0.003)

2 3 55 (5.4) 169.5 (4.4) 221 (316.1) 0.064 (0.004)

3 2 72.7 (6.5) 173.3 (2.9) 40 (9.9) 0.053 (0.004)

4 3 27.1 (2.3) 229.4 (11.2) 45.3 (21.4) 0.082 (0.002)

5 3 69.5 (3.8) 321.2 (5.8) 33 0.0  0.055 (0.003)

BMN     (Lat: 40.431 Lon: -117.222, Extended crust)

1 2 64.5 (10.1) 97.7 (9.0) 7.5 (3.5) 0.058 (0.006)

2 2 29.9 (6.2) 137.8 (8.3) 65.5 (6.4) 0.081 (0.005)

3 2 62.7 (6.6) 133 (4.2) 78.5 (64.3) 0.059 (0.004)

4 2 69.8 (10.5) 171.9 (5.8) 10 0.0  0.054 (0.007)

5 2 92.4 (0.5) 229 (0.2) 220.5 (159.1) 0.041 0.000  

6 5 80.3 (4.2) 235.6 (2.1) 251 (270.3) 0.047 (0.004)

7 3 89.6 (2.2) 251.2 (6.3) 54.3 (20.1) 0.042 (0.001)

8 3 47.1 (5.9) 308.7 (4.3) 33 0.0  0.07 (0.003)

9 3 82.4 (3.0) 303.9 (5.8) 26.7 (20.4) 0.046 (0.003)

BW06    (Lat: 42.778 Lon: -109.556, Wyoming)

1 3 69.4 (5.3) 140.9 (3.9) 221 (316.1) 0.035 (0.024)

2 3 86.3 (3.8) 241.8 (1.6) 367.7 (306.3) 0.043 (0.003)

3 2 94.9 (2.3) 259.9 (2.2) 53 (28.3) 0.041 (0.001)

4 2 90.3 (2.0) 291.7 (1.5) 125 (33.9) 0.042 (0.001)

5 3 49.9 (5.0) 309.3 (5.6) 33 0.0  0.069 (0.003)

6 4 76.5 (5.6) 309 (5.7) 86.2 (96.3) 0.051 (0.003)

CBKS    (Lat: 38.814 Lon:  -99.737, Continental platform)

1 3 43.4 (4.0) 144 (3.7) 168.7 (56.4) 0.072 (0.002)

2 4 63.5 (5.5) 149.5 (3.5) 178.2 (271.9) 0.058 (0.003)

3 2 68.3 (9.0) 190.7 (5.2) 10 0.0  0.057 (0.006)

4 2 94 (2.1) 244.3 (0.9) 106.5 (6.4) 0.041 (0.001)

5 4 57 (4.5) 313.4 (4.7) 33 0.0  0.064 (0.003)

6 2 89.1 (2.8) 311.2 (4.8) 32 (32.5) 0.042 (0.001)

CEH     (Lat: 35.891 Lon:  -79.093, Paleozoic orogen)
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1 2 36 (5.7) 174.9 (1.8) 137 (18.4) 0.076 (0.003)

2 3 56.6 (5.7) 169.2 (2.0) 226.7 (311.2) 0.063 (0.002)

3 3 27.1 (2.6) 233.5 (10.9) 45.3 (21.4) 0.082 (0.002)

4 2 68.1 (0.7) 318.3 (0.3) 33 0.0  0.056 (0.001)

5 3 80.7 (8.2) 328.3 (0.3) 40 (12.1) 0.048 (0.005)

DAC     (Lat: 36.277 Lon: -117.590, Extended crust)

1 3 65.9 (9.6) 130.1 (4.4) 251.3 (292.6) 0.057 (0.007)

2 2 89.4 (0.5) 228.8 (0.2) 220.5 (159.1) 0.042 0.000  

3 3 77.7 (3.8) 236.4 (2.4) 239.7 (270.1) 0.049 (0.003)

4 2 88.2 (1.3) 246.5 (3.7) 90 (46.7) 0.043 (0.001)

5 3 52.8 (6.2) 313.9 (3.9) 33 0.0  0.066 (0.004)

DUG     (Lat: 40.195 Lon: -112.813, Extended crust)

1 4 69.3 (7.3) 136.7 (3.6) 211 (256.0) 0.055 (0.004)

2 2 68.9 (9.7) 178.4 (3.2) 10 0.0  0.056 (0.007)

3 2 94.8 (0.5) 231.7 (0.2) 220.5 (159.1) 0.041 (0.001)

4 5 83.8 (3.0) 238.5 (2.0) 279.6 (245.9) 0.045 (0.002)

5 4 51.1 (5.9) 311.4 (4.8) 33 0.0  0.066 (0.004)

6 3 82.5 (4.1) 305.5 (5.2) 28.7 (23.7) 0.047 (0.003)

ELK     (Lat: 40.745 Lon: -115.239, Extended crust)

1 2 63.1 (10.0) 99.3 (9.2) 7.5 (3.5) 0.06 (0.007)

2 3 56.6 (5.3) 130 (4.0) 173.3 (54.6) 0.063 (0.003)

3 3 70.7 (5.3) 135.5 (4.0) 221 (316.1) 0.054 (0.003)

4 3 85.3 (8.4) 234.8 (3.8) 308 (255.4) 0.045 (0.004)

5 4 46.7 (5.0) 308.5 (4.4) 33 0.0  0.069 (0.003)

6 5 80 (5.3) 306.6 (5.3) 72.4 (88.5) 0.048 (0.004)

EYMN    (Lat: 47.946 Lon:  -91.495, Shield)

1 2 59.8 (10.1) 313.7 (7.4) 33 0.0  0 0.000  

GOGA    (Lat: 33.411 Lon:  -83.467, Paleozoic orogen)

1 2 37.1 (9.6) 121.4 (14.6) 7.5 (3.5) 0.076 (0.004)

2 3 32.9 (4.5) 166 (2.5) 168.7 (56.4) 0.077 (0.002)

3 4 53.5 (5.5) 165.4 (3.7) 178.2 (271.9) 0.066 (0.003)

4 2 69.3 (6.3) 170.5 (3.3) 40 (9.9) 0.055 (0.004)

5 3 68 (0.9) 317.7 (0.3) 33 0.0  0.056 (0.001)

6 2 85.1 (13.3) 328.8 (2.2) 130 (137.2) 0.046 (0.006)

GWDE    (Lat: 38.826 Lon:  -75.617, Paleozoic orogen)

1 2 50.2 (4.8) 179.1 (1.4) 98.5 (92.6) 0.035 (0.047)

2 2 70.7 (11.4) 176.7 (3.4) 41.5 (12.0) 0.055 (0.008)

HWUT    (Lat: 41.700 Lon: -111.200, Orogen)

1 2 52.6 (4.4) 133 (4.6) 178 (76.4) 0.067 (0.003)

2 3 74.7 (6.8) 140.2 (5.6) 225.7 (312.1) 0.051 (0.004)

3 3 88.9 (4.1) 244.3 (7.8) 276 (228.8) 0.042 (0.002)

4 3 52.8 (5.2) 312.3 (5.0) 33 0.0  0.064 (0.004)

ISCO    (Lat: 39.800 Lon: -105.613, Orogen)

1 4 49.2 (5.4) 138.4 (3.7) 167.5 (46.1) 0.069 (0.003)

2 3 65.2 (5.4) 143.7 (4.0) 221 (316.1) 0.057 (0.004)

3 2 89.7 (1.0) 244 (3.4) 352.5 (263.8) 0.042 0.000  
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4 4 57.7 (4.6) 315.6 (4.4) 33 0.0  0.062 (0.003)

5 3 85.7 (6.3) 312.1 (7.1) 95 (116.1) 0.045 (0.004)

JFWS    (Lat: 42.915 Lon:  -90.249, Continental platform)

1 2 44.8 (5.4) 159.7 (2.9) 178 (76.4) 0.071 (0.003)

2 3 67.9 (8.2) 162.3 (1.7) 43.3 (9.1) 0.056 (0.005)

3 2 76.9 (17.1) 321.6 (1.5) 44 (15.6) 0.05 (0.011)

KNB     (Lat: 37.017 Lon: -112.822, Orogen)

1 2 60.6 (10.5) 99 (8.7) 7.5 (3.5) 0.061 (0.007)

2 5 66.1 (6.5) 136.4 (3.7) 175.4 (235.6) 0.057 (0.004)

3 2 92.8 (0.5) 231.6 (0.2) 220.5 (159.1) 0.041 (0.001)

4 4 80.2 (3.8) 239.9 (1.3) 286 (298.7) 0.047 (0.003)

5 2 92.1 (1.4) 255.4 (4.9) 78 (63.6) 0.041 (0.001)

6 2 86.1 (3.6) 295.5 (6.6) 79 (99.0) 0.044 (0.003)

7 2 47.6 (0.8) 309.5 0.0  33 0.0  0.07 (0.001)

8 2 58.5 (0.4) 316.9 (0.7) 33 0.0  0.063 0.000  

9 5 81.4 (7.6) 310.6 (2.6) 81.4 (82.5) 0.047 (0.004)

LBNH    (Lat: 44.240 Lon:  -71.926, Paleozoic Orogen)

1 2 38.2 (5.4) 147 (19.2) 7.5 (3.5) 0.076 (0.003)

2 3 47 (6.1) 185 (1.9) 173.3 (54.6) 0.07 (0.004)

3 2 58.3 (1.1) 180.3 (5.6) 309.5 (391.0) 0.061 (0.002)

4 3 73.2 (9.5) 179.4 (2.3) 42.3 (8.6) 0.053 (0.007)

5 3 69.4 (3.8) 326.4 (6.8) 33 0.0  0.055 (0.002)

LDS     (Lat: 37.243 Lon: -113.350, Orogen)

1 3 64.1 (9.8) 134.1 (4.0) 251.3 (292.6) 0.058 (0.007)

2 3 89.7 (5.1) 233.1 (3.2) 202.3 (116.8) 0.042 (0.002)

3 3 54.6 (6.0) 314.2 (4.3) 33 0.0  0.065 (0.004)

LSCT    (Lat: 41.678 Lon:  -73.224, Paleozoic orogen)

1 2 41.8 (5.7) 184.4 (0.4) 178 (76.4) 0.073 (0.003)

2 4 64.3 (7.0) 176.5 (1.4) 181.8 (269.5) 0.058 (0.004)

3 2 82.6 (1.2) 205.8 (3.0) 10 0.0  0.046 (0.001)

4 2 70.1 (3.9) 324.8 (7.8) 33 0.0  0.055 (0.003)

MCWV    (Lat: 39.658 Lon:  -79.846, Paleozoic orogen)

1 3 46.1 (9.4) 173.5 (1.4) 143 (101.1) 0.049 (0.027)

2 2 67.2 (4.7) 171 (1.3) 48.5 (2.1) 0.057 (0.003)

3 2 68.2 (5.4) 322.2 (7.8) 33 0.0  0.056 (0.003)

MIAR    (Lat: 34.546 Lon:  -93.573, Paleozoic orogen)

1 3 42.9 (8.7) 153.2 (5.2) 129.7 (99.6) 0.05 (0.028)

2 3 68.9 (7.3) 159.9 (5.0) 41.3 (7.4) 0.056 (0.004)

3 2 65.4 (8.4) 197 (6.4) 10 0.0  0.058 (0.006)

4 4 94.7 (3.1) 250.3 (2.5) 212 (223.9) 0.041 (0.001)

5 3 64.2 (5.1) 317.6 (5.2) 33 0.0  0.057 (0.003)

6 2 91.3 (3.3) 321.4 (4.4) 141 (121.6) 0.041 (0.001)

MNV     (Lat: 38.433 Lon: -118.153, Extended crust)

1 2 65 (10.4) 96.2 (8.5) 7.5 (3.5) 0.058 (0.007)

2 2 31.6 (2.8) 130.7 (3.3) 47 (19.8) 0.079 (0.002)

3 3 60.9 (8.8) 125.9 (4.3) 327.3 (226.6) 0.06 (0.007)
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4 2 67.9 (10.6) 171 (5.7) 10 0.0  0.056 (0.007)

5 2 90.5 (0.5) 228.4 (0.2) 220.5 (159.1) 0.042 (0.001)

6 5 77.9 (3.5) 235.4 (1.8) 249.2 (271.5) 0.049 (0.003)

7 3 88.8 (1.1) 249.3 (6.1) 71 (46.6) 0.042 (0.001)

8 3 50.7 (5.8) 312.9 (4.5) 33 0.0  0.068 (0.004)

9 2 84.8 (0.1) 306.8 0.0  35.5 (19.1) 0.045 0.000  

MYNC    (Lat: 35.074 Lon:  -84.128, Paleozoic orogen)

1 3 53.6 (5.4) 164.9 (4.5) 221 (316.1) 0.043 (0.028)

2 2 71.1 (6.3) 170.1 (3.3) 40 (9.9) 0.054 (0.004)

3 2 68 (6.7) 203 (10.6) 10 0.0  0.056 (0.004)

4 3 75.4 (9.7) 322.7 (5.0) 33 0.0  0.052 (0.006)

NEW     (Lat: 48.263 Lon: -117.120, Orogen)

1 2 65.7 (8.8) 101.4 (10.5) 7.5 (3.5) 0.058 (0.006)

2 2 31.2 (1.3) 156.5 (7.0) 51.5 (26.2) 0.079 (0.001)

3 2 62.2 (7.8) 130.6 (3.8) 198 (48.1) 0.06 (0.006)

4 3 77.1 (5.5) 135.6 (3.8) 223 (314.5) 0.05 (0.004)

5 6 87 (6.5) 234 (2.7) 264.7 (244.1) 0.044 (0.003)

6 3 91.2 (1.5) 253 (3.6) 76.3 (45.1) 0.042 (0.001)

7 2 83.5 (2.1) 286.1 (1.3) 125 (33.9) 0.046 (0.001)

8 2 59.8 (16.6) 306.4 (5.2) 44 (15.6) 0.061 (0.011)

OXF     (Lat: 34.512 Lon:  -89.409, Continental platform)

1 3 35.5 (4.3) 156.3 (3.3) 168.7 (56.4) 0.076 (0.002)

2 3 59.8 (7.8) 158.8 (4.4) 225.7 (312.1) 0.061 (0.004)

3 3 69.5 (4.2) 321.8 (5.1) 33 0.0  0.055 (0.003)

TPH     (Lat: 38.075 Lon: -117.223, Extended crust)

1 2 62.5 (8.4) 128.7 (0.3) 355 (326.7) 0.059 (0.007)

2 2 74.5 (0.6) 170 (3.3) 10 0.0  0.052 0.000  

3 2 90.8 (0.5) 229 (0.2) 220.5 (159.1) 0.042 0.000  

4 2 77.4 (3.9) 237.5 (1.9) 276.5 (371.2) 0.049 (0.004)

5 2 89.2 (1.4) 246.7 (3.7) 90 (46.7) 0.042 0.000  

6 2 45.1 (0.5) 308.1 0.0  33 0.0  0.071 (0.001)

7 3 55 (0.5) 315.5 (0.6) 33 0.0  0.065 (0.001)

TPNV    (Lat: 36.929 Lon: -116.224, Extended crust)

1 3 56.3 (7.4) 128.9 (7.0) 129.7 (99.6) 0.044 (0.024)

2 2 90.7 (0.5) 229.6 (0.2) 220.5 (159.1) 0.042 0.000  

3 2 78.2 (5.2) 236.8 (0.2) 295.5 (359.9) 0.049 (0.005)

4 3 89.7 (1.1) 250.5 (6.1) 71 (46.6) 0.042 0.000  

5 3 53.1 (6.1) 313.8 (4.1) 33 0.0  0.066 (0.004)

6 2 70.8 (6.0) 311.3 (2.4) 130 (137.2) 0.054 (0.004)

7 2 84.1 (4.1) 303.1 (6.9) 29 (28.3) 0.045 (0.002)

WCI     (Lat: 39.100 Lon:  -86.500, Continental platform)

1 3 38.1 (4.5) 162.9 (2.4) 168.7 (56.4) 0.075 (0.002)

2 3 70.8 (7.8) 166.6 (3.9) 41.3 (7.4) 0.054 (0.005)

3 2 70.3 (9.3) 319.6 (5.6) 33 0.0  0.055 (0.005)

WMOK    (Lat: 34.738 Lon:  -98.781, Continental platform)

1 2 67.2 (4.3) 152.6 (3.1) 45.5 (2.1) 0.057 (0.003)
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2 2 88.9 (3.7) 247 (2.3) 71.5 (43.1) 0.043 (0.002)

3 2 57.7 (0.8) 313.2 (0.1) 33 0.0  0.063 0.000  

WVOR    (Lat: 42.434 Lon: -118.637, Orogen)

1 2 65.8 (9.8) 97.6 (9.3) 7.5 (3.5) 0.058 (0.007)

2 3 59.6 (5.3) 127.6 (3.9) 173.3 (54.6) 0.061 (0.003)

3 2 70.7 (1.8) 131.9 (4.8) 309.5 (391.0) 0.054 (0.001)

4 3 81.4 (3.0) 137.2 (2.7) 47 (3.0) 0.047 (0.002)

5 2 71.9 (10.6) 170.7 (5.6) 10 0.0  0.054 (0.007)

6 6 80.8 (3.8) 233.9 (2.1) 226.2 (249.3) 0.047 (0.003)

7 4 89.1 (1.9) 249.7 (5.2) 71.5 (38.1) 0.042 (0.001)

8 2 41.7 (0.5) 304.2 (0.1) 33 0.0  0.074 0.000  

9 2 51.5 (0.5) 312.7 (0.8) 33 0.0  0.067 0.000  

10 4 72.6 (7.4) 306.7 (3.0) 96.2 (87.2) 0.053 (0.005)

11 2 79.8 (4.0) 291.4 (6.5) 79 (99.0) 0.048 (0.003)

WVT     (Lat: 36.130 Lon:  -87.830, Continental platform)

1 2 37.8 (5.4) 160.5 (3.6) 137 (18.4) 0.076 (0.003)

2 2 57.1 (6.5) 158.8 (3.4) 315 (383.3) 0.062 (0.003)

3 2 72.7 (6.1) 167 (3.6) 40 (9.9) 0.053 (0.004)

4 2 71.9 (0.6) 324.9 (0.5) 33 0.0  0.054 (0.001)

YSNY    (Lat: 42.476 Lon:  -78.537, Paleozoic orogen)

1 3 47.5 (9.4) 176.5 (0.9) 129.7 (99.6) 0.049 (0.026)

2 2 32.3 (2.2) 230.8 (6.0) 51.5 (26.2) 0.079 (0.002)

3 3 65.8 (3.8) 320.3 (6.5) 33 0.0  0.057 (0.002)

ID: Identification number for the cluster.

# Obs: Number of events in the cluster.

∆: Mean epicentral distance in degrees.

Back Az: Mean back azimuth (clockwise angle (in degrees) from station’s north to epicen-
ter direction).

p represents horizontal slowness, or ray parameter

± : Standard Deviation

Table A-1: Observations Summary (Continued)

ID # Obs ∆ (°) (±)
Back
Az (°)

(±)
Depth 
(km)

(±)
p

 (s/km)
(±)



 B POISSON’S RATIO 
MEASUREMENTS

Table B-1 on page 202 lists the estimated arrival times of the Ps and PpPmS phases 

used to estimate Poisson’s Ratio. A value is given for each station and each azi-

muth-distance cluster. Uncertainties are estimated using a range of VP values in the 

equations.
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 C RECEIVER FUNCTION 
VELOCITY STRUCTURES

Using the observed radial receiver-functions stacks at each station, a preliminary 

velocity structure was estimated using the method described in Ammon et al. 

(1990). These structures are neither intended, nor suitable for geologic interpreta-

tion! Our goal was to construct models that provide a correction for variations in the 

upper crust when we measured the MCT thickness. Non-uniqueness problems with 

receiver function inversion are well documented (Ammon et al., 1990). Although 

the velocity-contrast travel and travel times above the contrast are well represented 

in the structures, these are not the only structures that fit the stacked receiver func-

tions. Structures more consistent with geological variations undoubtedly exist, but 

were not sought since they were not needed for this work.

The results are grouped by tectonic setting (see label in lower-right corner of each 

station panel) following the same classification of Appendix 1. Each station’s panel 

contains the observed receiver function stack (dashed curve) and the synthetic 

receiver function (solid curve) calculated using the inverted velocity model shown 

to the right. During the inversion, a high-pass filter (0.03 Hz corner frequency, two-

passes) was used to equalize the bandwidth between the observed signals (which 

often lack long periods) and the predicted receiver functions (and partial deriva-

tives).                                      
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 D MCT THICKNESS ESTIMATES

Table D-1: MCT Thickness Estimates 

Station ID Back Az 
(°)

p (s/
km)

MCT 
(km)

± ID Back 
Az (°)

p (s/
km)

MCT 
(km)

± Mean SD

Shield

FCC 1 158.7 0.04 4.0 1.0 2 157.1 0.06 7.0 1.0 5.83 1.61

3 313.9 0.07 6.5 1.5

FRB 1 64.8 0.06 6.0 1.0 2 178.9 0.04 5.5 1.5 5.95 1.36

3 184.2 0.05 6.5 1.5 4 187.9 0.06 5.5 0.5

5 218.0 0.07 4.5 1.0 6 254.8 0.07 7.5 0.5

7 306.3 0.07 8.5 0.5 8 327.8 0.06 6.5 1.0

9 333.7 0.05 5.0 1.0 10 350.0 0.04 4.0 1.0

GAC 1 181.8 0.07 4.0 0.5 2 180.7 0.06 8.0 1.0 4.08 2.01

3 220.5 0.08 3.0 1.0 4 225.6 0.05 2.5 0.5

5 315.0 0.06 3.0 1.0 6 328.4 0.05 4.0 1.0

SCHQ 1 63.0 0.05 3.0 1.0 2 181.9 0.05 3.5 1.5 5.30 2.39

4 192.9 0.07 6.0 1.0 5 224.1 0.07 5.0 1.0

6 331.9 0.06 9.0 2.0

YKW 1 27.0 0.05 4.0 2.0 2 139.1 0.04 3.5 1.0 3.81 2.62

3 138.5 0.05 9.0 2.0 4 135.5 0.06 9.0 2.0

5 157.0 0.07 6.0 1.0 6 238.2 0.04 4.0 1.0

7 264.8 0.04 2.0 1.0 8 298.5 0.07 2.0 1.0

9 298.9 0.07 2.0 1.0 10 302.4 0.06 1.5 0.5

11 305.0 0.05 2.0 1.0 12 309.0 0.04 2.0 1.0

13 354.0 0.04 2.5 1.0

Continental Platform

AAM 1 169.5 0.05 6.0 1.0 2 217.5 0.08 7.0 1.5 6.67 0.58

3 320.1 0.06 7.0 1.5

CBKS 1 144.0 0.07 3.0 1.0 2 149.5 0.06 5.0 1.0 3.50 1.05

3 190.7 0.06 2.0 1.0 4 244.3 0.04 4.0 2.0

5 313.4 0.06 4.0 2.0 6 311.2 0.04 3.0 1.0

CCM 1 32.1 0.04 4.0 1.0 2 43.7 0.05 3.0 1.0 6.45 2.11

3 101.2 0.05 4.0 2.0 4 102.5 0.07 9.0 2.0

5 154.2 0.08 9.0 2.0 6 157.7 0.07 8.0 2.0
239
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7 156.6 0.06 7.0 1.0 8 197.8 0.06 5.0 2.0

9 316.9 0.07 7.0 2.0 10 322.6 0.05 7.0 2.0

11 322.7 0.04 8.0 2.0

EDM 2 239.4 0.04 3.0 2.0 3 260.0 0.04 6.0 2.0 4.00 1.73

4 307.6 0.07 3.0 1.5

FFC 1 10.3 0.04 2.0 1.0 2 36.8 0.05 3.0 1.0 3.95 1.42

3 147.5 0.07 3.0 1.5 4 149.5 0.05 5.5 1.0

5 174.9 0.08 3.0 1.0 6 199.6 0.05 2.5 1.0

7 247.4 0.04 4.5 1.5 8 296.3 0.07 4.5 1.5

9 311.3 0.06 6.0 1.0 10 312.8 0.05 5.5 1.0

HKT 1 109.9 0.08 3.0 1.0 2 142.5 0.08 5.0 2.0 5.80 2.28

3 154.6 0.06 5.0 1.5 4 193.0 0.06 9.0 2.0

6 319.1 0.05 7.0 2.0

JFWS 1 159.7 0.07 2.0 1.0 2 162.3 0.06 2.5 1.0 3.83 2.75

3 321.6 0.05 7.0 2.0

LMQ 1 181.5 0.05 7.0 2.0 2 186.2 0.07 2.0 1.0 4.50 3.54

RES 1 161.5 0.05 6.0 1.0 2 185.4 0.06 5.0 1.0 4.81 1.73

3 301.4 0.07 7.0 2.0 4 307.1 0.07 3.0 1.0

5 309.7 0.06 3.0 1.0 6 319.0 0.05 3.0 2.0

7 325.9 0.05 7.0 1.5 8 323.5 0.04 4.5 1.5

SADO 1 172.8 0.05 2.0 1.0 2 172.9 0.07 3.0 1.0 2.33 0.58

3 207.5 0.08 2.0 1.0

ULM 1 176.7 0.04 3.0 1.0 3 158.5 0.05 2.5 1.0 2.83 0.29

4 317.3 0.06 3.0 1.0

WCI 1 162.9 0.08 3.0 1.0 2 166.6 0.05 3.5 1.5 3.17 0.29

3 319.6 0.06 3.0 1.0

WMOK 1 152.6 0.06 5.0 2.0 2 247.0 0.04 8.0 2.0 6.50 1.50

3 313.2 0.06 6.5 1.5

WVT 1 160.5 0.08 4.5 2.0 2 158.8 0.06 6.0 2.5 5.38 1.38

3 167.0 0.05 4.0 1.0 4 324.9 0.05 7.0 1.5

Paleozoic Orogen

ALE 1 18.8 0.05 4.0 1.0 2 41.6 0.06 4.0 1.0 3.97 1.14

3 64.4 0.07 3.5 1.0 4 84.1 0.06 2.5 1.0

Table D-1: MCT Thickness Estimates (Continued)

Station ID Back Az 
(°)

p (s/
km)

MCT 
(km)

± ID Back 
Az (°)

p (s/
km)

MCT 
(km)

± Mean SD
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5 187.4 0.04 3.0 1.0 6 195.3 0.04 3.5 2.0

7 193.6 0.05 3.0 1.0 8 202.3 0.05 3.0 1.0

9 218.1 0.06 4.0 1.0 10 246.8 0.07 2.5 1.0

11 295.1 0.07 4.0 1.0 12 322.3 0.07 4.5 1.0

13 331.0 0.06 4.0 1.0 14 339.0 0.06 5.5 1.5

15 332.9 0.04 6.5 1.5 16 354.3 0.05 6.0 1.0

17 355.3 0.04 4.0 2.0

BINY 1 179.4 0.07 5.0 1.0 2 175.1 0.06 3.0 1.5 4.40 1.67

3 211.0 0.05 4.0 1.0 4 229.6 0.08 3.0 1.0

5 321.4 0.06 7.0 1.5

BLA 1 172.2 0.08 6.0 1.0 2 169.5 0.06 7.0 1.0 6.60 1.67

3 173.3 0.05 4.0 1.0 4 229.4 0.08 8.0 2.0

5 321.2 0.06 8.0 1.5

CEH 1 174.9 0.08 5.5 1.5 2 169.2 0.06 3.0 1.0 4.60 2.22

3 233.5 0.08 8.0 2.0 4 318.3 0.06 4.0 1.0

5 328.3 0.05 2.5 1.0

DRLN 1 190.9 0.05 4.5 1.5 2 197.0 0.06 7.0 1.0 6.20 2.02

3 205.0 0.07 4.0 2.0 4 239.7 0.07 9.0 2.0

5 339.3 0.05 6.5 1.0

GOGA 1 121.4 0.08 7.5 1.5 2 166.0 0.08 3.0 1.0 4.58 1.91

3 165.4 0.07 3.0 1.0 4 170.5 0.06 3.0 1.5

5 317.7 0.06 6.0 1.0 6 328.8 0.05 5.0 1.5

HRV 1 24.9 0.04 5.0 1.0 2 43.0 0.05 5.0 1.0 4.21 1.21

3 54.6 0.06 3.5 2.0 4 117.3 0.06 4.0 1.5

5 174.8 0.06 4.0 1.0 6 177.7 0.06 4.0 1.5

7 187.8 0.07 4.0 1.0 8 190.8 0.08 6.5 1.5

9 232.5 0.08 6.0 1.0 10 282.9 0.07 2.5 1.0

11 318.7 0.05 3.0 1.0 12 333.2 0.04 3.0 1.0

LBNH 1 147.0 0.08 9.0 2.0 2 185.0 0.07 9.0 2.0 9.10 0.22

3 180.3 0.06 9.0 2.0 4 179.4 0.05 9.5 1.5

5 326.4 0.06 9.0 1.0

LMN 1 185.8 0.05 5.0 1.5 2 194.6 0.07 6.0 2.0 5.50 0.71

LSCT 1 184.4 0.07 3.0 1.0 2 176.5 0.06 8.0 2.0 4.88 2.59

3 205.8 0.05 2.5 1.0 4 324.8 0.06 6.0 1.0

MBC 1 2.1 0.05 3.0 1.0 2 134.0 0.04 4.0 1.0 3.00 0.98

3 135.6 0.05 2.0 1.0 5 181.7 0.08 2.0 1.0

Table D-1: MCT Thickness Estimates (Continued)

Station ID Back Az 
(°)

p (s/
km)

MCT 
(km)

± ID Back 
Az (°)

p (s/
km)

MCT 
(km)

± Mean SD
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6 263.0 0.04 2.0 1.0 7 280.3 0.05 3.0 1.0

8 279.5 0.08 2.0 1.0 9 286.9 0.07 4.0 1.0

10 296.3 0.05 4.5 1.0 11 303.4 0.05 3.0 1.0

12 297.3 0.04 4.0 1.0 13 297.9 0.04 4.0 1.0

14 325.9 0.05 1.5 1.0 15 350.0 0.06 3.0 2.0

MCWV 1 173.5 0.05 5.0 1.5 2 171.0 0.06 5.5 1.5 6.50 2.18

3 322.2 0.06 9.0 2.0

MIAR 1 153.2 0.05 5.0 1.0 2 159.9 0.06 3.0 1.0 7.00 2.83

3 197.0 0.06 9.0 1.0 4 250.3 0.04 9.0 1.0

5 317.6 0.06 9.0 1.0

MYNC 1 164.9 0.04 7.0 1.0 2 170.1 0.05 6.0 1.0 5.67 1.53

3 203.0 0.06 4.0 1.0

SSPA 1 53.5 0.05 3.0 1.0 2 171.9 0.06 4.0 1.0 4.64 1.31

3 177.0 0.07 4.0 1.0 4 229.5 0.08 5.0 1.0

5 317.2 0.06 4.0 1.5 6 328.1 0.05 5.5 2.0

7 330.2 0.04 7.0 2.0

YSNY 1 176.5 0.05 9.0 2.0 2 230.8 0.08 8.0 1.0 8.33 0.58

3 320.3 0.06 8.0 1.5

Mesozoic-Tertiary Orogen

ANMO 1 91.6 0.04 4.0 1.5 2 144.7 0.05 3.0 1.0 4.25 1.60

3 139.3 0.07 3.5 1.5 4 131.0 0.08 4.0 1.0

5 242.6 0.04 7.0 1.0 6 256.0 0.04 7.0 1.0

7 293.2 0.04 2.0 1.0 8 315.3 0.07 4.5 1.0

9 316.0 0.05 3.5 1.0 10 310.9 0.04 4.0 1.0

CMB 1 128.6 0.08 2.5 1.0 2 120.9 0.07 4.0 1.5 6.42 2.75

3 128.1 0.05 8.0 2.0 4 133.6 0.05 8.0 2.0

5 233.2 0.05 2.5 1.5 6 243.9 0.04 5.5 1.0

7 263.1 0.04 9.0 2.0 8 285.0 0.05 8.0 2.0

9 310.1 0.08 3.0 1.0 10 312.4 0.06 10.0 2.0

11 308.7 0.05 8.5 2.0 12 306.1 0.04 8.0 2.0

COL 1 105.2 0.05 1.5 1.0 2 115.6 0.06 3.0 1.0 4.23 2.92

3 134.3 0.08 2.5 1.0 4 206.8 0.04 1.5 1.0

5 223.3 0.04 2.5 1.0 6 242.8 0.05 1.5 1.0

7 254.7 0.06 3.0 1.0 9 272.1 0.07 6.5 1.0

10 279.5 0.06 8.5 1.0 11 268.4 0.04 9.0 2.0

12 302.9 0.04 7.0 1.5
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CWC 1 251.0 0.04 2.0 1.0 2 314.3 0.06 4.0 1.5 3.00 1.41

DAWY 2 215.9 0.04 1.0 0.5 3 238.0 0.04 2.0 1.0 1.33 0.58

4 279.8 0.08 1.0 0.5

DLBC 1 128.4 0.06 2.0 1.0 2 223.2 0.04 2.0 1.0 1.83 0.29

4 294.1 0.08 1.5 1.0

GSC 1 121.6 0.06 1.5 1.0 2 134.3 0.05 2.5 1.0 2.95 1.04

3 187.6 0.07 3.0 1.0 4 235.6 0.05 3.0 1.0

5 244.5 0.04 4.0 1.5 6 253.9 0.04 4.0 1.0

7 265.5 0.04 3.5 1.5 8 287.3 0.04 1.0 0.5

9 315.7 0.07 4.0 1.5 10 311.2 0.05 3.0 1.0

HWUT 1 133.0 0.07 5.5 2.0 2 140.2 0.05 4.0 1.5 4.75 1.19

3 244.3 0.04 3.5 1.5 4 312.3 0.06 6.0 1.0

ISA 1 87.7 0.06 5.0 1.5 2 117.5 0.07 4.0 1.0 4.25 1.48

3 129.6 0.06 4.0 1.5 4 135.6 0.05 5.0 1.0

5 181.8 0.07 7.0 1.5 7 243.9 0.04 6.0 1.0

8 253.0 0.04 3.0 1.5 9 264.0 0.04 5.0 1.5

10 285.1 0.04 2.0 1.0 11 317.0 0.07 2.0 1.0

12 316.3 0.06 4.0 1.0 13 309.8 0.05 4.0 1.0

INK 1 11.2 0.05 2.5 1.0 2 121.3 0.05 4.0 1.5 5.68 2.44

3 138.9 0.07 3.0 1.0 4 220.5 0.04 2.5 1.0

5 242.1 0.04 5.5 1.0 6 277.3 0.08 8.5 1.0

7 279.3 0.07 7.5 1.0 8 282.9 0.07 8.5 1.5

9 286.8 0.06 8.5 1.5 10 291.5 0.05 7.0 1.5

11 284.4 0.04 5.0 1.5

ISCO 1 138.4 0.07 9.0 2.0 2 143.7 0.06 7.0 2.0 7.00 2.45

3 244.0 0.04 9.0 2.0 4 315.6 0.06 7.0 1.5

5 312.1 0.05 3.0 1.5

KNB 1 99.0 0.06 1.5 1.0 2 136.4 0.06 5.0 1.5 3.44 1.40

3 231.6 0.04 6.0 1.5 4 239.9 0.05 3.0 1.0

5 255.4 0.04 3.0 1.5 6 295.5 0.04 3.0 1.0

7 309.5 0.07 3.0 1.0 8 316.9 0.06 3.0 1.0

KCC 1 133.9 0.05 9.0 2.0 2 233.1 0.05 5.0 1.5 4.86 2.69

3 257.2 0.04 4.0 1.0 4 313.0 0.06 2.0 1.0

5 307.6 0.05 8.0 1.0 6 291.8 0.05 2.5 1.5

7 306.0 0.05 3.5 1.5

LDS 1 134.1 0.06 3.0 1.0 2 233.1 0.04 3.0 1.0 4.33 2.31
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3 314.2 0.07 7.0 1.5

MIN 1 133.1 0.08 4.0 1.0 2 119.5 0.06 2.0 1.0 3.50 0.75

3 130.1 0.05 3.0 1.0 4 233.0 0.05 4.0 1.5

5 246.2 0.04 4.0 1.5 6 263.5 0.04 3.0 1.0

7 307.3 0.08 4.5 1.5 8 284.3 0.04 3.0 1.5

9 309.0 0.06 4.0 1.5 10 305.3 0.05 3.5 1.0

NEW 1 101.4 0.06 2.0 1.0 2 156.5 0.08 2.0 1.0 3.19 1.25

3 130.6 0.06 5.0 1.5 4 135.6 0.05 3.0 1.0

5 234.0 0.04 3.5 1.5 6 253.0 0.04 3.0 1.5

7 286.1 0.05 5.0 1.0 8 306.4 0.06 2.0 1.0

ORV 1 130.1 0.08 7.0 2.0 2 116.2 0.07 7.5 2.0 4.38 1.68

3 125.7 0.06 4.5 1.5 4 131.4 0.06 6.5 1.0

5 133.9 0.05 3.5 2.0 6 232.2 0.05 6.0 1.5

7 245.8 0.04 2.0 1.0 8 263.0 0.04 2.5 1.0

9 284.1 0.05 4.0 1.0 10 311.1 0.08 4.0 1.0

11 305.9 0.07 2.0 1.0 12 311.3 0.07 4.0 1.0

13 307.0 0.06 3.0 1.0 14 314.5 0.05 4.5 1.5

15 303.4 0.05 4.0 1.5 16 303.3 0.05 5.0 1.5

PFO 1 119.0 0.05 5.5 1.5 2 128.0 0.06 5.0 1.5 3.81 1.79

3 133.5 0.05 3.0 1.0 4 178.0 0.07 2.5 1.0

5 235.3 0.05 2.5 1.0 6 245.0 0.04 5.0 1.5

7 251.0 0.04 1.5 1.0 8 257.7 0.04 3.0 1.0

9 265.5 0.04 7.0 1.5 10 311.4 0.07 6.5 1.0

11 317.9 0.06 3.5 1.0 12 310.9 0.05 2.5 1.5

13 308.3 0.05 2.0 1.0

PNT 1 139.4 0.04 4.0 1.0 3 136.9 0.04 6.0 2.0 4.20 1.04

4 233.1 0.04 3.5 1.5 5 254.9 0.04 3.5 1.0

6 307.8 0.07 4.0 1.0

SVD 1 114.9 0.07 1.5 1.0 2 133.2 0.06 1.5 1.0 2.38 1.19

3 235.0 0.05 2.5 1.0 4 245.7 0.04 3.0 1.0

5 264.0 0.04 2.0 1.0 6 287.2 0.04 2.0 1.0

7 315.7 0.07 1.5 1.0 8 311.9 0.05 5.0 1.5

VTV 1 122.6 0.07 4.0 1.5 2 131.6 0.06 4.5 1.5 3.72 1.00

3 185.7 0.07 4.5 1.0 4 235.0 0.05 4.0 1.0

5 246.5 0.04 5.0 1.0 6 261.3 0.04 4.0 1.0

7 312.1 0.07 2.0 1.0 8 313.2 0.06 2.5 1.0

9 304.6 0.04 3.0 1.0

WDC 1 116.8 0.07 4.5 1.0 2 128.2 0.05 4.5 1.0 3.00 1.43
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4 165.8 0.05 3.5 1.0 5 225.9 0.04 1.5 1.0

6 231.7 0.05 2.5 1.0 7 240.6 0.04 1.0 0.5

8 247.9 0.05 2.0 1.0 9 306.0 0.08 2.5 1.0

10 311.3 0.06 5.0 1.5 11 306.5 0.05 2.0 1.0

12 308.8 0.05 2.0 1.0 14 301.8 0.05 5.0 3.0

WALA 3 147.5 0.04 2.0 1.0 4 237.5 0.04 2.0 1.0 2.33 0.58

6 310.2 0.07 3.0 1.0

WHY 1 132.5 0.07 2.0 1.0 2 118.2 0.05 5.0 1.5 5.00 2.28

3 219.3 0.04 4.0 1.0 4 239.8 0.04 2.5 1.0

5 253.3 0.04 2.0 1.0 6 268.3 0.04 5.5 1.5

7 285.7 0.07 6.0 1.5 8 287.2 0.07 5.5 1.0

9 289.2 0.06 8.0 1.5 10 291.7 0.04 5.5 1.0

11 282.8 0.04 9.0 2.0

WVOR 1 97.6 0.06 2.5 1.0 2 127.6 0.06 5.5 1.0 3.95 0.96

3 131.9 0.05 3.0 1.0 4 137.2 0.05 3.5 1.0

6 233.9 0.05 5.0 1.5 7 249.7 0.04 4.0 1.0

8 304.2 0.07 5.0 2.0 9 312.7 0.07 3.5 1.0

10 306.7 0.05 3.5 1.5 11 291.4 0.05 4.0 1.0

Extended Crust

BMN 1 97.7 0.06 6.0 1.5 2 137.8 0.08 4.0 1.0 3.63 1.60

3 133.0 0.06 6.0 1.5 4 171.9 0.05 3.0 1.0

5 229.0 0.04 3.0 1.0 6 235.6 0.05 3.0 1.0

7 251.2 0.04 2.0 1.0 8 308.7 0.07 2.0 1.0

DAC 1 130.1 0.06 4.0 1.0 2 228.8 0.04 2.0 1.0 3.40 1.14

3 236.4 0.05 5.0 1.0 4 246.5 0.04 3.0 1.0

5 313.9 0.07 3.0 1.0

DUG 1 136.7 0.06 2.0 1.0 2 178.4 0.06 2.0 1.0 2.17 0.41

3 231.7 0.04 2.0 1.0 4 238.5 0.05 2.0 1.0

5 311.4 0.07 3.0 1.0 6 305.5 0.05 2.0 1.0

ELK 1 99.3 0.06 3.0 1.0 2 130.0 0.06 6.0 1.5 3.80 1.30

4 234.8 0.05 3.0 1.0 5 308.5 0.07 4.0 1.5

6 306.6 0.05 3.0 1.0

GLA 1 92.2 0.06 2.0 1.0 2 125.0 0.07 7.0 2.0 5.43 2.76

3 132.5 0.06 4.0 1.0 4 247.9 0.04 2.0 1.0

5 266.7 0.04 9.0 2.0 6 313.9 0.07 7.0 2.0

7 313.3 0.05 7.0 1.0
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MNV 1 96.2 0.06 9.0 2.0 2 130.7 0.08 8.0 2.0 6.00 2.88

3 125.9 0.06 9.0 2.0 4 171.0 0.06 7.0 2.0

5 228.4 0.04 2.0 1.0 6 235.4 0.05 3.0 1.0

7 249.3 0.04 3.0 1.0 8 312.9 0.07 7.0 2.0

NEE 1 124.9 0.07 2.0 1.0 2 135.7 0.06 2.0 1.0 2.50 0.58

3 188.9 0.07 3.0 1.5 4 240.3 0.05 3.0 1.0

TPH 1 128.7 0.06 4.0 1.0 2 170.0 0.05 4.0 1.0 3.36 0.63

3 229.0 0.04 3.0 1.0 4 237.5 0.05 3.0 1.0

5 246.7 0.04 2.5 1.0 6 308.1 0.07 4.0 1.0

7 315.5 0.07 3.0 1.0

TPNV 2 229.6 0.04 2.0 1.0 3 236.8 0.05 2.5 1.0 2.83 0.93

4 250.5 0.04 4.0 1.0 5 313.8 0.07 4.0 1.0

6 311.3 0.05 2.0 1.0 7 303.1 0.05 2.5 1.0

TUC 1 140.3 0.05 5.0 1.0 2 135.8 0.06 3.0 1.0 3.88 1.62

3 124.9 0.07 7.0 1.5 4 240.0 0.05 4.0 1.0

5 252.7 0.04 2.0 1.0 6 290.6 0.04 2.5 1.0

7 317.0 0.07 4.5 1.0 8 314.3 0.05 3.0 1.0

California Coast-ranges

ARC 1 127.6 0.05 2.0 1.0 2 124.1 0.06 4.0 1.0 3.00 0.89

3 114.1 0.06 4.0 1.0 4 127.0 0.08 3.0 1.0

5 307.2 0.07 2.0 1.0 6 305.7 0.06 3.0 1.5

BAR 1 132.6 0.05 3.0 1.0 2 121.4 0.07 2.5 1.0 3.50 1.39

3 186.7 0.07 7.0 1.0 4 231.1 0.05 3.0 1.0

5 244.9 0.04 2.5 1.0 6 287.8 0.04 3.5 1.5

7 314.8 0.07 3.0 1.0 8 315.8 0.06 3.0 1.0

9 309.3 0.05 4.0 1.0

BKS 1 126.5 0.08 6.0 2.0 2 116.1 0.07 3.0 2.0 3.33 1.75

3 124.1 0.06 3.0 2.0 4 127.4 0.05 4.0 2.0

5 134.6 0.05 4.5 2.0 6 179.6 0.07 4.5 2.0

9 250.3 0.05 3.0 2.0 10 262.3 0.04 6.0 2.0

11 284.3 0.04 6.0 2.0 12 310.0 0.08 2.0 1.5

13 312.1 0.07 1.0 0.5 14 307.4 0.05 2.0 1.5

15 304.8 0.04 1.0 0.5 16 303.3 0.04 2.0 1.5

BRK 1 298.7 0.05 2.0 1.0 2.00 0.00

CALB 1 115.9 0.07 2.0 1.0 2 132.3 0.06 2.0 1.0 4.42 2.69

3 184.1 0.07 9.0 2.0 4 234.3 0.05 5.0 1.5

5 244.1 0.04 3.0 1.0 6 312.4 0.05 5.5 1.5
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HOPS 1 125.6 0.08 2.0 1.0 2 122.0 0.06 2.0 1.0 1.91 0.83

3 128.9 0.05 1.0 0.5 4 225.4 0.04 2.0 1.0

5 229.9 0.05 2.0 1.0 6 239.6 0.04 1.0 0.5

7 260.6 0.04 1.0 0.5 8 290.0 0.05 3.0 1.0

9 306.8 0.07 3.0 1.0 10 310.2 0.06 1.0 0.5

11 303.5 0.05 3.0 1.0

JRSC 1 125.9 0.08 3.0 1.0 2 115.1 0.07 2.5 1.0 2.50 0.50

3 124.0 0.06 2.5 1.0 4 133.1 0.05 2.0 1.0

5 230.2 0.05 2.0 1.0 6 241.8 0.04 3.0 1.0

7 251.7 0.05 2.0 1.0 8 261.6 0.04 2.5 1.0

9 290.8 0.05 2.5 1.0 10 308.3 0.07 2.0 1.0

11 307.4 0.05 3.5 1.0

MHC 2 116.2 0.07 2.5 1.5 3 124.5 0.06 3.0 1.5 2.58 1.12

4 126.3 0.05 1.5 1.0 6 225.0 0.04 2.5 1.0

7 232.8 0.05 2.0 1.0 8 243.3 0.04 2.0 1.0

10 262.4 0.04 1.0 0.5 11 284.5 0.04 2.0 1.0

13 309.3 0.07 4.5 1.5 14 312.2 0.06 2.0 1.0

15 308.9 0.05 2.0 1.0 16 302.9 0.04 4.5 1.0

17 303.6 0.04 4.0 1.0

PAS 1 90.9 0.06 2.5 1.0 2 120.6 0.07 2.0 1.0 3.61 1.82

3 131.2 0.05 4.0 1.0 4 233.7 0.05 3.5 1.0

5 247.0 0.04 3.5 1.5 6 264.8 0.04 4.0 1.0

7 287.6 0.05 2.0 1.0 8 316.5 0.07 8.0 2.0

9 312.2 0.06 3.0 1.0

PKD 1 120.6 0.07 2.5 1.0 2 128.2 0.05 2.0 1.0 2.31 0.84

3 131.2 0.05 3.0 1.0 5 244.1 0.04 2.0 1.0

6 253.5 0.05 4.0 1.5 8 307.9 0.06 2.0 1.0

9 304.1 0.04 1.5 1.0 10 315.9 0.05 1.5 1.0

RPV 1 116.6 0.07 3.0 1.0 2 130.5 0.05 2.0 1.0 2.83 1.47

3 242.1 0.05 2.0 1.0 4 286.8 0.04 1.0 0.5

5 315.8 0.07 4.0 1.5 6 311.0 0.05 5.0 1.5

SAO 1 121.2 0.08 6.0 2.0 2 95.9 0.06 2.5 1.5 3.34 1.61

3 114.7 0.07 5.5 1.5 4 124.7 0.06 5.5 1.5

5 124.7 0.05 4.0 2.0 6 131.7 0.05 5.0 1.5

8 233.8 0.05 2.0 1.0 9 243.3 0.04 3.0 1.0

10 253.4 0.04 4.5 1.0 11 262.9 0.04 4.0 1.0

12 284.9 0.05 2.5 1.0 13 321.3 0.08 2.0 1.0

14 308.5 0.07 1.5 1.0 15 313.3 0.07 3.0 1.0

16 307.8 0.06 1.5 1.0 17 303.1 0.05 1.0 0.5
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SBC 1 118.9 0.07 2.0 1.0 3 182.8 0.07 1.5 1.0 1.94 0.18

4 233.2 0.05 2.0 1.0 5 244.5 0.04 2.0 1.0

6 258.2 0.04 2.0 1.0 7 286.0 0.04 2.0 1.0

8 314.0 0.07 2.0 1.0 9 311.0 0.05 2.0 1.0

SCZ 1 119.7 0.07 7.0 2.0 2 233.0 0.05 3.5 1.0 4.25 1.67

3 252.4 0.05 4.5 1.0 4 264.6 0.04 6.0 1.5

5 283.3 0.05 2.0 1.0 6 313.7 0.08 4.5 1.5

7 312.7 0.06 4.0 1.5 8 306.8 0.05 2.5 1.0

SNCC 1 114.8 0.07 1.5 1.0 2 135.7 0.05 2.0 1.0 2.75 1.25

3 233.2 0.05 3.0 1.0 4 243.7 0.04 2.0 1.0

5 263.3 0.04 3.0 1.5 6 312.1 0.05 5.0 1.5

STAN 1 125.7 0.08 1.5 1.0 2 115.7 0.07 2.5 1.0 2.25 0.50

3 129.8 0.05 2.5 1.0 5 309.9 0.06 2.5 1.0

Volcanic Arc

ADK 1 89.8 0.06 5.5 1.5 3 178.8 0.05 3.0 1.0 3.73 1.31

4 198.7 0.06 2.5 1.0 5 221.3 0.06 2.5 1.0

6 236.7 0.05 5.5 1.0 7 247.9 0.04 2.0 1.0

8 249.8 0.06 5.0 1.5 9 265.1 0.08 4.0 1.5

10 255.8 0.07 5.0 1.0 11 263.9 0.06 3.0 1.0

12 265.0 0.04 3.0 1.0

BBB 1 226.2 0.04 3.0 1.0 2 248.3 0.04 2.0 1.0 2.33 0.58

3 302.0 0.07 2.0 1.0

COR 1 131.5 0.04 7.0 1.5 2 125.9 0.05 2.0 1.0 4.27 1.88

3 122.0 0.07 2.5 1.0 4 135.5 0.08 8.0 2.0

5 162.8 0.05 3.0 1.5 6 228.5 0.05 3.0 1.0

7 244.1 0.04 3.0 1.0 8 260.7 0.04 3.0 1.0

9 282.8 0.05 6.0 1.5 10 306.4 0.07 5.0 1.5

11 306.0 0.06 5.0 1.5 12 297.3 0.05 5.0 1.5

13 303.3 0.04 3.0 1.0

MOBC 1 221.7 0.04 2.5 1.0 2 299.4 0.07 8.0 2.5 5.25 3.89

PGC 2 233.8 0.04 2.0 1.5 2.00 0.00

PMB 2 132.8 0.04 3.0 1.0 3 230.3 0.04 2.0 1.0 2.50 0.50

4 304.3 0.07 2.5 1.5

UNM 1 138.7 0.07 3.0 1.5 2 249.1 0.04 2.0 1.5 2.70 0.45
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Station: Station Code

ID: Cluster Identification number (see appendix 1).

Back Az.:  Back Azimuth from station to Cluster center.

p: Horizontal slowness or ray parameter.

MCT Thickness, ±, Average and Standard Deviation (SD): Values in km.

3 322.3 0.08 2.5 1.5 4 327.2 0.07 3.0 1.5

5 321.5 0.05 3.0 1.5
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