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ABSTRACT OF THE THESIS 

The Geophysical Crust-to-Mantle Transition from Receiver Function Analysis: A 

case Study on the Appalachian Front in Quebec, Canada 

by BENJAMIN DUNHAM 

Thesis Director: 

Vadim Levin 

 

Receiver function analysis is useful for studying relative variations of seismic 

discontinuities at the lithospheric scale. This study uses receiver functions computed from 

a densely spaced 2D grid of six receivers that collected passive seismic data over a 

decade in the lower St. Lawrence River, Quebec, Canada. The lower crustal structure and 

lithospheric mantle are not well constrained in this study area, which is centered on the 

tectonic boundary between the Grenville and Appalachian provinces. Thus, the goals of 

this study are: 1) to establish the consistency and resolution limits of receiver functions 

from a large data set and dense permanent array of receivers; and 2) to use this grid to 

identify the geophysical Moho and describe the lithospheric mantle-to-crust transition 

across the Appalachian front (AF), the western boundary of Appalachian deformation. 

 The relative seismic velocity changes under the AF resolved by Receiver 

Function Analysis provide evidence of local variability in the Moho’s depth and 

sharpness. Frequency-based analysis of the receiver functions in the northwest region of 

the study area produces variable Moho depth estimates from 50 to 35 km, and exhibits a 

gradational transition from the crust to the mantle. In the southeast region, the Moho has 

more consistent depth and is sharper.  The likely cause of this variability is either deep-
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reaching shear zones that offset the Moho, or a high-velocity layer in the lower crust that 

is only apparent in areas where it produces significant impedance contrasts between 

layers.  
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1. Introduction 
 
1.1. Goal  

 

The continental Mohorovicic discontinuity (Moho) is a globally recognizable 

geophysical feature that exhibits a rapid change in seismic wave velocity across it. It 

marks the transition from the lower velocity and density, silica-rich crustal material 

above to higher velocity and density, ultramafic mantle material below (e.g., Cook et al., 

2010). The depth and sharpness of the Moho can vary greatly.  Globally, the depth of the 

continental Moho may vary from 30 to 80 km below the Earth’s surface (e.g., Cook et al., 

2010; Eaton, 2006). 

The Appalachian and Grenville provinces (Fig. 1) are stable crustal regions, 

geologically inactive for the last ~200 Ma. These two provinces meet at the Appalachian 

Front (AF) where Appalachian deformation ends and Grenville aged deformation begins. 

Previous geophysical studies on the crust-to- mantle transition below the Appalachian 

and Grenville terranes and across the AF have produced variable depth estimates that are 

generally unexpected in regions with old and stable continental crust. The Moho is more 

obvious to the west under the Grenville terrane than in the AF. Studies that have focused 

on the Moho structure under the northern Appalachians have proposed shallowing of the 

Moho to the east (e.g. Li et al., 2002). 

Difficulties observing the Moho and its properties in this region are likely related 

to the complex geological history of the St. Lawrence region. Crustal thickening during 

the Grenville orogeny (1100 Ma, Hynes & Rivers, 2010), crustal thinning related to the 

Iapetan rifting event (~617-550 Ma, Whitmeyer & Karlstrom 2007, Higgins & Van 
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Breeman, 1998, Kumarapeli 1993), and Appalachian-related subduction and arc 

magmatism (Fig. 2) have all altered the structure of the Moho here.  

 

1.2. Study Region and Targets 

 

Receiver functions (RFs) are a powerful geophysical tool for investigating seismic 

discontinuities, specifically the Mohorovicic discontinuity (Moho) in this study. The 

reliability of results from individual receivers depends on the amount of data stacked to 

produce a receiver function. The six receivers used in this study are closely spaced (~20 

km apart) and positioned on opposing banks of the lower St. Lawrence River (Fig. 1). 

Each receiver has collected data for over a decade. The geometry of this receiver grid and 

the size of this data set provide a unique opportunity to test the ability of receiver 

functions computed at different locations with varied orientations to consistently and 

reliably resolve the Moho over a scale of tens of kilometers. This study aims to constrain 

the depth and sharpness of the Moho under the geologically complex St. Lawrence River, 

both across and along the AF. 

 

1.3. Geologic History/Geophysical Properties  

 

This region’s geologic history involves three different tectonic regimes since the 

late Proterozoic (Fig. 2). First, crustal shortening occurred as a result of the Grenville 

orogeny’s continent-continent collision from 1,100 to 950 Ma (Hynes and Rivers, 2010), 

followed by extension related to continental rifting between 617 and 550 Ma 
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(Kuramapeli, 1993; Higgins & Van Breeman, 1998; Hodych & Cox, 2007); finally,  

between 485 and 350 Ma, the region’s crust underwent shortening again by multiple 

Appalachian orogenic events (Prave et al., 2000; Whitehead et al., 1996). If and to what 

extent each deformational event may have influenced the Moho structure at the time of 

their occurrence is difficult to constrain. At present only the effect of their collective 

deformation is observable. The Appalachian and Grenville terranes are juxtaposed across 

the Appalachian Front, located within the St. Lawrence River (Figs. 1 & 2). 

 

1.3.1 Grenville 

  

The eastern extent of the Grenville Province’s surficial expression is coincident 

with the western bank of the St. Lawrence River (Fig. 1). The continental collision that 

formed the Grenville orogen was a part of the construction of Rodinia, the Proterozoic 

super-continent (Whitmeyer & Karlstrom, 2007) (Fig. 2a). The Himalayas are the only 

modern example of continent-continent collisions. Crustal thickness of Himalayas is 80 

km in some places (e.g. Razi et al., 2014). The Grenville Province has undergone erosion 

over last 1,100 Ma leaving metamorphic mid to lower crustal rocks exposed due to 

removal of the overlying crustal material and isostatic uplift. The Moho depth under the 

Grenville province, estimated in previous refraction, reflection and teleseismic receiver 

function studies, is between 34 and 54 km (Cook et al., 2010; Eaton et al., 2006; 

Thomson et al., 2015). Exposures of medium to high grade metamorphic rocks indicate 

that the crust has thinned significantly since Grevillian deformation. 
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1.3.2 Iapetan Rift 

  

The St. Lawrence River and Logan’s line mark the AF, boundary between 

Proterozoic Grenville and Paleozoic Appalachian deformation (Alkok, 1945). This region 

became the central axis of the Iapetan rifting following the formation of Rodinia 

(Whitemeyer & Karlstrom 2007, Higgins & Van Breeman, 1998, Kumarapeli 1993). 

Petrologic evidence from dated dikes, lava flows and layered mafic intrusions suggest 

Iapetan rifting and eventual drift was triggered by mantle-plume magmatism 

(Kuramapeli, 1993; Higgins & Van Breeman, 1998; Hodych & Cox, 2007). Either a 

single long-lived mantle plume (Hodych & Cox, 2007) or possibly two in quick 

succession (Higgins & Van Breeman, 1998) created a rift-rift-rift triple-junction, that 

transitioned from rifting to drifting sometime between 617 and 550 Ma (Kuramapeli, 

1993; Higgins & Van Breeman, 1998; Hodych & Cox, 2007). This event would likely 

have thinned the continental crust above it, eventually transitioning from continental to 

oceanic crust compositions during seafloor spreading at the onset of continental drift. The 

marine sedimentary sequences thrust on top of the Grenville basement during the 

Appalachian Taconic deformation (485-440 Ma, Prave et al., 2000) indicate the region 

became a stable oceanic shelf between the emplacement of Grenville and Appalachian 

terranes (Whitehead et al., 1996; Pinet & Tremblay, 1995; Prave et al., 2000). Current 

Moho depth estimates place the Moho under the Ottawa-Bonnachere graben, which 

formed during Iapetan rifting, between 37 km on either side to 32 km at its center (Mereu 

et al., 1986).  
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1.3.3. Appalachians  

  

Northern Appalachians east of the St. Lawrence River formed from two phases of 

deformation, Taconic followed by Acadian. Based on radiometric dates from ophiolites, 

metamorphic complexes (Whitehead et al., 1996) and biostratigraphic correlation of 

Iapetan sedimentary rocks (Prave et al., 2000), the Taconic orogeny was a short-lived 

deformational event from 485 to 440 Ma. The Taconic deformation thrust Laurentian 

oceanic shelf sedimentary cover onto the eastern Laurentian margin and sutured volcanic 

island arcs onto the continent as the east-directed (in present day coordinates) subduction 

drew these islands westward (Pinet & Tremblay, 1996; Castonguay & Tremblay, 2003). 

The deformed continental shelf deposits are seen in the Taconic Humber Zone. Between 

375 and 350 Ma the Acadian terranes were sutured onto the Taconic orogen (Whitehead, 

1996). The Moho depth here is estimated between ~45 and 30 km, with thinning toward 

the east (Li et al., 2002). 

 

1.4. Summary 

  

Geophysical studies of the Moho structure near our study area focus on either the 

Appalachians or the Grenville Province (Eaton et al., 2010; Cook et al., 2010). Studies 

focused on the Appalachian to Grenville transitional region are located far to the north or 

south of our study area or don’t focus on resolution of the AF at the km scale (Li et al., 

2002; Hynes and Rivers, 2010; Petrescu et al., 2015). The receiver grid geometry and the 

larger data set used in this study afford the unique opportunity to study the structure of 



6!

!

the Moho at the kilometer scale and to check for depth consistency between receiver 

functions computed from sources with varied back-azimuth directions, epicentral 

distances, and receivers. 

 

2. Data Description  

 

This study uses data collected from six seismic observatories, three on each side 

of the St. Lawrence River in Quebec, Canada. These instruments are a part of the 

Canadian National Seismic Network 

(http://www.earthquakescanada.nrcan.gc.ca/stndon/CNSN-RNSC/). All sites are 

equipped with similar broadband seismometers, and all have recorded seismic data 

continuously for the past 10-15 years. The data from these stations are publicly available, 

and were retrieved from the digital archives maintained by Earthquakes Canada 

(http://www.earthquakescanada.nrcan.gc.ca/index-en.php), a government agency tasked 

with seismic hazards monitoring and associated research. 

Events used for RF analysis have moment magnitudes (Mw) greater than 5.5 

recorded from years 2000 to 2013. Records of these events have clear P-wave arrivals 

and complete records on the vertical, north and east components. The data include only 

events with epicentral distances between 40° and 100° to keep P-wave paths consistent.  

The total number of events processed at each receiver varied. Each site recorded 

between 852 and 1581 events. From the initial data set, each site had between 241 and 

516 events that met the requirements for RF analysis. After narrowing the dataset to 
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sources within the epicentral distance range of interest, final RFs at each receiver utilized 

between 79 and 285 events (Figs. 3-8). 

At each site, I grouped events into three back-azimuth ranges. The limits of the 

backazimuth (BAZ) groups are 010°-80°, 164°-200°, and 300°-350°. The number of 

events included in a BAZ group is 5 to 101. For each group, I constructed bin-averaged 

receiver functions for epicentral ranges from 40° to 100° in 10° bins with 50% overlap 

(i.e. each earthquake may influence two adjacent bins). 

The BAZ groups were selected to be as close to parallel and oblique to the AF as 

possible while including as many events as possible. Passive seismic sources have an 

inherent geographic bias, the BAZ groups were selected to be include the maximum 

number of events with a continuous epicentral distance distribution. 

 

3. Methods 

3.1. Receiver Function Applications 

 

Receiver Function (RF) analysis is a method used to resolve seismic 

discontinuities in horizontally layered isotropic materials (Burdick and Langston, 1977; 

Owens and Zandt, 1985; Ammon, 1991). Crust and upper mantle seismic discontinuities 

are common targets of RF studies (Burdick & Langston, 1977; Owens & Zandt, 1985; 

Ammon, 1991; Cassidy, 1992).  The Mohorovicic discontinuity (Moho), which is the 

focus of this work, is a common target in RF studies due to the large difference in 

impedance between the crust and mantle (Burdick & Langston, 1977; Owens, 1985; 

Ammon, 1991; Eaton et al., 2006).   
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3.2. Basic Earthquake Physics 

 

Distant (teleseismic) earthquakes act as a source of energy that creates 

compressional (P) and shear (S) waves. P waves travel at greater seismic velocities than S 

waves; both travel through the Earth’s subsurface before being recorded at seismic 

observatories. Records of both P and S wave particle motion of teleseismic earthquakes 

typically contain both P and S polarized motion. When a P-wave passes through an 

interface with an impedance contrast, part of the incident energy converts into vertically 

(SV) polarized S-waves (Ps) (Burdick & Langston, 1977; Owens & Zandt, 1985; 

Ammon, 1991; Cassidy, 1992; Fig. 9).  

When a P-wave incident on a seismic velocity boundary between two layers with 

sufficient impedance contrast produces a Ps-wave (Fig. 9), the transmitted P-wave travels 

at a greater seismic velocity than the converted Ps-wave. Thus, the signal of a Ps-wave 

from a discontinuity below the seismometer will arrive after the P-wave. The difference 

in arrival time between the P and the Ps-wave at the seismic station is related to the depth 

of the discontinuity that produced the conversion (Burdick & Langston, 1977; Owens, 

1985; Ammon, 1991; Cassidy, 1992). The amplitude of the converted Ps-wave signal 

increases with the impedance contrast at the boundary.  A combination of converted 

phases representing the boundaries beneath a seismic station constitutes a receiver 

function for it. 

P and Ps wave phase arrivals are recorded on the vertical (Z) and two horizontal 

components (North and East) of the observing seismometer.  One of the horizontal 

components, rotated from its original position to align with the source-to-receiver back-
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azimuth, becomes the radial component. The second horizontal component, rotated with 

the first one and fixed at a right angle to it, becomes the transverse component. The radial 

component isolates the signals of the P to SV converted waves and constrains the velocity 

discontinuity structure under a receiver (Fig. 9). Because this study focuses on 

investigating velocity discontinuities and the transverse component is used to investigate 

anisotropy, the transverse component is ignored.  

 

3.3. Receiver Function Theory 

 

The teleseismic event records include signals from the source, path and receiver. 

The goal of RF analysis is to remove the source and distant path signal, isolating the P-

wave and locally generated Ps signals that contain information about the seismic velocity 

structure near the receiver. Typically, this removal involves deconvolution, dividing the 

horizontal component spectrum by that of the vertical component (Burdick & Langston, 

1977; Owens, 1985; Ammon, 1991; Cassidy, 1992). RF studies assume that the Ps wave 

should be an imperfect copy of the P-wave recorded on the horizontal components. To 

detect this copy, RF analysis uses a measure of similarity between the P-wave spectrum 

on the vertical component and the Ps-converted wave spectrum of the horizontal 

components. In this study, I computed RFs from the processed events using the multi-

taper spectral correlation (MTC) methodology developed by Park & Levin (2000). At 

each seismic station, data from individual events are binned by their back-azimuths 

and/or epicentral distances to produce averaged RFs. The MTC methodology attempts to 

optimize the signal-to-noise ratio based on the coherence between vertical and horizontal 
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signals (expected when Ps waves look similar to converting P waves). MTC stacking 

amplifies the coherent P and Ps signals while minimizing the signal of incoherent noise. 

Sources used in RF analysis must be teleseismic for two reasons. First, teleseismic 

sources ensure there is no interference between the Ps signal and the signal of primary S-

waves arriving at the receiver. Primary P and S-waves must have ample distance over 

which to separate before the near-receiver P-to-S conversions occur. Second, incoming 

rays from body waves must arrive sub-vertically at the receiver. Near vertical incidence 

angles ensure the P-wave signal is recorded most clearly on the vertical component and 

the Ps-waves are recorded clearly on the radial component (Burdick & Langston, 1977; 

Owens, 1985; Ammon, 1991; Cassidy, 1992). Respectively, the vertical and radial 

components contain the highest amplitude record of P and Ps-waves. This is a result of 

polarization of particle motion for P-waves parallel to the plane of the ray and Ps-waves 

perpendicular to the ray.  

Based on the difference in their velocities and their expected angles of incidence, 

primary P and S-waves produced by events with epicentral distances greater than 

approximately 30° fulfill both conditions, preserving clear Ps records (Cassidy, 1992). 

However, offsets of greater than 40° produce clearer signals; thus, 40° is the minimum 

epicentral distance used in this study. 

 

3.4. Study Area Description 

 

This study uses a grid of seismometers and multiple epicentral RFs computed 

from their radial components to produce a depth map of the Moho below a section of the 
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Saint Lawrence River, Quebec, Canada. Epicentral RFs represent 2D time delay profiles 

along the stacked events’ back azimuth direction (Fig. 10). RFs are binned first by a 

relatively narrow back-azimuth range, then by epicentral distance (Fig. 10). Back-

azimuthal windows for the epicentral RFs range from 10° to 70°, depending on their data 

density. In a given back-azimuth range, events originating within 10° of epicentral 

distance of each other are combined, from distances of 40° to 100°. Rays from nearer 

events arrive at shallower incidence angles (Burdick & Langston, 1977), and travel 

longer paths from seismic boundaries than those with farther offsets (Fig. 10). The effect 

is similar to the normal move-out in seismic reflection data, but reversed. Due to the 

geometry of P and S wave ray paths involved (Fig. 10a) for a seismic boundary at depth, 

RFs with shorter epicentral distances will have greater time delays for Ps conversions at 

the same depth than those produced from sources at greater epicentral distances. 

 

3.5. Receiver Function Modeling  

 

If the material under a receiver is horizontally layered and isotropic, all of the 

energy from the P-to-S conversion should be polarized as an SV-wave. In this scenario, 

the event would only be recorded on the vertical and radial components. The transverse 

component would record no signal. However, this is almost never the case as most 

materials sampled by the events are not completely isotropic and boundaries are rarely 

horizontal (Cassidy, 1992; Park & Levin, 1997). This study only considers RFs produced 

from radial components to image discontinuity structures.  
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The seismograms used for RF analysis underwent quality control individually on 

a visual basis to meet the criteria for RF analysis. First, the records must contain a signal 

that is distinct from the noise. Furthermore, each of the three components must have 

recorded a clear primary P-wave arrival. On seismograms with obvious P-waves, I 

selected the P-wave arrival times  and discarded time series with an unclear P-wave. 

Because the P and Ps waves were of interest, the time series were cut into 650-second 

records. The 150 seconds before the P-wave arrival allowed pre-event noise analysis, 

whereas the remaining 500 seconds are the part of the record that contains P-to-S 

conversion signals. The three-component records are then filtered to remove noise at 

frequencies below 0.02 Hz.  

The time delays of Moho-induced Ps phases were interpreted in epicentral RFs. 

Observed delay times were converted to depth using a modified whole-Earth 1D velocity 

model in the TauP Toolkit (Crotwell et al., 1999). The crustal P and S velocity (Vp, 6.45 

km/s and Vs, 3.69 km/s, respectively) intervals were modified from the velocity profiles 

generated by Tesauro et al. (2014; Fig. 11). The model velocity structure below the Moho 

was taken from the ak135 whole-Earth model (Kennet et al., 1995; Fig. 12). The crustal 

thickness of the velocity model was selected based on the maximum interpreted Moho 

time delay in the RFs used in this study. The Moho depth imposed in the modified TauP 

model were calculated using the thickness equation described below (Gurrola & Minster, 

1998): 

 

H!!!"#$%&& != !!"
!
!!!

!!!! !
!!!

!!!
 

Eq.!1:!
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Where H is crustal thickness, tps is the maximum time delay used as input, Vp and Vs are 

the average crustal P and S wave velocities used in the model, and p is the ray parameter 

at an epicentral distance of 70°. A maximum crustal thickness of 50 km is imposed on the 

model based on this formula. In the actual model used as input for the TauP calculations, 

the crustal Vp and Vs values are increased one ten thousandth of a km/s per km of depth. 

This modification from initially constant values is necessary to produce outputs with the 

TauP software, which accommodate the variable time delays from the interpreted Moho 

Ps phase in the RFs. 

 P and Ps ray paths pierce points (Fig. 10) are modeled to produce time delays, 

depths, and coordinates for a range of depths, from the base of the crust to the Earth’s 

surface. Ps-wave pierce points are computed for interfaces placed every 1 km in the crust, 

from the surface to the Moho, and predicted times are matched with the delay times of 

the Moho associated Ps phase from the RFs. The TauP modeled time delays that are 

closest to the observed delays are used to convert these observed delays to depth. To 

preserve the spatial uniqueness and consistency of individual epicentral RFs, the depths 

are associated with the coordinates of the Moho-converted Ps-wave at 50 km. Based on 

the epicentral RF interpretations, modeled depths are used with the back-azimuth and 

epicentral distances to calculate the latitude and longitude coordinates of Ps phase 

conversions at the base of the crust (Figs. 10 & 13). The Moho is mapped on each 2D 

profile once depths and coordinates are constrained from observational and modeled data 

(Fig. 14). Finally, a time delay map of the Moho is constructed from the interpolation of 

the RF profiles (Fig. 15), which is later used to convert the RF time-delays to depth. 
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RF phases interpreted as the Moho-generated Ps must meet certain criteria in the 

1 Hz epicentral RF. The polarity of the phase must be positive to be consistent with an 

increase in velocity with depth across the boundary. Additionally, it should be associated 

with delay times between 4.5-6.3 seconds. Delay times earlier that 4.5 s indicate Moho 

depths less than 35 km and later than 6.3 s would indicate depths greater than 50 km. 

There is no evidence from previous studies that the Moho here should exceed depths of 

50 km or be shallower than 35 km (the global crustal average). The interpreted phase 

should also be continuous across all distance bins for a given profile. Time delays for a 

phase should decrease with increased epicentral distance but may not depending on the 

geometry and presence of other seismic discontinuities.  

Before final interpretation of the epicentral RF profiles, I consulted the back-

azimuthal RFs. Back-azimuthal RFs are used as a preliminary step to identify complex 

phases that may correspond with the Moho and their approximate arrival times. After 

phases of interest are identified from the back-azimuthal and 1 Hz epicentral RFs, the 

epicentral RFs are revisited at 2 Hz to determine if higher frequency noise contributes to 

complex move-out geometry and the presence of double pulses. RFs are ignored in the 

final interpretation if there is no obvious Ps phase associated with the Moho, the move-

out geometry is complex and cannot be clarified in the 2 Hz epicentral profiles, or there 

are multiple pulses associated with the Moho with no dominant phase that can be 

interpreted on either the 1 or 2 Hz profiles. 

Once the Moho associated Ps phase is identified based on the criteria above, the 

time-delays of that phase are selected. The time-delays associated with the maximum 

value of that phase span up to .23 s. To select one time delay the mean value of the 
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maximum amplitude is used to estimate depth. Using the mean value of the maximum 

amplitude introduces potential error of up to +/- 1 km (based on Eq. 1) for Moho depth 

estimates depending on the broadness of the maximum. 

The Vp/Vs ratio used in this study (1.746, e.g. Tesauro et al., 2014) was the 

minimum determined by studies on the Vp/Vs structure of this region. Alternatively using 

the maximum Vp/Vs  determined for this region of ~1.87, the depth estimates of 

discontinuities under these receivers shallow by ~5 km.  

The other possible source of error is introduced during interpretation of the lower 

frequency (1 Hz) RFs. When the 2 Hz RFs are consulted the primary phase interpreted as 

the Moho in the 1 Hz RFs often breaks down into multiple positive phases that can be 

interpreted in individual RF profiles and miscorrelation of these phases could result in 

more variable depth estimates. 

 

4. Results 

 

In this section, I describe the epicentral RFs at each site. RF profiles at each site 

use maximum frequencies of 1Hz. Sites A11, A16 and A21 are situated on Appalachian 

Taconic Humber zone on the southeastern bank of the St. Lawrence River; sites A54, 

A61 and A64 are located across the river and Appalachian Front (AF) on the Grenville 

terrane. The receivers are distributed evenly between the southeastern and northwestern 

banks of the St. Lawrence River. RF profiles oriented along azimuths near perpendicular 

(NW), near parallel (NE) or oblique (S) to the AF (Fig. 13) are available for each site. 

Each profile has the average azimuth of the event back-azimuths. I describe the RF 
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profiles and interpret one of the phases as the Moho (Figs. 16-21). The time delays 

associated with the phase interpreted as the Moho are converted to depth, yielding time 

delay and depth maps from the interpreted RFs (Fig. 15). 

 

4.1. Site A11 

  

In the back-azimuthal sweeps (Fig. 16) there is a high amplitude positive phase 

with arrival times appropriate for interpretation as the P-to-S converted Moho phase (5-6 

s) in the 300°-350° back-azimuth range. Comparison of the RF profiles at 1 Hz (Fig. 17) 

and 2 Hz (Fig. 18) indicate the Moho is complex under this site. At lower frequencies the 

Moho induced Ps phase appears as a single pulse, whereas at higher frequencies the 

individual pulse separates into at least two lower amplitude positive phases. The resultant 

time delays in 1 Hz RFs may represent a combination of multiple Ps phases at 2 Hz.  

 

4.1.1. Epicentral Receiver Function, Baz 300°-350° 

 

The Moho is only interpreted in the NW-SE RF profile at this site. These RFs are 

composed of events with back-azimuth ranges and epicentral distances between 300°-

350° and 40°-100°, respectively (Fig. 17a & 18a). The profile has three strong positive 

amplitudes at 0-10 s of delay time. The positive high amplitude phase of interest arrives 

between 5.5 and 6.5 s. Between the second and third positive phases (6.5-8 s) the only 

strong negative amplitude appears.  

The second positive pulse arrival at 5.5-6.5 s is the most prominent of the three 
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positive amplitudes. It is interpreted as the Moho induced phase arrival because it arrives 

at time delays that can be associated with the Moho Ps phase. For the most distant 

sources the time delay of this phase increases somewhat with epicentral distance, 

indicating the boundary may deepen closer to the receiver.  

The irregular move-out observed in the 1 Hz profiles may be a result of the 

combination of multiple higher frequency Ps phases.  The 2 Hz profile computed from 

the same data shows a clear primary positive phase with delay times consistent with the 1 

Hz interpretations and a second, smaller positive pulse that arrives after it and begins to 

merge with the primary phase between epicentral distances of 90° and 100°. The positive 

polarity of the  phase interpreted as the Moho indicates an increase in velocity with 

increased depth, consistent with the velocity change expected from the crust-to-mantle 

transition. Depth estimates from this phases time delays range are 44-50 km, indicating 

possible increased Moho depth near the receiver. 

 

4.2. Site A16 

 

The back-azimuthal sweeps (Fig. 19) at this site indicate a clear positive phase 

that arrives in time ranges acceptable for interpretation as the Moho phase from all 

directions. All three epicentral profiles are interpreted at this receiver. The 1 Hz 

epicentral RF profiles produce a single strong clear positive pulse. The pulse interpreted 

as the Moho at 1 Hz (Fig. 20) divides into multiple pulses below this site; however, at 2 

Hz (Fig. 21) the highest amplitude phase arrives at similar times as in the 1 Hz RFs.  
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4.2.1. Epicentral Receiver Function, Baz 300°-350° 

  

The NW-SE epicentral profile is computed for events in back-azimuth and 

epicentral distance ranges of 300°-350° and 40°-100°, respectively. A strong positive 

phase arrival is at 4-6.5 s. A double pulse with 2 large local maxima is present in this 

time delay window for RFs of 40°-50° of epicentral distance. The 2 Hz RFs exhibit a 

doublet, and sometimes a triplet, of local maxima across all bins. This amplitude becomes 

more coherent for events with distances of 60°-100°, and its delay time decreases with 

increased epicentral distance, as expected for a horizontal converting boundary.  

The positive phase arrival at 4-6.5 s indicates a downward increase in seismic 

velocity across the interface producing these phases. Time delays associated with this 

discontinuity are appropriate for the expected delay associated with the Moho and 

produce depth estimates between 48-50 km. The double pulse between 40°-60° epicentral 

distance could be a result of multiple increases in seismic velocity across the interface 

that produced this signal. The 2 Hz epicentral RFs support this interpretation. 

 

4.2.2 Epicentral Receiver Function, Baz 015°-075° 

  

The NE-SW epicentral RFs are computed for sources with back-azimuths of 

015°-075° and epicentral distances of 50°-100° at 1 Hz (Fig. 20b). The largest coherent 

positive amplitude arrives at 4-6.5 s and is followed by a coupled small negative and 

small positive phase at 6.5-7 s in the 50°-70° bins. The second small positive signal 
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begins to merge with the coherent 4-6 s signal between epicentral distances of 70°-100°.  

The only phase with a consistent and interpretable signal arrives from 4 to 6.5 s. I 

interpret it as the Moho phase due to its time delays and the strength and coherence of its 

signal. The peak of this phase has variable delay times; its arrival times become earlier 

from 50°-70°, then later from 70°-90°, finally arriving at their earliest delay time at 100° 

epicentral distance. In the 2 Hz RFs (Fig. 21b) the strength of the phases interpreted as 

the Moho signals decreases, but their time delays become more consistent. At epicentral 

distances of 80°-100° lower amplitude phases before and after the phase interpreted as 

the Moho may influence the observed arrival times in the 1 Hz RFs. The combinations of 

the phases observed in the higher frequency RFs make them more variable and produce 

an unexpected move-out in the 1 Hz profile. The positive phase arriving in this time 

interval indicates an increase in seismic velocity with depth. Depth estimates of the Moho 

phase range from 40 to 45 km for this profile. 

 

4.2.3. Epicentral Receiver Function, Baz 164°-195° 

  

The N-S profile utilizes back-azimuths of 164°-195° and epicentral distances of 

40°-90° at 1 Hz (Fig. 20c). The maximum amplitude signal arrives between 4 and 6 s; 

this phase is consistent and coherent. Following the maximum positive pulse, a weak 

negatively polarized phase occurs between 6 and 7.5 s that becomes increasingly broad at 

greater epicentral distances.  

The Moho phase is likely associated with the 4-6 s pulse delay times. This pulse 

has a slight concave down geometry in the RF profile. From 40° to 70° of epicentral 
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distance its arrival time becomes progressively earlier; at 80°-90° the arrival times of the 

maximum become later than in each previous bin. At 2 Hz (Fig. 21c) the pulse 

interpreted as the Moho arrives at similar delay times as those observed at 1 Hz. The 

concave geometry of this phase is likely an artifact of the data exemplified in the 2 Hz 

profile, but may indicate slight relief in the geometry of the Moho under the 

Appalachians. Depth estimates based on interpretation of this phase as the Moho vary 

from 43 to 44.5 km. 

 

4.3. Site A21 

 

 Back-azimuthal sweeps (Fig. 22) confirm clear signals likely produced at the 

Moho from BAZ directions of 120°-270° and 300°-350°. Identification of a Moho Ps 

phase is unclear from 000°-090°; for this reason the NE-SW epicentral profile (Figs. 23b 

& 24b) is left out of final interpretations. The NW-SE profile filtered at 1 Hz (Fig. 23a) 

and 2 Hz (Fig. 24a) shows a complex crust-to-mantle transition with a double positive 

phase arrival in the RFs. 

  

 

4.3.1. Epicentral Receiver Function, Baz 300°-350° 

 

 The NW-SE profile utilizes events with back-azimuths of 300°-350° over 

epicentral distances of 40°-100°. Two high-amplitude very coherent positive phases with 

delay times of 4-7 s follow a weak negative-phase arrival. The first positive peak’s arrival 
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time stays consistent over all epicentral distances and arrives at 4-5 s. In contrast, the 

second positive peak is larger,  arrives between 5-7 s, and gets progressively earlier with 

increasing epicentral distance. The second phase arrival at 5-7 s is interpreted as the 

Moho phase because of the strength of its signal. A coherent negative signal in 7-9 s 

range follows. 

 The strong positive signal that arrives at 4-5 s coupled with the Moho signal 

interpreted at 5-7 s may indicate the presence a thin layer of material above the Moho. 

The move-out of the Moho amplitude at 5-7 s is consistent with that of Ps phases 

generated at a horizontal boundary. The negative pulse that arrives immediately after this 

phase indicates a decrease in seismic velocity with depth.  The velocity structure here is a 

two-step increase in velocity with increased depth, once in the lower crust and again 

across the crust-mantle transition. The phases observed in the 2 Hz RFs are consistent 

with those in the lower frequency (1 Hz, Fig. 23) profiles. However, based on the 2 Hz 

RFs, the layer above the Moho may increase in velocity from mid to lower crust, and then 

produce a slight decrease in velocity before increasing again across the Moho. Depth 

estimates of the phase interpreted as the Moho (5-7 s) on this profile are 47-49 km. 

 

4.3.2. Epicentral Receiver Function, Baz 170°-200° 

 

 The N-S profile utilizes events with back-azimuths of 170°-200°and epicentral 

distances of 40°-80°. The RF maximum arrives between 4.5 and 6.5 s, followed by a 

large amplitude negative minimum. The 2 Hz filtered epicentral profile is less coherent 

but still produces only a single positive phase within the same time range discussed 
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above. Its delay time becomes smaller with increasing epicentral distance. 

 The delay times associated with the positive amplitude produce the expected 

move-out geometry for a near horizontal boundary that produces Ps conversions. Because 

the 4-6.5 s amplitude is the most significant, its delay times are consistent with Ps phases 

produced at a Moho. The positive phase interpreted as the Moho (4.5-6.5 s) indicates a 

velocity change from slow to fast material with increased depth. Depth estimates along 

this profile range from 41.5 to 44 km. 

 

4.4. Site A54 

 

 Data from this site display significant directional variability (Figure 25). Delays 

of target phases likely associated with the Moho change systematically with BAZ, 

suggesting a dipping interface. All epicentral profiles produce a single positive phase 

interpreted as the Moho at 1 Hz (Fig. 26). I consulted RFs produced at 2 Hz (Fig. 27) 

when move-out of the Ps phase has an unexpected geometry. 

  

4.4.1. Epicentral Receiver Function, Baz 300°-350° 

 

 The back-azimuth range for the NW-SE profile was 300°-350°; this range 

produced RFs at epicentral distances of 60°-100°. The only coherent positive amplitude 

in this epicentral RF profile arrives at 5-6 s. Its arrival time decreases with increased 

epicentral distance. A negatively polarized phase arrives at 7-8 s. 

 The only coherent positive phase interpretable as the Moho is the 5-6 s arrival. 
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The positive phase here indicates an increase in seismic velocity from crust to mantle. It’s 

immediately followed by a negative phase indicating a decrease in seismic velocity with 

increasing depth within the upper mantle. Arrival times associated with the positive phase 

are consistent with Ps phase delays from Moho conversions. Depth estimates along this 

profile range from 49 to 50 km. 

  

4.4.2. Epicentral Receiver Function, Baz 030°-050° 

 

 The NE-SW profile utilizes events with back-azimuths of 030°-050° and 

epicentral distances of 70°-100°. A large positive and coherent maximum phase arrives at 

4.5-6 s. A weak negative phase has delay times of 6-7 s. 

 The 4.5-6 s delay time is the only phase interpretable as the Moho. Its amplitude 

is the maximum for the entire RF. This phase has the opposite move-out with respect to 

that expected for a Ps-wave converted at a horizontal interface. The 2 Hz signals (Fig. 27) 

indicate the abnormal move-out of the phase observed in the 1 Hz RFs (Fig. 26) is the 

result of the confluence of two higher frequency signals. The positive phase at 4.5-6 s 

indicates a change from seismically slow to seismically fast material with increasing 

depth. This is consistent with the interpretation of the 4.5-6 s phase as the Moho derived 

Ps-wave arrival. Moho depth estimates along this profile are 40-45 km. 

  

4.4.3. Epicentral Receiver Function, Baz 180°-190° 

 

 The N-S epicentral RF profile utilizes events in the back-azimuth range 180°-190° 



24!

!

and epicentral distances of 50°-90°. A high amplitude positive phase arrives between 4.5-

6 s; a coherent negatively polarized phase arrives at 6-7 s. The positive phases’ delay 

times become earlier with increasing epicentral distance.  

 I interpret the 4.5-6 s positive polarity as the Moho in this RF profile. The polarity 

change from negative phase observed before the positive Moho phase is consistent with 

slow to fast velocity transition from crust to mantle. The negative phase observed 

following the arrival of the Moho phase indicates a transition from higher to lower 

seismic velocities in the upper mantle. The time delays of the positive phase decrease 

with increasing epicentral distance, indicating a near horizontal crust-mantle transition 

along strike of this profile. Moho depth estimates along this profile are 42.5-43 km. 

 

4.5. Site A61 

 

 The back-azimuth gather for this station (Fig. 28) displays a systematic variation 

of the likely Moho converted Ps phase delay times, suggesting some amount of dip of this 

interface. Investigation of the 1 Hz (Fig. 29) and 2 Hz (Fig. 30) RF profiles oriented NW-

SE and NE-SW from this receiver may indicate a complex crust to mantle transition 

involving a thin layer of material emplaced above the Moho (Fig. 29a,  29b, 30a, & 30b). 

  

4.5.1. Epicentral Receiver Function, Baz 310°-340° 

 

 The NW-SE profile utilizes source back-azimuths of 310°-340° and epicentral 

distances of 40°-100°. A positive polarity doublet arrives between 3.5 and 6.5 s; the 
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maximum positive phase of the doublet arrives from 5 to 6.5 s. 

 The 5-6.5 s phase has the highest amplitude in every data bin; I picked it as the 

Moho phase. The time delays from this phase produce a concave-up geometry. The 

positive doublet observed between 3.5-6.5s in the 1 and 2 Hz RF profiles may indicate a 

crustal layer above the Moho that produces a two-step increase in seismic velocity with 

increasing depth. First seismic velocity increases within the lower crust and again at the 

crust-mantle transition. Moho depth estimates along this profile vary between 47.5 and 50 

km. 

  

4.5.2. Epicentral Receiver Function, Baz 020°-080° 

 

 The NE-SW profile utilizes source back-azimuths of 020°-080°and epicentral 

distances of 40°-100°. A high-amplitude positive polarity is present at 4.25-6 s of delay 

time. This signal becomes less coherent with increased epicentral distance and bifurcates 

at 60°-100°. The signal from 6-10 s is incoherent and mixed between positive and 

negative polarities.  

 I interpret the 4.25-6 s phase as the Moho. Its time delay increases with epicentral 

distance from 40° to 70° but develops the move-out of a horizontal boundary from 70° to 

100°. In the 2 Hz filtered RFs (Fig. 30b) the doublet observed at 60°-100° epicentral 

distance is pronounced in all epicentral distance bins. The double pulse may indicate a 

complex crust-mantle transition due to a thin layer of material, seismically faster than the 

rest of the crust, emplaced above the Moho. Moho depth estimates vary along this profile 

from 44 to 50 km. 
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4.5.3. Epicentral Receiver Function, Baz 170°-190° 

 

 The N-S profile utilizes source back-azimuths of 170°-190° and epicentral 

distances of 40°-100°. It shows a coherent negative phase whose signal strength 

decreases with increase offset from the receiver at 3.5-5.5 s coupled with a large coherent 

positive amplitude arrival at 5.5-6.5 s. From 6.5 to 10 s a 0.5 s wide negative low 

amplitude is coupled with a weak positive signal of the same time-width followed by 

another low amplitude negative signal. 

 I interpret the 5.5-6.5 s pulse as the Moho induced Ps phase. The 5.5-6.5 s signal 

is clear and positive; its time delays are consistent across epicentral distance bins. Time 

delays that do not vary in the RF significantly may indicate a boundary that deepens with 

proximity to the receiver. Along this profile, Moho depth estimates vary from 47 to 50 

km. 

 

4.6. Site A64 

 

 The back-azimuth gather (Fig. 31) at this site shows variation in Moho depth with 

direction. The NE-SW and N-S epicentral profiles filtered at 1 Hz and 2 Hz exhibit a 

single high-amplitude arrival. I ignore the NW-SE profile in the 1 Hz interpretations (Fig. 

32) of the Moho; this is the only case where I used the 2 Hz (Fig. 33) Moho profile for 

the interpretation. 
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4.6.1. Epicentral Receiver Function, Baz 300°-350° 

 

 The NW-SE profile utilizes from events with back-azimuths of 310°-340°and 

epicentral distances of 50°-100°. A single high-amplitude positive pulse in the 1 Hz 

profile (Fig. 32a) for 50°-70° arrives at 4-7 s; it bifurcates into two positively polarized 

pulses for 80°-100°, making it difficult to interpret. In the 2 Hz profile (Fig. 33a) two 

distinct positive pulses are present in all epicentral distance bins; the first arrives at 4.5-

5.5 s and the second at 5.5-6 s. I interpret the second pulse as the Moho induced Ps phase. 

In both 1 Hz and 2 Hz RFs, a negative pulse immediately follows the later Ps phase 

arrival.  

 The double pulse observed in RFs computed from more distant events at 1 Hz and 

all bins at 2 Hz may indicate the presence of a thin layer of material emplaced in the 

lower crust. Based on the RFs, the 4.5-5.5 s positive pulse indicates an increase in 

velocity from the mid to lower crust. The 5.5-6 s positive phase indicates a second 

velocity increase across the crust to mantle transition. The negative polarity following the 

phase interpreted as the Moho indicates a downward shift in seismic velocity from fast to 

slow in the upper mantle. 

  

4.6.2. Epicentral Receiver Function, Baz 010°-065° 

 

 The NE-SW profile utilizes events with back-azimuths of 010°-065° and 

epicentral distances of 40°-90°, respectively. Between 4-5.5 s the positive maximum of 

the time series arrives. I interpret the 4-5.5 s positive phase as the Moho. It is the highest 
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amplitude phase in all data bins. This phase produces a time delay move-out consistent 

with a near horizontal interface. The positive phase interpreted as the Moho indicates the 

appropriate seismic velocity change from slow velocity above the discontinuity to fast 

below it. It is followed by a negative amplitude pulse that indicates a shift from 

seismically slow material below the interface to fast above it, likely located within the 

upper mantle. Moho depth estimates along this profile vary from 37.5 to 38.5 km. 

  

4.6.3. Epicentral Receiver Function, Baz 170°-190° 

 

 The N-S profile utilizes sources with back-azimuths of 170°-190° and epicentral 

distances of 50°-90°. The RFs’ maximum positive phase arrives at 4-5.5 s, then a weak 

but consistent negative phase arrives at 5.5-6.5 s.  

 I interpret the 4-5.5s amplitude arrival as the Moho related phase. It is the 

maximum observed amplitude in every data bin and produces the expected move-out of a 

real, near-horizontal boundary. Additionally, the negatively polarized arrival following 

this phase indicates a decrease in seismic velocity with depth consistent with the 

interpretation of this phase as the Moho. Along this profile Moho depth varies from 36.5 

to 37.5 km. 

 

4.7. Results Summary: Figs. 34, 35 & 36 

 

 The time delay and depth maps plotted using modeled Ps pierce points show 

significant relief and complexity in the crust to mantle transition in this study area (Figs. 
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15, 34, & 35). Using the modified ak135 velocity model and interpreted RFs with simple 

geometries (i.e. expected moveouts with single high amplitude positive pulses) I find that 

the Moho depth varies from 37 to 50 km. Individual sites show depth changes on the 

order of 5-10 km between directional RF profiles. Between some stations, depths can 

change by as much as 12 km compared to depth estimates of adjacent receivers. 

Additionally, RFs at sites A21, A61 and A64 exhibit multiple high-amplitude positive 

phases that may indicate a layer of material emplaced above the Moho. 

Sites A21 produces depth variations of 8 km from the maximum depth of 50 km 

observed in the NW-SE profile to a minimum depth of 42 km in the N-S profile (Figs. 23, 

24, & 34).  The two profiles at site A21 vary by up to 10 km as well; the NW-SE profile 

produces 50 km Moho depth estimates while the N-S profile shows a minimum of 41.5 

km. Similarly, site A16 indicates variability of up to 7 km between the NW-SE profile 

where the maximum site depth is 50 km is observed, and the N-S profile (Figs. 20c & 34) 

with intermediate site depths of 43 km. The A16 profiles show 10 km of relief between 

the NW-SE profile (50 km) and the NE-SW profile where the minimum site depth is 40 

km (Figs. 20a, 20b, & 34). Profiles from Site A54 produce 7.5 km of Moho depth 

variation. The maximum Moho depth of 50 km occurs on the NW-SE profile; the Moho 

depths on the NE-SW profile and N-S profile are largely consistent, with observed depths 

of 42.5-45 km. Site A61 produces consistently deep estimates of ~50 km while the Moho 

at site A64 is significantly shallower at 37-40 km (Figs. 32, 33,  & 34). 

The NW-SE profiles at each site produce similar depth estimates of 47-50 km. 

These profiles are consistent between sites on both sides of the AF; however, they are 

deeper than all other profiles except at site A61, which consistently yields the deepest 
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Moho depth estimates (50 km in all profiles). This consistent directional variability may 

indicate a dipping Moho interface. 

Two cross sections A-A’ and B-B’ (Figs. 35 & 36) illustrate Moho relief along 

and across the AF. The A-A’ cross section is perpendicular to the AF (NW-SE) and uses 

projections from NW-SE and N-S oriented profiles from sites A61 and A16 (Figs. 34, 35 

& 36a). The B-B’ cross section is parallel to the AF (NE-SW) and utilizes the NE-SW 

profiles at sites A54, A61, and A64 that lie on Grenville material (Figs. 34, 35 & 36b). 

The B-B’ cross section shows slight crustal thickening of ~5 km from its SW end to its 

center, followed by significant thinning to the NE from 50 km to ~40 km; the Moho 

structure parallel to the AF is asymmetrical, concave upward, and shallowest to the NE. 

The A-A’ cross-section shows a general trend of crustal thinning from NW to SE across 

the AF. 

 

5. Discussion 

5.1. Previous studies 

 

 The crust-mantle transition has been a target of several geophysical refraction, 

reflection and passive geophysical studies under the Grenville province and Appalachian 

mountains. Studies of NE North America have produced variable results and success in 

resolving the Moho (Eaton et al., 2006; Carr et al., 2000; White et al., 2000, Mereu et al., 

1986; Rondenay et al, 2000; Taylor & Toksoz, 1982; Musacchio et al., 1997; Li et al., 

2002; Hughes & Luetgert, 1991). The Grenvillian Moho has been the subject of more 

study recently, both to the west in Quebec and southwest in New York, as a result of the 
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Lithoprobe, MOMA, and COCORP projects (Eaton et al., 2006; Carr et al., 2000; White 

et al., 2000, Mereu et al., 1986; Rondenay et al, 2000, Li et al., 2002). Geophysical 

estimations of the Moho depth in the Grenville province vary from 50 km to 35 km with 

general shallowing eastward away from the Grenville front (GF). Lower crustal 

deformation produced deep-reaching faults up to 20 km into the crust as a result of thick-

skinned deformation (White et al., 2000; Carr et al., 2000). Additionally, previous studies 

have shown that the Moho under the Grenville is not always easily observed. Seismic 

resolution of the crust-mantle boundary degrades most often due to attenuation and low 

impedance contrast resulting from high-velocity lower crustal material overlying the 

Moho (Carr et al., 2000).  

The Moho under the AF and New England Appalachians have been the target of 

multiple studies as well; they focus on the boundary ~200 km south of the lower St. 

Lawrence river (Mussachio et al., 1997; Li et al.,2002; Taylor & Toksoz, 1982). Studies 

disagree about how the Moho structure changes across and within the Appalachians. 

Initial study by Taylor & Toksoz (1982) proposed crustal thickening across the AF, from 

36 km thick Grenville crust to 40 km under the Appalachians. However, Mussachio et al. 

(1997) proposed crustal thinning from west to east across the AF based on an O-NYNEX 

refraction profile; they estimated the Moho depth at 45 km under the Grenville province 

and shallowing to 35 km under the Appalachians. This interpretation is in agreement with 

Moho depth estimates proposed by Hughes & Leutgart (1991), who also used wide-angle 

refraction methodology targeting the Moho across the AF in a very similar region. 

However, Li et al. (2002), using RFs, observed a more variable Moho across the AF. 

Their transect crosses the AF to the SW of the O-NYNEX profile; here they estimated the 
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Moho depth at 50 km under the AF, shallowing to ~45 km just to the east and finally 

shallowing further to ~32 km near the Atlantic coast of Massachusetts. 

 

5.2. Moho Relief  

 

Based on the results of RF analysis and time-to-depth conversion, I interpret at 

least as much variability in Moho topography under this region as in the studies discussed 

above (Taylor & Toskoz, 1982; Hughes & Leutgart, 1991; Mussachio et al., 1997; Li et 

al., 2002; Fig. 34); notably, these changes in Moho topography happen over a much 

smaller region. Depth estimates from the RF analysis under the St. Lawrence River show 

a complex crust-to-mantle transition. A generally consistent Moho depth of 43-50 km 

occurs below the receivers located in the SW region of the study area (Figs. 17, 18, 20, 

21, 26, 27, 29, 30, & 34). Crustal thinning appears to occur in the NE region of the study 

area to minimum Moho depths of ~35 km. The NE-SW profile at site A16 produces 

Moho depth estimates of ~40 km (Figs. 20, 21 & 34) in approximate agreement with the 

profiles at site A64 where the Moho depth varies from 35 to 40 km. The Moho depth of 

~40 km estimated from the southern profile at site A21 (Figs. 23c, 24c, & 34) is also in 

agreement with the A16 and A64 profiles (Figs. 20, 21, 32, 33, & 34). However, A21 

produces a notable outlier (Figs. 23a, 24a, & 34) when compared to results from nearby 

profiles. The NW-SE profile at site A21 (Figs. 23a & 24a) shows a clear high amplitude 

Ps phase with the move-out expected from a real, horizontal boundary that produces 

depth estimates 10 km greater than that of the profiles discussed at sites A16 and A64 

(Figs. 20b, 21b, 32c, 33c, 34, & 35). 
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 The presence of large ~10 km variations in Moho depth over lateral extents of less 

than 20 km is explainable in three ways. Either the Moho is offset, there is a locally 

variable high-velocity layer in lower crust, or the crust to mantle transition is complex 

layered and potentially non-discrete boundary. The first scenario requires deep-reaching 

shear zones oriented oblique (WNW to ESE) to the trend of regional structures (NE to 

SW) in this region (i.e. Logan’s fault; Figs. 34 & 35). None of the established faults in 

this region are known to offset the Moho abruptly; thus, I deem it less likely than the 

other explanations. 

 

5.3. Thin Layer 

 

The depth estimates on the N-S and NE-SW RF profiles at site A64 (Fig. 22b & 

22c), the NE-SW profile at Site A16 (Figs. 20b & 21b) and the N-S profile at Site A21, 

all of which range from ~35 to 40 km, are in general agreement. Each of the phases 

interpreted in these RFs (Figs. 23b, 23c, 24b & 24c) exhibits a single simple pulse 

interpreted as the Moho. The depth estimates from these profiles are difficult to reconcile 

with RFs both at the same sites and with the remaining sites, where Moho depth estimates 

reach 50 km.  

The RF profiles with double Ps phases at sites A21 (Figs. 23a & 24a), A61 (Figs. 

29a, 29b, 30a, & 30b) and A64 (Figs. 32a & 33a), in the NW region of the study area 

present a possible explanation for variable RF depth estimates. The profile in Fig. 19a 

shows a double pulse that indicates an increase in velocity in the lower crust, above the 

phase interpreted as the Moho. This shallower discontinuity is more consistent with the 
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phases interpreted in the adjacent A64 profiles with single pulses (Figs. 32b, 32c, 33b, 

33c, 34 & 35). The double pulse exhibited at RF profiles at site A21 (Figs. 23a & 24a), 

A61 (Figs. 29a, 29b, 30a, & 30b) and A64 (Figs. 32a & 33a) may indicate a layer of 

seismically fast material (relative to average crustal velocities) above the mantle. 

The lower crustal layer of material would be of variable thickness and range from 

~10-20 km thick. It is possible that the profiles with shallow single pulses correlate more 

closely with the positive Ps phases produced at the top of the lower-crustal layer. The 

profiles that produce deep (~45-50 km) Moho depth estimates correlate with the later 

arriving phase observed in the profiles that exhibit positive doublets. 

The thin layer of material above the Moho may be local to the NW region of the 

study area. The apparent depth variation in the Moho observed in the rest of the region is 

explainable by a dipping Moho boundary. This layer of material could have been 

emplaced either during the widespread magmatism related to Iapetan rift and drift or arc 

volcanism during the Taconic orogeny. 

The proposed layer of material results in a locally thicker crust that should cause 

topographic relief where the layer is present. If the lower crustal layer is seismically 

faster (and thus, denser) than the rest of the lower crust in this region, there should also 

be a gravitational anomaly associated with it. However, the topography of the study area 

does not show a significant change to locally accommodate a much thicker lower crust. 

Bouguer gravity anomaly maps (Pinet et al., 2010) do not show a significant anomaly 

anywhere in the study region. Thus, isostatic compensation deeper within the lithosphere 

may account for the lack of topographic relief. 
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5.4. Complex Crust-to-Mantle Transition Zone 

 

An alternative explanation is that the lower crust consists of multiple layers with 

only two visible seismic boundaries in the NW region, where the impedance contrasts 

between the Moho, the lower crustal layers and the overlying crust are significant enough 

to produce two Ps conversions. At the profiles that show a single Ps converted phase 

associated with the Moho, depth estimates vary by up to 15 km. The profiles that show a 

deep Moho discontinuity would be the result of a high impedance contrast from mantle to 

lower crust followed by a complex and gradual velocity decrease within the lower crust 

that is not conducive to Ps conversions. Where Moho depth estimates are shallower (~35-

40 km) and interpreted based on a single pulse, the mantle may initially transition 

gradually to the crust before reaching impedance contrasts at shallower depths sufficient 

to produce Ps conversions within the lower crust.  

All scenarios mentioned above imply that supercontinent assembly and dispersal 

events have long lived effects on the properties of the lower crust and Moho.  

 

6. Conclusions 

 

 Like previous geophysical studies of the Appalachian and Grenville provinces, 

this study encountered difficulty in consistently resolving a single and simple Moho 

boundary in this region. Although orogenic processes have not deformed the region over 

the last 350 million years, the relict complexity and active geologic history of the region 
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suggest that a complex crust-to-mantle transition is likely. The possible implications of 

the RF analysis conducted in this study are: 

1. Multiple shear zones that offset the Moho 

2. A complex velocity structure under the receivers involving a seismically fast 

lower crustal layer. 

or 

3. A complex crust-to-mantle transition zone with variable relative velocity changes 

The first possibility is unlikely. The orientations of the shear zones that would have to 

be present to offset the Moho would be roughly orthogonal to the strike of the mapped 

faults in this region. To produce the Moho depth variations from these RF depth 

estimates the shear zones would have had to reach up to 50 km below the surface causing 

offsets of 10-15 km. This deformation would presumably have occurred during 

Appalachian, Iapetan and/or Grenville deformation. 

The second scenario is more likely than mantle offset. A layer of material could have 

been emplaced above the Moho, most likely during Iapetan rifting as an igneous intrusion 

of mantle-derived melt, or else during Appalachian subduction and arc volcanism. This 

scenario could explain the difficulty in resolving the crust-mantle boundary in this region. 

RFs that produce double Ps phases are strong evidence for a step increase in velocity 

from the crust to the mantle. In RFs that produce single Moho Ps phases, this layer could 

still be present but not resolvable if the impedance contrast between either the lower 

crustal layer and the Moho or the crust above this layer are insufficient to produce 

multiple Ps conversions.  However, the likely topographic and gravitational expression of 

the presence of this layer are not present. 
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The third scenario is the most likely. A complex, layered crust-to-mantle transition 

would cause double pulses at sites with sufficient impedance contrast between layers of 

different velocity to produce two Ps conversions. Where single pulses are present at 

depths greater than 45 km, the impedance contrast at the Moho is significant, and the 

layers above it are too thin to produce observable Ps conversions, resulting in a 

gradational velocity change at the base of the crust. Where single pulses are present at 

depth estimates of less than 40 km, the velocity decrease from mantle to crust is gradual 

at greater depths and most significant at the top of the complex transition zone. 
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Figure 1: Regional and local map of the study area. A) Tectonic map of north eastern 
North America. B) A local map of the study area. Red triangles represent the locations 
of the seismic observatories used in this study.
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Figure 2: Four phase tectonic history of the St. Lawrence river. A) Setting at the end 
of Grenville (Hynes & Rivers, 2010). B) Setting during Iapetus ocean formation 
(Kumarapeli, 1989). C) Taconic arc formation (Whitehead et. al., 1996). D) End of 
acadian orogen (Whitehead et. al., 1996)
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Site A11A.

B.

Figure 3: A) Map of sources (blue circles) used to compute epicentral RFs centered on site A11 
(red triangle). Back- azimuth ranges used are 300 °- 350 °, 020°-080°, and 170°-190°. Epicentral 
distances range from 40°-100° . B) Map of sources used to compute a back-azimuthal gather at 
site A11. Back-azimuths range from 0°-360°.

43



Site A16
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Figure 4: A) Map of sources (blue circles) used to compute epicentral RFs centered on site A16 
(red triangle). Back- azimuth ranges used are 300°-350°, 015°-075°, 164°-195.° Epicentral 
distances range from 40°-100° . B) Map of sources used to com- pute a back-azimuthal gather 
at site A16. Back-azimuaths range from 0°-360°. 
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Figure 5: A) Map of sources (blue circles) used to compute epicentral RFs centered on site A21 
(red triangle). Back- azimuth ranges used to compute RFs are 300°-350°, 020°-080°, and 
170°-200° degrees. Epicentral distances range from 40°-100°. B) Map of the sources used to 
computed a back-azimuthal gather at site A21. Back-azimuths range from 0°-360°.
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Figure 6: A) Map of sources (blue circles) used to compute epicentral RFs centered on site A54 
(red triangle). Back- azimuth ranges used are 300°-350°, 030°-050°, and 170°-190° . Epicentral 
distances range from 40°-100° degrees. B) Map of sources used to compute a back-azimuthal 
gather at site A54. Back-azimuths range from 0°-360°.
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Site A61

Figure 7: A) Map of sources (blue circles) used to compute epicentral RFs centered on site A61 
(red triangle). Back azimuth ranges used are 310°-340°, 020°-080°, and 170°-190°. Epicentral 
distances range from 40°-100° . B) Map of sources used to com- pute a back-azimuthal gather 
at site A61. Back-azimuths range from 0°-360°.
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Site A64

Figure 8: A) Map of sources (blue circles) used to compute epicentral RFs centered on site A64 
(red triangle). Back azimuth ranges used are 310 °- 340 °, 010°-065°, and 170°-190°. Epicen-
tral distances range from 40°-100°. 9B. B) Map of sources used to compute a back-azimuthal 
gather at site A64. Back-azimuths range from 0°-360°.
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Figure 9: Schematic diagram of receiver function geometry and seismograms (Modi-
fied from Park and Levin, 1997). A) Simplified cross-section of RF geometry along 
the radial receiver component. Shows P (blue) to Ps (green) wave conversion and 
refraction during transmission through the Moho discontinuity and arrival at the 
receiver (red triangle). The time delay between the P and Ps wave is a result of the 
difference in seismic velocities of the two phases. The P-wave travels a longer path, 
through the crust at higher seismic velocity than the Ps wave. B) Seismograms of the 
Radial, Vertical and Transverse components. The P and Ps waves are highlighted with 
the blue and green lines, respectively. The time delay between the P and Ps wave 
records on the radial and vertical components is indicative of depth to the boundary 
that produced the conversion.
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Figure 10: Ray path geometry of modeled P-waves A) Direct P-wave ray paths from 
sources (colored circles) to receiver (red triangle), with epicentral distances of 40, 50, 
and 60 degrees. The outer most circle is representative of the Moho discontinuity in B. 
B). Simplified schematic diagram showing Ps rays corresponding to epicentral RFs used 
to map a planar Moho as they approach the receiver (red triangle). The steepest ray 
approaches from a distance of 60 degrees. Events originating closer to the receiver 
generate shallower incidence angles than more distant sources. Colored dots correspond 
to the locations of each ray as they pierce the Moho.
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Figure 11: Crustal velocity vs. depth graph. Modeled 1D crustal velocity structure used 
for delay time to depth conversion (modified from Tesauro et. al., 2014). The crust is 
divided into upper, middle and lower-crust sub layers. Proportional thickness and Vp and 
Vs values of each sub-layer are maintained from Tesauro et. al., (2014). The absolute 
thickness of each sub-layer is modified to extend the total crustal thickness from 35 km to 
50 km.
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Figure 12: Velocity vs  depth graph of the modified ak135 whole-Earth velocity model 
(modified from Kennett et. al., 1995). This model is used in this study to compute travel 
times in TauP (Crotwell et. al., 1999). The velocity structure below the Moho is consistent 
with the original ak135 model. See Fig. 11  for detailed modeled crustal velocity structure.
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Figure 13: Map of receiver (red triangles) and Ps conversion (empty circles) locations at 

the base of the crust (50 km depth). Ps pierce points correspond to the interpreted Ps 

phases in the epicentral RFs (Figs. 15-20) . Pierce point locations are computed for rays 

from events with back-azimuths of 40, 180, and 330 degrees and epicentral distances of 

40, 50, 60, 70, 80, 90, and 100 degrees for ease of plotting. Up to three 15 km long 
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Figure 16: Back-azimuth reciever function gathers at site A11. The x-axis is delay time 
in seconds and the y-axis is event back-azimuth direction from 0°-360°.Reciever func-
tions are filtered below 1 Hz (left) and 2 Hz (right). The red line set at 0 s indicates 
initial P-wave motion. No data were present between for back-azimuths between 
090°-150°.
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Figure 17: Interpreted epicentral receiver functions at site A11 filtered below 1 Hz. Red 
triangles represent the receiver locations relative to the profile. Red line at 0 s indicates 
the first recorded P-wave motion. Green circles indicate the positive phase interpreted 
as the Moho derived Ps phase. A) Back-azimuth ranges between 300°-350°. B) 
Back-azimuth ranges between 020°-080°. C) Back-azimuth ranges between 
170°-190°.
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Figure18: Interpreted epicentral receiver functions at site A11 filtered below 2 Hz. Red 
triangles represent the receiver locations relative to the profile. Red line at 0 s indicates 
the first recorded P-wave motion. Green and orange circles indicate relative time delay 
of the positive Ps phases likely derived at the crust-manltle interface. A) Back-azimuth 
ranges between 300°-350°. B) Back-azimuth ranges between 20°-80°. C) Back-azi-
muth ranges between 170°-190°.
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Figure 19: Back-azimuth reciever function gathers at site A16. The x-axis is delay time 
in seconds and the y-axis is event back-azimuth direction from 0°-360°.Reciever func-
tions are filtered below 1 Hz (left) and 2 Hz (right). The red line set at 0 s indicates 
initial P-wave motion. No data were present between for back-azimuths of 150° and 
90°-120°.
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Figure 20: Interpreted epicentral receiver functions at site A16 filtered below 1 Hz. Red 
triangles represent the receiver locations relative to the profile. Red line at 0 s indicates 
the first recorded P-wave motion. Green dots indicate relative time delay of the positive 
phase interpreted as the Moho derived Ps phase. A) Back-azimuth ranges between 
300°-350°. B) Back-azimuth ranges between 015°-075°. C) Back-azimuth ranges 
between 164°-195°.
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Figure 23: Interpreted epicentral receiver functions at site A16 filtered below 2 Hz. Red 
triangles represent the receiver locations relative to the profile. Red line at 0 s indicates 
the first recorded P-wave motion. Green and orange circles indicate relative time delay of 
the positive Ps phases likely derived at the crust-manltle interface. A) Back-azimuth 
ranges between 300°-350°. B) Back-azimuth ranges between 015°-075°. C) Back-azi-
muth ranges between 164°-195°.
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Figure 22: Back-azimuth reciever function gathers at site A21. The x-axis is delay time 
in seconds and the y-axis is event back-azimuth direction from 0°-360°. Reciever func-
tions are filtered below 1 Hz (left) and 2 Hz (right). The red line set at 0 s indicates 
initial P-wave motion. No data were present between for back-azimuths of 150° and  
90°-120°.
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Figure 23: Interpreted epicentral receiver functions at site A21 filtered below 1 Hz. Red 
triangles represent the receiver locations relative to the profile. Red line at 0 s indicates 
the first recorded P-wave motion. Green and orange (where present) circles indicate 
relative time delay of the positive Ps phases likely derived at the crust-manltle interface. 
A) Back-azimuth ranges between 300°-350°. B) Back-azimuth ranges between 
020°-080°. C) Back-azimuth ranges between 170°-200°.
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Figure 24: Interpreted epicentral receiver functions at site A21 filtered below 2 Hz. Red 
triangles represent the receiver locations relative to the profile. Red line at 0 s indicates 
the first recorded P-wave motion. Green and orange circles and indicate relative time 
delay of the positive Ps phases likely derived at the crust-manltle interface. A) Back-azi-
muth ranges between 300°-350°. B) Back-azimuth ranges between 020°-080°. C) 
Back-azimuth ranges between 170°-200°.
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Figure 25: Back-azimuth reciever function gathers at site A54. The x-axis is delay time 
in seconds and the y-axis is event back-azimuth direction from 0°-360°.Reciever func-
tions are filtered below 1 Hz (left) and 2 Hz (right). The red line set at 0 s indicates 
initial P-wave motion. No data were present between for back-azimuths 090°-140°.

65



A54

−2
0

2
4

6
8

10

A.

B.

C.

Figure 26: Interpreted epicentral receiver functions for site A54 filtered below 1 Hz. Red 
triangles represent the receiver locations relative to the profile. Red line at 0 s indicates the 
first recorded P-wave motion. Green circles indicate relative time delay of the positive 
phase interpreted as the Moho derived Ps phase. A) Back-azimuth ranges between 
300°-350°. B) Back-azimuth ranges between 030°-050°. C) Back-azimuth ranges between 
180°-190°.
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Figure 27: Interpreted epicentral receiver functions for site A54 filtered below 2 Hz. Red 
triangles represent the receiver locations relative to the profile. Red line at 0 s indicates the 
first recorded P-wave motion. Green and orange circles indicate relative time delay of the 
positive Ps phases likely derived at the crust-manltle interface. A) Back-azimuth ranges 
between 300°-350°. B) Back-azimuth ranges between 030°-050°. C) Back-azimuth ranges 
between 180°-190°.
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Figure 28: Back-azimuth reciever function gathers at site A61. The x-axis is delay time 
in seconds and the y-axis is event back-azimuth direction from 0°-360°.Reciever func-
tions are filtered below 1 Hz (left) and 2 Hz (right). The red line set at 0 s indicates 
initial P-wave motion. No data were present between for back-azimuths of 150° and 
90°-120°.
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Figure 29: Interpreted epicentral receiver functions at site A61 filtered below 1 Hz. Red 
triangles represent the receiver locations relative to the profile. Red line at 0 s indicates the 
first recorded P-wave motion. Green and orange (where present) circles indicate relative 
time delay of the positive Ps phases likely derived at the crust-manltle interface. A) 
Back-azimuth ranges between 310°-340°. B) Back-azimuth ranges between 020°-080°. 
C) Back-azimuth ranges between 170°-190°.
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Figure 30: Interpreted epicentral receiver functions at site A61 filtered below 2 Hz. Red 
triangles represent the receiver locations relative to the profile. Red line at 0 s indicates the 
first recorded P-wave motion. Green and orange circles indicate relative time delay of the 
positive Ps phases likely derived at the crust-manltle interface. A) Back-azimuth ranges 
between 310°-340°. B) Back-azimuth ranges between 020°-080°. C) Back-azimuth 
ranges between 170°-190°.
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Figure 31: Back-azimuth reciever function gathers at site A64. The x-axis is delay time 
in seconds and the y-axis is event back-azimuth direction from 0°-360°.Reciever func-
tions are filtered below 1 Hz (left) and 2 Hz (right). The red line set at 0 s indicates 
initial P-wave motion. No data were present between for back-azimuths of 300°, 
150°-160°, and 90°-120°.
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Figure 32: Interpreted epicentral receiver functions for site A64 filtered below 1 Hz. Red 
triangles represent the receiver locations relative to the profile. Red line at 0 s indicates 
the the first recorded P-wave motion. Green and orange (where present) circles indicate 
relative time delay of the positive Ps phases likely derived at the crust-manltle interface. 
A) Back-azimuth ranges between 310°-340°. B) Back-azimuth ranges between 
010°-065°. C) Back-azimuth ranges between 170°-190°.
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Figure 33: Interpreted epicentral receiver functions for site A64 filtered below 2 Hz. Red 
triangles represent the receiver locations relative to the profile. Red line at 0 s indicates 
the the first recorded P-wave motion. Green and orange  circles indicate relative time 
delay of the positive Ps phases likely derived at the crust-manltle interface. A) Back-azi-
muth ranges between 310°-340°. B) Back-azimuth ranges between 010°-065°. C) 
Back-azimuth ranges between 170°-190°.
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Figure 34: Depth estimate map of single pulses and late arrival of double pulses. 
produced from Ps phases in 1hz receiver functions and late Ps phase where double 
pulses are present in 2 Hz receiver functions. Sites where the late Ps phase arrival 
were interpreted in the 2 Hz receiver functions are A61, A64, and A21. The NW 
directed profile produced double phases at all sites mentioned above. The NE 
directed profile at site A61 also produced a double pulse. The Appalachian Front is 
indicated by the solid toothed black line.
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Figure 35: Depth estimate map of single pulses and early arrival of double pulses. 
produced from Ps phases in 1hz receiver functions and late Ps phase where double 
pulses are present in 2 Hz receiver functions. Sites where the early Ps phase arrival 
were interpreted in the 2 Hz receiver functions are A61, A64, and A21. The NW 
directed profile produced double phases at all sites mentioned above. The NE 
directed profile at site A61 also produced a double pulse. The Appalachian Front is 
indicated by the solid toothed black line. The dashed line indicates the orientation 
of the hypothetical shear zone.
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Figure 36: Cross-sections across (A) and along (B) the Appalachian Front. Tick 
marks along the upper horizontal axis indicate pierce point projections to the 
profile. Solid lines represent depth estimates from receiver functions, shaded area 
shows depth estimate error. Dashed lines represent inferred Moho depths A) Shows 
A to A’ profile on Figs. 34 & 35.  B) Shows B to B’ profile from Figs. 34 & 35.

76


