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 The active source Deep Probe-SAREX projects (Henstock et al., 1998; Clowes et 

al., 2002; Gorman et al., 2002) imaged a high velocity lower crustal layer (LCL), ~20-35 

km thick, within the Wyoming Craton (WC) and Medicine Hat Block (MHB), positioned 

beneath the states of Wyoming and Montana, and north into Canada, during the Deep 

Probe-SAREX seismic refraction projects.  The layer is relatively thick (~25 km) and 

propagates P waves at velocities between 7-8 km/sec, giving the so-called 7x layer its 

name.  The LCL is not well defined on the north-south Deep Probe-SAREX line in the 

USA due to poor resolution (shot spacing ~700 km), and the linearity of the seismic 

sampling does not define the layer's extent to the east or west.  We used receiver 

functions (RFs) at 6 permanent ANSS stations derived from 35 events to determine 

Moho depth beneath each station.  Moho depth determination will help aid in 

determining whether or not the 7x layer is present at each location.  If the crust is thicker 

than average crustal values or previously reported thicknesses for these stations, it is 

possible that the layer does exist, on a per station basis.  The seismic stations are 

located across Montana and are the reference points for this study.  The RFs resolve 
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any extant sharp velocity contrast boundaries, such as horizontal and dipping beds and 

juxtaposed tectonic units.  Scattering of P-to-S conversions off these sharp velocity 

interfaces helped identify the lateral extent of the high velocity lower crustal layer (LCL). 

Using an algorithm developed by Zhu and Kanamori (2000) it is possible to use the Ps, 

PpPs, and PpSs+PsPs phases to predict crustal thicknesses and Vp/Vs ratios for these 

stations.  

The results indicate that BOZ and MSO, located in the Northern Rocky 

Mountains, have, in general, thicker crust and higher Vp/Vs ratios.  High Vp/Vs ratios 

are diagnostic of propagation through mafic crustal rocks and are consistent with the 

presence of the LCL beneath these two stations.  Continental crust at stations DGMT 

and LAO is thinner and Vp/Vs ratios are lower than at BOZ and MSO.  These two 

stations are situated in the Williston Basin, and sedimentary basins generally are 

characterized by higher Vp/Vs ratios, but the RF signals at these stations are dominated 

by the predominately silica-rich basement beneath the Williston Basin strata.  The high 

Vp/Vs ratios of the stations in the Rocky Mountains provide some supporting evidence 

for a hypothesized mafic underplating event, occurring after the amalgamation of 

Laurentia was complete.  

The crustal thickness results of this study compare well with previous studies 

throughout the Northern Rocky Mountains.  Values, in general, are within a few 

kilometers of observed receiver function depths.  The largest discrepancies arise when 

structural complexity becomes too significant to ignore in radial receiver function 

analysis.  
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CHAPTER 1
INTRODUCTION

1.1 Deep Probe-SAREX Projects

The active source Deep Probe-SAREX projects (Henstock et al., 1998; Clowes et 

al., 2002; Gorman et al., 2002) identified a fast (> 7 km/sec) lower crustal layer (LCL) 

beneath the states of Montana and Wyoming, extending into Canada (Figure 1-1).  This 

layer, at depths of 20 to 35 km, is called the 7x layer due to its high P wave velocity, 

typical of mafic crustal rocks, whereas typical values for lower continental crust range 

from ~6-7 km/sec (Holbrook et al., 1992). More recently, Rumpfhuber et al. (2009) 

reanalyzed data from the combined passive and active source CD-ROM (Continental 

Dynamics of the Rocky Mountain) project (Keller et al., 1999), using receiver functions 

to delineate crustal structure in some detail from the southern end of the Deep Probe 

line from central Wyoming to northern New Mexico.  They found that the thick, 

seismically fast LCL extends south of the Deep Probe line to around 42°N latitude along 

the CD-ROM line, thinning and apparently pinching out southwards beneath the 

Cheyenne Belt. The LCL is thus clearly not limited latitudinally to one craton, but 

appears to extend beneath the Wyoming craton (WC), Medicine Hat block (MHB), and 

the intervening Great Falls tectonic zone (GFTZ; Figure 1-2).

Resolution of the seismic imaging in these studies is highly variable, and resolved 

structure north of the U.S. border is visibly much more complex (Figure 1-1) where 

active source shot spacing was closer. Interpretation of the refraction profile on the U.S. 

side is more problematic, given the much greater distance between refraction shot 

spacing of the Deep Probe experiment on the U.S. side of the border.  The Rumpfhuber 

et al. (2009) study is similarly low resolution, as its structures derive from RFs at 
15



stations spaced around 20 km apart.  The low resolution leaves open the possibility of 

unresolved tectonic structure within or along the apparently smooth boundaries of the 

LCL beneath Montana and Wyoming, which could be consistent with a wide range of 

genetic scenarios.

Gorman et al. (2002) interpreted the LCL to be a result of Proterozoic mafic 

magmatic underplating of the MHB and WC, based on the ages of two xenoliths from 

the Sweet Grass Hills complex in northern Montana, dated at 1745 Ma and 1814 Ma. 

Ross (2002) suggested that these xenoliths originated at depths of 47 and 39 km, the 

first from the LCL in the MHB, and the second from the Archean portion of the MHB. 

The separate dates and depths were interpreted by Ross (2002) to indicate a single 

magmatic underplating event occurred during the Proterozoic.  However, Carlson et al. 

(2004) dated the Williams and Homestead kimberlite xenoliths, in the WC, to be 

Archean in age.  This suggests that the LCL was not emplaced in the area where these 

kimberlites originated, or it may not exist at all.

The interpretations of Chamberlain et al. (2003) involve two distinct emplacement 

events for the LCL within the WC – during the Archean at ~2.7 Ga, and the 

Mesoproterozoic at ~1.5 Ga  – and emplacement of yet a third type of LCL within the 

MHB at ~1.8 Ga.  The oldest potential age for the LCL here derives from the 2.7 Ga 

Stillwater mafic dikes that outcrop throughout the WC (Beartooth, Bighorn, and Owl 

Creek Mountains).  The 2.7 Ga emplacement ages predate the GFTZ suturing and MHB 

LCL emplacement (~1.8 Ga), implying that the LCLs within the MHB and WC resulted 

from two separate emplacement events (Snyder et al., 1989; Kirkwood, 2000; Mueller et 

al., 2002; Chamberlain et al., 2003).
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Chamberlain et al. (2003) postulate that the 1.8 Ga xenoliths from the Sweet 

Grass Hills complex resulted from the Proterozoic suturing of an amalgamated MHB 

and WC to the Hearne craton, rather than from an underplating event. Chamberlain et 

al. (2003) further posit that the mafic LCL within the MHB is a structurally complex 

oceanic crust, subducted and amalgamated to the base of pre-existing MHB crust or 

lithosphere.

The results of the Deep Probe-SAREX-CD-ROM studies allow all these 

interpretations because the seismic structure beneath the MHB is complex, with higher 

velocities and velocity gradients, while the WC LCL seems to be flatter with less 

deformation between the crust-mantle contact (Figure 1-2).  Note that these differences 

are likely due to resolution differences along the Deep Probe-SAREX line, as mentioned 

above, given variable shot spacing above each craton.  Regardless of the age(s) of the 

WC and MHB lower crustal layer(s) – 2.7 Ga, 1.8 Ga, or 1.5 Ga – the best seismic data 

in hand (Gorman et al., 2002; Rumpfhuber et al., 2009) clearly indicate that the layer is 

anomalously seismically fast and thick, and underlies the MHB, GFTZ, and WC at least 

from the U.S.-Canada border to south-central Wyoming.  High seismic velocities, > 7 

km/s, in the lower crust are clearly indicative of the presence of mafic material, and such 

materials are typically characterized by high (1.7-1.9) Vp/Vs ratios.

In the remainder of this thesis, I present results intended to improve our 

understanding of the extent of the LCL to the west and east of the Deep Probe-SAREX 

line in Montana. I determined crustal thickness at six permanent seismic stations 

(Figure 1-3) using an iterative deconvolution method on earthquake P waves to produce 

RFs (Ligorría and Ammon, 1999), and an algorithm for simultaneously determining 
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crustal thickness and Vp/Vs ratio (Zhu & Kanamori, 2000).  The algorithm predicts 

timing of crust-mantle boundary seismic wave conversions and reflections and matches 

the predicted arrival times to observed converted and reverberating S waves in the 

receiver functions.  The stations used in this study were not chosen by us, but rather 

provided high-quality freely-available data at the time of this study.  Although not ideal, 

they are widely distributed with respect to the Deep Probe-SAREX-CD-ROM line in the 

area.  Results can be coupled to those of the EarthScope Transportable Array to define 

boundaries of the LCL.

1.2 Geologic Setting

The tectonic history of the study area is important because the crustal structures 

and fabrics that may have developed as a result of plate collisions and suturing, 

extensional tectonics, and magmatism will strongly affect the seismic response at the 

study stations.  Radial RFs are used to image horizontal layers and are modified in 

systematic ways by departures of the actual structures from horizontal layering (as 

described in 2.2).  The likely effects of tectonic events that may have altered crustal 

structures and fabrics must therefore be taken into account when interpreting the results 

of the RF analyses.  

1.2.1 Precambrian

A map of the cratonic assemblage is shown in Figure 1-2. The stations we used 

are located on the Medicine Hat Block, the Wyoming Craton, and the boundary between 

them, the Great Falls Tectonic Zone, and on the Trans-Hudson and Selway terranes. 

Sedimentary cover of the Williston Basin exists just to the east of the Rocky Mountains 

and deepens on the Trans-Hudson terrane (increasing eastward to ~3500 m; Baird et 
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al., 1995).  The GFTZ is an enigmatic structure: O'Neill and Lopez (1985) and O'Neill 

(1998) posited that the GFTZ formed when the MHB, already sutured to the Hearne 

craton, collided with the WC.  Alternatively, the WC and MHB had already collided, 

creating the GFTZ, and this composite then amalgamated to the Hearne craton as a 

single structure (Boerner et al., 1998). Whether this interaction was strictly collisional or 

involved significant shear parallel to the GFTZ is unclear.  Mueller et al. (2002) used 

zircon ages with whole-rock Sm-Nd data to hypothesize that the GFTZ is a suture 

marking the closure of a subducted ocean basin between the MHB and WC at ~1.8 Ga. 

This suturing would be expected to complicate crustal structure by formation of thrust 

faults and folds taking up shortening strain between the colliding terranes, and any 

suture parallel shear would also be expected to modify crustal structures, all of which 

could have produced structures departing from the simple layering assumed a priori  in 

the RF analysis.

1.2.2 Phanerozoic Tectonics

Deformation events in the study region since the Precambrian are dominated – in 

terms of extant geologic structures today – by the development of subduction beneath 

western North America (Figure 1-4) and attendant crustal shortening which formed the 

Cordillera (e.g., Bird 1998; Foster et al., 2006).  The Phanerozoic deformation in the 

Northern Rocky mountains is largely constrained to the Paleoproterozoic and younger 

terranes surrounding the Archean cratons, although Laramide-age reverse faults are 

found throughout the WC.  These terranes include the GFTZ, Selway, and Farmington 

zone (Figure 1-2).  The Cordilleran fold-thrust belt and Laramide basement uplifts have 
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involved the most deformation, largely shortening, to the west of the MHB and in the 

northwestern portion of the WC.

Similarly, the majority of Eocene extension and volcanism has primarily affected 

Proterozoic and younger structures.  The Bitterroot and Anaconda detachments, and 

the Priest River and Clearwater complexes account for a majority of Eocene extension 

within the study area.  The Lewis and Clark fault zone acted as a connection between 

these regions of large displacement.  The amount of extension ranges from ~65-85 km 

individually, but as a whole up to ~100 km of extension can be accounted for to the 

north and south of the Lewis and Clark fault zone (Foster et al., 2007).  These 

structures also produced widespread magmatism as a result of a subducting slab 

window.  This shallowly subducting slab caused asthenospheric upwelling and 

subsequent partial melting of the lithosphere creating igneous intrusions throughout the 

aforementioned structures (Foster et al., 2006; Foster et al., 2007).  

Archean cratons were likely formed and stabilized by different processes than 

Proterozoic provinces; however, the exact nature of these processes is debated (O’Neill 

and Lopez, 1985; O’Neill, 1998; Mueller et al., 2002; Humphreys et al., 2003; Foster et 

al., 2006; Foster et al., 2007).  Differences in the degree and style of deformations and 

magmatism that affected Proterozoic and Archean lithospheres in the study area may 

complicate receiver functions, and, consequently, differences in the compositional 

makeup of each terrane will likely yield various Vp/Vs ratios.
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Figure 1-1.  Seismic refraction results (a) and interpretation (b) from Gorman et al. 
(2002). There is a relatively thick (~25 km), seismically fast (7-8 km/sec) lower 
crustal layer located between 42-50°N.  Latitudes are located at the top of (a) 
and (b).  This layer was interpreted to represent Proterozoic underplating 
(purple); however, more detail and better resolution is needed for this layer on 
the US side.
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Figure 1-2.  Map of the study area with the MHB and WC outlined in their general 
location.  The GFTZ is shown in between with a relatively undefined 
boundary.  The triangles are approximate locations for the transportable array 
seismic stations of the EarthScope project (modified from Foster et al., 2006).

22



Figure 1-3.  General location map of the six stations used in this study.  RLMT – Red 
Lodge, Montana; BOZ – Bozman, Montana; MSO – Missoula, Montana; 
EGMT – Eagleton, Montana; DGMT – Dagmar, Montana; LAO – LASA Array, 
Montana.  The red line indicates the location of the Deep Probe-SAREX 
projects. There were only two shots on the U.S. side and thus only a 
simplified 2-D model could be created, which lacks resolution needed to see 
the 7x layer.  The distribution of the six stations for this proposed project 
provide a much better idea of the layer's lateral extent.
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Figure 1-4.  Plate convergence vectors during the Sevier (~150-80 Ma) and Laramide 
orogenies (~80-50 Ma).   North America’s motion relative to its western 
subduction margin changed from northwesterly during the Sevier orogeny to 
west-northwesterly during the Laramide orogeny (modified from Bird, 1998).
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CHAPTER 2
BACKGROUND

2.1 Development of Receiver Functions

In 1977 Langston introduced RF analysis as a means to describe crustal and 

upper mantle structure.  His first test of this new technique was to study the structure 

under Corvallis, Oregon.  The results of this work conformed nicely with previous 

seismic refraction studies (Berg et al., 1966; Johnson and Couch, 1970) and performed 

better than older spectral interpretations.  One of the main advantages to using RFs is 

the ability to map and detect dipping layers.  Langston expanded his work by doing RF 

studies on crustal structure under Mount Rainier, Washington in 1979, and later 

seismologists, such as, Ammon (1990, 1991), Cassidy (1992, 1995), and Levin and 

Park (1997) also expanded and refined Langston's RF method.  This method is now 

accepted and used worldwide.

2.2 How Receiver Functions Work

The approach for a RF is fairly basic.  Seismograms are split into two 

components.  The vertical seismogram includes P waves and is interpreted as the direct 

arrival of these waves.  The horizontal component is constructed from two signals 

recording horizontal ground motion, typically one in the N-S direction and the other 

oriented E-W.  A rotation of these seismograms from these orientations yields the 

necessary radial and transverse component seismograms, depending on the source-

receiver geometry.  The radial component seismogram often includes many of the 

reflected or converted waves, and for the case of RFs we are interested in P-to-S wave 

conversions and their reverberations in a layered medium such as the crust. These 

conversions can define boundary layers close to the surface in great detail.  P-to-S 
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wave conversions are generated when an incoming P wave encounters a sharp, high 

impedance contrast and moves the boundary both in the vertical (propagating the P 

wave) and horizontal direction, creating an S wave conversion (Stein and Wysession, 

2002).

I used an iterative deconvolution method (Ligorría and Ammon, 1999) to model 

these conversions.  The vertical component is cross-correlated with the radial to 

estimate the lag of the first converted S arrival (typically from the Moho i.e., Mohorovičić 

discontinuity) for the RF.  This step produces the first peak for the RF.  The convolution 

of this RF with the vertical component produces a seismogram that is subtracted from 

the radial component (i.e., deconvolution).  The deconvolution equations are as follows:

                (1)

where      (2)

and                                  (3)

The deconvolved radial earth response is represented by ER(ω).  The complex 

conjugate of DV(ω) is given by DVi(ω) with (ω) denoting the frequency domain.  ΦSS is 

the autocorrelation of DV(ω).  The parameter c sets the level that fills spectral troughs 

that may occur.  G(ω) is a Gaussian filter that is controlled by a, the width of the filter. 

The Gaussian filter has a smooth shape, similar to that of a seismic pulse in the time 

domain and limits spurious high-frequency signal in the output ER(ω) (Langston, 1979).

Simply put, deconvolution is done in the frequency domain because it is easier.  In 

the frequency domain deconvolution is a simple division of the radial by the vertical 
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component, whereby the P-wave reverberations of the vertical component are 

“subtracted” out.  The following equation demonstrates this division.  

                           (4)

H(ω) is the receiver function in the frequency domain (Ammon, 1991).  Once 

deconvolved, an inverse Fourier transform is performed to convert back to the time 

domain (Langston, 1979).

This procedure is repeated to produce spikes appropriately lagged and of proper 

amplitudes to match all observed arrivals on the radial RF.  Eventually, the iterative 

deconvolution of the vertical component and RF seismogram look similar to the radial 

component.  The process will continue until a user-defined minimum error is reached 

and the misfit between the convolution produced seismogram and the radial component 

is insignificant (Ligorría and Ammon, 1999).  The resulting RFs are also considered 

radial and transverse seismograms, with the radial primarily imaging conversions from 

horizontal layers and the transverse most sensitive to conversions from dipping layers, if 

present in the subsurface.  The radial RF images horizontal layers because of the way 

the SV wave propagates, and the same is true for the transverse RF and SH waves. 

The structure being investigated can be mapped by using P and S wave travel times 

and the output of the RFs, or the P-to-S wave conversions that define the boundaries 

(Stein and Wysession, 2002; Figure 2-1).

2.3 Moho Depth Determination

A RF provides an estimation of Moho depth by providing an estimate of the delay 

time between the P and Ps phases with lateral variation minimized due to the steep 
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incidence angle of the teleseismic wave (Zhu and Kanamori, 2000).  However, as 

shown in this equation,

                  (1)

the crustal thickness (H) is highly dependent on the S wave velocity (Vs) through the 

crust.  t is the time delay between the P and Ps phases, Vp is the P wave velocity and p 

is the ray parameter for the incident wave (Zhu and Kanamori, 2000).  One way to 

reduce the ambiguity of the wave velocities is to introduce later P-to-S reverberations 

and converted phases, including the PpPs and PpSs+PsPs phases.  The first P is the 

incoming wave before it interacts with the crust. The next lower case letter is the 

transmitted phase at the boundary.  For PpPs, the incoming P wave shakes the 

boundary dominantly in the vertical direction producing a transmitted P wave with a 

strong signal, but if it arrives at an angle other than 90°, a radial component will also be 

introduced in the form of an S wave.  The third letter is the first reflection of the surface 

and the last letter is the incoming wave to the station as a reflection off of the Moho 

(Figure 2-1).  The sign of the amplitude (positvie vs. negative) is determined by 

reflection polarity changes.  When a P-wave reflects off a boundary, the amplitude of 

the resultant wave has an opposite polarity.  An S wave does not undergo this change, 

thus the Ps and PpPs phases are positive while the PpSs+PsPs phase is negative.  

                       (2)

and
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                                     (3)

These two equations introduce more constraints on Vp and Vs so that the Vp/Vs ratio 

and the crustal thickness can be determined (Zhu, 1993; Zandt et al., 1995; Zandt and 

Ammon, 1995).  In these equations the layer thickness is calculated based on the 

predicted timing of 2 different phases (PpPs and PpSs+PsPs).  These times are divided 

by the the up going ray velocities before interaction with receiver while the ray 

parameters are subtracted out.  The denominators end up as 1/s*v-1, while the 

numerators are in s.  This gives the predicted thickness for these phases from the Moho 

to the station.  

Stacking of RFs increases signal-to-noise ratio, while reducing lateral variation in 

the Moho around the station as long as a large azimuthal distribution of events are 

obtained.  Using a single event can produce an anomaly based on the incoming angle. 

An undulation or fault within the crust may cause mis-timing in peaks and troughs in the 

seismogram.  Using multiple events with different BAZ will suppress these 

discrepancies, and the stacking of these events will better represent the average 

structure beneath the station.  

Zhu and Kanamori (2000) developed an algorithm that uses stacked receiver 

functions and outputs crustal thicknesses and Vp/Vs ratios using the following equation:

                (4)           

κ represents Vp/Vs, r(t) are the receiver functions where t1, t2, and t3 represent the 

predicted arrival times for Ps, PpPs, and PpSs+PsPs, and ωi are weighting factors with 
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Σ ωi = 1.  Weights of w1 = 0.7, w2 = 0.2, and w3 = 0.1 were used in the stacking to 

balance the effects from each phase with w1 > w2 + w3. The Ps phase is weighted most 

because it has the highest signal-to-noise ratio and is, therefore, more reliable than the 

last two phases.  The Vp/Vs ratio is a ratio of P-wave velocity divided by the S-wave 

velocity through a given medium.  Vp/Vs ratios higher than 1.8 are expected for mafic 

rocks and Williston Basin strata, ratios lower than 1.8 are indicative of felsic-rich rocks 

(Holbrook et al., 1992; Brauer et al., 2007).  Multiple predicted times are used for t1, t2, 

and t3 until a maximum is reached for s(H,κ).  These predicted times correspond to the 3 

phases mentioned above and represent the largest amplitudes on the seismogram for 

those times.  That maximum value of s represents H and κ for that station.  Advantages 

of this method include the ability to process large amounts of data relatively quickly, and 

arrival times are estimated, eliminating the need to pick phases for each individual 

seismogram.
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Figure 2-1.  Receiver function example.  Resulting seismogram shown at the top with 
only P-to-S converted waves after the initial P-wave arrival.  The bottom 
diagram represents multiple reflected phases from a single layer model 
corresponding to the seismogram above (modified from Ammon et al., 1990).
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CHAPTER 3
METHODS

3.1 Data Collection

The United States National Seismograph Network (USNSN) currently has six 

permanent broadband stations in Montana.  During the time of this study, the 

EarthScope transportable array was setup in this region; however, the information was 

not available when data processing began, limiting the project to the six aforementioned 

stations.  Approximately thirty-five seismic events were chosen based on limiting 

characteristics.  RF computation requires that the event has a magnitude of 6.0 or 

higher to ensure a high signal-to-noise ratio (Table 3-1).  To sample the mantle without 

sampling too deep (i.e., the core) or too shallow, events must have an angular distance 

of 35-90° from each station.  Event numbers were limited based on the date in which 

each station became active (1999-2006) and matching with the aforementioned criteria. 

Data collection took place between June and July 2008 from Incorporated Research 

Institutions for Seismology Data Management Center (www.iris.edu), free-of-charge.

3.2 Filtering

Each event was analyzed using the seismic analysis code (SAC).  The analysis 

includes removing the mean and trend from the seismograms to eliminate any 

extraneous effects (high frequency noise, earth tides, and/or diurnal temperature 

fluctuations).  I tapered the individual seismograms using a cosine function, which sets 

the first and last points to zero using a monotonically varying function between zero and 

one, and I bandpass filtered, which enhances signal-to-noise ratio by eliminating 

frequencies outside of the pertinent 0.01-0.1 Hz range.  Teleseismic signals generally 

have a frequency inside this range while noise outside this range is eliminated.  I cut the 
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resulting seismograms to 5 seconds before the initial P wave arrival and 55 seconds 

after, ensuring that conversions from crustal and upper mantle structure were retained 

in the seismograms for all reasonable seismic velocities.  I rotated the east and north 

components to the radial and transverse, BAZ (Back Azimuth), with the radial 

component parallel to the BAZ and the transverse perpendicular to this direction.  

3.3 Receiver Function and Moho Depth Determination

Ray parameters were calculated for each event/station based on the following 

equations.

                                                 (1)

where                                  (2)

and                                     (3)

p is the ray parameter and cx is the apparent horizontal velocity.  V is the seismic 

velocity for the ray and i is the incidence angle.  Vo, k and z are the seismic velocity at 

the surface, a constant and the source depth respectively (Stein and Wysession, 2002).

I then applied the iterative deconvolution method, as described in 2.2.  Using the 

radial RFs it is almost always possible to determine the depth of the Moho at each 

station, since the P-to-S conversion at the Moho is typically very strong.  The 

conversion is strong due to the impedance contrast between the two media, with the 

impedance being defined by the velocity and density changes between the media. The 

larger the changes in these two properties, the larger the impedance contrast (Stein and 
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Wysession, 2002).  By using multiple P-to-S converted phases and stacking the RFs 

(described in 2.3), ambiguity in the Vp/Vs ratio is greatly reduced.    

Multiple BAZ for various events at a single station will diminish lateral variability in 

the crust beneath each station, providing a more accurate depth.  Clusters for the 35 

events were grouped in the Aleutian Islands, Japan, Northern Chile, the Caribbean, and 

a few along the Mid-Atlantic Ridge (Table 3-1).  Event BAZ for each station can be 

found on the receiver function figures corresponding to that station.  Applying the 

algorithm developed by Zhu and Kanamori (2000) gives a best estimation for H and  κ. 
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Table 3-1.  Events listed by date, Julian day (last two digits of the year followed by the 
day starting from 001 on January first), location, depth and magnitude.

Date Julian Day Latitude Longitude Depth (km) Mw

11/15/2004 04320 -5.4300 -77.5100 15.00 7.1

09/26/2005 05269 -5.6800 -76.4000 115.00 7.5

10/15/2005 05288 46.8200 154.1100 42.80 6.1

04/20/2006 06110 60.9500 167.0900 22.00 7.6

04/29/2006 06119 60.4900 167.5200 11.00 6.6

05/22/2006 06142 60.7700 165.7400 16.50 6.6

10/15/2006 06288 19.8800 -155.9400 38.90 6.7

11/15/2006 06319 46.5900 153.2700 10.00 8.3

01/13/2007 07013 46.2400 154.5200 10.00 7.9

02/04/2007 07035 19.3700 -78.5200 10.00 6.2

02/12/2007 07043 35.8000 -10.3300 10.00 5.9

02/14/2007 07045 -29.5900 -112.0500 10.00 5.9

04/05/2007 07095 37.3100 -24.6200 14.00 6.2

04/29/2007 07119 52.0100 -179.9700 117.00 6.2

07/03/2007 07184 0.7200 -30.2700 10.00 6.1

07/16/2007 07197 37.5400 138.4500 12.00 6.5

07/16/2007 07197 36.8100 134.8500 350.40 6.8

07/21/2007 07202 -22.1500 -65.7800 289.50 6.3

11/14/2007 07318 -22.2500 -69.8900 40.00 7.7

11/16/2007 07320 -2.3100 -77.8400 122.90 6.7

12/09/2007 07343 -26.0000 -177.5100 152.50 7.7

12/16/2007 07350 -22.9500 -70.1800 45.00 6.7

12/19/2007 07353 51.3600 -179.5200 29.40 7.0

02/08/2008 08039 10.6700 -41.9000 9.00 6.9

03/24/2008 08084 -20.0400 -68.9600 120.00 6.2

04/15/2008 08106 51.8500 -179.3600 10.00 6.4

04/16/2008 08107 51.8800 -179.1700 13.00 6.6

05/02/2008 08123 51.8600 -177.5300 14.00 6.6

05/09/2008 08130 12.5200 143.1800 76.00 6.7

05/12/2008 08133 31.0000 103.3200 19.00 7.9

05/20/2008 08141 51.1600 178.7600 27.00 6.3

05/23/2008 08144 7.2600 -34.8800 10.00 6.4

05/29/2008 08150 64.0000 -21.0100 10.00 6.2

06/22/2008 08174 67.6700 141.4100 12.60 5.9

07/05/2008 08187 53.8900 153.0300 605.40 7.5
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CHAPTER 4
RESULTS

4.1 BOZ (Bozeman, Montana)

BOZ is located on the northwest corner of the WC, just south of the GFTZ (Figure 

1-3).  The station is situated in the basin and range extensional region of the Northern 

Rocky Mountain Belt and has been active in the USNSN since 1999.  Of the ~35 events 

that met the criteria mentioned in 3.1, 18 were deemed suitable (handpicked with strong 

signal-to-noise ratios) for RF processing.  The resulting RFs are shown in Figures 4-1 

through 4-3 with the stacked RF in Figure 4-4.  Maximum values for equation 2.3.4 give 

a crustal thickness of 42.5 km and a Vp/Vs ratio of 1.95.  Figure 4-5 shows the stacking 

results with warmer colors (yellow to orange) representing maximum values for s(H,κ). 

Table 4-1 has station locations (latitude and longitude), number of events, crustal 

thicknesses, and Vp/Vs ratios for this station and the following.  

4.2 DGMT (Dagmar, Montana)

DGMT is located just northeast of the WC in the Williston Phanerozoic sediments 

of the Trans-Hudson orogen (Figure 1-3).  The station has been active since 2004 and 

is situated on the Williston Basin.  21 events, from a wide azimuthal distribution, were 

used to create the RF stack.  The resulting RFs and RF stack are shown in Figures 4-6 

through 4-9.  Crustal thickness for this station is estimated to be 40 km while the Vp/Vs 

ratio is 1.66.  

4.3 EGMT (Eagleton, Montana)

The station is located at the transition between the Northern Rocky Mountains and 

the Williston Basin and has been active since 2005.  This transtional zone, along with 

tectonic history, has resulted in multiple outputs for H and κ.  I looked at two different 
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azimuthal distributions of events based on similarity of RF outputs.  Four RFs were used 

with BAZ of NNW and NE (Figures 4-11and 4-12) as well as five RFs with BAZ to the 

WNW (Figures 4-13 and 4-14).  The first set has outputs of H = 52 and κ = 1.94, while 

the second has H = 29.5 and κ = 1.59 (Figures 4-15 and 4-16).

4.4 LAO (LASA Array, Montana)

The LASA Array station is located on the western edge of the Williston basin, 

above the WC (Figure 1-3).  The station has been active since 2004 in the USNSN and 

21 usable RFs were computed (Figures 4-17 through 4-20).  The RF stack for this 

station is shown in Figure 4-20.  Calculations for crustal thickness and Vp/Vs ratios give 

38 km and 1.62, respectively (Figure 4-21).

4.5 MSO (Missoula, Montana)

MSO is located within the Selway basement, to the west of the GFTZ (Figure 1-3). 

Similar to BOZ, the Missoula station is situated in the center of the Northern Rocky 

Mountain Belt.  It has been active in the USNSN since 2002.  9 events met the criteria 

from 3.1 and had strong signal-to-noise ratios.  The resulting RFs are shown in Figures 

4-22 and the RF stack is shown in Figure 4-23.  Maximum values for s(H,κ) give a 

crustal thickness of 45.5 km and a Vp/Vs ratio of 1.97 (Figure 4-24).

4.6 RLMT (Red Lodge, Montana)

RLMT produced low amplitude radial RFs with high amplitude transverse RFs, 

indicative of complicated structure (i.e., dipping layers of varying orientation) beneath 

the station (Figures 4-25 through 4-27).  RLMT is located in an intermountain basin, NE 

of the Yellowstone Hotspot (Figure 1-3).  Moho depths would be difficult to investigate at 
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this location due to low amplitudes of the radial RFs and therefore we will not 

investigate this station further.
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Figure 4-1.  Six RFs for BOZ.  X-axis is time (s), starting at 0 with the initial P-wave arrival, while the Y-axis is ground 
displacement.  Julian Days and BAZ for the events are as follows: 1. 08150, 34.85; 2. 07043, 56.78; 3. 07095, 
63.79; 4. 07184, 95.67; 5. 04320, 133.52; 6. 07320, 138.12.
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Figure 4-2.  Six RFs for BOZ.  Station X-axis is time (s), starting at 0 with the initial P-wave arrival, while the Y-axis is 
ground displacement.  Julian Days and BAZ for the events are as follows: 7. 07318, 140.81; 8. 07343, 235.33; 
9. 07353, 303.07; 10. 08123, 303.16; 11. 07119, 304.09; 12. 0713, 307.86.
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Figure 4-3.  Six RFs for BOZ.  X-axis is time (s), starting at 0 with the initial P-wave arrival, while the Y-axis is ground 
displacement.  Julian Days and BAZ for the events are as follows: 13. 05288, 308.58; 14. 07197, 309.62; 15. 
07197, 311.31; 16. 08187, 315.73; 17. 06142, 319.32; 18. 08133, 330.26.
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Figure 4-4.  Radial and transverse RF stacks for BOZ.  The radial stack includes the previous 18 receiver functions from 
4-1 through 4-3.  
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Figure 4-5.  Stacking results for BOZ using the s(H,κ) equation described in 2.3.  The 
star represents the values of crustal thickness and Vp/Vs ratio that maximize 
the equation.  H = 42.5 km, κ = 1.95.
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Table 4-1. Location of seismometers, number of events used for each stack and 
resulting crustal thicknesses and Vp/Vs ratios.

Station Latitude (N) Longitude (E) Elevation (m) No. H, km Vp/Vs
BOZ 45.65 -111.63 1590 18 42.5 1.95
DGMT 48.47 -104.20 650 21 40.0 1.66
EGMT 48.02 -109.75 1060 4 52.0 1.94
EGMT 48.02 -109.75 1060 5 29.5 1.59
LAO 46.69 -106.22 900 21 38.0 1.62
MSO 46.83 -113.94 1260 9 45.5 1.97
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Figure 4-6.  Seven RFs for DGMT.  X-axis is time (s), starting at 0 with the initial P-wave arrival, while the Y-axis is ground 
displacement.  Julian Days and BAZ for the events are as follows: 1. 08150, 38.09; 2. 07043, 62.15; 3. 07095, 
69.45; 4. 07184, 101.66; 5. 04320, 143.75; 6. 05269, 147.29; 7. 07320, 147.45.
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Figure 4-7.  Seven RFs for DGMT.  X-axis is time (s), starting at 0 with the initial P-wave arrival, while the Y-axis is ground 
displacement.  Julian Days and BAZ for the events are as follows: 8. 07318, 147.57; 9. 07343, 240.74; 10. 
06288, 254.14; 11. 08123, 303.24; 12. 07353, 303.40; 13. 07119, 304.37; 14. 07013, 310.46.
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Figure 4-8.  Seven RFs for DGMT.  X-axis is time (s), starting at 0 with the initial P-wave arrival, while the Y-axis is ground 
displacement.  Julian Days and BAZ for the events are as follows: 15. 06319, 311.41; 16. 07197, 313.77; 17. 
07197, 315.69; 18. 08187, 317.69; 19. 06110, 319.57; 20. 08175, 334.60; 21. 08133, 336.43.
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Figure 4-9.  Radial and transverse RF stacks for DGMT.  The radial stack includes the previous 21 receiver functions from 
4-6 through 4-8.  
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Figure 4-10.  Stacking results for DGMT using the s(H,κ) equation described in 2.3. 
The star represents the values of crustal thickness and Vp/Vs ratio that 
maximize the equation.  H = 40 km, κ = 1.66.
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Figure 4-11.  Four radial RFs for EGMT.  X-axis is time (s), starting at 0 with the initial P-wave arrival, while the Y-axis is 
ground displacement.  Julian Days and BAZ for the events are as follows: 1. 08150, 36.50; 2. 07043, 58.59; 3. 
07095, 65.92; 4. 08133, 331.89.
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Figure 4-12.  Radial and transverse RF stacks for EGMT.  The radial stack includes the previous 4 receiver functions from 
4-11.  
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Figure 4-13.  Five RF functions for EGMT.  X-axis is time (s), starting at 0 with the initial P-wave arrival, while the Y-axis is 
ground displacement.  Julian Days and BAZ for the events are as follows: 1. 08123, 301.57; 2. 07013, 307.74; 
3. 06319, 308.69; 4. 07197, 312.12; 5. 08187, 315.43.
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Figure 4-14.  Radial and transverse RF stacks for EGMT.  The radial stack includes the previous 5 receiver functions from 
4-13.  
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Figure 4-15.  Stacking results for EGMT using the s(H,κ) equation described in 2.3. 
The star represents the values of crustal thickness and Vp/Vs ratio that 
maximize the equation.  This particular model for EGMT used 4 events with 
BAZ from the NE and NNW.  H = 52 km, κ = 1.94.
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Figure 4-16.  Stacking results for EGMT using the s(H,κ) equation described in 2.3. 
The star represents the values of crustal thickness and Vp/Vs ratio that 
maximize the equation.  This particular model for EGMT used 5 events with 
BAZ from the WNW.  H = 29.5 km, κ = 1.59.
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Figure 4-17.  Seven RFs for LAO.  X-axis is time (s), starting at 0 with the initial P-wave arrival, while the Y-axis is ground 
displacement.  Julian Days and BAZ for the events are as follows: 1. 08150, 36.61; 2. 07043, 60.29; 3. 07095, 
67.23; 4. 07184, 99.79; 5. 04320, 140.36; 6. 07320, 144.47; 7. 05269, 144.50.
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Figure 4-18.  Seven RFs for LAO.  X-axis is time (s), starting at 0 with the initial P-wave arrival, while the Y-axis is ground 
displacement.  Julian Days and BAZ for the events are as follows: 8. 07318, 145.56; 9. 06288, 253.79; 10. 
08123, 303.98; 11. 07119, 305.01; 12. 07013, 310.09; 13. 05288, 310.79; 14. 06319, 311.01.

57



Figure 4-19.  Seven RFs for LAO.  Station X-axis is time (s), starting at 0 with the initial P-wave arrival, while the Y-axis is 
ground displacement.  Julian Days and BAZ for the events are as follows: 15. 07197, 312.76; 16. 07197, 
314.58; 17. 08187, 317.51; 18. 06119, 319.32; 19. 06110, 319.99; 20. 06142, 320.14; 21. 08133, 334.67.
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Figure 4-20.  Radial and transverse RF stacks for LAO.  The radial stack includes the previous 21 receiver functions from 
4-17 through 4-19.  
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Figure 4-21.  Stacking results for LAO using the s(H,κ) equation described in 2.3.  The 
star represents the values of crustal thickness and Vp/Vs ratio that maximize 
the equation.  H = 38 km, κ = 1.62.

60



Figure 4-22.  Nine RFs for MSO.  Station X-axis is time (s), starting at 0 with the initial P-wave arrival, while the Y-axis is 
ground displacement.  Julian Days and BAZ for the events are as follows: 1. 07043, 55.70; 2. 07095, 62.93; 3. 
07184, 94.12; 4. 07119, 302.31; 5. 05288, 306.94; 6. 08187, 314.27; 7. 06119, 317.26; 8. 06110, 317.97; 9. 
06142, 318.05.
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Figure 4-23.  Radial and transverse RF stacks for MSO.  The radial stack includes the previous 9 receiver functions from 
4-22.  
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Figure 4-24.  Stacking results for MSO using the s(H,κ) equation described in 2.3.  The 
star represents the values of crustal thickness and Vp/Vs ratio that maximize 
the equation.  H = 45.5 km, κ = 1.97.
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Figure 4-25.  Eight radial RFs for RLMT.  X-axis is time (s), starting at 0 with the initial P-wave arrival, while the Y-axis is 
ground displacement.
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Figure 4-26.  Eight radial RFs for RLMT.  X-axis is time (s), starting at 0 with the initial P-wave arrival, while the Y-axis is 
ground displacement.
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Figure 4-27.  Radial and transverse RFs stacks for RLMT.  The radial stack is comprised of the previous 16 RFs in Figure 
4-25 and 4-26.  The amplitude is diminished due to the lack of coherence in the individual RFs.  The large 
negative amplitude in the transverse RF is indicative of a complex structure, likely a dipping layer or non 
horizontal Moho.  
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CHAPTER 5
DISCUSSION

5.1 Basin vs. Range

BOZ, MSO, DGMT, and LAO can be grouped into two distinctive groups.  DGMT 

and LAO both exhibit scattered initial P-wave arrivals followed by strong negative 

amplitudes before the Ps arrival, have Vp/Vs ratios less than 1.7, and have crustal 

thicknesses of 40 km or less (Figures 4-9 and 4-20; Table 4-1).  BOZ and MSO have 

strong P arrivals, a shorter time delay between P and Ps, lack the strong negative 

amplitude, display Vp/Vs ratios higher than 1.9, and have Moho depths greater than 40 

km (Figures 4-4 and 4-23; Table 4-1).  DGMT and LAO are located in the Williston 

Basin and BOZ and MSO are situated in the Northern Rocky Mountain belt (Figure 1-3). 

The distinction and differences between the two sets are not coincidences and can be 

attributed to their locations.  

The anomalous initial P arrivals and negative amplitude associated with LAO and 

DGMT can be attributed to the basin sediments beneath each station.  The velocity 

contrast between the Precambrian rock of the Trans-Husdson Orogen and the 

sediments of the Williston Basin explain the negative anomaly as well as the scattered 

P arrivals. Reverberations and various P-to-S conversions at the basin bottom (Baird et 

al., 1995) could cause multiple phases to arrive 1-2 seconds apart (Assumpção et al., 

2002).  

The basin stations are estimated to have thinner crust compared to that of the 

mountains due to the lack of crustal roots.  Evidence for this comes from the North 

American gravity map showing large negative anomalies beneath the Northern Rockies 

and fading to the east into the basin (Tanner et al., 1988).  However, these crustal 
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thickness values are not much lower than the Rocky Mountain stations.  This is most 

likely a result of the amount of infill that has taken place since the Cambrian, when the 

basin began to subside (Leighton and Kolata, 1990).  The crustal thicknesses for these 

stations are similar to a previous project done north of the US border that produced a 

value of 42 km (Baird et al., 1995).  This COCRUST (Consortium for Crustal 

Reconnaissance Using Seismic Techniques) project used wide-angle reflection-

refraction data to image the crust-mantle boundary.  

5.2 EGMT

The Eagleton station represents an oddity in the study.  Two different outputs, 

based on BAZ, display characteristics of both the aforementioned basin and mountain 

stations.  The first stack, Figure 4-15, displays a thick crust with a high Vp/Vs ratio, 

similar to the mountain stations (BOZ, MSO).  The second set for EGMT results in a 

thinner crust with a lower Vp/Vs ratio, closer to that of DGMT and LAO.  EGMT is 

situated on the border of the GFTZ with the MHB.  The GFTZ is a poorly understood 

structure sandwiched between the MHB and WC.  It is likely a suture point for these two 

Archean cratons and thus has a complex structure including folds, faults and dipping 

layers (Mueller et al., 2002).  Incoming P-to-S conversions are likely affected by these 

high strained structures producing variable RFs depending on the BAZ (NE-NNW or 

WNW).   Figure 5-1 provides an example of the structure beneath EGMT.  To the north 

of the station where shot spacing and resolution are better, layers are folded and there 

is a step-down in the Moho and LCL. These various features are all plausible 

explanations for the two different EGMT outputs.  
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5.3 Vp/Vs

Holbrook et al. (1992) computed Vp/Vs ratios for multiple crystalline basement 

compositions.  Their results show higher Vp/Vs ratios for mafic rocks (>1.8), and lower 

ratios for felsic rocks (< 1.8).  If we assume that the entire Wyoming craton is 

represented by a single crystalline layer, then we can only attribute the changing Vp/Vs 

ratios to the basin cover; however, the Williston Basin strata should have a higher Vp/Vs 

ratio according to Brauer et al. (2007). The Vp/Vs ratio for such sediments should be > 2 

in most cases.  With such low κ values, (~1.65) it is more likely that these basin stations 

are dominated by a silica-rich crystalline basement that is relatively unaffected by the 

2000-3500 m thick Williston Basin strata.  

If this is the case, then why do BOZ and MSO have such high κ values? 

Gorman et al. (2002) proposed a LCL with relatively fast P-wave velocities and 

attributed this to a mafic magmatic underplating event. Using the two xenoliths from 

Ross (2002), Gorman et al. (2002) postulated the emplacement to have taken place 

during the Proterozoic.   Adopting this hypothesis, it would be reasonable to assume an 

underplating event occurred beneath MSO and BOZ.  This idea is based on work by 

Tomlinson et al. (2006), that shows increased Vp/Vs ratios for underplating events. 

Based on this, I do not believe the LCL extends to the east beneath DGMT and LAO. 

The structures beneath RLMT and EGMT are too complicated to say with confidence 

whether or not the LCL exists at these locations.

5.4 Previous Publications

The Crust 2.0 model and Earthscope Automated Receiver Survey (EARS) have 

estimated crustal thickness for the seismic sites in this survey.  The Crust 2.0 model 
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used 360 1-D seismic profiles and assigned each to a 2 x 2 degree (latitude and 

longitude) cell using surface wave tomography.  Each depth profile includes 7 layers: 

ice, water, soft sediments, hard sediments, upper crust, middle crust, and lower crust. 

Vp, Vs and density are assigned for each layer (Basin et al., 2000).  The EARS used 

similar techniques to this study, but due to the fact that it was automated, erroneous 

data sets may have been included within the processing.  These errors include data 

gaps and low signal-to-noise ratios.  The automated survey also included events greater 

than 90° from the station and magnitudes less than 6 (Crotwell and Owens, 2005).  

The results for these studies vary; however, some are similar to the results of this 

project.  Results for BOZ are as follows: Thesis – 42.5 km, Crust 2.0 – 43 km, EARS – 

35 km.  DGMT: Thesis – 40 km, Crust 2.0 – 48 km, EARS – 47 km.  EGMT: Thesis – 52 

and 29.5 km, Core 2.0 – 48 km, EARS – 39 km.  LAO: Thesis – 38 km, Core 2.0 – 48 

km, EARS – 43 km.  MSO: Thesis – 45.5 km, Core 2.0 – 38 km, EARS – 50 km (Basin 

et al., 2000; Crotwell and Owens 2005).  The stations located in the Northern Rocky belt 

(BOZ and MSO) generally agree with the Core 2.0 study, while the basin stations are 

more similar to those of the EARS study.  One possible connection with the basin 

stations and EARS is the fundamental idea behind radial RFs.  Radial RFs are used to 

image horizontal layers and undulations, similar to those on the Canadian side of the 

Deep Probe-SAREX experiments, may produce multiple radial RF responses and 

ultimately different resulting values for crustal thicknesses.   

A COCORP seismic reflection study by Latham et al. (1988) traversed north-

central to north-eastern Montana and can be compared with results from DGMT and 

EGMT.  In north-central Montana, seismic reflections cease at ~15 secs two-way travel 
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time (TWTT), equivalent to a ~48 km depth for the Moho.  The reflection results vary 

depending on arrival direction to the receiver, similar to our results for EGMT.  A crustal 

thickness of 48 km compares well with the 52 km result we obtained for EGMT1.  In 

north-eastern Montana the reflection results indicate the crust to be 39-45 km thick, 

similar to the 40 km crustal thickness we derive beneath DGMT.  Latham et al. (1988) 

also saw evidence for a high velocity layer beneath this region; however, the velocities 

peak around 7.1 km/sec and are not as high as the 7.5 or higher velocities associated 

with the Deep Probe-SAREX line.  Discrepancies within the velocity models of the two 

studies account for the different maximum velocities.

Sheriff and Stickney (1984) collected seismic refraction data from two open pit 

mine blasts in 1982.  The receiver line extended 250 km NE-SW between Butte, 

Montana and Challis, Idaho with a station spacing of ~25 km.  This line lies between 

stations BOZ and MSO, and, nominally, the refraction results can be compared with our 

results at those stations. However, the average crustal thickness found for the refraction 

study was ~33 km, with little variation along the line, assuming an average P velocity of 

5.9 km/sec, and neglecting obvious crustal heterogeneities along the section profile. 

Clearly, this refraction line traverses a heterogeneous crust unlikely to be unvarying in 

thickness.  It is similarly unlikely that the crustal heterogeneities can be safely neglected 

in a reflection study, even if station spacing is very wide, as in the Sheriff and Stickney 

(1984) study, and finally, the crustal P wave velocity assumed by the authors is more 

than 0.5 km/sec slower than the average for continental crust, so we consider these 

results suspect.  A higher – more appropriate – mean crustal P wave velocity in the 

refraction modeling would increase the estimate of crustal thickness, leading to a Moho 
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depth more consistent with my RF results of 42.5-45.5 km for BOZ and MSO. 

Furthermore, if the LCL does underlie the area around BOZ and MSO, the refraction 

study could very well have imaged the top of the LCL rather than the crust-mantle 

transition, which lies at similar depths beneath the Deep Probe-SAREX line further east.
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Figure 5-1. Location of EGMT along the Deep Probe-SAREX interpretation.  A number 
of prominent features to the north, including massive folds, are likely the 
reason for the discrepancy in H values (modified from Gorman et al., 2002).
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CHAPTER 6
CONCLUSIONS

 Henstock et al. (1998) identified a fast LCL within the MHB, GFTZ, and WC and 

Gorman et al. (2002) interpreted it as a mafic layer due to a magmatic underplating 

event.  Recent literature on Laurentia formation has begun to move away from the 

“stable Archean craton” train-of-thought and towards ideas of altering these thick crustal 

packages. Proterozoic underplating, including the presence of a LCL, could support this 

current thought process.  

My study in this area has determined that a Proterozoic underplating event is 

plausible and a LCL could exist beneath some of the stations in this study.  This 

interpretation depends on accepting the hypothesis of Ross (2002) that a single crustal 

thickening event occurred during the Proterozoic and minimal, if any, thickening 

occurred during the Sevier orogeny, Laramide orogeny, or other subsequent magmatic 

events.  This hypothesis is derived from the interpreted xenoliths by Ross (2002), the 

lack of apparent structure of the LCL compared to the overlying cratons and terranes, 

and the postulated extend of this feature beneath multiple amalgamation territories. 

Seismic stations BOZ and MSO display thick crusts, 42.5 and 45.5 km,  with high (> 1.9) 

Vp/Vs ratios.  These stations therefore sit on continental crust with high Vp/Vs ratios 

consistent with a predominantly mafic crust (Holbrook et al., 1992).  DGMT and LAO 

have low Vp/Vs ratios (< 1.7) typical of granitic (or felsic) continental crust. The Williston 

Basin sediments play little into these determinations, although they are clearly seen in 

the P-to-Ps phases of the seismograms (Holbrook et al., 1992; Tomlinson et al., 2006; 

Brauer et al., 2007).
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Interpretation of the EGMT and RLMT RFs and structure is challenging because 

the RFs are complicated, probably due to the many significant Phanerozoic tectonic 

events that have affected crustal structure beneath RLMT, and potentially similar 

complicated structure at depth in the GFTZ beneath EGMT.  RFs at EGMT are clearly 

different depending on event BAZ.  Structure derived from one group of RFs is similar to 

that of BOZ and MSO, whereas the other group yields a lower Vp/Vs ratio and a thinner 

crust, closer to those at DGMT and LAO.  The difference between the two results is 

likely caused by the variable BAZ groupings coupled with the suture zone location of the 

station.  RLMT produced highly variable radial RFs with a strong peak in the transverse 

RFs (Figures 4-25 through 4-27).  This is indicative of a dipping converter, although this 

structure does not appear in the interpretation by Gorman et al. (2002; Figure 1-1); it 

may exist but is not visible due to the poor resolution and large shot spacing on the US 

side of the survey.

The results of this study compare well with those of previous studies.  The EARS 

results for DGMT and LAO are similar to my findings for crustal thickness and both 

projects involved RF estimations.  Although BOZ and MSO are matched well with the 

CORE2.0 study, there is a fundamental difference between the Rocky Mountain and 

basin stations.  The region in which BOZ and MSO are situated is much more complex 

due to a diverse tectonic history than the region for DGMT and LAO.  Radial RF 

estimations are better suited for subhorizontal layers, making DGMT and LAO ideal for 

this type of study.
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