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The Trans-Hudson Orogen (THO) in the north central United States represents a major suturing event 
between the Wyoming and Superior Archean provinces. It is bounded to the south by the NE–SW striking 
Yavapai province, which was accreted along the southeastern margin of North America between 1.71 and 
1.68 Ga and was one of a series of major collisional events responsible for the assembly of Laurentia. 
In this study, PdS teleseismic receiver functions were used to investigate the deep crustal structure 
associated with these collisions. Using data from over 800 broadband seismic stations distributed 
throughout the Great Plains/Midcontinent region, we calculated 0.5 Hz receiver functions using 245 M >

6.0 teleseismic events. The receiver functions were then CCP (common conversion point) stacked to 
create a 3D image volume. Profiles through this image volume show evidence of crustal scale thrusting 
of the Wyoming province in the west over the Superior province in the east and a relic subduction zone 
associated with the Yavapai–Superior boundary. We also performed a density analysis of the region using 
relative amplitude of the 2p1s and 0p1s receiver function phases from 233 stations. These data indicate a 
relatively low Moho density contrast throughout the THO and northern Yavapai Province associated with 
a region of thickened crust (>50 km), which we interpret to be evidence of a dense lower crustal layer 
that is the result of mafic underplating.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The Trans-Hudson Orogen (THO) is a Paleoproterozoic colli-
sional belt that extends from the Hudson Bay through the Cana-
dian provinces of Manitoba and Saskatchewan and south into 
the U.S. through western Montana and North and South Dakota 
(Fig. 1a). This orogen developed during the formation of the North 
American cratonic core between 2.0 and 1.8 Ga by a series of 
plate collisions between Archean continents (Whitmeyer and Karl-
strom, 2007). The Trans-Hudson Orogen contains juvenile Paleo-
proterozoic terranes caught within these collisions as well as the 
reworked Archean margins of the Superior, Hearne, and Wyoming 
provinces, which bound the THO to the east, northwest, and south-
west respectively. The Trans-Hudson Orogen is bounded to the 
south by the Yavapai Province primarily comprised of juvenile 
arc crust, which was accreted along the southeastern margin of 
North America between 1.71 and 1.68 Ga (Whitmeyer and Karl-
strom, 2007). This accretion event, known as the Yavapai Orogeny, 
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was one in a series of accretion events that progressively built 
the North American continent to the southeast between 1.84 and 
0.95 Ga (Hoffman, 1988; Whitmeyer and Karlstrom, 2007).

The THO, comparable to the modern Himalayas in scale
(Whitmeyer and Karlstrom, 2007), was an integral part of the tec-
tonic evolution of North America. The modern lithospheric struc-
ture of this region, largely unaffected by subsequent tectonism, 
provides insight into the formation of a stable craton as well 
as Proterozoic plate tectonics. For these reasons, the Canadian 
Trans-Hudson Orogen was extensively studied during the Litho-
probe program, which consisted of numerous seismic reflection 
and wide-angle seismic surveys (Hajnal et al., 1997; Nemeth and 
Hajnal, 1998; Corrigan et al., 2005; Nemeth et al., 2005; White 
et al., 2005). The U.S. component of the orogen, however, has 
not received as much attention, in part due to the lack of base-
ment exposure within the U.S. where outcrops are restricted to 
the Black Hills (Dahl et al., 1999). Latham et al. (1988), Klasner 
and King (1990), Nelson et al. (1993) and Baird et al. (1996)
have all discussed results from a series of COCORP seismic re-
flection profiles crossing the Trans-Hudson Orogen just south of 
the U.S.–Canada border. Recent and more extensive investigations 
of this region, however, do not exist. There have been, however, 
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Fig. 1. a) Geologic map showing the distribution of geologic terranes associated with the formation of the North American continent. The black square indicates the focused 
study region; the white bold line marks the location of the Lithoprobe profile across the Trans-Hudson Orogen. b) Topography and station distribution map showing the 
location of all broadband stations for which receiver functions were calculated.
numerous studies to the west of the U.S. Trans-Hudson Orogen in-
cluding the COCORP, Deep Probe, and CD-ROM experiments, which 
reveal visible subduction zone scars across the WY–Proterozoic 
boundary (Cheyenne Belt) (Yuan and Dueker, 2005), an indis-
tinct Moho west of the Trans-Hudson Orogen (Allmendinger, 1982; 
Brown et al., 1983; Braile, 1989; Nelson et al., 1993; Baird et 
al., 1996), possibly resulting from a gradational phase change 
(Smithson, 1989), and a high velocity lower crustal layer within 
the Wyoming province, which may be the result of Proterozoic un-
derplating and metamorphism of the Archean crust (Braile, 1989;
Clowes et al., 2002; Gorman et al., 2002; Snelson et al., 2005;
Karlstrom et al., 2005).

Using data from the USArray Transportable Array, we present a 
PdS receiver function analysis of the crustal structure throughout 
the central U.S. including the southern extension of the Trans-
Hudson Orogen and the Proterozoic accreted terranes to the south. 
At 70 km station spacing this network does not provide complete 
coverage of the Moho, as PdS Fresnel zones (∼10–20 km) do not 
overlap at Moho depths, but is nonetheless a good opportunity to 
image the deep crustal structure associated with continental sutur-
ing processes.

2. Geologic setting

The northern Trans-Hudson Orogen is a suture between the 
Archean Hearne Province and the Archean Superior Province, 
which collided after the closure of the intervening Manikewan 
Ocean (Hammer et al., 2010). Ocean closure began ∼1.92 Ga and 
the resulting subduction initiated the formation of island arc and 
ophiolite complexes within the ocean basin, which were accreted 
onto the Hearne passive margin by both west and east dipping 
subduction processes (Corrigan et al., 2005). By ∼1.835 Ga the 
northward moving Sask craton, a much smaller Archean continent, 
collided with the Hearne craton and the accreted terranes along 
its margin (Hammer et al., 2010). The advancement of the Supe-
rior craton to the east closed the remaining ocean basin and the 
terminal collision between the Hearne craton, the Superior craton, 
and the accreted terranes in between was complete by 1.65 Ga 
(Corrigan et al., 2005; Hammer et al., 2010).

The southern Trans-Hudson Orogen is a suture between the 
Archean Wyoming Province and the Superior Province. This col-
lision began ∼1.77–1.715 Ga, 50–60 Myr after the northern col-
lision (Dahl et al., 1999). Unlike in the northern extension of the 
Trans-Hudson Orogen, there is little isotopic evidence for early Pro-
terozoic juvenile volcanic terranes within the southern segment, as 
drill core information suggests a crust dominated by Archean age 
granulitic material (Baird et al., 1996). Some terrains in the south-
ern portion, however, do resemble those in the north, including 
the reworked Archean margins (Klasner and King, 1990). Addi-
tionally, some studies have suggested the presence of an Archean 
micro-continent, similar to the Sask craton found in the northern 
segment (Klasner and King, 1990; Baird et al., 1996).

Following the formation of the Trans-Hudson Orogen, the North 
American craton, Laurentia, continued to grow through a series 
of accretion events occurring between ∼1.8 and .95 Ga along 
the southeastern margin, forming the north-east trending Yava-
pai, Mazatzal, Granite-Rhyolite, and Grenville provinces. Both the 
Yavapai and Mazatzal accretion events were accompanied by the 
intrusion of granitoids, which served to “stitch” these terranes to 
the older crust to the north (Whitmeyer and Karlstrom, 2007). 
Additionally, there was a major magmatic phase ∼1.4 Ga, which
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Keller et al. (2005) suggest resulted in the thickening of the crust 
to ∼45 km through the production of a mafic restite layer.

3. Data and methods

3.1. Data

The USArray Transportable Array is a regular grid of tempo-
rary broadband seismic stations being deployed across the United 
States with ∼70 km station spacing. Beginning in 2004, ∼400 sta-
tions were installed along the west coast. With a residence time 
of ∼2 yr, these stations were gradually moved west to east across 
the United States, and by 2013 have covered the entire contigu-
ous United States. For this study, we collected data from ∼800 
broadband seismic stations located within the Great Plains and 
Midcontinent region between −110◦ and −90◦ longitude (Fig. 1b). 
The majority of these stations were a part of the USArray TA de-
ployment. However, we supplemented this dataset with data from 
four other networks in the region: the US permanent network, the 
New Madrid seismic network, the Oklahoma seismic network, and 
the Indiana University seismic network. We calculated PdS receiver 
functions for 245 magnitude greater than 6.0 events located be-
tween 30◦ and 90◦ from each station. We also analyzed Bouguer 
gravity data from the study region. These data were collected from 
the Gravity Database of the U.S. operated by the Pan-American 
Center for Earth and Environmental Studies (PACES).

3.2. Methods

3.2.1. Receiver functions and CCP stacking
A receiver function (RF) is a time series computed from a three-

component seismogram, with arrivals corresponding to P-wave to 
S-wave (PdS) conversions generated by discontinuities in the earth 
beneath a station. It is an approximation of the S wave Green’s 
function resulting from S conversions from an incident teleseis-
mic P wave (Bostock, 2004; Rondenay, 2009). The positive am-
plitude arrivals correspond to an increase in seismic impedance 
with depth (e.g., Moho) and negative amplitudes correspond to 
a decrease in seismic impedance with depth (e.g., lithosphere–
asthenosphere boundary, LAB) (Langston, 1979; Ammon, 1991). 
This earth structure response can be isolated from the source and 
instrument response on a seismogram by deconvolving the vertical 
component from the horizontal component (radial and tangential). 
In this study, PdS RFs were calculated using both water-level fre-
quency domain deconvolution (Burdick and Langston, 1977) and 
time-domain iterative deconvolution (Ligorría and Ammon, 1999). 
We show results from the Water Level method, which uses a sim-
ple division of the radial component by the vertical component in 
the frequency domain. However, noise can cause this division to 
become unstable when the vertical component spectrum reaches 
very small values. The Water Level method employs a type of sta-
bilizing regularization in order to perform the division. A Gaussian 
filter is also used to control the width of the pulse and the high 
corner frequency of the resulting RF (Ammon, 1991).

We calculated receiver functions with a high corner frequency 
of 0.5 Hz assuming an average lower crustal Vs of ∼4 km/s and 
a vertical resolution of ∼0.25λ, this allows for the resolution of 
vertical structure at the ∼2 km scale. Note here that the Moho 
depth is defined as the midpoint depth corresponding to a bound-
ary layer with a steep velocity gradient. The resolution is meant to 
be the uncertainties in our estimates of this depth rather than the 
resolvability on the thickness of the boundary layer, known as the 
sharpness of the interface.

All receiver functions were visually inspected and those with 
a low signal to noise ratio or otherwise flawed by dead traces 
or noise spikes were removed. In total, we were left with 41,737 
high quality receiver functions, with an average of ∼50 traces 
for each station. The common conversion point stacking technique 
(Dueker and Sheehan, 1997) was then applied to the data using 
the depth conversion and lateral migration as outlined in Levander 
and Miller (2012). Using this method a 3-D image volume, spaced 
0.25◦ ×0.25◦ laterally and 1 km vertically, was created and conver-
sion horizons were picked directly from this volume. The receiver 
functions were converted to depth and repositioned into the 3D 
space where converted phases were sorted into CCP bins at each 
depth interval and subsequently summed. The depth conversion 
was performed using the IASP91 1-D velocity model modified with 
the Crust2.0 model at shallow depths (Bassin et al., 2000). Am-
plitudes were weighted and spread across the first Fresnel zone 
around each conversion point as described by Levander and Miller
(2012). With station spacing of ∼70 km, the Fresnel zones at the 
crustal depths considered in this study (∼15–75 km) did not nec-
essarily overlap. Therefore, in order to create continuous CCP pro-
file images, the final stacked volume was further smoothed using 
a 2D Gaussian weighting filter.

3.2.2. Density analysis
Receiver functions are commonly used to determine Moho 

depth from the P to S converted phase, which is most often the 
dominant phase on a PdS receiver function. Crustal reverberations, 
however, can be combined with the P to S converted phase to 
better constrain Moho depth and Vp/Vs ratio (Zhu and Kanamori, 
2000), as well as the density contrast associated with the crust-
mantle boundary (Niu and James, 2002). In principle, the density 
contrast across the Moho can be estimated from the amplitudes 
of the Moho conversion and the reverberated phases. We employ 
the technique described by Niu and James (2002) to determine 
the relative density contrast at the Moho for stations distributed 
throughout the entire Great Plains/Midcontinent region. Receiver 
functions at each station were stacked using an n-th root stacking 
method with n = 2 (Muirhead and Datt, 1976). Depending on the 
Moho depth, the depth to other discontinuities beneath a station, 
and the signal to noise ratio, the reverberated phases may not 
always be easily identified on a receiver function. We, therefore, 
analyzed the receiver function stacks for each station, eliminating 
those with a poor signal to noise ratio and those without a clear 
2p1s reverberated phase. We then calculated the ratio of the 2p1s 
reverberated phase amplitude and the 0p1s Moho amplitude at 
233 stations where a clear 2p1s phase is observed. Niu and James
(2002) applied this technique to high quality receiver-function 
data of a dense broadband array to constrain the absolute lower 
crustal density. While the study area of Niu and James (2002) has 
a very flat, sharp Moho the region discussed in this study is highly 
variable. Additionally, this region is not covered by such a dense 
broadband array as that discussed in Niu and James (2002). We 
thus decide not to invert Moho density contrast from the observed 
2p1s/0p1s amplitude ratio. Instead, we use the 2p1s/0p1s ampli-
tude ratio as a proxy for Moho density contrast and use its lateral 
variation to characterize the lower crustal density of subset regions 
throughout the study area.

3.2.3. Gravity modeling
Deep crustal and lithospheric density variations cause gravity 

anomalies with long to intermediate wavelengths: ∼500 km for 
lithospheric mantle thickness and density variations, and greater 
than ∼250 km for Moho depth and lower crustal density variations 
(Watts and Daly, 1981; Tiwari et al., 2013). Wavelength filtered 
gravity data can, therefore, provide valuable information about 
deep crustal and lithospheric structure. Additionally, the spectrum 
of potential field data has been used in previous studies to deter-
mine the source depth of gravity and magnetic anomalies (Fedi et 
al., 1997; Bilim, 2007; Tiwari et al., 2013). A spectral analysis of 
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Fig. 2. Map showing Moho depth (km). The bold white lines show the locations of 
profiles shown in Figs. 3 and 4. The thin black lines represent the terrane bound-
aries as shown in Fig. 1. The black dashed line outlines the region discussed in 
Section 4.

the Bouguer gravity data in the Great Plains/Midcontinent study 
region reveals the deepest source depth to be ∼140 km, roughly 
coincident with lithosphere–asthenosphere boundary depth esti-
mates from surface wave tomography results in the same region 
(Margolis, 2014). This source depth corresponds to a cut off gravity 
wave number of ∼.0025 km−1 and wavelength of ∼400 km. We 
filtered the Bouguer gravity data with a lowpass filter, resulting in 
gravity anomalies with wavelengths of ∼310 km that can be at-
tributed to lower crust and uppermost mantle density and crustal 
thickness variations. We then used the GM-SYS Gravity/Magnetic 
Modeling Software to construct a 2D forward model of the filtered 
gravity data along a W–E profile across the Trans-Hudson Orogen 
at 47◦N. We determined a 2D model to be sufficient for this study 
as most of the variation in the RF signals of interest occurs in the 
EW direction. The feature of interest is very consistent in the N–S 
direction, extending from ∼45◦ to 49◦N (∼450 km).

4. Receiver function observations

After generating a 3D CCP image volume, the Moho depth was 
determined by averaging picks on latitude and longitude profiles 
throughout the region. The average Moho depth for the entire 
Great Plains/Midcontinent region is ∼45 km. The Moho depth map 
in Fig. 2, however, shows a much thicker crust (up to ∼55 km) be-
neath the Trans-Hudson Orogen and northern Yavapai boundary 
east of the Rocky Mountains. The area outlined by the dashed line 
in Fig. 2 represents a region where the Moho appears to shallow 
abruptly towards the east from ∼50 km to ∼30 km depth over 
∼150 km distance. This abrupt shallowing of the Moho seems ge-
ologically unrealistic for a stable continental region that has not 
undergone tectonic deformation since the Precambrian. However, 
a clear Moho signal below 30 km cannot be identified in the 
receiver functions. This region also coincides with high Rayleigh 
wave phase velocities (20–25 s, Ge Jin, http :/ /www.ldeo .columbia .
edu /~ge .jin /projects /USarray.html) and high shear wave velocities 
determined from both Rayleigh wave and ambient noise tomog-
raphy. These studies indicate positive Vs anomalies of ∼3–6% at 
20–100 km depth (Margolis, 2014; Pollitz and Mooney, 2014), el-
evated Vs within the crust at ∼30–32 km depth, and Vs as high 
as 4.5 km/s at 38–40 km depth (Ryan Porter, personal communi-
cation).

4.1. Trans-Hudson Orogen

In order to determine the structure associated with the tran-
sition from the Trans-Hudson Orogen and the bounding Archean 
provinces, we examined latitude CCP profiles roughly perpendicu-
lar to the strike of the orogen. Fig. 3 shows two of these profiles 
at 48.75◦ and 47◦N. In the northern profile (Fig. 3a) we see a 
strong positive (red) event at ∼37–41 km depth beneath the west-
ern Trans-Hudson Orogen. This Moho event is shallower than that 
seen on average throughout the Great Plains. However, it is con-
sistent with both the COCORP seismic profile (Baird et al., 1996)
and Pds and SdP receiver functions (Keenan et al., 2012), which 
show a relatively shallow Moho (∼40 km) in this same region. 
This Moho event deepens to ∼50 km beneath the central part of 
Trans-Hudson Orogen. Beginning at ∼102◦W, we observe a second 
strong positive event within the crust, extending from ∼102◦ to 
∼98◦W and dipping east to west from ∼25 km depth to ∼50 km 
depth where it merges with the Moho signal. The deeper, Moho 
event is observed east of 101◦W at ∼48–50 km depth beneath the 
Superior Province.

In order to verify whether the shallow positive event is truly 
associated with a P to S conversion characterized by a negative 
slowness, we computed the vespagram analysis for the shallow 
event by stacking the receiver functions along linear moveouts cor-
responding to a range of slownesses (e.g., Niu, 2014). We vary 
the slowness between −0.02 and 0.04 s/deg with an increment 
of 0.001 s/deg, which results in a total of 61 stacked receiver 
functions. The shallow event shows a slightly negative slowness 
(Fig. 3b), suggesting that it is likely a P to S converted phase.

Fig. 3c shows a CCP profile at latitude 47◦N. Here we see a 
single positive event throughout the entire profile. This signal dras-
tically decreases in depth in the center of the profile between 102◦
to 99◦W where we observe the dipping event in the northern pro-
file, suggesting that the two features are likely of the same origin. 
The vespagram analysis, on the other hand, shows that this event 
has a positive slowness (Fig. 3d), which is better explained by a 
reverberation phase from a shallow, horizontally lying structure. 
Since the event shown in Fig. 3c (black rectangle) is not perfectly 
horizontal, it is still possible that the anomalous slowness observed 
here is caused by the dipping.

4.2. Northern Yavapai boundary

We also examined the crustal structure associated with the 
boundary between the Yavapai province and the bounding Archean 
provinces to the north. Fig. 4 shows two diagonal profiles perpen-
dicular to this boundary. In the first profile, oriented NE–SW, we 
see a strong Moho signal at ∼45 km depth to the northeast (Event 
A, Fig. 4a). This signal shallows to the southwest to ∼33 km depth 
in the central portion of the profile where we see two additional 
strong positive events, one shallow between ∼18 and 31 km depth 
dipping to the southwest (Event B, Fig. 4a), and one deep between 
∼50 and 60 km depth dipping to the northeast (Event C, Fig. 4a). 
All of these signals are featured by a slightly negative slowness 
(Fig. 4c), although the slowness is slightly larger than the theo-
retical values, which are indicated by purple horizontal arrows in 
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Fig. 3. Profiles through the CCP image volume showing crustal scale thrusting feature across the Trans-Hudson Orogen at 48.75◦N (a) and 47◦N (c). The blue lines indicate 
topography along each profile, the black lines indicate the Bouguer gravity anomaly along each profile, and the red triangles indicate stations with a low Moho density 
contrast as shown on the Moho map. (b) and (d) show the vespagrams of receiver functions binned at the locations shown by the black squares in each profile. These 
locations correspond to the receiver function event of interest discussed in the text. In each vespagram, the amplitude of the stacked receiver functions is plotted in color 
contour as a function of slowness and arrival time relative to the direct P arrival. Hotter color clusters represent greater energy and represent possible phase arrivals. 
Amplitude is normalized by the targeted later arrival, whose arrival time is indicated by the two vertical arrows. The white and purple horizontal arrows show the calculated 
relative slowness of a reverberation and a P-to-S converted phase with the same arrival time, respectively. (For interpretation of the references to color in this figure, the 
reader is referred to the web version of this article.)
Fig. 4c. Thus we tend to interpret them as the P to S converted 
phases instead of shallow multiples. In the southwestern portion 
of the profile we again see one positive Moho signal at ∼43 km 
depth (Event D, Fig. 4a).

We see a very similar structure in the second profile ori-
ented NW–SE. There is a strong shallow signal in the northwest 
at ∼30 km depth (Event A, Fig. 4b). Again, in the central portion 
of the profile we see multiple positive events between ∼15 and 
60 km depth (Events B and C, Fig. 4b) and a single Moho event in 
the southeast at ∼40 km depth (Event D, Fig. 4b).

5. Discussion

5.1. WY–Superior suture zone

We obtain crustal depth estimates ranging from ∼47–55 km 
beneath the Trans-Hudson Orogen. These estimates are slightly 
deeper than those based on COCORP reflection data by Baird et 
al. (1996) who propose a crustal model across the Trans-Hudson 
Orogen with Moho depths extending from ∼42 to 50 km depth. 
However, the deeper Moho depth estimates of this study are con-
sistent with those from previous studies of the northern portion of 
the Trans-Hudson orogen. Hajnal et al. (1984), for example, report 
crustal thicknesses greater than 50 km from COCRUST refraction 
profiles just north of the U.S.–Canada border across the Willis-
ton Basin and Trans-Hudson Orogen. Results from the Lithoprobe 
project also indicate Moho depths greater than 50 km beneath the 
western portion of the Trans-Hudson Orogen (White et al., 2005;
Hammer et al., 2010).

We interpret the dipping crustal events, seen in Fig. 3 as evi-
dence of crustal scale overthrusting. Previous Lithoprobe and CO-
CORP studies (Nelson et al., 1993; Baird et al., 1996; White et al., 
2005; Hammer et al., 2010) also suggest crustal thrusting at the 
same scale. The Lithoprobe results to the north indicate an antifor-
mal crustal culmination cored by the Sask micro-continent with 
strong reflections dipping beneath both bounding Archean cratons 
(Lewry et al., 1994). Nelson et al. (1993) and Baird et al. (1996)
present similar results from a COCORP seismic reflection transect 
just south of the U.S.–Canada border. In this study, we observe 
strong, dipping signals in the crust consistent with thrusting of the 
Wyoming craton in the west over the Superior craton in the east.

It is likely that the strong, dipping crustal events represent 
the decollement or suture zone between the Superior craton and 
the overriding Wyoming craton. We suggest that this structure 
is analogous to the Kapuskasing uplift in the central Superior 
province. Thought to be a result of Trans-Hudson orogen compres-
sion, this structure consists of mid- to lower crustal rocks that 
have been brought to the surface (Percival and McGrath, 1986; 
Clowes et al., 1992; Cook and Varsek, 1994). Another analogous 
location may be in the Athabasca terrane to the north, in the west-
ern Churchill province of central Canada, where the lower crust 
of the Rae domain was thrust above the middle crustal rocks of 
the Hearne domain during the early stages of the Trans-Hudson 
Orogeny (Williams and Hanmer, 2006; Dummond et al., 2008).

5.2. Relict Yavapai subduction

We interpret the deep, positive event in Fig. 4 to be evi-
dence of a relic subduction zone. This signal extends from Moho 
depth to >60 km and dips from south to north. This is indica-
tive of north directed subduction of the Yavapai Province be-
neath the Superior Craton. We suggest that the deep positive 
event seen in Fig. 4 is analogous to a “Type III reflection pat-
tern near the Moho” described by Cook (2002) as “reflections that 
can be traced from the lower crust to beneath the reflection Mo-
ho”. A similar mantle signal can be seen in numerous studies, 
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Fig. 4. NE–SW (a) and NW–SE (b) diagonal profiles through the CCP image volume showing evidence of relic subduction associated with Yavapai accretion. The dashed line 
indicates where obduction of the upper crust may have occurred and the dotted line indicates deep, subcrustal event that may be evidence of relic subduction and structural 
underplating of oceanic crust. The bold letters indicate the events discussed in Section 4.2 of the text. (c) Vespagram analysis for each of these events shown in (a) suggests 
that they are likely P to S converted phases, as they have a slightly negative slowness relative to the direct P arrival, although the slowness is slightly larger than the 
theoretical values (purple horizontal arrows). Each vespagram is plotted similarly as Fig. 3c.
including the seismic reflection profiles of the Abitibi–Grenville 
segment of the Lithoprobe project, which crosses the Grenville 
front at the Kapuskasing structural zone (Calvert et al., 1995;
Cook et al., 1999, 2010). Yuan and Dueker (2005) also present ev-
idence for a high velocity, north dipping, ancient slab preserved 
beneath the Cheyenne belt along the southern boundary of the 
Wyoming Province. We suggest that this north directed Yavapai 
subduction zone was preserved as oceanic crust underthrust the 
Superior province and became partially eclogitized as described 
by Cook et al. (1999). The shallow positive arrival may be in-
dicative of a crocodile structure where separation of the upper 
and lower crust occurs when the upper layer is obducted (Event 
B, Fig. 4) and the lower layer is subducted (Event C, Fig. 4) as 
seen in previous studies of oceanic arcs (Lizarralde et al., 2002;
Nakanishi et al., 2009; Thybo and Artemieva, 2013). The island 
arc accretionary processes described in these studies appear to 
extend over large distances and are perhaps analogous to the ac-
cretion of island arc terranes during the closing of the Manikewan 
Ocean.
5.3. Gravity modeling and mafic underplating

Fig. 5 shows the results of the forward modeling of the long-
intermediate wavelength filtered Bouguer gravity data where we 
assume an asthenospheric density of 3.25 g/cm3 and a lithospheric 
mantle density of 3.30 g/cm3. The lithosphere–asthenosphere 
boundary was taken from surface wave tomography results
(Margolis, 2014). We are able to model the observed Bouguer 
gravity data (RMS Error = 0.276) using a lower crustal density 
of 2.95 g/cm3 throughout the profile and a layer of 3.1 g/cm3

below the shallow positive event in the central and eastern 
portion of the profile. The absence of a consistent positive sig-
nal at the base of this layer, suggests that the density increase 
throughout the layer is gradational in nature. Also shown on this 
profile, directly above the dense layer, are the locations of two 
stations for which a relatively low Moho density contrast value 
was measured using the 2p1s/0p1s amplitude ratio. The gravity 
modeled dense layer, low Moho density contrast, and the seem-
ingly transparent lower crust occur in the same region where 
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Fig. 5. Filtered Bouguer gravity anomaly and CCP profiles between 0 and 75 km depth. Along with density model used to forward model the intermediate (∼300 km) 
wavelength Bouguer anomaly. The red dots indicate observed data and the black line indicates the forward modeled gravity anomaly. LAB depth taken from Margolis (2014). 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
anomalously high S-wave velocities were found with ambient 
noise tomography (Ryan Porter, personal communication), pro-
viding compelling evidence for mafic underplating in this region. 
Thybo and Artemieva (2013) discuss similar crustal structures seen 
at other Precambrian suture zones including the tectonic bound-
ary between the Hearne and Wyoming provinces, imaged in the 
Lithoprobe seismic refraction profile SAREX (Clowes et al., 2002;
Gorman et al., 2002), and the boundary in the Baltic Shield be-
tween the Archean Karelian craton and the adjacent Proterozoic 
mobile belt. In both cases, dense, high velocity lower crustal lay-
ers have been attributed to Proterozoic magmatic underplating, 
which produced a dense lower crust consisting of a mixture of 
mafic granulites, pyroxenites, and eclogites (Kuusisto et al., 2006; 
Thybo and Artemieva, 2013). This is consistent with Durrheim and 
Mooney (1991, 1994) who find that Proterozoic crust (∼40–55 km 
thick) is generally thicker than Archean crust (∼27–40 km thick) 
and contains a much thicker high-velocity (>7.0 km/s) lower 
crustal layer, which they attribute to basaltic underplating facili-
tated by a decline in mantle temperatures in the Proterozoic.

5.4. Preservation of a dense lower crust

We calculated the 2p1s/0p1s amplitude ratio at 233 stations 
distributed throughout the study region (Fig. 6) and found an av-
erage ratio of .45. As described by Niu and James (2002), the 
0p1s amplitude is almost solely determined by the Moho S-wave 
velocity contrast, while the 2p1s amplitude is sensitive to the 
Moho contrast of both the S velocity and density. Therefore the 
2p1s/0p1s amplitude ratio serves as a proxy for Moho density con-
trast. We thus use these ratios to assess the relative Moho density 
contrast between various tectonic and geologic terranes through-
out the region. In the Rocky Mountains we calculate an average 
ratio of .48, although we observe highly variable ratios throughout. 
This is consistent with a recently deformed region where crustal 
structure is highly variable over short distances. We calculate a 
similar average value of .46 in the Mazatzal and Granite–Rhyolite 
provinces, which have been relatively stable and undeformed since 
the Paleozoic. In the Rio Grande Rift, we observe a high average 
moho density contrast of .64, consistent with significant crustal 
thinning that has occurred in this region where a dense, high ve-
locity lower crustal layer does not exist (Sinno et al., 1986). In con-
trast, we observe a relatively low ratio in the Yavapai province (.39) 
and an even lower ratio in the Archean terranes (.34). Additionally, 
we calculated the average 2p1s/0p1s amplitude ratio within the 
region of thickened crust shown in the Moho map (Fig. 2) and out-
lined in Fig. 6. Within this region we observe the lowest average 
ratio of .31, indicating a low density contrast at the Moho.

We, therefore, suggest the presence of a dense lower crustal 
layer throughout the Trans-Hudson region and the Yavapai province 
directly to the south. This layer may be the result of structural un-
derplating and/or mafic underplating as described by Cook et al.
(2010). The profiles in Fig. 4 suggest structural underplating as-
sociated with Yavapai accretion. In this case, subducted oceanic 
crust may have been emplaced below the continental crust during 
subduction and may have subsequently undergone partial eclogiti-
zation (Cook et al., 2010). However, it is also likely that magmatic 
underplating played a role in the formation of the dense lower 
crustal layer in the THO–Yavapai region. Accretion of the Pro-
terozoic terranes along the southeastern margin of Laurentia was 
accompanied by plutonism and voluminous intrusion of granitoids 
(Whitmeyer and Karlstrom, 2007), which may have resulted in the 
emplacement of dense high-velocity basaltic intrusions into the 
crust as described by Keller et al. (2005). The relative abundance 
of this dense phase and the degree of eclogitization, however, may 
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Fig. 6. (a) Map showing the stations used for the Moho density contrast calculation and the regions for which average ratios were calculated. RM = Rocky Mountains, RGR 
= Rio Grand Rift, GR = Granite–Rhyolite. (b) Table showing the 2p1s/0p1s amplitude ratio calculated for each region. (c) Synthetic receiver functions calculated for four 
separate velocity models with varying density contrast across the Moho. This figure shows the increased amplitude of the multiple phases corresponding to a higher density 
contrast across the Moho.
be variable throughout the region. We suggest the area with rela-
tively thin crust to the east of the Trans-Hudson orogen underwent 
more complete eclogitization in order to account for the high shear 
wave velocities as well as the “unrealistic shallowing of the Mo-
ho”, two characteristics which Mjelde et al. (2013) and Thybo and 
Artemieva (2013) present as evidence for the presence of mafic 
underplating and eclogitization. The 2p1s/0p1s amplitude ratios 
suggest mafic underplating over a large region including much of 
the Williston Basin, both the Wyoming and Superior Archean ter-
ranes, and a portion of the Yavapai province. We speculate that 
the widespread emplacement of such a dense lower crustal layer 
along with tectonic quiescence since the Precambrian played a role 
in the stabilization of this portion of the craton.

6. Conclusions

The Trans-Hudson orogen in the north central United States 
formed during a major suturing event between the Wyoming and 
Superior Archean provinces, and was one of the major collisional 
events responsible for the assembly of Laurentia. Receiver func-
tion CCP profiles show evidence of crustal scale thrusting of the 
Wyoming province in the west over the Superior province in the 
east. The THO is bounded to the south by the Yavapai province 
which was accreted to the southern boundary of the Archean 
provinces ∼1.7 Ga. Profiles perpendicular to the strike of this 
boundary show evidence of structural underplating of what we 
interpret as oceanic crust, i.e. a frozen subduction zone. We also 
present evidence from receiver functions and gravity data suggest-
ing the presence of a dense lower crustal layer throughout the 
Trans-Hudson region and Yavapai province. Density analysis us-
ing the relative amplitude of the 2p1s and 0p1s receiver function 
phases indicates a relatively low Moho density contrast through-
out this area with respect to the surrounding Great Plains, Rocky 
Mountains, and Rio Grand Rift regions. These data suggest mafic 
underplating and the formation of a dense lower crust throughout 
the region, which may have contributed to the stabilization of this 
portion of the craton.
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