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ABSTRACT
The ca. 1 Ga Grenville orogeny was a protracted mountain-building event that culminated 

in the collision of Laurentia and Amazonia and the formation of the Rodinia supercontinent. 
While the expression of Grenville orogenesis in present-day crustal structure has been exten-
sively investigated in eastern Canada, evidence for contemporaneous crustal deformation is 
less well established beneath the eastern United States. Furthermore, the interpretation of a 
geophysical lineament through the U.S. midcontinent, typically inferred to be the Grenville 
deformation front, has recently been called into question; an alternative hypothesis is that 
this feature actually corresponds to an eastern arm of the Midcontinent Rift. Here we present 
P-to-S receiver functions computed for stations of the Mid-Atlantic Geophysical Integrative 
Collaboration (MAGIC) experiment, a dense array of broadband seismometers across the 
central Appalachians and midcontinent. We see evidence for a crustal negative velocity gradi-
ent that dips gently (dip angle <10°) to the southeast and extends east from a location near the 
putative Grenville front, terminating near the Appalachian Mountains. While we cannot date 
this feature, its location and characteristics are consistent with a shallowly dipping, seismically 
anisotropic intracrustal shear zone associated with collisional deformation, perhaps during 
Grenville orogenesis. The similarity between this feature and similar mid-crustal detachments 
in other orogens, both ancient (Appalachians) and modern (Himalayas), suggests that this 
style of crustal deformation has been common in continental collisional orogens.

INTRODUCTION
Central and eastern North America exhibits 

extraordinarily complex geologic and tectonic 
structures, reflecting the influence of multiple 
processes. In particular, this region has been 
affected by two complete cycles of superconti-
nent assembly and breakup, encompassing the 
formation and dispersal of the Rodinia and Pan-
gea supercontinents (e.g., Nance et al., 2014). 
The ca. 1 Ga Grenville orogeny was associated 
with continent-continent collision during the 
formation of Rodinia (e.g., Rivers, 1997) and 
closely followed several other important tec-
tonic events that affected Laurentia, including 
that which formed the Midcontinent Rift. The 
Midcontinent Rift, which formed at ca. 1.1 Ga 
within Laurentia, consists of buried sedimen-
tary and igneous rocks that find expression in 

geophysical data (e.g., Stein et al., 2015), includ-
ing Bouguer gravity anomalies (Fig. 1).

Processes associated with Grenville orogen-
esis have been thoroughly studied, particularly 
in southern Canada, where units of the Grenville 
province are exposed at the surface and exten-
sive imaging of the crust was accomplished 
during the LITHOPROBE project (http:// 
lithoprobe .eos .ubc .ca/; for a review, see Riv-
ers et al. [2012]). Considerably less is known 
about the architecture of the Grenville province, 
and processes associated with Grenville orogen-
esis, beneath the eastern United States. There 
is, in particular, vigorous debate about the exis-
tence, location, and nature of the Grenville front 
beneath this region (e.g., Stein et al., 2018). 
The front, considered to be the westward extent 
of Grenvillian deformation (e.g., Whitmeyer 
and Karlstrom, 2007), is a mapped boundary in 
eastern Canada (Fig. 1). Its assumed extension 
would lie under Paleozoic cover beneath the 
eastern United States (e.g., Rivers et al., 2012), 

so its location is typically inferred based on the 
character of gravity and magnetic anomalies. 
The Grenville front is thought to represent a 
reverse-sense shear zone (or set of shear zones), 
the location of which may have been controlled 
by preexisting structures (Rivers et al., 2012). 
Studies of the Grenville front across the United 
States-Canada border (the Great Lakes Inter-
national Multidisciplinary Program on Crustal 
Evolution [GLIMPCE] project; Green et al., 
1988; White et al., 2000; Fig. 1) using active-
source imaging have interpreted the front as a 
southeast-dipping, crustal-scale ductile shear 
zone, shallowing into a regional mid-crustal 
décollement at a depth of ~25–30 km (White 
et al., 2000). In this interpretation, the Gren-
ville front and the nearby Allochthon Boundary 
thrust, a major shear zone internal to the oro-
gen, accommodated northwest-directed crustal 
shortening and shearing during Grenville oro-
genesis (White et al., 2000; Rivers et al., 2012). 
To the south of the GLIMPCE line, data col-
lected as part of the Consortium for Continen-
tal Reflection Profiling (COCORP, http:// www 
.geo .cornell .edu /geology /cocorp /COCORP 
.html) effort (Fig. 1) indicate the presence of 
eastward-dipping reflectors; westward-dipping 
reflectors located to the east were interpreted 
as evidence for a doubly vergent orogen (Pratt 
et al., 1989; Culotta et al., 1990). Recently, 
Stein et al. (2018) argued that the Grenville 
front should be erased from the map in the 
eastern United States, partially on the grounds 
that seismic reflection data near the presumed 
front express markedly different geometries 
than the southeast-dipping, layered structures 
documented beneath the front in Canada. Stein 
et al. (2018) proposed that the gravity and mag-
netic anomalies that have been previously inter-
preted as part of the Grenville front beneath the 
midcontinent (Fig. 1) instead correspond to an 
eastern arm of the Midcontinent Rift.
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Tectonic interpretations of Grenville-aged 
processes beneath the eastern United States, and 
their relationships with older Laurentian structures 
such as those of the Midcontinent Rift, have been 
hampered by a paucity of seismic data capable of 
resolving crustal-scale structures. With the advent 
of the EarthScope USArray (http:// www .usarray 
.org) data set in eastern North America, additional 
data are now available, and broadband seismic 
deployments of the EarthScope USArray Flexible 
Array are enabling high-resolution crustal imag-
ing and constraints on aspects of past tectonic 
processes that cannot be completely understood 
with geologic data alone. To highlight one recent 
example, Hopper et al. (2017) used data from the 
Southeastern Suture of the Appalachian Margin 
Experiment (SESAME, http:// www .usarray .org 
/researchers /obs /flexible /deployments /sesame/) 
deployment in the southeastern United States to 
identify the Alleghanian Suwannee suture as a 
low-angle dipping interface that transitions into 
a flat-lying mid-crustal detachment, helping to 
distinguish among competing models for the last 
phases of Appalachian orogenesis. The recent 
deployment of the Mid-Atlantic Geophysical Inte-
grative Collaboration (MAGIC, http:// www .tcnj 
.edu /~magic /MAGIC /Home .html) experiment 
(Aragon et al., 2017; Fig. 1) across the central 
Appalachians and into the midcontinent affords 
a similar opportunity to investigate deep crustal 
structure in the context of models for the Grenville 
orogeny and the Midcontinent Rift event.

COMPLEX CRUSTAL STRUCTURE 
ACROSS THE MAGIC ARRAY

We carried out P-to-S receiver function 
analysis beneath the MAGIC seismic transect to 
construct images of the crust beneath the array 
(Fig. 2). MAGIC crosses a number of important 

features (Fig. 2A), including the putative Gren-
ville front, the Rome Trough (a Cambrian rift 
structure formed due to the breakup of Rodinia), 
and the Appalachian Mountains. The details 
of the data used and our methodology can be 
found in the GSA Data Repository1. The single-
station receiver function stacks, plotted as a func-
tion of distance along the transect in Figure 2C, 
indicate complex crustal structures beneath the 
MAGIC array. The Moho is visible as a strong 
positive (red in Fig. 2) pulse with a depth varying 
between ~32 km and ~58 km, with the thickest 
crust located ~200 km from the western end of 
the transect; thick crust is also found beneath the 
Appalachian Mountains. In contrast, relatively 
thinner crust is found beneath the eastern end 
of the profile and beneath the Rome Trough, 
~420–480 km from the western end. Detailed 
investigations of crustal thickness and its implica-
tions for density and isostasy beneath the central 
Appalachians will be presented elsewhere, but 
the considerable variations in Moho depth sug-
gest variability in crustal density along the profile.

Other than those associated with the Moho, 
the most prominent arrivals on the single-station 
stacks are a series of negative (blue in Fig. 2) 
arrivals, indicating a sharp decrease in veloc-
ity with depth, visible in the western half of 
the transect. The moveout of these arrivals (see 
the Data Repository) suggests that they are pri-
mary conversions and do not result from mul-
tiple reflections within shallower layers. The 
apparent depth of the sharp velocity contrast is 
~10 km or less near the western end of the array, 

and it gradually deepens to ~30 km beneath the 
array midpoint. The lateral continuity of this fea-
ture is lost beneath the Appalachian Mountains 
(Fig. 2C). The complex character of arrivals in 
the receiver function stacks beneath the Appa-
lachian Mountains is consistent with significant 
intracrustal layering, which may obscure the 
structure in this region.

The prominent mid-crustal feature is also 
visi ble on the common conversion point stack 
(Fig. 2E), where it manifests as a prominent neg-
ative (blue) interface that is continuous along 
the profile and can be traced from the western 
portion of the image ~400 km to the east. The 
feature extends nearly horizontally at a depth of 
~10 km from a distance of ~100 km from the 
western end of the MAGIC profile to a point 
~200 km along it. Further to the east, it dips 
to the southeast, deepening from ~10 km to 
~30 km over a distance of ~200 km (apparent 
dip angle of ~6°), then transitions to a nearly 
horizontal interface at a depth of ~30 km. The 
flat portion of the interface here lies just to the 
west of the relatively high topography of the 
Appalachian Mountains, and the mid- to upper 
crust in this region exhibits significant complex-
ity, with a series of prominent flat-lying positive 
and negative interfaces at depths between ~10 
and 30 km.

In order to test hypothetical structures that 
could yield the receiver function patterns visible 
in Figure 2, we carried out forward modeling of 
our data, described in detail in the Data Repos-
itory. Based on this modeling, and following 
the interpretation of Hopper et al. (2017) for a 
similar feature observed beneath the southern 
Appalachians, our preferred model invokes an 
anisotropic shear zone (20% seismic velocity 
anisotropy) with a slow axis of symmetry ori-
ented perpendicular to the shear zone. A posi-
tive (red) pulse visible just above the prominent 
negative (blue) pulse at stations in the central 
part of the array (Fig. 2) may correspond to the 
top of the shear zone (see synthetics in Fig. DR8 
in the Data Repository). We acknowledge that 
there are other models that could explain our 
observations, including those that invoke the 
presence of an isotropic layer with a different 
seismic velocity in the mid-crust; these are dis-
cussed in detail in the Data Repository.

We compare the geometry of the mid-crustal 
negative velocity gradient imaged beneath the 
MAGIC array with previous imaging studies 
using active-source COCORP data (Pratt et al., 
1989; Culotta et al., 1990; Baranoski et al., 
2009; Fig. 1). Culotta et al. (1990) identified 
mid-crustal reflectors beneath the western por-
tion of our array that dip steeply to the east at 
dip angles of ~25°–30°, along with westward-
dipping reflectors further to the east. The view 
of intracrustal structure afforded by the passive-
source MAGIC array is considerably different; 
instead of steeply dipping interfaces suggesting 

Figure 1. Bouguer anomaly map 
of the central and eastern United 
States, from the World Gravity Map 
(WGM2012) global gravity grid (http:// 
bgi .omp .obs -mip .fr /data -products 
/Grids -and -models /wgm2012; Bon-
valot et al., 2012) upward continued 
to 40 km, following Stein et al. (2014). 
Shaded regions (adapted from Stein 
et al., 2014) show particularly large 
gravity anomalies, including those 
that delineate the Midcontinent Rift. 
The Grenville front (GF) is shown 
as solid line where it is mapped in 
Canada and as a dashed line where it 
has been traditionally inferred (trad.) 
in the United States (Stein et al., 
2014). Light-gray lines show state 
boundaries. Mid-Atlantic Geophysi-
cal Integrative Collaboration (MAGIC, 
http:// www .tcnj .edu /~magic /MAGIC 
/Home .html) station locations are 
shown with stars. Thick gray lines 
show Consortium for Continental 
Reflection Profiling (COCORP-OH, 
http:// www .geo .cornell .edu /geology /cocorp /COCORP .html) and Great Lakes International Multi-
disciplinary Program on Crustal Evolution (GLIMPCE) seismic lines.

1GSA Data Repository item 2019127, data and 
methodological details, and supplementary figures and 
table, is available online at http:// www .geosociety .org 
/datarepository /2019/, or on request from editing@ 
geosociety .org.
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a doubly vergent geometry, we image a gently 
southeastward-dipping interface that extends to 
the east, past the coverage of the COCORP lines. 
The geometry of our mid-crustal interface is, 
however, generally similar to the geometry of the 
inferred Grenville front tectonic zone–Alloch-
thon Boundary thrust, as inferred from imaging 
beneath the GLIMPCE line (White et al., 2000), 
~400 km to the north of our study region. In both 
cases, there is evidence for a dipping interface 
that transitions into a nearly horizontal mid-
crustal feature, although the apparent dip of the 
interface beneath MAGIC is considerably shal-
lower at its western end than the corresponding 
feature beneath the GLIMPCE line. This may 
reflect differences in the ability of active- versus 
passive-source imaging techniques to character-
ize structure in the shallow (<10 km) portions of 
the crust. Specifically, a combination of differ-
ences in the experiment geometries (and thus 
resolution) and different frequency content of the 
waves may explain the discrepancies.

IMPLICATIONS FOR THE GRENVILLE 
FRONT DEBATE

Given the position and geometry of the mid-
crustal negative velocity gradient imaged beneath 
the MAGIC line, our preferred interpretation is 
that this feature corresponds to the main defor-
mation front of the Grenville orogen beneath 
our study region. Specifically, its proximity at 
its shallowest point to the putative Grenville 
front (Fig. 2), its general similarity to the imaged 
geometry of the front beneath the GLIMPCE line 
(White et al., 2000), and its extension far to the 
east of gravity anomalies that may be associated 
with the Midcontinent Rift (Fig. 1) argue for this 
interpretation. In this view, it is analogous to struc-
tures of the Grenville front and the closely related 
Allochthon Boundary thrust imaged farther to the 
north in Canada (e.g., Rivers et al., 2012). Alterna-
tive explanations may also be possible; we consid-
ered the idea that the feature may reflect a bound-
ary between different terranes at depth (perhaps 
involving the Mazatzal terrane; Petersson et al., 

2015). However, the presence of the mid-crustal 
feature along ~400 km of the MAGIC profile, 
extending as far east as the Appalachian Moun-
tains, makes this scenario less likely.

We propose that the mid-crustal feature 
imaged beneath the MAGIC line represents a 
zone of highly sheared and foliated crustal rocks 
that accommodated the considerable shortening 
(e.g., Halls, 2015) associated with continental 
collision during the formation of Rodinia. Based 
on geophysical imaging alone, we cannot say 
whether this shear zone corresponds to the Gren-
ville front itself, to a related structure such as 
the Allochthon Boundary thrust, or to relatively 
diffuse crustal deformation within the Grenville 
front tectonic zone (see, e.g., Rivers et al., 2012). 
In any case, the strong foliation and anisotropy 
needed to produce the apparent velocity contrast 
suggested by forward modeling of our observa-
tions (Fig. DR8) is consistent with high-strain 
deformation accommodated along this mid-
crustal boundary. Interestingly, the feature we 
image cuts across the Rome Trough, which in 
our interpretation is a younger structure; this 
suggests that any crustal thinning or extension 
associated with Cambrian rifting had a limited 
effect on preexisting mid-crustal structure.

Geophysical images of the present-day struc-
ture of a mid-crustal shear zone associated with 
Grenville orogenesis cannot constrain the timing 
of the inferred deformation. As pointed out by 
Stein et al. (2018), some aspects of detrital zir-
con dating work (Schneider Santos et al., 2002; 
Malone et al., 2016) challenge the idea that com-
pressional faulting beneath the western end of 
the MAGIC array was contemporaneous with 
Grenville compression to the north in Canada, 
and instead suggest that it may be younger (per-
haps by hundreds of millions of years; Malone 
et al., 2016). A difference in the timing of col-
lisional events associated with Rodinia super-
continent formation can be accommodated by 
our conceptual model, as the geophysical images 
constrain only the presence and location of the 
crustal shear zone today. As noted by Stein et al. 
(2018), the Grenville orogen serves as a prime 
illustration of the spatial and temporal complex-
ity of orogenic belts, and the timing of compres-
sional deformation associated with Rodinia’s 
formation likely varied along the Laurentian 
margin, perhaps with later collision beneath our 
study region than farther to the north in Canada.

Our image of a mid-crustal feature beneath 
the MAGIC array is relevant to the ongoing 
debate regarding structures of the Midcontinent 
Rift and the putative Grenville front beneath the 
central and eastern United States Stein et al. 
(2018) recently proposed that the potential field 
anomalies (gravity and magnetics) that delin-
eate the “Grenville front” beneath the United 
States may actually correspond to structures 
associated with an eastern branch of the Mid-
continent Rift, and may not be associated with 

Figure 2. P-wave receiver 
function images across 
the Mid-Atlantic Geo-
phys ica l  In tegra t ive 
Collaboration (MAGIC, 
h t t p : / /  w w w . t c n j  . e d u 
/~magic /MAGIC /Home 
.html) array. A: Map of 
seismic stations (trian-
gles) used in the analysis, 
including MAGIC array 
(red), USArray Transport-
able  Array (TA, blue), 
and U.S. Network (black). 
Background colors indi-
cate topography. Dashed 
lines show major tectonic 
features, including the 
putative Grenville front 
(GF; black) as in Stein 
et al. (2018), boundaries 
of the Rome Trough (RT; 
magenta), and the Appa-
lachian front (AF; white) 
f rom Whi tmeyer  and 
Karlstrom (2007). Thin 
black lines indicate state 
boundaries. Black dots 
show end points of tran-
sect shown in panels B–F. 
B: Topographic profile, 
with triangles indicat-
ing station locations and 
vertical lines indicating 
locations of major tec-
tonic features, labeled 
as in A. C: Single-station 
stacked radial receiver 
function traces, migrated 
to depth (y-axis, in km) 
and plotted at station 
location (distance along transect on x-axis, in km). Note vertical exaggeration of the image. 
Red pulses correspond to a positive velocity gradient with depth; blue pulses correspond to a 
negative velocity gradient. D: Individual receiver function traces plotted along lines represent-
ing raypaths of individual phase arrivals. E: Corresponding common conversion point stacked 
image across transect; color conventions are as in C and D, with amplitudes indicated by color 
bar at right (expressed as fractions of main P-wave amplitude). F: Estimated depth of Moho 
(red dots) and inferred mid-crustal shear zone (blue dots) beneath each station.
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Grenville orogenesis at all. As pointed out by 
Stein et al. (2018), the mapped Grenville front 
in Canada does not find clear expression in geo-
physical data; furthermore, gravity anomalies in 
the United States mid-continent (Fig. 1) may 
represent dense mafic underplating due to vol-
canism associated with the Midcontinent Rift, 
rather than Grenville-aged structures. Stein et al. 
(2018) further argued that the dissimilarity in 
crustal imaging results beneath the central and 
eastern United States (based on COCORP data) 
and southern Canada (based on LITHOPROBE 
data) point to a different set of processes control-
ling crustal structure. Our results do not conflict 
with the main thrust of the arguments about the 
nature of the Midcontinent Rift made by Stein 
et al. (2018), and do not shed any light on the 
nature of the putative Grenville front elsewhere 
beneath the United States They do, however, 
establish evidence for a crustal-scale shear 
zone or detachment beneath the MAGIC study 
region that likely accommodated the deforma-
tion associated with continental collision and 
shortening during the formation of Rodinia. 
Furthermore, the general similarity between our 
image and that of the Grenville front beneath the 
GLIMPCE line (White et al., 2000) contradicts 
one of the lines of evidence argued by Stein et al. 
(2018). While the timing of collisional defor-
mation beneath the central and eastern United 
States may well have been different than in the 
mapped portions of the Grenville orogen in 
Canada, the geometry of the deformation front, 
as manifested in a crustal-scale shear zone that 
extends over several hundred kilometers, may 
have been similar.

DEFORMATION STRUCTURES 
COMPARED ACROSS COLLISIONAL 
OROGENS

The mid-crustal shear zone imaged beneath 
the MAGIC array bears a striking similarity to 
crustal structures in other orogenic settings, both 
ancient and modern (e.g., the Alleghanian suture 
beneath the southeastern United States or the 
main Himalayan thrust beneath India; Hopper 
et al., 2017; Schulte-Pelkum et al., 2005). The 
similarity between the inferred geometry of 
the Alleghanian suture and images of the main 
Himalayan thrust, with a gently dipping shear 
zone shallowing into a nearly flat mid-crustal 
detachment, was pointed out by Hopper et al. 
(2017). They further argued that the similarity 
in these structures pointed to the persistence 
of similar styles of crustal deformation during 
mountain building, and similar crustal rheolo-
gies, over hundreds of millions of years. The 
images of the Grenville deformation front pre-
sented here extend this comparison back in time, 
suggesting that this mode of crustal deforma-
tion during continental collisional orogenesis 
may have persisted on Earth back to the middle 
Proterozoic.
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