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[1] The unique physical and chemical properties of cratonic lithosphere are thought to be
key to its long-term survival and its resistance to pervasive modification by tectonic
processes. Study of mantle structure in southeast Canada and the northeast US offers an
excellent opportunity to address this issue because the region spans 3 billion years of Earth
history, including Archean formation of the Superior craton and younger accretion of
terranes to eastern Laurentia during the Proterozoic Grenville and Phanerozoic
Appalachian orogenies. Trending NW–SE through each of these terranes is the track of
the Great Meteor hot spot, which affected the region during the Mesozoic. Here we
study mantle seismic velocity structure beneath this region of eastern North America
using tomographic inversion of teleseismic P-wave relative arrival-times recorded by a
large-aperture seismograph network. There are no large-scale systematic differences
between Superior and Grenville mantle wave speed structure, which may suggest that
tectonic stabilization of cratons occurred in a similar fashion during the Archean and
Proterozoic. Cratonic lithosphere is largely thought to be resistant to modification by hot
spot processes, in contrast to younger terranes where lithospheric erosion and significant
magmatism are expected. Low velocities beneath the regions affected by the Great Meteor
hot spot are broadest beneath the Paleozoic Appalachian terranes, indicating pervasive
modification of the lithosphere during magmatism. The zone of modification narrows
considerably into the Proterozoic Grenville province before disappearing completely in the
Archean Superior craton, where the surface signature of Mesozoic magmatism is limited to
kimberlite eruptions.
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1. Introduction

[2] Shields are vast areas of Earth’s surface that formed
during the Precambrian. In seismic tomographic images
most are easily identified by their high seismic wave speed
roots, which can extend to depths of ≥250 km [e.g., Lekic
and Romanowicz, 2011]. The processes responsible for
shield formation are controversial, however, because there is
no consensus on the timing of onset of Phanerozoic-style
plate tectonics: it has been estimated to be as early as 4.1 Ga
[e.g., Hopkins et al., 2008], or as late as 1 Ga [e.g., Stern,

2005]. The reason for the shields’ ability to resist thermal
and mechanical erosion throughout multiple Wilson cycles
is similarly not well understood, though an established factor
is their intrinsically buoyant chemically-depleted litho-
spheric keel [e.g., King, 2005; Lee et al., 2011]. The cratonic
keels are generally associated with high lithospheric
strength, relatively cold temperatures and high buoyancy,
often assumed to reflect processes in a hotter Earth [e.g.,
Jordan, 1988]. Existing models for keel formation largely
invoke Archean processes, such as the extraction of koma-
tiitic magmas [e.g., Griffin et al., 1999] to explain the
intrinsic low density of the tectosphere.
[3] The cratonic lithosphere is highly depleted in basaltic

components, with low concentrations of elements such as
Al, Ca and Fe. This chemical depletion, in combination with
the low temperatures, results in high seismic wave speeds in
the cratonic keels, despite their relatively low density [e.g.,
Jordan, 1988; King, 2005; O’Reilly and Griffin, 2006].
These high seismic wave speeds have been used to identify
and characterize cratons worldwide through tomographic
imaging, though exact definitions of the keel thickness
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(depth to the base of the lithosphere) with respect to the
details of the seismic wave speed anomalies vary consider-
ably [e.g., Eaton et al., 2009].
[4] The largest continental keel on Earth is that beneath

Laurentia, the cratonic core of North America, where the
geological record spans more than 2 billion years of the
Precambrian from the Archean formation of the Superior
craton to the Proterozoic Grenville orogen [Hoffman, 1988].
After accretion of the Appalachian terranes to eastern
Laurentia during the Paleozoic, no further significant epi-
sodes of magmatism or tectonism affected the region until
the passage of the Great Meteor hot spot at �200–110 Ma
[e.g., Heaman and Kjarsgaard, 2000]. The hot spot track
extends �6000 km from northern Hudson Bay to the
northeast US coast, and continues southeast as a chain of
Atlantic seamounts. Eastern North America thus represents
an excellent opportunity to address questions associated
with Precambrian tectonics, and the ability of the litho-
sphere to resist modification by hot spot tectonism.
[5] While a wealth of seismic data has existed for several

years from broadband seismograph stations in the northeast
US and southern Canada, efforts to compare these regions to
the Canadian Shield further north have been limited due to a
lack of station coverage. In the early to mid 2000s, data
coverage in eastern and northern Ontario was significantly
improved through the POLARIS (Portable Observatories for
Lithospheric Analysis and Research Investigating Seismicity
[Eaton et al., 2005]) project, but it was not until the latter
half of the decade that a similar level of data coverage was
achieved in central and southern Québec. The combined data
set thus provides an ideal opportunity to study structural
variations from the core of the Canadian Shield to the
northern US continental margin, in order to provide new
insight into past and present tectonic processes in eastern
North America.
[6] Here we present a teleseismic P-wave relative arrival-

time tomographic study of mantle seismic wave speed
structure in eastern Laurentia using data from seismograph
networks that span Archean, Proterozoic and Paleozoic
terranes, each affected by the Great Meteor hot spot
(Figure 1). Our results have important implications for the
processes that formed and shaped the Canadian Shield
during Precambrian times, and shed new light on the effects
of intra-plate hot spot tectonism.

1.1. Tectonic Setting

[7] The largest craton on Earth, the Superior craton,
formed in the late Archean from a collage of fragments of
both continental and oceanic affinity [e.g., Ludden and Hynes,
2000; Percival, 2007]. Progressive southward younging of
provinces within the craton suggest that it developed due to
successive subduction and accretion [e.g., Percival et al.,
2006], culminating with the Kenoran orogeny at �2.68 Ga.
The oldest domain within the central-eastern Superior is the
�3 Ga Opatica province, comprising rocks of largely conti-
nental affinity. Domains further to the north (e.g., Opinaca, La
Grande and Bienville) also show a continental ancestry. In
contrast, one of the youngest domains, the Wawa—Abitibi
subprovince (the largest area of greenstone belts worldwide),
shows an oceanic affinity. The rocks within this region consist
largely of volcanic and plutonic assemblages associated with

ocean floor and arc settings. The Abitibi subprovince accreted
to the Opatica domain at �2.69 Ga. To the south, the smaller
Pontiac domain is thought to be a fold-thrust belt overridden
by the southern Abitibi [e.g., Percival, 2007].
[8] The Superior craton is bounded by Proterozoic oro-

genic belts. The main phase of assembly of Laurentia, the
Trans-Hudson Orogen (THO), occurred in Paleoproterozoic
times when the Superior plate collided with the Churchill
plate (in present-day Hudson Bay) at �1.8 Ga [Hoffman,
1988]. The THO is believed to have been an orogeny akin
to the ongoing Himalayan-Karakoram-Tibetan orogen of
Asia [e.g., St.-Onge et al., 2006].
[9] Subsequent periods of accretion affected the southeast

margin of the craton [e.g., Whitmeyer and Karlstrom, 2007],
with a series of collisions of island arcs, back-arc terranes
and continental fragments. This period culminated in the
Grenvillian orogeny at �1 Ga, associated with the formation
of the supercontinent Rodinia. The present-day Grenville
province is a complex region, comprising reworked rocks
from the Laurentian margin and younger arc-related mate-
rial. The Superior-Grenville boundary is also complex, with
indications that Archean material underlies parts of the
northern Grenville province [e.g., Ludden and Hynes, 2000],
extending the Laurentian keel beneath both Archean and
Proterozoic crust.
[10] Breakup of Rodinia along the southeastern margin of

Laurentia began at �620 Ma. There is evidence for the
development of a network of failed rift arms of late Pre-
cambrian age in our study region [Kamo et al., 1995],
including the Ottawa-Bonnechere graben and its northwest
extension, the Lake Timiskaming structural zone, prior to
the opening of the Iapetus ocean (Figure 1). Closure of the
Iapetus ocean and the development of the Appalachians
[e.g., Hatcher, 2005; van Staal, 2005] took place over
the period 462–265 Ma through a series of continent-
arc and continent-continent collisions, culminating in the
Laurussia—Gondwana collision that marked the assembly
of the supercontinent Pangea. Rifting of Pangea at �180 Ma
initiated the separation of Laurussia and Gondwana, and the
opening of the central North Atlantic ocean.
[11] Eastern Laurentia has been affected by magmatic

processes likely associated with hot spots through much of
its geologic history. Several large radiating dyke swarms
dating from the periods throughout the Proterozoic are
emplaced in the Superior and Grenville crust [e.g., Ernst and
Buchan, 2001; Ernst and Bleeker, 2010]. There is also
evidence from both epirogenic uplift and magmatism for the
passage of a hot spot beneath North America in the Mesozoic
[Sleep, 1990]. Heaman and Kjarsgaard [2000] correlated
the age progression of kimberlites (�190–150 Ma), alkaline
igneous intrusions and other magmatic activity (�130–
100 Ma) along a northwest-southeast track beneath eastern
Canada and the northeast US, continuing offshore with the
New England seamount chain. The track of magmatic
activity is postulated to represent the interaction of the Great
Meteor hot spot with the North American lithosphere.

1.2. Previous Geophysical Studies

[12] Most regional-scale studies previously carried out in
eastern Canada focused on the detailed structure of the
continental crust and uppermost mantle, using data from
reflection and refraction profiles. The Abitibi-Grenville
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(AG) transect of the Lithoprobe programme [e.g., Clowes,
2010] imaged crustal structure in our region of interest,
in particular a north-south profile that crossed from the
Grenville province into the Superior craton terranes. The
seismic reflection images [Calvert et al., 1995] showed a
large-scale northward-dipping structure extending below the

Moho; this was interpreted as a relict of accretion between
the Abitibi and Opatica domains, possibly implying sub-
duction-like processes operating in the Neoarchean. If this
is the case, then the reflector would likely correspond to the
top of a ‘fossil’ slab.

Figure 1. (top) Tectonic map of the southeastern Canadian Shield and northeastern Appalachian region.
The tectonic boundaries in Canada are taken from digital compilations of maps produced through the
Lithoprobe programme [Clowes, 2010]. Black circles show locations of seismograph stations; see
Table 1 for network affiliations and sensor types. Tectonic divisions — AB: Abitibi, OPT: Opatica,
OPN: Opinaca, LG: La Grande, BV: Bienville, WA: Wawa, PO: Pontiac, GF: Grenville Front [after
Percival, 2007], NES: New England seamounts, WM: White Mountains, OBG: Ottawa-Bonnechere
graben, LTR: Lake Timiskaming Rift. (bottom left) Map of the study area showing the locations of
Proterozoic dike swarms that have affected the region, after Ernst and Bleeker [2010]. The dike swarms
range in age from �2.5 Ga to �590 Ma and are grouped by color according to age. (bottom right) Map
of Canada showing major terrane boundaries (black lines), the study area (white outline) and the inferred
track of the Great Meteor hot spot [e.g., Heaman and Kjarsgaard, 2000].
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[13] A regional travel-time tomography study was carried
out along the teleseismic component of the AG transect,
which comprised a north-south linear array (ABI-96) of
broadband seismographs [Rondenay et al., 2000]. Due to the
geometry of the array, the aperture of the resulting mantle
model was limited, but the study identified a NW-SE
trending low-velocity corridor in the top �300 km of the
mantle, with a steep dip and narrow width (�120 km). The
anomaly was interpreted to represent upper-mantle modifi-
cation arising from the passage of the Mesozoic Great
Meteor hot spot, possibly localized along zones of litho-
spheric weakness caused by late Precambrian / early Paleo-
zoic rifting, and caused by a combination of compositional
and residual thermal effects. The travel-time tomography
study of Aktas and Eaton [2006] in the Great Lakes region
overlapped with the southern part of the ABI-96 array, and
the models showed a patchy low-velocity anomaly trending
roughly NW-SE in a similar location to that imaged by
Rondenay et al. [2000]. This low-velocity feature continues
to the southeast across New England, as imaged in body and
surface wave regional tomographic models [Levin et al.,
1995; Li et al., 2003]. A spatial correlation with regional
magmatism and crustal seismicity was noted, and the authors
suggested that the Mesozoic hot spot magmatism exploited
pre-existing lateral heterogeneities and weaknesses in the
continental lithosphere related to late-Precambrian Iapetan
rifting events.
[14] In continental-scale tomographic models [e.g., van

der Lee and Frederiksen, 2005; Nettles and Dziewonski,
2008; Bedle and van der Lee, 2009], seismic velocities
associated with the Canadian Shield are significantly higher
than the global average to depths of at least 200–250 km.
This high-velocity ‘lid’ is interpreted as the seismic expres-
sion of the cold, depleted, buoyant cratonic lithosphere [e.g.,
Eaton et al., 2009; Fischer et al., 2010]. In contrast, the
models show seismic velocities close to the global average
for the mantle beneath the northeast US. The southeast
corner of the lithosphere in the Great Lakes region con-
tains a dent or ‘divot’, where normal-wave speed mantle
intrudes into the high-velocity shield [e.g., van der Lee and
Frederiksen, 2005; Nettles and Dziewonski, 2008; Bedle
and van der Lee, 2009]. This feature correlates spatially
with the southeastern extent of the low-velocity corridors
imaged in the regional-scale studies, and is interpreted to
represent lithospheric modification or erosion arising from
the interaction of the hot spot with the lithospheric keel.
[15] The location of the ‘divot’ at depth, compared to

surface features associated with the proposed Great Meteor
hot spot track and with its reconstructed path, was studied by
Eaton and Frederiksen [2007]. Low-velocity anomalies at
200 km depth appear to be offset from surface features such
as kimberlites and other magmatism, and the degree of offset
increases with age along the proposed hot spot track. The
authors interpreted the misalignment as arising from defor-
mation of the base of the lithosphere due to asthenospheric
flow.
[16] Global-to-continental-scale tomographic models show

that mid-mantle seismic structure beneath eastern North
America is dominated by the presence of the subducting
Farallon slab and the mantle wedge above it [e.g., Grand
et al., 1997; van der Lee et al., 2008; Li et al., 2008;

Sigloch, 2011]. Some of these models also suggest smaller-
scale high-velocity features above the Farallon slab.
[17] Our new tomographic model provides higher resolu-

tion over a larger array aperture than previous studies, due to
the use of new seismograph networks. This allows for a
more detailed image of the low-wave speed ‘divot’, in par-
ticular its magnitude and 3D geometry, and explores differ-
ences in lithospheric structure between Archean, Proterozoic
and Phanerozoic mantle. The body-wave model also affords
significantly higher lateral resolution than earlier surface
wave studies.

2. Methodology

2.1. Seismograph Networks and Teleseismic Data Set

[18] This study utilizes teleseismic P-wave travel-time
data from 47 seismograph stations centered on the Québec-
Ontario region of eastern Canada (Figure 1). Canadian data
from permanent seismograph stations (e.g., Canadian
National Seismograph Network - CNSN) were supple-
mented by recordings from temporary POLARIS network
installations, and a new deployment of stations by the Uni-
versité du Québec à Montréal. The network aperture is
�1100 � 1100 km, with an average station spacing of
�100 km. Most stations in the network were equipped with
broadband seismometers (Streckheisen STS-1 or STS-2,
Güralp CMG-3ESP, CMG-3T or CMG-40T, or Nano-
metrics Trillium 120PA), except for 10 stations that use
short-period sensors. Station and network details are given
in Table 1. Instrument responses were standardized across
the network prior to analysis.
[19] For the 27-month period spanning October 2007 to

December 2009 when our stations were operating synchro-
nously, we recorded 956 magnitude mb ≥5.5 earthquakes in
the teleseismic distance range 30�–103�. Visual inspection
of these recordings yielded a subset of 184 earthquakes
(Figure 2) of sufficiently high signal-to-noise ratio for use in
relative arrival-time analysis.

2.2. Method of Relative Arrival-Time Determination

[20] Manual picking of the first arriving P-wave identifi-
able across the network was performed on waveforms that
were filtered with a zero-phase two-pole Butterworth filter
with corner frequencies of 0.7–3 Hz. Filter bandwidths were
designed to retain as high a frequency as possible since our
inversion procedure adopts ray theory (the infinite frequency
approximation). Our chosen bandwidths were similar to
those used in other tomographic studies in both tectonically
active settings (e.g., P, 0.8–2 Hz [Allen et al., 2002];
0.4–2 Hz [Bastow et al., 2008]) and quieter shield areas (e.g.,
P, 0.4–2 Hz [Sol et al., 2002]).
[21] After manual picking, phase arrivals were subse-

quently refined, and relative arrival-time residuals deter-
mined using the multichannel cross-correlation (MCCC)
technique of VanDecar and Crosson [1990]. During the
MCCC procedure, a 3 s window was selected for cross-
correlation, containing the initial phase arrival and typically
one or two cycles of P-wave energy. This minimized con-
tamination by secondary arrivals. All pairs of windowed
traces for a given earthquake were cross-correlated and rel-
ative arrival-times Dtij between pairs of stations i, j were
obtained [VanDecar and Crosson, 1990]. Relative arrival-
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times for each station were then retrieved by a least-squares
minimization of the residual resij for all station pairs where:

resij ¼ Dtij � ti � tj
� �

; ð1Þ

where ti and tj are the arrival-times associated with the ith
and jth traces respectively.
[22] Relative arrival-time residuals tRES for each station

are then given by:

tRESi ¼ ti � tei � teð Þ; ð2Þ

where ti is the relative arrival-time for each station i; tei is the
expected travel-time based on the IASP91 travel-time tables
[Kennett and Engdahl, 1991] for the ith station and te is the

mean of the IASP91 theoretical travel-times associated with
that particular earthquake.
[23] The MCCC method also provides a means of quan-

tifying the error associated with each arrival-time. The
standard deviation si of the distribution of the residuals
(resij) associated with the ith trace is determined by:

si ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

n� 2ð Þ
X
j≠i

res2ij

s
; ð3Þ

[24] In this study relative arrival-times determined in this
way have mean standard deviation 0.02 s. In line with the
studies of Bastow et al. [2005] and Tilmann et al. [2001] we
regard the MCCC-derived estimates of timing uncertainty as
optimistic. Our final data set of relative arrival-time residuals

Table 1. List of Seismograph Stations Used in the Studya

Site Code Latitude Longitude Elevation (m) Network Sensor

ACCN 43.3843 �73.6678 340 LCSN CMG-3T (BB)
ALGO 45.9544 �78.0509 235 POLARIS CMG-3ESP (BB)
BANO 45.0198 �77.9280 360 POLARIS CMG-3ESP (BB)
BELQ 47.3980 �78.6874 355 POLARIS-UQAM CMG-3ESP (BB)
BUKO 45.4423 �79.3989 317 POLARIS CMG-3ESP (BB)
CHGQ 49.9105 �74.3748 406 POLARIS-UQAM CMG-3ESP (BB)
CRLO 46.0375 �77.3801 168 CNSN S-13 (SP)
DAQ 47.9644 �71.2425 939 CNSN S-13 (SP)
DMCQ 48.9646 �72.0680 197 POLARIS-UQAM Trillium120 (BB)
DPQ 46.6805 �72.7773 167 CNSN S-13 (SP)
EEO 46.6411 �79.0733 398 CNSN S-13 (SP)
FFD 43.4701 �71.6533 131 NESN CMG-40T (BB)
FRNY 44.8350 �73.5883 223 LCSN STS-2 (BB)
GAC 45.7033 �75.4783 62 CNSN STS-1 (BB)
GRQ 46.6067 �75.8600 290 CNSN S-13 (SP)
HSMO 47.3708 �79.6657 306 POLARIS CMG-3ESP (BB)
KAPO 49.4504 �82.5079 210 CNSN CMG-3ESP (BB)
KILO 48.4970 �79.7233 322 POLARIS/CNSN CMG-3ESP (BB)
LATQ 47.3836 �72.7819 163 POLARIS-UQAM CMG-3ESP (BB)
LG4Q 53.6269 �74.0972 168 CNSN S-13 (SP)
LSQQ 49.0580 �76.9796 308 POLARIS-UQAM Trillium120 (BB)
MALO 50.0244 �79.7635 271 POLARIS/CNSN CMG-3ESP (BB)
MATQ 49.7589 �77.6376 280 POLARIS-UQAM CMG-3ESP (BB)
MDV 43.9992 �73.1812 134 LCSN HS-10 (SP)
MOQ 45.3120 �72.2541 841 CNSN S-13 (SP)
MRHQ 45.8870 �74.2127 422 POLARIS CMG-3ESP (BB)
MSNO 51.2913 �80.6113 4 POLARIS CMG-3ESP (BB)
NEMQ 51.6837 �76.2576 197 POLARIS-UQAM CMG-3ESP (BB)
NMSQ 51.7133 �76.0237 275 POLARIS-UQAM CMG-3ESP (BB)
OTRO 50.1818 �81.6286 109 POLARIS CMG-3ESP (BB)
PECO 43.9340 �76.9939 92 POLARIS CMG-3ESP (BB)
PEMO 45.6773 �77.2466 180 POLARIS CMG-3ESP (BB)
PKME 45.2644 �69.8917 109 US STS-2 (BB)
PLVO 45.0396 �77.0754 279 POLARIS CMG-3ESP (BB)
PQI 46.6710 �68.0168 180 NESN CMG-40T (BB)
QCQ 46.7789 �71.2758 91 CNSN CMG-3ESP (BB)
RSPO 46.0734 �79.7602 264 POLARIS CMG-3ESP (BB)
SUNO 46.6438 �81.3442 369 POLARIS/CNSN CMG-3ESP (BB)
TIMO 48.4659 �81.3032 392 POLARIS CMG-3ESP (BB)
TRQ 46.2222 �74.5556 853 CNSN S-13 (SP)
VLDQ 48.1124 �77.4536 93 CNSN CMG-3R (BB)
WBO 45.0003 �75.2750 85 CNSN S-13 (SP)
WCNY 43.9810 �75.6549 245 LCSN CMG-3ESP (BB)
WEMQ 53.0535 �77.9737 172 POLARIS CMG-3ESP (BB)
WLVO 43.9236 �78.3970 70 POLARIS CMG-3ESP (BB)
WVL 44.5648 �69.6575 85 NESN CMG-40T (BB)
YOSQ 52.8666 �72.1998 649 POLARIS CMG-3ESP (BB)

aCNSN: Canadian National Seismograph Network, POLARIS: Portable Observatories for Lithospheric Analysis and Research Investigating Seismicity,
UQAM: Université du Québec à Montréal, LCSN: Lamont Cooperative SeismographicNetwork, NESN: New England Seismic Network, US: United States
National Seismic Network. Negative longitudes represent degrees West. BB: broadband sensor, SP: short-period sensor.
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comprises �5100 earthquake–station pairs, whose distribu-
tion as a function of back azimuth and epicentral distance is
shown in Figure 2.

2.3. Analysis of Travel-Time Residuals

[25] When interpreting body-wave tomographic images it
is vital to appreciate whether absolute or relative arrival-
times have been used to construct them. While absolute
delay times enable the determination of seismic hetero-
geneities compared to the global mean, relative arrival-time
techniques such as that employed here carry no such infor-
mation. The computation of relative arrival-time residuals
(equation (2)) completely removes the background mean
delay time for the region sampled by the network. Compila-
tions of absolute travel-time data for continental seismograph
stations worldwide [e.g., Poupinet, 1979] show that perma-
nent stations within the Canadian Shield are characterized by

some of the earliest teleseismic P-wave arrival-times on
Earth. It must therefore be kept in mind that tomographic
images generated from inversion of our relative arrival-time
residuals will be superimposed on an absolute ‘pedestal’ that
is markedly fast relative to the global average.
[26] Figure 3 shows a map of mean relative arrival-time

residuals for our network. Stations in the Archean Superior
craton exhibit consistently earlier (negative relative arrival-
time residuals) arrivals than those within the younger
Grenville and Appalachian terranes to the southeast. The
latest arrivals (positive relative arrival-time residuals) are
found at those stations closest to the continent-ocean
boundary in the northeast US. Plots of the variations of rel-
ative arrival-time residuals at selected individual stations as
a function of back azimuth and epicentral distance are shown
in auxiliary material.1

2.4. Model Parameterization and Tomographic
Inversion Procedure

[27] We use the regularized, least-squares tomographic
inversion procedure of VanDecar et al. [1995] to invert our
data set of P-wave relative arrival-time residuals for velocity
perturbations beneath eastern Canada. P-wave slowness is
parameterized using splines under tension over a dense grid
of knots [Cline, 1981]. The equilateral grid consists of
27 knots in depth between 0 and 1300 km, 77 knots in lati-
tude between 35� and 62�N and 85 knots in longitude
between 54� and 96�W, for a total of 176,715 knots

Figure 2. (a) Distribution of earthquakes used for travel-
time analysis in this study. (b) Histograms showing the
distributions of (top) back-azimuth and (bottom) epicentral
distance for the >5100 event-station pairs analyzed.

Figure 3. Mean relative arrival-time residuals for the seis-
mograph network. Negative arrivals (squares) are early with
respect to the regional average and positive arrivals (circles)
are late.

1Auxiliary materials are available in the HTML. doi:10.1029/
2012JB009639.
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parametrizing slowness. Knot spacing is �30 km in the
innermost resolvable parts of the model, increasing to
�50 km between 600 and 800 km depth, and ≥100 km from
800 to 1300 km depth. Tests have shown that the tomo-
graphic images we recover are independent of knot position.
[28] In the inversion procedure, we solve simultaneously

for slowness perturbations, source static terms and station
static terms. Source terms are free parameters in the inver-
sion procedure that account for small variations in back
azimuth and incidence angle caused by distant hetero-
geneities and hypocenter mislocations. The station terms
account for travel-time anomalies associated with shallow
structure (crust and uppermost mantle) directly beneath the
station where a lack of crossing rays prevents resolution of
crustal wave speeds.
[29] We regularize our under-determined (more unknowns

than observations) inverse problem through the minimiza-
tion of a 7-point finite element approximation to the Lapla-
cian operator in order to penalize the roughness (second
derivative) of the final slowness model. We thus choose to
select a smooth model that contains the least amount of
structure required to fit the data [e.g., Constable et al., 1987;
VanDecar et al., 1995]. In addition, the outside knots in the
model (with the exception of the top layer) are heavily
damped to zero anomaly so that the 3D model merges
smoothly into the surrounding radial Earth.
[30] By investigating the tradeoff between the RMS

residual reduction (the percentage difference between the
initial and final RMS misfit to the travel-time equations) and
RMS model roughness (auxiliary material) we select a pre-
ferred model that fits the data well but does not account for
more relative arrival-time residual reduction than can be
justified by our MCCC-derived estimation of data noise
levels (�0.02 s). Our P-wave model accounts for 93% (from
0.42 s to 0.03 s) of the RMS relative arrival-time residuals.
We are thus treating our estimates of RMS timing uncer-
tainty as optimistic bounds when fitting the data. Subtracting
static terms from the travel-time data set reduces the RMS
relative arrival-time residuals from 0.42 to 0.36 s; these
corrected residuals more accurately reflect the proportion of
the delay time anomalies that will be mapped into the man-
tle, where we make our structural interpretations.

3. Resolution

[31] We test the resolving power of our data set by ana-
lyzing its ability to retrieve synthetic anomalies. Two models
are tested: a standard checkerboard and a structural model
based on inferences from the geological record and previous
geophysical investigations of the study region.
[32] In the checkerboard test, we place positive and neg-

ative anomaly (dVp = �5%; 75 km diameter) spheres
described by Gaussian functions across their diameter in
layers at 150, 350, 550, 750, and 950 km depth. We invert
for the synthetic velocity structure using the same model
parameterization and inversion regularization parameters as
used in the inversion of the observed data. A Gaussian
residual time error component with a standard deviation of
0.02 s (the MCCC-derived error estimate for the observed
data) is added to the synthetic travel times prior to inversion.
Figure 4 shows the synthetic model and the recovered
velocity structure from the checkerboard test. In the depth

slices, the spheres are distinct from one another throughout
the upper mantle and into the mid-mantle. Lateral resolution
and the recovery of the amplitudes of the velocity anomalies
is best at 350 km where we expect a seismograph network of
our dimensions to have the highest density of crossing rays
[e.g., Ritsema et al., 1998]. Some vertical smearing of the
anomalies does occur, as is common in this type of body-
wave tomographic inversion.
[33] Our second synthetic test consists of a slow-wave

speed anomaly (defined by a Gaussian function across its
width) along the proposed Great Meteor hot spot track,
extending at peak anomaly (dVp = �5%) to 150 km depth
and falling to zero anomaly at �200 km depth (Figure 5). In
addition, a similarly-defined high-wave speed anomaly is
placed in the northern part of the study area, in the region
where seismic reflection images suggest the presence of an
Archean subducted slab [Calvert et al., 1995]. If the slab
extends to depth and remains embedded in the Superior
lithospheric root, we might see a high-velocity anomaly in
our P-wave model, such as that inferred by Sol et al. [2002]
in the western Superior. The low-velocity Great Meteor
hot spot track anomaly is retrieved with limited vertical
smearing, and with little lateral offset from its original
location (Figure 5). Notably, there is no deterioration in
resolution of the low-velocity anomaly across the Superior–
Grenville boundary. Recovered amplitudes drop off further
north within the Superior craton, and to the south in the
Appalachians towards the continent-ocean boundary. The
fast-wave speed anomaly further north is not retrieved with
the same degree of success, smearing to almost 500 km
depth, but its lateral resolution is good (Figure 5).

4. The 3D P-Wave Velocity Model

[34] Figure 6 shows a low-wave speed anomaly of
dVp ≈ �1%, most prominent at depths of 100–300 km,
beneath the Appalachian region of our network. Low
velocities at these depths follow a WNW–ESE trend along
the proposed Great Meteor hot spot track (Figure 1) into the
Grenville province, but terminate abruptly at the Grenville–
Superior boundary. Our synthetic tests (Figures 4 and 5)
show that this is a robust model feature. Cross-sections
through the low-wave speed anomaly (Figure 7: C-C’)
within the Grenville province show that the feature is narrow
(no more than �120 km wide) with sharp sides, and con-
strained to the upper �250 km. To the southeast, the low-
velocity body broadens significantly. The lowest velocities
correlate with the White Mountains of the northeast US and
extend towards the offshore region of the New England
seamounts (Figure 1). These observations are also robust on
the basis of our resolution tests (Figures 4 and 5).
[35] Except for the region affected by the Great Meteor hot

spot, the Grenville and Superior provinces are characterized
by seismic velocities close to or higher than the regional
average (dVp ≥ 0) at lithospheric depths. A peak anomaly
�300 km aperture body is observed in the northernmost part
of the study area beneath the Opatica domain (Figure 1).
Although checkerboard tests (Figure 4) suggest that this
region is not well-resolved in the model, structural tests
(Figure 5) do suggest that a fast anomaly can be identified.
Section C–C′ suggests that high velocities in the depth range
0–200 km in this region would be expected to smear to
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�450 km depth. In addition, tests of model smoothing
(auxiliary material Figure S2) show that, even for the
smoothest models, seismic velocities in this region are faster
than elsewhere in the model.
[36] At sublithospheric depths, relatively low velocities

are continuous throughout the upper mantle and through the
transition zone beneath the southeasternmost part of the
study area (Figure 6). In contrast, a high-wave speed NW–
SE trending body north of �46�N extends downwards from
�600 km depth and into the mid-mantle (Figures 6 and 7).
This region of the model is not well resolved (Figures 4
and 5), so the morphology of the high-velocity anomaly
feature is not considered to be well constrained. However,
tests have shown that high wave speeds at this depth range
in the model are independent of the depth of parameteriza-
tion and of the chosen regularization parameters, and we
therefore consider this anomaly to be a robust feature.

5. Discussion

5.1. Causes of Mantle Seismic Heterogeneity

[37] Prior to interpreting our tomographic images
(Figures 6 and 7), it is vital to appreciate the significance
of the dVp = 0% contours on our plots. As described in
Section 2.3, our tomographic inversion of relative travel-
times results in models that illuminate wave speed variations
with respect to the regional mean, not the global average [see,
e.g., Bastow, 2012]. The mean seismic velocity anomaly in

the upper 410 km of the global tomographic model of
Ritsema et al. [2011] for the 47 seismograph stations used in
this study is dVS ≈ +1.6%, implying that the mean velocity
structure in our study area is markedly fast compared to the
global average. Therefore, even red (relatively low wave
speed) regions of Figures 6 and 7 are likely fast compared to
the global mean, except near the coast, where the Appala-
chian mantle may be genuinely slightly slow compared to the
global average [e.g., van der Lee and Frederiksen, 2005;
Bedle and van der Lee, 2009].
[38] At upper mantle depths, temperature is usually

assumed to be the principal control on seismic heterogeneity,
with compositional effects assigned only a subordinate role
in interpreting tomographic images [e.g., Karato, 1993;Goes
et al., 2000; Cammarano et al., 2003; Faul and Jackson,
2005]. Compositional effects can also be important, how-
ever [e.g., Deschamps et al., 2002; Artemieva et al., 2004].
Depletion of the sub-continental lithospheric mantle of lower
melting-point components can cancel thermal effects on
density [e.g., Jordan, 1988] and, by inference, seismic
velocity.
[39] The youngest magmatism known to have affected our

study area is that associated with the �160–110 Ma passage
of the Great Meteor hot spot, which affected the Superior,
Grenville and Appalachian terranes (Figure 1). Thermal
models examining the effects of upward cooling and lateral
diffusion suggest that, for an initial hot spot-related tem-
perature anomaly of 100–150�C in the mantle below the

Figure 5. Cross-sections and depth slices through the structural resolution test. The input model consists
of a low-velocity corridor and a high-velocity body (defined by Gaussian functions across their width),
both residing in the top 200 km; peak amplitudes down to 150 km depth. The output model shows the
recovery of the two anomalies, with a peak amplitude of �1.5%. Plotting conventions as for Figure 4.
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continental lithosphere, the residual temperature anomaly
after �100 My would be no more than �50�C and the
temperature perturbation would have spread laterally in the
mantle [e.g., Eaton and Frederiksen, 2007]. Such a small
thermal signature would produce a P-wave speed reduction
of <0.3% in the lithospheric mantle, assuming minimal

anelastic effects [e.g., Nataf and Ricard, 1996; Goes et al.,
2000]. Consistent with this, heat flow studies from the
region indicate low heat flow across the Precambrian Supe-
rior and Grenville provinces (generally ≤50 m Wm�2 [e.g.,
Lévy et al., 2010]). Short wavelength, low amplitude varia-
tions in heat flow are attributed in these studies to variations

Figure 6. Depth slices through the final model throughout the upper mantle, transition zone and mid-
mantle. Station locations are shown as small white triangles. Station static correction terms are shown
in the 100 km depth slice, and locations of cross-sections (Figure 7) are shown as white lines on the
150 km depth slice. On the 200 km depth slice, white lines with tick marks show the positions of the
Grenville and Appalachian Fronts (GF and AF respectively); brown diamonds show Cretaceous kimberlite
eruptions and red circles/stars show Cretaceous intrusive magmatism. Plotting conventions as for Figure 4.
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in crustal radiogenic heat production, with no requirement
for short-wavelength variability in mantle heat flux. Thus,
within the lithosphere beneath our study area the absence of
young tectonic activity should mean that the effect of tem-
perature on seismic wave speed is largely negligible.
[40] The geometry of low-velocity anomalies in tomo-

graphic images also provides clues as to the cause of the
seismic heterogeneity. While thermal anomalies would be
expected to diffuse laterally over time, compositional anoma-
lies can retain sharp boundaries over millions of years [e.g.,
Garnero et al., 2007]. Below the lithosphere, it is expected
that temperature variations will dominate the seismic hetero-
geneity revealed in our tomographic models.
[41] In the following sections we use our tomographic

images to shed new light on the processes that formed and
shaped the lithosphere of eastern North America in Pre-
cambrian times, and how magmatism (principally due to the
Great Meteor hot spot) has subsequently modified it.

5.2. Comparison Between Archean, Proterozoic
and Paleozoic Upper Mantle

[42] Throughout the Precambrian it is expected that the
processes responsible for the formation of continental lith-
osphere evolved as Earth cooled and modern-style plate
tectonics began. In the broadest sense, this is well estab-
lished seismologically in that the mantle beneath the shields
is characterized by elevated seismic wave speeds compared
to younger Phanerozoic mantle. The high wave speeds
beneath the cratons are usually explained in the context of a
depleted composition [e.g., Jordan, 1988].
[43] In southern Africa, Archean domains are usually

characterized by faster seismic wave speeds than surround-
ing younger Proterozoic mobile belts [e.g., Li and Burke,
2006; Chevrot and Zhao, 2007], with the implication that

mantle composition and/or plate formation processes
evolved between Archean and Proterozoic times. In contrast,
in Australia, there is no clear distinction between Archean
and Proterozoic mantle lithospheric wave speed structure
[e.g., Simons et al., 1999; Fishwick et al., 2005]. The same is
true for Fennoscandia [e.g., Bruneton et al., 2004], whereas
Lebedev et al. [2009] found systematically slower wave
speeds beneath the Proterozoic fold belts of central Asia
compared to the cratonic Russian platform.
[44] The tectonic history of our study area spans �3 Ga

of the geological record, from Archean formation of the
Superior craton to the Paleozoic accretion of the Appalachian
terranes to Laurentia. Our tomographic images thus provide
an excellent opportunity to test whether there is a systematic
age-dependence on seismic wave speed anomalies.
[45] Faster wave speeds are generally observed beneath

the Precambrian (Superior and Grenville) than the Paleozoic
(Appalachian) terranes (Figure 6), as is commonly observed
between Phanerozoic and Precambrian regions worldwide.
At first inspection, our observations of variation of mean
relative arrival-time residuals in the Superior and Grenville
provinces also suggest that seismic wave speed character-
istics may be different between Archean and Proterozoic
lithosphere. However, the tomographic images (Figure 6)
are less convincing, with no obvious systematic variation in
seismic wave speed across the boundary between the two
provinces. Heat flow data, which also show no systematic age-
dependence, corroborate this observation [e.g., Mareschal
et al., 2000]. Tectonic stabilization of cratons may have
thus occurred in a similar fashion between the Archean and
Proterozoic. Alternatively, we cannot preclude the possi-
bility that much of the lithospheric mantle beneath the
Grenville province is, in fact, Archean in age. Indeed, White
et al. [2000] proposed on the strength of evidence from

Figure 7. Cross sections through the final model; see Figure 6 for locations. A-A′: along the low-velocity
corridor, B-B′: along the maximum of the deep high-velocity anomaly, C-C′: across the low-velocity
corridor and shallow high-velocity anomaly, D-D′: across the broader low-velocity zone beneath the
Appalachian region. GM: Great Meteor hot spot (interpretation of low-velocity corridor).
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Lithoprobe wide-angle seismic data that a substantial
volume of Superior mantle likely underlies the Grenville
province.
[46] In general, we note a similar magnitude of seismic

wave speed variation within lithospheric subdivisions of
the Canadian Shield as across their boundaries (Figures 6
and 7). In particular, we note the broad high-wave speed
anomaly situated beneath the Opatica/Opinaca region
(Figure 1). Our resolution tests (Figure 5) and smoothing
tests (auxiliary material Figure S2) suggest that this is likely
a robust feature, but that its extension to �400 km depth
arises from vertical smearing. Instead, the anomaly is more
likely embedded in the Superior lithosphere. There is con-
siderable speculation about the preservation of Archean
subduction processes based on seismic reflection studies of
this part of the Superior craton [e.g., Calvert et al., 1995;
Clowes, 2010] and previous interpretations of high-velocity
features within the Canadian Shield as slab remnants [e.g.,
Sol et al., 2002; Aktas and Eaton, 2006; Frederiksen et al.,
2007]. It is therefore tempting to interpret this anomaly as a
slab remnant; however a more detailed regional analysis
than that possible here is needed to improve constraint on
the geometry and extent of the anomaly.

5.3. The Impact of Hot Spot Tectonism
on Archean-to-Paleozoic Age Lithosphere

[47] The Great Meteor hot spot track extends from
Nunavut, northern Canada, southeast through our study area
(Figure 1), and offshore from the eastern US, where it is
preserved as a chain of seamounts. Our observations of low-
velocity anomalies in the lithospheric mantle beneath the
hot spot track in the Grenville province and Appalachian
terranes suggest strongly that Great Meteor magmatism has
imparted a compositional signature on the North American
lithosphere.
[48] In geodynamic models, the thickness and geometry of

continental lithosphere has been shown to have a significant
effect on the flow of plume material and the nature of its
interaction with the lithosphere. The thick, stable cratonic
keels generally deflect the flow of plume material towards
regions of thinner lithosphere [e.g., Sleep, 1997]. If the
plume center lies directly beneath a stable cratonic keel,
some of the material may be able to pond beneath the cratonic
lithosphere, but magmatism is restricted to small-volume
melts derived from depths of over 150 km [e.g., Ebinger and
Sleep, 1998; Sleep et al., 2002]. Thinning of the cratonic
lithosphere as a result of direct interaction with the plume
center is modest, and the craton remains stable and resistant
to pervasive modification [e.g., Sleep, 2003]. More signifi-
cant ponding of plume material occurs in zones where the
lithosphere is thinner, due to the deflection of buoyant
asthenosphere away from the cratonic keels. Where steep
gradients in lithospheric thickness are present, the focusing
of plume flow may enhance melting and magmatism [e.g.,
Ebinger and Sleep, 1998; Sleep et al., 2002]. Variations in
lithospheric strength may also play a role in the nature of
plume-lithosphere interaction. While rift-related structures in
cratonic regions may not necessarily cause significant litho-
spheric thinning [e.g., Petit and Ebinger, 2000], they are
likely to weaken the lithosphere, act as stress guides, and
focus strain. Magmatic material from a plume impinging on

the lithosphere may therefore be more able to penetrate weak
zones arising from earlier rifting episodes in continental
lithosphere, and would be focused preferentially on these
zones [e.g., Burov et al., 2007].
[49] Much of our study region is underlain by a thick cra-

tonic keel [e.g., Nettles and Dziewonski, 2008]. Regional
body-wave tomography studies are not able to constrain
the geometry of the keel nor identify the lithosphere-
asthenosphere boundary, but the high-wave speed signature
of the North American craton is clearly visible in seismic
surface-wave studies. The keel appears to extend beneath
both the Archean and Grenville provinces, to a depth of
�200–250 km, with the exception of the ‘divot’ beneath the
lower Great Lakes region [e.g., Bedle and van der Lee, 2009;
Nettles and Dziewonski, 2008]. In contrast, the inferred lith-
ospheric thickness beneath the younger Appalachian terranes
is typically between 100 and 150 km in most seismic models.
Effective elastic thickness, a proxy for lithospheric strength
[e.g., Pérez-Gussinyé et al., 2009], is high (>100 km) beneath
the Canadian Shield and relatively low (<80 km) beneath the
Appalachians; however the resolution of the elastic thickness
models is insufficient to identify local variations within the
Shield [Audet and Bürgmann, 2011].
[50] Northwest of the Grenville–Superior boundary, the

Archean portion of our study area shows no evidence for
low wave speed anomalies along the proposed Great Meteor
hot spot track. The only record of the hot spot magmatism in
the Superior craton is the presence of kimberlite pipes [e.g.,
Heaman and Kjarsgaard, 2000]. Kimberlite melts are typi-
cally small in volume, developing deep within the mantle
before rising rapidly towards the surface, causing little
modification of the mantle lithosphere en route. The nature
of the magmatism, together with the lack of any discernible
seismic signature of lithospheric modification along the hot
spot track in this region is consistent with the idea of the
cratonic keels being intrinsically resistant to pervasive
modification or erosion via interaction with plumes, due to
their distinct composition, buoyancy and thickness [e.g.,
Sleep et al., 2002].
[51] Within the upper mantle beneath the Grenville

Province, a pronounced low-velocity anomaly is visible in
our tomographic model. The anomaly has a restricted width
of ≤120 km and sharp boundaries (a change of >0.8%
anomaly over�20 km; Figures 6 and 7). The sharpness of the
anomaly boundaries is consistent with a dominantly com-
positional rather than thermal signature [e.g., Garnero et al.,
2007]. The Mesozoic magmatic record of the Grenville
province is dominated by episodic alkaline magmatism, in
particular the intrusive complexes of the Monteregian Hills
of Québec [e.g., Eby, 1987]. Much of the Grenville litho-
sphere appears to have a cratonic signature on a large scale;
however the region where we observe the low wave speed
anomaly is the site of a late Precambrian failed rifting episode
associated with the breakup of Rodinia and the opening of
the Iapetus ocean. The degree to which the failed rifts
thinned the lithosphere in the late Precambrian is uncertain,
as is the extent to which post-rifting cooling of the mantle
could have resulted in lithosphere of similar thickness to the
surrounding cratonic lithosphere. Whether or not the hot
spot magmatism in this region was the result of buoyant
asthenosphere flowing along regions of thinned lithosphere
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is difficult to prove unambiguously. Regardless of the effect
of LAB topography on the asthenospheric flow at the time of
the Great Meteor hot spot, �400 My after the failed rifting
episode, it is likely that late Precambrian rifting resulted in
long-term weakening of this part of the cratonic keel [e.g.,
Petit and Ebinger, 2000]. A pre-existing weak zone of this
type in the lithosphere may have acted as a stress guide to
focus plume-related magmatism during the passage of the
Great Meteor hot spot over 400 My later, allowing fertile
melts to penetrate the depleted continental keel along a
narrow zone.
[52] Low-velocity anomalies in the tomographic model

are broadest and most pronounced within the Paleozoic
Appalachian lithosphere, where hot spot-related magmatism
is more silicic and voluminous than that of the Grenville
province, with widespread plutonism in theWhite Mountains
region [e.g., Eby, 1987]. The younger, thinner lithosphere
was likely less resistant to hot spot-related modification than
the stable cratonic keel, resulting in a pervasive seismic and
geologic signature of the hot spot magmatism. In addition,
the transition from thick cratonic to thin Phanerozoic litho-
sphere may have been sufficiently abrupt to focus plume flow
and enhance mantle melting [e.g., Sleep et al., 2002; Burov
et al., 2007].
[53] Comparison between the location of the low-velocity

corridor beneath the Grenville Province, the position of
surface magmatic features and plate-tectonic reconstructions
of the likely track of the Great Meteor hot spot shows an
east-west offset of up to 200–300 km. Though the resolution
of the tomographic studies is significantly different, this
result agrees broadly with the findings of Eaton and
Frederiksen [2007], who proposed lateral deformation of
the base of the lithospheric keel by asthenospheric flow.

5.4. Present-Day Subduction Processes

[54] Although not well resolved, the deepest portions of
our velocity model (≥600 km) are dominated by a large
high-wave speed anomaly which cannot easily be explained
by smearing of upper mantle features (Figures 4 and 5). We
therefore speculate that this high velocity anomaly may be
the result of the subducting Farallon–Kula slab system
beneath eastern North America. A high-velocity mid-mantle
slab anomaly appears in several continent-to-global scale
tomographic models [Grand et al., 1997; Li et al., 2008; Forte
et al., 2010; Sigloch, 2011]. The appearance of the high-wave
speed anomaly as shallow as 600 km depth in our images is
probably an effect of upward smearing in the tomographic
model; instead, the feature is more likely confined below the
transition zone. Supporting evidence can be found from stud-
ies of transition-zone thickness for the region, using receiver
functions [e.g., Li et al., 1998; Thompson et al., 2011] or SS-
and PP-precursors [e.g., Lawrence and Shearer, 2008; Deuss,
2009]. The transition zone in our region of interest does not
appear significantly thickened with respect to the global
average, nor is there evidence for a transition-zone thermal
anomaly that would depress the 660 km discontinuity, sug-
gesting that the Farallon slab would be a mid-mantle feature in
this region.
[55] Another feature of global-scale mantle geodynamic

models for eastern North America is the broad low-velocity
anomaly we observe to the east of cratonic North America
(Figures 6 and 7). Forte et al. [2010] predict that subduction

of the Farallon–Kula slab beneath eastern North America
should be driving a corner-flow influx of warmer, low-
velocity anomaly mantle to fill the vacated space.
[56] Although the high-velocity mid-mantle anomaly does

appear to be a robust feature in our model, we note that our
interpretation is speculative, and requires more ambitious
networks to confirm or rule out for this region. The immi-
nent arrival of the EarthScope Transportable Array network
in eastern North America should provide a sufficient array
aperture to improve resolution in the deeper portions of the
mid-mantle where the Farallon slab may reside.

6. Conclusions

[57] We have performed a teleseismic P-wave travel-time
tomographic study of southeast Canada and the northeast US
to illuminate mantle seismic heterogeneity beneath a region
where the geological record spans �3 Ga of Earth history.
[58] While there are no systematic differences in seismic

wave speed across the boundary between Archean and Pro-
terozoic provinces, the manner in which the lithosphere has
been modified by Great Meteor hot spot magmatism shows a
distinct change between the Superior, Grenville and Appa-
lachian terranes. While modification of the Paleozoic
Appalachian terrane is pervasive, the seismic signature of
the hot spot in the Proterozoic Grenville province is much
more localized. Beneath the oldest lithosphere in the study
area, the Archean Superior craton, Great Meteor hot spot
magmatism has had no discernible impact on lithospheric
wave speed structure, consistent with the view that ancient
Archean lithosphere has a higher preservation potential than
younger Proterozoic and Phanerozoic lithosphere.
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