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Abstract

Cratons, the ancient cores of the continents, have survived thermal and
mechanical erosion over multiple Wilson cycles, but the ability of their mar-
gins to withstand modification during continental convergence is debated.
The Proterozoic Grenville orogeny operated for >300Myr along the east-
ern edge of the proto-North American continent Laurentia, whose age varied
north-to-south from ~1.5—0.25Gyr at the time of collision. The preserved
Grenville Province, west of the Appalachian terranes, has remained largely

tectonically quiescent since its formation. Thick, cool, mantle lithosphere
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that underlies these Proterozoic regions is typically identified by elevated
seismic velocities but lithospheric modification by fluid/melt-derived meta-
somatic enrichment above a subduction zone, can lead to a reduction in Vp
with little effect on Vs and density. Absolute P-wavespeed constraints are
therefore a vital complement to existing S-wave tomographic models of North
America to investigate craton edge modification mechanisms in the Grenville
orogen.

New P-wave tomographic imaging of the North American continent, which
benefits from recent developments in arrival-time processing of regional net-
work deployments from the Canadian shield, reveals along strike wavespeed
variation in the Grenville orogen. In the north, high seismic wavespeeds
(to depths of 250km) extend eastwards, from the Archean core of North
America to beneath the Canadian Grenville Province. In contrast, below
the southern U.S., high lithospheric wavespeeds are restricted to west of the
Grenville Province, in particular at depths less than 150km. We argue that
subduction-derived metasomatism beneath eastern Laurentia modified the
southern Grenville, prior to thermal stabilization and perhaps mantle keel
formation. Beneath the northern Grenville, the thick, depleted Laurentian
lithosphere resisted extensive metasomatism. Along strike age differences in
Grenvillian terranes and their resulting metasomatic modification histories
suggests that at least 250 Myr is required for Proterozoic lithosphere to gain

resistance to modification.

Keywords: Absolute arrival-times, P-wave tomography, Precambrian

North America, Grenville Orogeny, Cratonic modification, Metasomatism.
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1. Introduction

1.1. Background

The cratonic cores of the continents have resisted thermal and mechan-

ical erosion since their formation in the Archean (>2.5Ga). Their thick

(>250km), buoyant, iron-depleted mantle keels or roots (Jordan, 1978; Hawkesworth

et al.,, 1990) are perhaps twenty times more viscous than normal mantle
(Sleep, 2003). Such mantle keels, when combined with a strong crust (Jack-
son et al., 2008), contribute to cratonic longevity. However, the surrounding
Proterozoic terranes, which often shield the cratons from tectonic collisions,
are expected to be affected by subduction and orogenesis during multiple
episodes of continental rifting and subsequent convergence known as Wilson
cycles.

The Grenville orogeny of North America extended more than 4000km
along the eastern margin of the Proterozoic Laurentian continent. Active
between 1.3 and 1.0Ga, it was unusually temporally protracted compared
to modern orogens that are typically active for less than 100Myr (Rivers,
2009). The Grenville collision comprised multiple Precambrian terranes of
varying age along strike (Figure 1; Whitmeyer and Karlstrom, 2007). During
collision, the northern Laurentian margin was up to ~1.5Gyr old, while
the southern margin was less than 250Myr old (Whitmeyer and Karlstrom,
2007). Preserved today as thick lithosphere (~200km e.g., Priestley et al.,
2019) far from active plate boundary tectonism, the Grenville is an ideal
locale to study craton margin modification during the Proterozoic.

Processes capable of modifying ‘stable’ lithosphere are legion. Continen-

tal lithosphere may be modified by hotspot tectonism (e.g., Boyce et al.,
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2016), erosion or thinning (e.g., Frederiksen et al., 2013; Liao et al., 2017),
basal drag from viscous mantle flow (e.g., Eaton and Frederiksen, 2007) and
gravitational destabilization (e.g., Harig et al., 2010). Specifically at con-
tinental margins, subduction may also lead to the modification of cratonic
lithosphere (e.g., Boyce et al., 2016; Currie and Wijk, 2016) and adjacent
continental lithosphere (e.g., Bao et al., 2014). By addition of orthopyroxene
derived from silica-rich fluids and/or melt (Schutt and Lesher, 2010), de-
pleted mantle lithosphere above a downgoing slab can be modified by meta-
somatism (e.g., Kelemen et al., 1998; Wagner et al., 2008; Chiarenzelli et al.,
2010; Boyce et al., 2016). Cool, depleted mantle lithosphere typically exhibits
high seismic wavespeeds (e.g., Schutt and Lesher, 2006), but such metasoma-
tism likely reduces Vp with little impact on Vg and density (Wagner et al.,
2008; Schutt and Lesher, 2010). Metasomatism is considered necessary to ex-
plain decreased lithospheric Vp/Vy ratios above the present-day Peru-Chile
Trench subduction zone, regardless of the depletion level of the overriding
mantle lithosphere (Wagner et al., 2008). Whilst shear velocities are rela-
tively well constrained below the North American continent (e.g., Schaeffer
and Lebedev, 2014), critically lacking is a continental-scale P-wave seismic
image capable of sampling the Grenvillian mantle lithosphere with adequate
lateral resolution to assess the impact of modification at the craton margin.

Here we develop a new P-wave tomographic model of the North American
continent (BBNAP19) using data derived from regional networks in south-
east Canada (Boyce et al., 2016), processed using the absolute arrival-time
recovery method (AARM; Boyce et al., 2017), to supplement P-wave data
from a global database and USArray (Li et al., 2008a; Burdick et al., 2017).
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The regional networks in Canada include, but are not limited to, the Cana-
dian National Seismograph Network (CNSN), the Portable Observatories for
Lithospheric Analysis and Research Investigating Seismicity (POLARIS) and
the Deep Structure of Three Continental Sutures Québec-Maine Array (QM-
IIT) networks (Darbyshire et al., 2017). These new data enable resolution of
Earth structure northwards into the Canadian lithosphere. Specifically, we
aim to use our P-wave images to constrain the extent of lithospheric modi-
fication via subduction-induced metasomatism prior to terminal continental

collision in Proterozoic times.

1.2. Geological overview

The 2.6—3.6Ga Superior craton forms the core of the Canadian Shield
(Figure 1). It exposes the largest continuous area of Archean rocks on
Earth today (Card, 1990), which once formed a substantial part of the
proto-North American continent of Laurentia. To the south, the Superior
witnessed numerous continent-arc collisions and accretion from 1.8—1.3Ga
(Whitmeyer and Karlstrom, 2007). These led to the formation of the Yava-
pai Province at 1.76—1.72Ga, Mazatzal and Labradorian Provinces from
1.69—1.65Ga, and the Granite-Rhyolite Province (from 1.55—1.35Ga; Figure
1). Presently, these terranes are covered by Paleozoic sediments in the U.S.
but outcrop in Canada (Figure 1; Laske and Masters, 1997). In the east,
the subsequent continent-continent collisions during the Grenville orogeny
(1.3—0.9Ga) resulted in the formation of Rodinia (Li et al., 2008b). Lauren-
tia was affected by multiple phases of compression and extension during the
Grenville orogeny. These included the Elzeverian (1.3—1.2Ga) and Ottawan
(1.09—0.98Ga) orogenic phases (Rivers, 2009). Laurentia is thought to have
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collided with Amazonia during this period (Li et al., 2008b), but the more
than 4000km long Grenville collision zone may have comprised up to four
cratonic blocks (N-S: Baltica, Amazonia, Congo, Kalahari), although precise
constraints are lacking (Hoffman, 1991).

The present-day surface expression of the orogen is bound by the Grenville
deformation front (GF) to the west and the Appalachian front (AF) in the
east (Figure 1). However, the recent study of Stein et al. (2017) proposed
that gravity anomalies, co-located with the GF in the U.S. relate to the failed
1.2—1.1Ga Mid-Continent rift (Figure 1); they contend that the Grenville
deformation front may not be a lithospheric feature anywhere in the U.S..

At the Superior’s southeastern margin, an ‘Andean-style’ subduction sys-
tem (Rivers, 1997), dipping to the present-day northwest, may have operated
for more than 300Myr, leading to the metasomatic enrichment of the Grenvil-
lian mantle (Chiarenzelli et al., 2010). A subsequent phase of subduction in
the opposing direction (Ludden and Hynes, 2000) may have accreted the Pro-
terozoic island arcs and other fragments of continental and oceanic affiliation
to the edge of the Superior craton. Today, approximately coeval, petrologi-
cally similar, post-orogenic granites are observed at the surface throughout
the Grenville Province (Davidson, 1995; Whitmeyer and Karlstrom, 2007).

The supercontinent Rodinia broke up at 0.62—0.55Ga (Whitmeyer and
Karlstrom, 2007; Li et al., 2008b), forming the lapetus Ocean. The elongate
rift basins that cross-cut the GF in the southeastern U.S. formed during this
period, along with the Ouachita Embayment. The lapetus ocean and sub-
sequent Rheic ocean closed at 0.46—0.26Ga (Hatcher, 2005), terminating in

the Appalachian orogeny to the southeast of the Grenville Province forming
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Pangea. Rifting of Pangea began to open the Atlantic Ocean at ~180Ma.
Excluding the Appalachian orogeny, the only known major Phanerozoic tec-
tonic events to have affected eastern North America are related to local-
ized magmatism; the Mesozoic passage of the Great Meteor hotspot (ca.
190—110M a; Heaman and Kjarsgaard, 2000) and the Cenozoic volcanism in
Virginia at 48Ma (Mazza et al., 2014).

1.83. Previous seismic studies of Proterozoic North America

Global seismic models show the Canadian shield is dominated by high
seismic velocities (0Vs>4%, dVp>1%) at lithospheric depths (e.g., Li et al.,
2008a; Priestley et al., 2019). Li et al. (2008a) show two high velocity regions
(0Vp~+1.5%) in the southern Granite-Rhyolite and Mazatzal Provinces and
a wide NW-SE trending low velocity anomaly (§Vp~—1.0%) centered around
40°N crossing the Appalachian front. The easterly extent of high wavespeeds
does not appear to show correlation with Proterozoic terrane boundaries
(Figure 1).

Continental body wave studies of North America also show consistently
high velocities in the Precambrian continental interior (e.g., Schmandt and
Lin, 2014; Burdick et al., 2017). Schmandt and Lin (2014) show the highest
lithospheric wavespeeds to stretch from the Precambrian rifted margin at
~105°W to the Appalachian front, east of which is dominated by low velocity
anomalies, most notably the central and northern Appalachian anomalies at
~38°N, 78°W and ~43°N, 72°W. However, Burdick et al. (2017) show the
highest velocities to be generally confined to the Mesoproterozoic domains of
the central U.S.; the younger eastern terranes are characterized by pervasive

low amplitude high velocity anomalies and localized low velocity anomalies.
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Continental surface wave models (e.g., Schaeffer and Lebedev, 2014) also
show high velocities beneath the North American shield. In Canada, elevated
wavespeeds exist throughout the lithosphere (~250km) in the Archean Supe-
rior Province and extend into the Proterozoic Grenville at upper lithospheric
depths (<100km; Schaeffer and Lebedev, 2014). The Mesoproterozoic re-
gions of the central U.S. exhibit slightly lower shear velocities than within
the Archean Superior craton to the north (Schaeffer and Lebedev, 2014).
High shear wavespeeds gradually decrease eastward through the Grenville
and Appalachians in the U.S..

In Canada, regional relative arrival-time body wave imaging (Boyce et al.,
2016) shows a velocity decrease between the Archean and Proterozoic do-
mains in the upper mantle. A similar study in the U.S. (Biryol et al.,
2016), shows high wavespeeds to extend eastward of the GF, to ~84—82°W,
in the upper-most mantle (<130km) but are restricted to west of the GF
at ~86—84°W at greater depths (<250km). Surface wave studies in both
Canada and the U.S. (Pollitz and Mooney, 2016; Petrescu et al., 2017) show
shear velocities generally decrease east of the GF, but an abrupt wavespeed
boundary co-incident with the GF is not observed. Hence, high shear veloci-
ties are not restricted to the Precambrian terranes west of the GF throughout
eastern North America. Wide-angle seismic experiments show Grenvillian
rocks are thrust on top of older Archean Superior rocks for more than 300km
at the GF in Canada (Ludden and Hynes, 2000), whilst crustal faulting in
the U.S. only involved younger Proterozoic material (Hauser, 1993).

Owing to resolution constraints (greater vertical for surface waves, greater

lateral for body waves) and varying data coverage between models, agree-
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ment between shear and compressional wave tomographic models is often
lacking. By extending absolute P-wave velocity constraints into Canada, we
can offer first-order comparisons to existing surface wave models for the entire
Grenville Province. Any inferred anti-correlation between shear and compres-
sional velocities in the Grenville Province may therefore be less dominated by
data coverage, but more likely, from differing thermochemical sensitivities of
Vs and Vp (Wagner et al., 2008; Schutt and Lesher, 2010). Our tomographic
model will also help resolve the recently-debated issue of whether Grenvil-
lian tectonic processes operated in the eastern U.S. lithosphere (Stein et al.,

2017).

2. Data and Methods

2.1. Global and continental datasets

Our global dataset of absolute arrival-time picks includes P, PP, Pn, Pg,
pP, PKP, PKiKP and PKIKP phases from the “EHB” database (Engdahl
et al., 1998) spanning the period 1964—2007 (Li et al., 2008a). We supple-
ment the global dataset with the USArray Transportable Array (TA) (e.g.,
Burdick et al., 2017) which provides absolute arrival-time residuals for P,
Pn, PP, PKP, PKiKP and PKIKP phases for 24288 earthquakes recorded
between April 2004 and May 2016. Typical interstation spacing is of the
order of 70km, which provides unprecedented spatial sampling for a conti-
nental seismic network. The phase path geometries, earthquakes, stations

and direct-P residuals used in the inversion are shown in Figures S1—54.
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2.2. Uniquely available datasets

To improve upon previous continental inversions for the U.S. (e.g., Schmandt
and Lin, 2014; Burdick et al., 2017), we extend resolution northwards into the
Canadian Shield regions by incorporating numerous smaller regional seismic
networks (e.g., Frederiksen et al., 2013; Boyce et al., 2016). These include
9032 P arrivals from 238 earthquakes recorded in southeast Canada at 160
stations over the period 2007—2016 (Boyce et al., 2016, 2017), 3766 P arrivals
from temporary seismic networks in the western Superior Province (Figures
S5 and S6) and 3599 P arrivals from the QM-III seismic network (Figures S7
and S8), that traverses the interior of Québec to the Canadian Maritimes.
Further details on analysis of these datasets can be found in Boyce et al.
(2017).

These additional networks have, until now, only been used to report rela-
tive arrival-time residuals for use in regional tomographic inversions to study
the local mantle wavespeed structure (e.g., Frederiksen et al., 2013; Boyce
et al., 2016). Temporary seismic networks typically record at a lower signal-
to-noise ratio than permanent observatory sites and thus it is a challenge
to retrieve accurate timings for the first arrival of earthquake energy at
such stations. Therefore relative arrival-time approaches remain widely used
for temporary seismic networks. However, the recently-developed Absolute
Arrival-time Recovery Method (AARM; Boyce et al., 2017) addresses this
issue.

Teleseismic waveforms recorded at temporary seismic networks, for a sin-
gle earthquake, are first filtered and aligned using a relative arrival-time

technique (see Boyce et al., 2016). Time shifts determined from the filtered
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data are applied to the unfiltered data which are subsequently stacked using
phase weighting (Boyce et al., 2017). An improved final stack is derived from
weighting the contribution of the individual traces, according to signal-to-
noise ratio or the cross correlation coefficient with the primary stack, upon
which the first arrival is picked. Absolute arrival-times can therefore be
recovered for the aligned waveforms using this earthquake-specific time cor-
rection. With this processing the Canadian temporary seismic network data
(Figure 2) can be included in an absolute wavespeed tomographic inversion.

Variation in relative arrival-time residuals typically results from wavespeed
variations directly beneath a local seismic network, and as such first order
variations may be easily seen (e.g., Boyce et al., 2016). Absolute arrival-time
residuals however, document wavespeed variation along the entire ray path,
from source to receiver. Individual residual measurements may therefore not
solely represent upper mantle or lithospheric wavespeed structure beneath a
seismic network. Figure 2 shows mean absolute arrival-time residuals plot-
ted for stations in southeast Canada derived from AARM (Boyce et al.,
2017). Observable first-order patterns of wavespeed structure from beneath
the Canadian networks are present because our dataset affords a good back-
azimuthal coverage of earthquakes (Figure 2). By calculating the mean over
the entire backazimuthal range at each station, the far-field component of
the individual travel-time residuals is effectively downweighted. Global pa-
rameterization accounts for the far-field component of each residual within
the subsequent inversion.

The Superior Province is dominated by negative residuals of greater

than 1.0s, with the earliest arrivals being recorded in the western Superior
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Province (Figure 2). There is a marked decrease to negative residuals of less
than 0.8s, across the GF. The southeast Grenville and Appalachian Provinces
are dominated by residuals of ~0s and low amplitude positive residuals (Fig-
ure 2). The tectonically stable terranes of eastern Canada are typically dom-
inated by high seismic wavespeeds in global tomographic models (e.g., Li

et al., 2008a; Priestley et al., 2019) consistent with these observations.

2.3. Inversion technique

Our tomographic inversion approach closely follows that of Li et al. (2008a)
and Burdick et al. (2017). Rays are traced in the 1D reference model ak135
(Kennett et al., 1995), and are clustered to form weighted composite rays
in regions of dense sampling (e.g., Li et al., 2008a). Initially, the model
is parameterized globally on a regular grid with node spacing of 45km in
depth, 0.35° in latitude and longitude. Where ray sampling is poor, adjacent
grid cells are combined up to a minimum ray count of 900 per cell (Figure
S9). An iterative, linearized, least squares inversion (LSQR) is used to solve
for slowness with respect to ak135 (Kennett et al., 1995), and hypocenter

mislocation parameters to minimize the following function:

e =[ wGm—wd ||* +As | Lm [I* +22 || m |I* - (1)

G is the ray-theoretical sensitivity matrix, m is the model (including both
slowness and hypocenter mislocation parameters), d is the data. w controls
the individual dataset weights; L is a first-derivative smoothing operator. \;
control the weighting between each term relative to the first (i.e., model mis-

fit). Regularization is required to overcome uneven sampling. In the least
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squares minimization of Equation 1, model roughness is controlled by the
smoothing operator, L and the value of \;. Model damping is controlled
by the model norm weighted by the term A,. We determine regularization
parameters using a trade-off curve approach (Figure S10) for the globally
parameterized model but make minor adjustments to account for the abun-
dance of North American data (e.g., Golos et al., 2018). Although most of
the LSQR convergence is reached quickly, we conduct 400 inversion itera-
tions for all models. Our final model exhibits an RMS residual reduction of
47.2%. We account for crustal heterogeneity by making data-side corrections
to the residuals (d), based on the model NACr14 (Tesauro et al., 2014). We
propagate rays through the crustal model, calculate the component of each
residual produced by the crustal model and remove this from the data vec-
tor (d) prior to the inversion. P-wave velocity anomalies are plotted as a

percentage deviation from ak135 (Kennett et al., 1995).

2.4. Resolution assessment and dataset weighting

Spatial and temporal sampling varies dramatically between the dense
USArray TA network (whose footprint terminates at ~48°N) and the Cana-
dian networks. The abundance of TA data dominates the inversion in North
America when datasets are weighted equally. We aim to balance the contri-
butions of these networks in the inversion because we expect, to first order,
similar seismic velocities for Precambrian lithospheric structures north and
south of the U.S.-Canadian border (Schaeffer and Lebedev, 2014). Figure 2
shows that arrivals may even be earlier further north in the Superior than at
the U.S.-Canadian border. We construct a synthetic anomaly model of the

Canadian Shield on the adaptively parameterized grid, centered at 100km
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depth, beneath both the TA and temporary networks (Figure 3). By using
the forward problem to calculate arrival-time residuals through this synthetic
structure, we invert these data and seek to recover the input model by bal-
ancing dataset weights. Amplitudes are best recovered with fewest artifacts
when the smaller networks are weighted three times that of the EHB and TA
datasets.

For a qualitative assessment of resolution for the dataset weighting cri-
teria above, synthetic structure (Figure 3, 4, S11—-S513), and checkerboard
resolution tests (Figures S14—S516) are performed. We invert arrival-time
residuals calculated for ray paths that are identical to those of the observed
data, passing through a synthetic model of velocity perturbations, onto which
gaussian noise of 0.2s standard deviation is added.

Figure 3 shows two synthetic tests motivated by structure recovered in
the observed data inversion. Both synthetic models contain a low wavespeed
anomaly (—2.0%6Vp) in the western U.S.. The shallow model (Figure 3A,B)
has a large high velocity structure centered in the upper lithosphere (100km
depth) that represents the high wavespeeds of the Archean and adjacent
Grenville Province; the deeper model has a high velocity anomaly centered
in the lower lithosphere (200km depth), that represents the Mesoproterozoic
and Archean domains west of the Grenville Province (Figure 3C,D). The low
velocity anomaly in the western U.S. is spatially well recovered in both mod-
els (amplitude recovery: >60% - shallow model, >75% - deep model: Figure
3E,G). In the shallow model (Figure 3E), the high velocity anomaly in the
southern Canadian Grenville is spatially well recovered (amplitude recov-

ery >40%). However, in the northeast Grenville and the northern Superior

14
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Province, amplitude recovery reduces (to <25%) and the lateral extent of
anomalies is less tightly constrained due to sparser station coverage (Figure
3E). Amplitude recovery in the deeper model is >50% in the eastern U.S. but
<50% beneath the Superior Province in Canada (Figure 3G). Again, lateral
smearing increases northwards in the deeper model.

We invert for a Grenville-specific velocity anomaly structure that varies
linearly with latitude, south-to-north, from 6Vp=—2.0% to 6Vp=+2.0%. Fig-
ure 4 shows structure confined to the upper 150km; a range of upper mantle
anomaly depth extents are shown in Figures S11—513. The low velocity
anomaly in the southern Grenville/Ouachita Embayment is recovered with
>50% amplitude, whilst the high velocities in Canada are recovered with
~25% amplitude that decreases towards Labrador in the northeast. Laterally
the velocity anomaly structure is well constrained, specifically the location of
the transition from low-to-high wavespeeds around the U.S.-Canadian border
(Figure 4E H).

Finally we perform checkerboard tests using 5° and 10° anomalies. Al-
ternating regions of §Vp=+42% are input to estimate variations in spatial
recovery (Figures S14A B and S15A,B). Beneath the continental U.S., re-
covery amplitudes across both checkerboard tests are ~40% at 200km depth
and increase to >50% at 500—800km depth (Figures S14F-H and S15F-H).
At 200km depth in northeastern Canada (Figures S14F and S15F), ampli-
tude recovery of the checkerboard anomalies is <25% of input amplitudes as
a result of sparse station density. However, in eastern Canada, particularly
when using larger 10° checkerboards (S15F) the lateral extent of input ve-

locity anomalies is well recovered as a direct result of including additional
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Canadian network data. Next we aim to quantitatively assess the extent of
smearing and the minimum resolvable scale within BBNAP19.

By overlaying the recovered synthetic resolution tests upon the input
anomalies from Figures 3 and 4, in Figure S16 we can visually estimate the
amount of lateral smearing present at the Grenville and Appalachian fronts
in the lithosphere. In the U.S. Grenville, lateral smearing of input anomalies
appears to be <50km. In the Canadian Grenville, lateral smearing appears
to be ~50km, increasing to >100km in Labrador in the far northeast. Whilst
vertical smearing is unavoidable in body wave tomography, the broad input
anomalies (Figure 3B,D) are reasonably well constrained in depth by the
recovered amplitudes of >40% beneath the USArray TA stations (Figure
3F,H). The shallow synthetic resolution tests (Figures 3B,F, S11 and S12)
may suffer vertical smearing of >100km whilst the deeper synthetic tests
(Figures 3D,H, 4 and S13) display vertical smearing of ~100km. Significant
vertical smearing (>100km) is only seen at the edge of the checkerboard
models (Figures S14C-E and S15C-E).

By inverting for checkerboard anomalies of increasing size using the method-
ology outlined above (1.5—10°; Figure S16), we investigate the minimum
resolvable distinct velocity anomaly in the Grenville Province. In laterally
well resolved regions, we consider the minimum resolvable scale to be half
the width of the input checkers. At 35°N in the U.S. Grenville, 2° veloc-
ity anomalies are recovered, which equates to a minimum resolvable scale
of ~90km, comparable to the average station spacing of the USArray TA
(~70km). In eastern Canada, 5—7.5° input checkers are recovered except in

northeastern Labrador and the northern Superior Province where only input
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checkers >10° are resolved. In the Canadian Grenville (at ~50°N), we es-
timate a minimum resolvable scale of ~175—260km. This increase largely
reflects the increase in station spacing in Canada. The width of the Grenville
varies from 150—700km south-to-north. Based on the tests outlined above,
long wavelength (>>1000km) wavespeed observations within the Grenville
upper mantle (<300km depth) and abrupt lateral wavespeed boundaries,
particularly in the U.S., are robust features of BBNAP19.

3. New P-wave tomography model for North America

3.1. Features of the new P-wave tomography model for North America

At the continent scale, BBNAP19 shows the North American shallow
mantle velocity structure (100—250km depth) to be dominated by perva-
sive low velocities (0Vp<—0.75%) in the west, transitioning to high veloc-
ities (0Vp>0.5%) in the Proterozoic central-eastern regions (Figures 5 and
6). The eastern coastal Appalachian terranes show largely average-to-low
velocities (—0.4%<dVp<0.2%). Two strong localized low velocity anoma-
lies (0Vp<—1.0%) exist in the Appalachians (Figure 5). The northern Ap-
palachian anomaly (NAA) may extend to depths of 250km whilst the central
Appalachian anomaly (CAA) is restricted to shallower depths (see cross sec-
tions at 36°N and 32°N, respectively in Figure 6). In the south, the Ouachita
Embayment is characterized by average velocities (—0.2%<dVp<0.2%) from
100—250km depth (Figure 5).

3.2. Eastern North American lithosphere

At depths of 100—150km in the north-eastern continental region (>42°N),

high velocities (6Vp>0.5%) exist throughout the Superior Province and ex-
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tend eastward into the Grenville Province (Figure 5), albeit slightly lower in
amplitude. In the southern U.S. Mid-Continent (<42°N), the high velocities
of the North American shield extend from the N-S trending boundary at
~100°W terminating abruptly coincident with the inferred location of the
GF (Figure 5). The U.S. Grenville Province is dominated by low velocities
(—0.5%<6Vp<0%) in contrast to the continental interior. These shallow
mantle seismic velocity boundaries are well resolved in BBNAP19 (Figures
3,4 and S11-S516).

At depths of 200—250km beneath the Canadian Grenville, low amplitude
high velocities (0Vp<0.3%) extend from the Superior Province eastwards
across the GF (Figures 5 and 6). In the U.S., the highest velocities are again
restricted to west of the GF but the Grenville Province is dominated by ap-
proximately average velocities (6Vp~0%). In the far south, at the Grenville’s
narrowest point (~32°N, 86°W), the high velocities of the Proterozoic central-
eastern do extend across both the GF and the AF at 100—250km depth, but
amplitudes decrease with depth. At model depths likely below the base of
the lithosphere (>300km), high wavespeed anomalies in Canada appear to
be vertically smeared from shallower depths due to sparser station coverage.
The U.S. is largely dominated by broad low-amplitude velocity anomalies
(—0.3%<6Vp<0.3%), again perhaps the result of some vertical smearing.

East-west striking cross-sections at 42—38°N across North America (Fig-
ure 6B-D) also show the high velocities to extend from the Superior into
the Canadian Grenville Province to ~250km depth. However in the U.S., at
36—30°N (Figure 6E-H), an abrupt wavespeed boundary coincident with the
GF is apparent at <200km depth. High wavespeeds also appear to extend
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eastwards from the Precambrian interior at <400km depth.

Even when considering vertical ray-path smearing (Figures 3 and 4), BB-
NAP19 indicates that there is a significant difference in P-wave velocities
along strike in the upper mantle of the Grenville orogen (at least <150km
depth; Figures 5 and 6). The wavespeed difference (~1%) between the north
and south Grenville is shown more strikingly in Figure 7 in which the av-
erage velocity of eastern North America (+0.13%0Vp at 100km depth) is
subtracted before plotting. The northern Grenville exhibits regions of higher
than average velocities whilst the south is lower, bounded clearly at its west-
ern edge by the Grenville front. This first order observation suggests the

Grenville orogen is heterogeneous along strike in the mantle.

4. Discussion

4.1. Causes of seismic heterogeneity

By incorporating numerous seismic networks from eastern Canada into
a continental P-wave model for North America, the data used in BBNAP19
can resolve heterogeneity along the entire Grenville Province (Figures 5-7).
Previous studies have focused on smaller regions using relative arrival-times
(Biryol et al., 2016; Boyce et al., 2016) or lack resolution in the Canadian
Grenville (Li et al., 2008a; Schmandt and Lin, 2014; Burdick et al., 2017). A
striking observation in BBNAP19 is the apparent decrease in P-wavespeeds
within the Grenville from north-to-south (Figures 5-7), unseen in recent shear
wave models (Figure 8; Schaeffer and Lebedev, 2014; Schmandt and Lin,
2014; Pollitz and Mooney, 2016; Priestley et al., 2019). These models gen-

erally show high shear velocities throughout the entire Grenville, gradually
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decreasing eastwards towards the coast.

Presently, lithospheric thickness does not vary greatly along the entire
Grenville Province (Figure 1; Priestley et al., 2019). The preserved Grenville
mantle lithosphere has remained largely tectonically quiescent since forma-
tion in the Proterozoic, having only been affected by localized Great Meteor
hotspot tectonism (at ca. 190—110Ma; Heaman and Kjarsgaard, 2000),
although to a lesser extent than the adjacent Appalachians (Boyce et al.,
2016).

Rift basin development in the Mid-Continent (1.2—1.1Ga) and southeast-
ern U.S. (620—535Ma) was not followed by rifting of the Laurentian conti-
nent (Whitmeyer and Karlstrom, 2007; Li et al., 2008b). Seismic signatures
of rift basin formation are restricted to the crust and very shallow mantle
(Pollitz and Mooney, 2016) and as such is not seen in the mantle lithosphere
(~100—250km depth) of BBNAP19 (Figures 5 and 7). Replacement of de-
pleted continental lithosphere with younger asthenospheric material within
these failed rift arms would probably result in a similar, largely symmetrical
effect in Vg and Vp, about the rift segment axis.

Gravitational destabilization (e.g., Harig et al., 2010) or convective re-
moval of mantle lithosphere (e.g., Bao et al., 2014), resulting in the formation
of younger, less depleted lithosphere beneath the Grenville Province is ex-
pected to produce similar signatures in Vs and Vp images, whether ongoing
today (e.g., Biryol et al., 2016) or relatively soon after Grenville formation.
Present-day lithospheric removal (Biryol et al., 2016) would produce sev-
eral other observables (Harig et al., 2010) pervasive throughout the southern

Grenville, but evidence for widespread volcanism (Mazza et al., 2014), uplift

20



443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

459

460

461

462

463

464

465

466

467

(Liu, 2015) and significant lithospheric thinning (Priestley et al., 2019) is
lacking. Further, systematic variation in age, compositional or spatial dis-
tribution of post-collisional granites (Harig et al., 2010) would be required
to support a hypothesis of variable lithospheric removal along strike since
Grenville formation, but no such evidence exists (Davidson, 1995; Whit-
meyer and Karlstrom, 2007). We therefore seek an alternative explanation
for the north-south divide in lithospheric P-wavespeeds that does not result
in a change in V.

Within the continents, temperature is the main control on seismic veloc-
ity (Schutt and Lesher, 2006; McKenzie and Priestley, 2008). Thermal diffu-
sion, which occurs on timescales of ~50Myr for small regional lithospheric
anomalies (e.g., Eaton and Frederiksen, 2007), likely prevents temperature
variations giving rise to abrupt wavespeed boundaries within Grenville oro-
gen (Figures 5-7; Boyce et al., 2016). Further, anomalously warm, wet or
partially molten mantle leads to a stronger reduction in Vg than Vp (Wagner
et al., 2008), an antithetical result to the one we require. Vp is only very
weakly sensitive to lithospheric melt depletion (Schutt and Lesher, 2006), the
compositional signature derived from mantle keel formation (Jordan, 1978;
Hawkesworth et al., 1990). However metasomatism, more specifically, the
addition of silica to olivine, results in lithospheric enrichment in orthopyrox-
ene by water-rock/melt-rock interaction at marginal subduction zones (Kele-
men et al., 1998; Wagner et al., 2008). This can decrease Vp by more than
1% within depleted mantle lithosphere, with little effect on Vg and density
(Schutt and Lesher, 2010). Consequently, the low Vp/Vs observations in the

overriding lithosphere (of up to Grenvillian age ~1.1Ga) above the present-
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day Peru-Chile subduction zone, are attributed to orthopyroxene enrichment
(Wagner et al., 2008). Abrupt Vp variations imaged in BBNAP19 (Figures
5-7) may, therefore, be best explained by a Grenvillian metasomatic process

that modified the lithospheric mantle composition.

4.2. A north-south transition in the Grenville Orogen

Our observations of along strike variation in Vp accompanied by little
variation in Vg (Figure 8) within the Grenville orogen can be explained by
varying resistance to metasomatic alteration during protracted subduction
along the Laurentian margin (>300Myr) that preceded terminal collision
(Rivers, 2009). The Canadian Grenville, prior to 1.3Ga, was likely under-
lain by depleted (Jordan, 1978; Hawkesworth et al., 1990), viscous (Sleep,
2003), refractory Archean Superior lithosphere at time of collision (Ludden
and Hynes, 2000; Whitmeyer and Karlstrom, 2007). Because only a small
decrease in Vp is seen within the upper lithosphere in BBNAP19 across the
GF, modification of the refractory Canadian Grenville mantle lithosphere
through metasomatism, as suggested by previous studies (Chiarenzelli et al.,
2010; Boyce et al., 2016), may have been weak (Griffin et al., 2004). To
modify depleted cratonic lithosphere to a much greater extent would require
metasomatism to a greater degree than has been observed (Wenker and Beau-
mont, 2018).

In contrast, in the U.S. the GF cross-cuts the young (<250Myr old at the
time of collision), less refractory (Hawkesworth et al., 1990), Granite-Rhyolite
terrane (Figure 1; Whitmeyer and Karlstrom, 2007) and is accompanied by
a significant (~1%) decrease in Vp within the upper lithosphere (Figures 5
and 6). Modification of the mantle lithosphere here appears to be strong, as
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suggested by analysis of garnet xenocryst samples from kimberlites within
the U.S. Grenville (Griffin et al., 2004). Young, less refractory lithosphere is
inherently more susceptible to strong modification (Wenker and Beaumont,
2018). The strong Vp reduction across the GF in the U.S. may therefore
be best explained by strong orthopyroxene enrichment (Wagner et al., 2008;
Schutt and Lesher, 2010) of the mantle above the Grenvillian subduction
zone. Lithospheric weakening could also be enhanced by extensive slab de-
hydration (Liao et al., 2017) throughout the protracted subduction phase
(Rivers, 2009). In this interpretation, the coeval post-collisional granites
found throughout the Grenville Province (Davidson, 1995; Whitmeyer and
Karlstrom, 2007) are produced by internal heating of the thickened crust
during protracted terminal continental collision (Jackson et al., 2008). Sub-
sequently, these rocks are largely removed by erosion leaving dry granulite
facies rocks behind (Jackson et al., 2008), as is observed throughout the
exposed Canadian Grenville (Davidson, 1995; Rivers, 1997).

The downward increasing wavespeed anomaly in the U.S. Grenville (100—150km

—0.5%<8Vp<0% to 200—250km 6Vp~0%) may imply that metasomatism is
strongest within the shallow lithospheric mantle and weaker below. This
has been suggested for the thick Archean cratonic regions of the Slave and
Kaapvaal craton for example (Eeken et al., 2018). Due to the juvenile state
of the Granite-Rhyolite terrane at the time of the Grenville (and presumably
thinner lithosphere than observed at present) a more likely explanation of the
increase in wavespeed with depth would be that the mantle lithospheric keel
stabilized at a later time and as such was less/not affected by metasomatic

processes in the Grenville orogeny. This interpretation is supported by two-
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stage keel formation proposed by Yuan and Romanowicz (2010) for North
America and Darbyshire et al. (2013) for the Proterozoic Trans-Hudson oro-
gen within the Canadian shield. Following these ideas, below we speculate
on the implications for the preservation of the Grenville Province and Pro-

terozoic lithosphere.

4.8. Preservation of the Grenville Orogen

Thick, strong lithosphere is difficult to shorten (McKenzie and Priestley,
2008). As such, mountain belts form at the margins; the weaker in-coming
material in the collision is forced over the top (Chen et al., 2017). This is
observed in Tibet (Jackson et al., 2008) and the Canadian Grenville orogen
in which Proterozoic material was thrust above Archean Superior lithosphere
(Ludden and Hynes, 2000). In contrast, significantly modified (and probably
weaker) lithosphere, as is present in the south, is easily shortened and leads
to the formation of a wide orogenic plateau (Chen et al., 2017), but subse-
quently will also undergo lithospheric collapse and thin more easily. When
collisional belts undergo extension, some extension may occur in the shallow
crust, often in an orogen-parallel sense (Rivers, 2012), but lithospheric-scale
deformation is concentrated at the edge of the underthrust thick lithosphere
(Sloan et al., 2011), not the overthrust orogenic front seen at the surface.
Deep (>15km) crustal earthquakes in the northern Grenville concentrate to-
wards the Appalachian Front, away from the GF, but occur throughout the
southern Grenville at shallow depths (Figure 1). This is consistent with the
presence of strong (and consequently less seismogenic) lithosphere beneath
the interior Canadian Grenville compared to that further south.

This offers a simple explanation for a broad northern Grenville and narrow
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southern Grenville preserved today (~700—500km compared to ~500—150km;
Figure 1). Rifting of Laurentia, and subsequent deformation during the Ap-
palachian orogeny concentrated >500km oceanward of the northern GF, at
the edge of the thick, depleted lithosphere. In contrast, either much of the
southern, perhaps thinner, Grenville was rifted away or Appalachian over-
printing was greater in the south because strong, depleted lithosphere did
not exist there.

Because Mid-Continent rifting is inadequate to explain the abrupt Vp
decrease in the shallow lithosphere co-located with the gravity anomalies of
Stein et al. (2017), a further implication of our observations (Figures 5-7)
and subsequent interpretation is that the Grenville Front almost certainly is
preserved in the U.S.. Grenvillian processes seemingly did affect the litho-
sphere there despite having gone largely undetected seismically, previously

(e.g., Schmandt and Lin, 2014; Burdick et al., 2017).

4.4. Preservation of Proterozoic lithosphere

The Proterozoic Labradorian and Mazatzal terranes, affected by Grenvil-
lian orogenic processes in the north, were likely underthrust by Archean
remnants (Ludden and Hynes, 2000). In the south, the juvenile (<250 Myr
old) and probably thin Granite-Rhyolite lithosphere was likely non-buoyant
and non-refractory (Hawkesworth et al., 1990) at the time of the Grenville
collision, thus rendering it more susceptible to metasomatic modification and
subsequent thickening and stretching. To the west of the GF, the Yavapai,
the Mazatzal and western Granite-Rhyolite terranes were not affected by
Grenvillian processes. Expressions of tectonic processes within these ter-

ranes (such as Mid-Continent rifting) are limited to the crust and very shal-
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low mantle throughout the Proterozoic (Whitmeyer and Karlstrom, 2007;
Pollitz and Mooney, 2016). Therefore, these terranes are likely to have ther-
mally stabilized since their formation, perhaps leading to the formation of
their thick mantle keel during the Proterozoic (e.g., Yuan and Romanowicz,
2010). This indicates that Proterozoic lithosphere may only be long-lived in
its original unmodified state when it is isolated from lithospheric-scale tec-
tonic processes (e.g., west of the GF) or Proterozoic-aged crust is underthrust
by more depleted (perhaps Archean) lithosphere, as is observed in the north-
ern Grenville (Ludden and Hynes, 2000). Juvenile Proterozoic lithosphere
has been observed to be more enriched (Hawkesworth et al., 1990; Griffin
et al., 2004) than that of Paleoproterozoic and Archean regions. In regions
such as the southern Grenville, orthopyroxene enrichment could account for
these observations and thus render the juvenile enriched Proterozoic Grenville
lithosphere more similar to present-day lithosphere than commonly thought
(Hawkesworth et al., 1990). This would offer an explanation for the simi-
lar Vp observed between the modified Grenville and adjacent Appalachian
terranes in the thick lithosphere of the eastern U.S..

Eaton and Perry (2013) showed that Proterozoic cratonic keels obtain
their long-lived buoyancy after ~1Gyr. The modified Granite-Rhyolite ter-
rane was less than 250Myr old at the time of the Grenville collision. After
250 Myr, a Proterozoic keel’s initial interior buoyancy decays by greater than
60% towards its long-lived state from either a hot or cold starting model
(Eaton and Perry, 2013). Our observations suggest at least 250Myr is re-
quired to inhibit modification of Proterozoic lithosphere, perhaps because a

shielding thermal boundary layer component of the mantle keel had yet to
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form. This is consistent with the approximate thermal time constant of the

continental lithosphere (~250Myr; McKenzie and Priestley, 2016).

5. Conclusions

We present a new model of eastern North American mantle P-wave struc-
ture using data from temporary seismograph networks from the Canadian
core of Laurentia to supplement permanent and continental-scale deploy-
ments. Specifically we examine the deep seismic structure of the ~1.3—1.0Ga
Grenville orogen, whose longevity and present-day setting, far from any active
plate boundary, make it an ideal locale to study the Precambrian modifica-
tion processes at the margin of stable lithosphere. Our model (BBNAP19)
provides important insight into the evolution of the proto-North American
eastern margin because P-waves are sensitive to fluid /melt-derived orthopy-
roxene enrichment of depleted continental lithosphere after formation, whilst
S-waves are not. BBNAP19 shows high seismic wavespeeds extend from the
Archean Superior craton into the Proterozoic Grenville terranes in the up-
per mantle (<250km depth) beneath eastern Canada. High wavespeeds are
restricted to west of the Grenville front particularly in the upper lithosphere
(<150km depth) in the U.S..

We propose that subduction derived metasomatism beneath the continen-
tal margin during the Grenville collision modified the overlying lithosphere
to reduce seismic P-wave velocities with respect to the unmodified interior.
In the north, the thick, refractory, Archean lithosphere was able to resist
strong modification during subduction and subsequent orogenesis, whilst the

younger lithosphere in the south was strongly modified by metasomatism.
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The lithospheric modification of the Granite-Rhyolite terrane during the
Grenville orogeny suggests that at least 250 Myr must pass for Proterozoic
continental lithosphere to stabilize and develop resistance to modification,
perhaps through development of a thick mantle keel. Our work shows the
importance of constraining absolute compressional velocities to complement
shear velocities beneath regions of Precambrian lithosphere to better under-

stand craton margin evolution.

6. Data and Resources

Phase arrivals from USArray are available to the community as CSS
monthly files from the ANF
http://anf.ucsd.edu/tools/events/download.php. Arrivals from the EHB Bul-
letin are available at
http://www.isc.ac.uk /ehbbulletin/. Waveform data for southeast Canada
and northeast U.S. are available through the Canadian National Data Cen-
tre and IRIS Data Management center. AARM-derived absolute arrival-time
residuals and a digital model file will be made available through
http://ds.iris.edu/ds/products/emc/ or by contacting the corresponding au-
thor (email: ab2568@cam.ac.uk).
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Figure 1: Geological setting. A.) Simplified Precambrian geology of eastern North America
(adapted from Whitmeyer and Karlstrom, 2007). In the north, Archean rocks of the
Superior (SUP) underthrust the Grenville Province (GRN) (Ludden and Hynes, 2000).
The northern Grenville crust is formed of Labradorian (LAB - 1.68 — 1.65Ga), Granite-
Rhyolite (GR - 1.55—1.35Ga) and 1.3—1.0Ga crust, reworked during the Grenville orogen.
To the south, the U.S. Mid-Continent is formed from Paleoproterozoic Yavapai (YAV -
1.76 — 1.72Ga), Mazatzal (MAZ - 1.69 — 1.65Ga) and Granite-Rhyolite (GR - 1.55 —
1.35Ga) constituents, whilst the adjacent southern Grenville Province is formed of mostly
Granite-Rhyolite material. The failed Mid-Continent rift (MCR) cross-cut these terranes
at 1.2—1.1Ga. The Grenville (blue) and Appalachian (red) tectonic deformation fronts are
shown as thick lines. The location of Appalachian terranes (APP) is also indicated. Light
purple regions in the south show failed rift basins (620-535Ma) associated with rifting
of Rodinia and later, the Argentine Precordillera that formed the Ouachita Embayment
(OE). B.) Lithospheric thickness map of eastern North America after Priestley et al.
(2019). Shallow (grey) and deeper (green) cBtal continental earthquakes from the USGS
catalogue >4.5m,, are also shown. C.) Sediment thickness map of eastern North America
from Laske and Masters (1997). Rocks outcrop in Canadian Grenville but subcrop south

of the Great Lakes in the U.S. (2 Column, color, in print).
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Figure 2: Absolute arrival-time residuals for Eastern North America. Mean absolute
arrival-time residuals for temporary seismic stations in southeast Canada derived from
the AARM method (Boyce et al., 2017). Negative values represent early arrivals (fast)
and positive values represent later arrivals (slow) with respect to ak135 (Kennett et al.,
1995). The inset globe plots earthquakes contributing to this dataset. (1.5 Column, color,

in print).
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Figure 5: Tomographic model for North Ag?rican upper mantle. Upper mantle results
from the Boyce-Bastow North America P-wave model 2019 (BBNAP19) plotted as a per-
centage deviation from ak135. Grey regions are poorly recovered by the 10° checkerboard
resolution test (Figure S15). Tectonic boundaries are plotted for reference (Figure 1).
NAA - northern Appalachian anomaly, CAA - central Appalachian anomaly. (2 Column,

color, in print).
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Figure 6: Cross sections through tomographic model for North America. Cross sections
through BBNAP19, plotted as a percentage deviation from ak135. Cross sections show
exaggerated topography in grey and location of GF and AF tectonic boundaries at the

surface as yellow triangles (Figure 1). (2 Column, color, in print).
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Figure 7: 100km depth “relative velocity” snapshot of BBNAP19. BBNAP19 tomographic
image of eastern North America in which velocity is plotted as a percentage deviation from
the regional average (+0.13%6Vp at 100km depth) within the plotted area (105 — 50°W,
25 — 65°N).The position of the global mean velocity is indicated (GM). Of particular note
is the change from relatively high velocities in the northern Grenville to low velocities in

the southern Grenville, compared to the regional average. (1 Column, color, in print).
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Figure 8: Comparison of BBNAP19 with P- and S-wave models. Comparison of (A)
BBNAP19 with (B) MITP16 (Burdick et al., 2017), (C) US-SL-2014-P (Schmandt and Lin,
2014), (D) CAM2016Vsv (Priestley et al., 2019), (E) SL2013NA (Schaeffer and Lebedev,
2014) and (F) US-SL-2014-S (Schmandt and Lin, 2014), at 100 —125km depth. BBNAP19
is plotted with the same color scale as Figdfg 5. Grey regions within the continents are

outside the parameterized model space. (2 Column, color, in print).



